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Abstract

Research in metallic additive manufacturing (AM) has been rapidly growing over the past 10 years,
with increasing industrial relevance to the aerospace repair sector. Currently there is a lack
understanding of how the processing parameters and the geometry affect the thermal condition of
the part and hence the final microstructural/mechanical properties; without this understanding,
industrial certification for aerospace will be difficult to achieve.

This work explores the range of microstructures possible that may be developed during AM of
Inconel 718, a common alloy used in aerospace, and how in-situ monitoring and process control
can be used to influence these structures. Two AM processes are explored: laser powder bed fusion
(L-PBF) and laser directed energy deposition (L-DED). Printability is discussed with reference to
nickel alloy design and the imposed conditions in both L-PBF and L-DED, concluding that there are
different alloy design criteria for the two processes. The spread of Inconel 718 microstructures is
shown to be distinct between the processes, confirming that the microstructural outcomes of the
processes are fundamentally different, despite the processes being fundamentally similar.

Various in-situ monitoring techniques are tested in the L-DED process, with coaxial monitoring
chosen for development of a simple feedback control loop. This improves both the thermal
signature of the process and the microstructural homogeneity of the components. A level of
intrinsic microstructural and mechanical homogeneity remains and this is further investigated. It is
demonstrated that the geometry of components can have a significant effect on the heat flow, which
results in a change in grain orientation. Additionally, process induced precipitation via in-situ heat
treatment is proposed as a mechanism to explain the measured geometric hardness variation.
Using advanced coaxial monitoring and harnessing the power of in-situ heat treatment, it is
hypothesised that it would be possible to remove or reduce this process-induced variation in
mechanical performance. This would bring the process closer to industrial certification.



“You don’t know what you can’t achieve, until you don’t achieve it”

P. Foster
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1. Introduction

Additive manufacture (AM) is defined as “a process of joining materials to make objects from 3D
model data, usually layer upon layer, as opposed to subtractive manufacturing methodologies” [1].
In the early 1980’s, AM (also known as 3D printing) was developed in the form of
stereo-lithography [2], followed by fused deposition melting in 1988. The growth of 3D printing
stemmed from the fact that it allowed rapid prototyping of complex parts, with minimal waste and
tooling.

With the use of metallic powders and lasers, additive manufacturing of metals was first attempted
in 1993 [3]. Attempts have been made to use both powder and wire as the stock material and using
lasers, electron beams and electric arcs to melt the material. This thesis will focus on two main
processing methods:

o Laser Powder Bed Fusion (L-PBF) also known as Selective Laser Melting (SLM).
e Laser Direct Energy Deposition (L-DED) also known as Laser Engineered Net Shaping
(LENS) or sometimes Direct Laser Deposition (DLD).

AM generally has applications in biomedical, dental, auto, energy and aerospace industries [4-7],
with aerospace being the focus here. Both L-PBF and L-DED are widely used for aerospace
applications. L-PBF is used to create complex components such as topologically optimised brackets
and fuel nozzles (e.g. GE LEAP fuel nozzle [8]), because of the light weighting benefits [6,8]. DED is
mainly used for repair of components because of its ability to deposit on a previously existing part
e.g. repairing turbine blisks [6,9].

There are, however, several issues with AM, these include residual stresses, anisotropy and internal
defects such pores and cracks [4,6]. One of the critical challenges for AM components prior to
application in aerospace is getting certification. This is due to the issues mentioned above as well as
problems such as traceability of components from raw powder through printing, machining, heat
treating etc. [6]. It is generally recognised that repeatability of the printing process needs to be
improved, with feedback control of the process being a key part of this [9-11].



1.1. Thesis Structure

This work looks at the relationship between the inputs into the AM process and the mechanical
properties produced as a result. In-situ thermal monitoring is used to analyse the thermal
signature, simplifying the data processing methodology, whilst retaining sufficient information as
to understand the materials response. This allows for correlation between the thermal signature
and the microstructural/mechanical properties of the final part. This information is used to
implement a control loop and to understand what effect this would have on component properties.

Chapter 5 looks at the definition and different ways of assessing alloy printability. Different failure
mechanisms are explored and the susceptibilities of alloys to these is calculated, comparing L-PBF
and L-DED. The focus of Chapter 6 is on L-PBF, looking at the thermal signals using pyrometry and
analysing defects in the form of swelling.

Chapter 7 introduces the L-DED process and explores several monitoring techniques which can be
used to interrogate the melt pool. These thermal signatures are related to both the microstructure
and the mechanical components of the final component. Coaxial monitoring is selected as the most
applicable monitoring technique for L-DED and is used going forward. In Chapter 8, thermal
monitoring is shown to be insufficient on its own to explain the hardness variation measured in
Inconel 718 components. The influence of imposed thermal conditions on various strengthening
mechanisms present in Inconel 718 is explored, and these are investigated to determine which are
responsible for the geometric variation of hardness.

A process control algorithm was developed for L-DED using coaxial monitoring, this is covered in
Chapter 9. The effect of controlling the thermal signal on both microstructural and mechanical
homogeneity is explored. The changes in grain structure found in Chapter 9 are covered in Chapter
10, explaining how the melt pool morphology affects the final grain structure.

Finally, Chapter 11 brings together the work done in both L-PBF and L-DED, showing the range of
grain structures and mechanical properties possible using both processes. The ranges of the
conditions present within both processes are compared and it is demonstrated that properties
obtained using L-PBF cannot necessarily be obtained using L-DED, finally linking this back to the
printability discussion initiated in Chapter 5.



2. Literature Review

Parts of this chapter are taken from the review paper published in the Journal of Materials Processing
Technology by Clare et al. [12]. The full publication is available at:
https://doi.org/10.1016/j.jmatprotec.2021.117358. Only sections written by L. Chechik are reused,
with permission obtained from Elsevier B.V.

2.1. Additive Manufacturing

Two additive manufacturing processes are used in this work. These are both laser and powder
based; L-PBF and L-DED. The differences between the main parameters can be seen in Table 2-1,
which also includes other forms of additive manufacturing. Both methods require a Computer
Aided Design (CAD) file to be imported, which contains the 3D model of the component to be built.
Typically, L-PBF uses a narrower, lower power laser than L-DED, but with much faster scanning
speeds. Overall, this results in slower production times, but the smaller laser spot allows for
production of more complex components.

Table 2-1: Comparison of process parameters for DED vs PBF. Reported by DebRoy et al [4]

Process DED PBF
Feedstock Powder Wire Powder
Heat source Laser E-beam Electric arc Laser E-beam
Nomenclature DED-L DED-EB DED-PA/DED-GMA PBF-L PBF-EB
Power (W) 100-3000 500-2000 1000-3000 50-1000
Speed (mmy/s) 5-20 1-10 5-15 10-1000
Max. feed rate (g/s) 0.1-1.0 0.1-2.0 0.2-2.8 -
Max. build size 2000 x 1500 x 750 2000 x 1500 x 750 5000 x 3000 x 1000 500 x 280 x 320
(mm x mm x mm)
Production time High Medium Low High
Dimensional accuracy (mm) 0.5-1.0 1.0-1.5 Intricate features are 0.04-0.2
not possible
Surface roughness (pm) 4-10 8-15 Needs machining 7-20
Post processing HIP and surface Surface grinding and Machining is essential HIP is rarely
grinding are seldom machining is required to produce final parts required to reduce
required to achieve better finish porosity

2.1.1. Laser Powder Bed Fusion (L-PBF)

Powder bed techniques work by lowering a base plate (onto which the part is built) in constant
increments, known as the layer thickness. Each time the plate is lowered, a thin layer of powder is
deposited by a wiper/roller system as shown in Figure 2-1. The CAD file is sliced into thin sections,
each of a layer thickness. A laser rasters across this thin powder layer in the pattern defined by the
sliced CAD model, melting the required regions - bonding them; the powder bed acts as a support
and conducts heat away.

This process allows for complex components (or prototypes) to be built with internal detail e.g.
cooling channels or lattices. The number of processing steps required to make the final component
can be greatly reduced compared to traditional manufacturing. Also, because of the near-net shape
component which is removed from the printer, little or no machining is necessary significantly
reducing the amount of waste material.
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Figure 2-1: Schematic of the L-PBF process; reported by Thompson et al [13]
2.1.2. Laser Direct Energy Deposition (L-DED)

In blown powder methods, rather than using a bed of powder, a nozzle delivers a stream of powder
(using an inert carrier gas) and focuses this at a point just above the substrate. The laser is also
directed through the deposition head (which is controlled using a CNC system) and focussed at the
same point as seen in Figure 2-2. The effect is that the powder is melted just above the substrate
and then coalesces with the melt pool.

Due to the free movement of the deposition head this process does not require discrete layers
allowing the laser to deposit continuously. Since this process is the reverse of CNC milling, 5 axis
systems have been developed allowing geometries which cannot be built using powder bed e.g.
overhangs and very large components. This set-up lends itself to repairs since the deposition head
can build in any direction unlike the vertical restriction of L-PBF. Repairing metallic components is
an enormous industry, with many turbine engine components being very expensive to replace.
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Figure 2-2: Schematic of the L-DED process; reported by Thompson et al [13]



2.1.3. Imposed Conditions

In conventional processing, if a component was made by casting and machining, the thermal history
would be:

Heating of billet to the melting point

Pouring molten metal into preheated mould

First metal to touch mould will solidify rapidly

Remaining metal would cool at a relatively slow rate due to the thermal mass of the casting
Partial reheating of near-surface region due to machining

v W e

The majority of the component experiences a fairly constant, steady cooling rate, allowing for
analysis using simple thermal and solidification models. The development of these models has
taken decades, with many complicated issues being resolved.

In additive manufacturing, the thermal history would be:

1. Laser heats localised area to the melting point

2. Conduction from the melt pool causes a heat affected zone

3. As the laser moves, the large thermal mass of un-melted material causes the melted region
to solidify rapidly

4. The subsequent layers re-melt the original region

5. Once the laser is further away (subsequent hatches), this region is reheated when the laser
passes

This thermal history can cause many issues due to the multiple reheating cycles and residual
stresses as will be discussed below [14-16]. The key parameters which are frequently investigated
are G (thermal gradient ahead of solidification front) and V (interface growth velocity). V is often

taken to be more important and is often taken to be the laser velocity. In directional solidification
(which is frequently the case in AM) the cooling rate can be written as T = % = GV [17]. Cooling
rates for different AM techniques are summarised in Table 2-2; with L-PBF being reported as

~105-10¢ and L-DED as ~103-104. Both are much quicker than common manufacturing processes

e.g. casting (Table 2-2).

Table 2-2: Comparison of cooling rates between AM and conventional manufacturing methods. Reported by DebRoy et al [4]

Process Cooling rate [K/s]
AM cooling rates

DED-L 3 % 10°-7 % 10°
DED-L 1x10°-4 x 10°
DED-L 5x10%-3 x 107
DED-GMA 10%-10°

PBF-EB 5 % 10

PBF-EB 5% 10*

PBF-L 5% 10°

PBF-L 1 x 10°-6 x 10°
Common manufacturing processes

Casting 10°-10%

Arc welding 10'-10°

E-beam welding 10%-10*

Laser welding 10%-10°



The interplay between these two variables can be used in many different ways. The G/V ratio
influences the stability of the solidification front and hence the microstructure. If the planar
solidification front breaks down (e.g. too high a constitutional undercooling), cells and dendrites
can form, as explored in Section 2.4.1 [17,18].

Rapid Solidification

If the solidification velocity is too high, this is known as rapid solidification and can cause solute
trapping. Solute trapping occurs when the solidification front moves quicker than the solute atoms
can diffuse in the liquid state, V' > %L where D, diffusivity of the solute in the liquid; a, interatomic
spacing.

During rapid solidification, chemical equilibrium is not reached. Instead, the composition at the

interface can be calculated using a modified speed dependent partition coefficient; the form for a
dilute solution is:

L
k(V) = =
o+ 1
Equation 2-1

Where k, partition coefficient; V, interface velocity; vp, solute redistribution speed (also known as
the atomic diffusion velocity); ke, equilibrium partition coefficient. At low V, k = k., so the interface
is in equilibrium; at high V, k = 1, there is no time for diffusion and hence Cs= C;, (Solid and liquid
composition respectively) [19]. vpis essentially the dendrite growth velocity and is regularly used
to fit the model to known results of dendrite undercooling. Direct measurement of vp was
performed using pulsed laser melting and the value led to agreement between experiments and the
dendrite growth model [20]. Limited experimental results seem to validate this rapid solidification
model [21]. The speeds needed to achieve rapid solidification are said to be on the order of cm/s
for localised diffusion and m/s for complete solute trapping, which would again result in planar
solidification [18].

Typical L-PBF velocities are on the order of 1 ms-1, so are on the boundary of solute trapping, but
are frequently assumed to occur under rapid solidification conditions. Since L-DED is a slower
process, with typical velocities of ~ 1 cm/s, the process is on the cusp of rapid solidification. This
suggests that significant diffusion may occur in L-DED, which is not present in L-PBF due to the
higher processing speeds. Despite L-PBF being under rapid solidification, steady-state growth
theory applies if [22]:

D8V
Vox
S

«1

Equation 2-2

Harrison performs an approximation and gets a left hand side of order 10-6to 10-4[23]. This uses
10-3s1to 104 s-!as a value for % which originates from Zimmermann with no prior justification
[22].

The numerical value of the cooling rate (T) is also under great debate, with suggested values
varying between 103 Ks-1to 10¢ Ks-! (for both L-PBF and L-DED) although L-PBF typically seems to
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be towards the higher end as summarised in Table 2-2 [4,17,24-26]. Using dendrite arm spacing
(DAS), the cooling rate can be calculated and this was found to be 3 x 105Ks-1, within the values
stated in literature [23]. Using relations between DAS and cooling rate [27,28] the cooling rates can
be further validated.

Reheating Cycles

The AM process is further complicated by the subsequent reheating cycles. These occur both within
the same layer, when the laser passes nearby and in consecutive layers, when the laser passes

above the solidified region. The latter is more significant and so more frequently studied as seen in
Figure 2-3 [29].

2673

—— Numerical
2273 - ® Experimental

Temperature, K
S =
~ ~ ~
w w w
I

673 |-

273 J 1 1 1 1 1 1
0 15 30 45 60 75 90

Time, s
Figure 2-3: Variation of temperature with subsequent laser passes. Reported by Mukherjee et al [30]

These multiple reheating cycles cause the total heat to increase and therefore the strain
experienced by the part increases with build height, this build-up of strain can be predicted using
finite element modelling [30]. These high strains can cause cracking in the finished parts if they are
not stress relieved. Due to the varying cooling rates, the microstructure varies with depth. This
means that you might get more segregation in lower layers and hence potential for different
cracking mechanisms.

2.2. Modelling of Thermal Fields

Many fundamental studies on additive manufacturing use a form of the Rosenthal equation to
model the thermal fields surrounding the laser. This is an analytic equation of the steady state
temperature field surrounding a moving heat source (in this case, a laser). In an infinite 3D
material, the equation takes the form of:

exp(—AvR)

P
T =Ty +—exp(—Avé) R

4tk

Equation 2-3

where T, final temperature; Ty, initial temperature; P, laser power; k, thermal conductivity;

1/21 = k/pC, = a, thermal diffusivity; A defined for convenience; p, density; C,, specific heat capacity;
v, laser velocity; & = x - vt, x displacement relative to laser position; R = \/é2 + y? + z?2, distance
from point source [31]. However, many assumptions are made when deriving this equation:

e kand A are assumed to be temperature independent
e Power and velocity are taken to be constant

e The laser is assumed to be a point source
7



e There are no surface losses (no radiation)
o The latent heat of fusion is ignored
e No loss of material is experienced through vaporisation

Equation 2-3 is widely used as a base for complex models e.g. to predict the microstructure of a
steel post laser transformation hardening. The parameters of the process were put into the
Rosenthal equation, a kinetic strength for each heat cycle was calculated and hence a percentage
martensite extracted; this method was shown to be accurate using hardness testing [32].

One of the larger flaws with the original Rosenthal model was the assumption of a point source, in
reality all sources have a power distribution, typically between Gaussian and top-hat. Equation 2-4
was adapted to have a Gaussian profile, making the calculation more complex but the results more
accurate [33,34]:

E+v)*+y* z2
D% +8at  4at
Vat(D,? + 8at)

Equation 2-4

-2

dt

g, 2AaP o €XP
_ 0+m3/2f_

where 4, absorptivity; ¢, time; Dy, laser beam diameter (Gaussian).

Note that now there is an absorptivity value, which is frequently used to calibrate the models. By
differentiating this thermal field, the temperature gradient, G, can be found and the interface
velocity, V can be taken as the laser velocity, v, as these should be equal in steady-state. This allows
for calculation of melt pool dimensions and prediction of microstructure in L-PBF using processing
maps (Figure 2-13).

In L-DED, the situation is different as more material is deposited with each pass and often, thin
sections are created. This is closer to a 2D situation, so the 2D Rosenthal equation applies (Equation
2-5) [31]. Modelling of the L-DED process has been extended, as the powder flow means that not all
of the lasers power is absorbed by the surface (effectively reducing the absorptivity). This has been
geometrically calculated for laser cladding as shown in Figure 2-4, so both the reflection of the laser
from the powder and the absorption of the heat by the powder are taken into account and now the
effective power is dependent on the powder flow rate.

P
T=T,+ ﬁexp(—lvf)lﬂ) (AvR)

Equation 2-5

where r = /§2 + 2?2, distance from point source; Ky, the modified Bessel function of the 2ndkind
and the Othorder.

As aforementioned, absorptivity (4) is hard to measure and hence used as a calibration factor. Due
to the complex ray paths caused by the powder, the absorptivity of a powder is higher than that of a
plain metal of the same composition (as flat surfaces are reflective), this can be calculated using
complex ray simulation [35]. Absorptivity itself can be measure by scanning a surface with 2
thermocouples connected to it and measuring the differences in the temperature at the two points.
This was originally used on bulk materials [36], it has since been altered to be compatible with thin
layers of powder [37,38]. These studies measured different trends (against temperature and
power), so cannot be directly compared especially as the latter extended into the keyholing regime.
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Figure 2-4: The shadowing effect of the powder, taken into account in the Picasso model. Reported by Picasso et al [39]

2.2.1. Dimensionless Numbers

Dimensionless numbers can be used to compare processes with varying conditions and see their
effect on the overall process. The main numbers applicable to AM are [40]:

o Fourier Number: the ratio of diffusive heat rate to storage rate, F = f—zt
. . . L
e Peclet Number: the ratio of convection to conduction, Pe = %

where a is the thermal diffusivity; t is a characteristic time; L is a characteristic length and v is a
characteristic velocity.

A higher Fourier number shows that heat diffuses away quicker than it can accumulate [41], this
can have advantages e.g. less potential for distortion [17], however it can also lead to drawbacks
e.g. lack of fusion in L-PBF [42]. Different characteristic parameters have been used, melt pool
length was used as the characteristic length for both the Fourier and Peclet numbers by Mukherjee
et al [17]. In this case, characteristic time can be defined as characteristic length/characteristic

velocity - resulting in, F = %, the reciprocal of the Peclet number. A higher Fourier number is said

to be desirable due to minimised distortion, which means that a lower Peclet number is desirable;
this equates to saying that a conduction dominant process is desirable [17].

In other literature, the melt pool width has been used to calculate the Peclet number [43]. It is
shown that the Peclet number for high density conditions is much larger than that for low density
conditions. It was found that despite similar melt pool shapes (looking top down), melt pool depth
varied significantly; higher energy density lead to more convection and a deeper melt pool [43].



2.2.2. Further Modelling

The models described above are simple and only consider heat flow, so are of limited use; more
complex models do exist, but are outside the scope of this project. The current work in this field is
reviewed in [44-46]. There is a common goal of being able to model the entire process on a range
of size-scales and has been dubbed a ‘Digital Twin’ [44], so meaningful results can be gained
without the need for many expensive experiments. The interlinking of the main components is
shown in Figure 2-5 and are:

e Heat transfer model (FE and Lattice Boltzmann are frequently used)
e Model calculating the true absorptivity of the powder

e Solidification model including nucleation and segregation

e Development of microstructure and propensity to hot tearing

e Mechanical properties (residual stresses) of final part

Evolving
Microstructure model  microstructure
and defect
statistics,
melt pool
composition

Process aware model

Pool melt
geometry and
thermal profile

Powder model

Powder properties
and laser parameters

Constitutive
properties

Solidification
Powder packing variability, kinetics
thermal properties,
and melt characteristics

Effective medium model
Figure 2-5: Interlinking between the different scales of modelling required for a complete ‘Digital Twin’. Reported by King et
al [45]

2.3. Alloy Selection for Additive Manufacturing

Many different materials have been tested in AM. Depending on the application in mind, the
required materials and mechanical properties vary. Lightweight brackets for space applications
may require Aluminium or Titanium, whereas components for turbine use need to withstand high
stresses at temperature, so Nickel and Titanium alloys are typically chosen. For prototyping tools
and moulds for the automotive industry, tool steels are normally most applicable [4,9].

For each of these families of alloys, the printability of some key alloys are summarised in Table 2-3
for L-PBF, L-DED and for electron beam PBF (EB-PBF) [12]. These are categorised into 3 levels:

o Easily printable; successful building widely reported in the literature. These can be built
repeatedly with minimal defects; the mechanical properties of components are comparable
to those conventionally manufactured (e.g. wrought).

o Somewhat printable; successful building reported several times in the literature. Some
defects remaining, leading to inferior mechanical properties when compared to those
conventionally manufactured (e.g. wrought).

e Not printable; unsuccessful building reported in the literature, or no reports. If printing is
possible, many defects present throughout sample e.g. cracks.

10



L-PBF is the most widely published form of additive manufacturing, ahead of EB-PBF and L-DED
[47] as seen in Table 2-3. This is especially the case for steel and aluminium components as these
typically require complex shapes, which L-PBF is suited to due to its small laser spot size. Since
aerospace repair is a major application of Titanium components, L-DED is best suited to this, so
Titanium AM seems to be done predominantly using L-DED [4,6].

EB-PBEF is not used in this thesis, but is worth briefly mentioning. When using a laser, a
galvanometer must be used to physically move a mirror to move the beam. With an electron beam,
the positioning is done using an electro-magnetic coil, which allows for a much quicker beam
movement due to the lack of inertia [4]. This increase in speed allows for the location and size of
the molten area to be better defined and hence a closer control of the cooling rate. Both G and V can
be controlled closely, giving the ability to select a certain grain orientation [48]. In addition, the
powder bed can be pre-heated, reducing the thermal gradients and allowing for further control.
This allows for a wider range of “hard to print” alloys to be manufactured (e.g., Nickels with higher
Yy’ content). This is shown by the improved printability of CM247LC in EB-PBF as compared to L-
PBF (Table 2-3). CM247LC has a high y’ content and normally suffers from hot tearing (covered in
Section 5.1.5); by using EB-PBF, the solidification rate can be controlled, reducing the driving force
for cracking. This increased thermal control allows for epitaxial growth of single crystals [49,50].

However, EB-PBF also experiences some issues due to its method as well as the large up-front cost
[51]. Since the powder is pre-heated and partially sintered [4], complex internal geometries cannot
be achieved as the internal powder cannot be removed, also this causes EB-PBF to generally have a
rougher surface finish [52]. This is not helped by the larger powder size range for EB-PBF
compared to L-PBF [53] meaning that the geometric accuracy is likely inferior to L-PBF. In addition,
due to the vacuum during EB-PBF, certain elements evaporate, meaning that the final composition
can be different to that of the initial alloy [51]. Interestingly, despite the control of the substrate
temperature (which allows for close control of cooling rates), this can cause issues in alloys such as
Inconel 718 where deleterious phases can form due to prolonged exposure to intermediate
temperatures [48].

Until recently, the approach has been to test pre-existing alloys using AM, despite the fact that many
of these alloys were created with a specific manufacturing method in mind. E.g. CM247LC and
CMSX-4 were designed for directional solidification in investment casting [49,54]. These are
typically heat treated post-casting as otherwise they experience segregation; unfortunately, due to
the quicker cooling rates and subsequent reheating in AM, these alloys suffer from severe cracking
and are typically regarded as having poor printability. In recent years, research has turned towards
designing alloys with additive manufacturing in mind. These include alloys such as Scalmalloy® (a
Scandium modified Aluminium alloy) [55] and ABD-900AM (a medium y’ fraction Nickel
superalloy) [56].

2.3.1. 316L Stainless Steel

316L is a widely used stainless steel, frequently found in marine, chemical and food processing
industries. It's composition is shown in Table 2-4, with carbon content reduced to hinder carbide
formation during welding, which can initiate failure. In AM, 316L is often used for marine and
medical applications as well as general engineering structures due to its relatively low cost [4,57].
The alloy is generally regarded as being printable [4,12] so is widely studied due to the broad range
of comparable data available [58]. This allows for efficient process development.
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316L produced by AM is predominantly in the FCC, y austenite phase, with some intergranular BCC,
6 ferrite present [4,59]. In L-DED, columnar dendrites form around the bottom edges of the melt
pool, with some regions of equiaxed grains at the top as seen in Figure 2-6a. Grains grow in a
columnar manner, through multiple melt pools, following the direction of maximum heat flow (into
the baseplate). In literature, some dendritic areas are seen, but the majority is of cellular nature,
with a cell spacing on the order of 1-10 pm [4,59,60].

Table 2-3: Overview of printability of materials commonly produced by AM; key below. Created by the author and adapted
from [12]

L-PBF EB-PBF L-DED

Steel

304

316

17-4 PH

H13

18Ni300

2507

Nickel

Inconel 718

Inconel 625

Hastelloy X

CM247LC

CMSX-4

Waspaloy

Aluminium

Al Si10Mg

Al-Cu-Mg

4047

Scalmalloy

7075

6061

Titanium

Ti64




CP

6242

5553

2448

Ti-6.5Al-3.5Mo
-1.5Zr-0.3Si

55511

Equiaxed

Figure 2-6: Microstructure of 316L produced by L-DED; a, b) showing structure of melt pools at different heights. c, d, e) SEM
micrographs of cellular structure. Reported by Saboori et al [59]

2.3.2. Nickel Superalloys

A superalloy is defined as a material with exceptional mechanical properties, allowing it to be used
above 540 °C or 0.7 of its absolute melting point [61,62]. These alloys can be Iron, Cobalt or Nickel
based, the latter being the most appropriate for turbochargers and engines. Nickel superalloys can
withstand high stresses at up to 0.9 T, (over 1000°C). All superalloys have a face centered cubic
(FCC) matrix as this increases creep resistance [63]. Nickel is FCC at room temperature, but Fe is
body centred cubic (BCC) and Co is hexagonal close packed (HCP) at room temperature; both of
these transition to FCC at raised temperatures. Fe and Co alloys are stabilised with FCC stabilisers
(Co, Cr, Mo, W) in order to retain FCC structure at low temperatures and stabilise the FCC y phase
[61,62]. None of these alloys have a transition from FCC at higher temperatures, so these are stable
to melting and hence can be used at raised temperatures. These y stabilisers typically have a small
atomic misfit to Nickel and so act to solution strengthen the alloy. Chromium also has the added
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benefit of increasing the oxidation resistance, especially at high temperatures; additions of Al and
Ti can further increase the oxidation resistance [63].

Original superalloys were solid solution strengthened i.e. they contained additions in the matrix,

increasing strength but remaining homogeneous (e.g. Hastelloy X). These can be used at moderate

temperature, but not in the components which experience the highest temperatures. It was then
realised that by adding Al and Ti, precipitates can be formed, further strengthening the alloys.

These are known as precipitate strengthened alloys and are more frequently used e.g. Inconel 718
and CM247LC [62,64]. Inconel 718 is very widely used in the industry and is widely regarded as the
“workhorse of the aero-engine sector” [65]. The compositions of the 6 nickel superalloys reviewed

in Table 2-3 can be found in Table 2-4 alongside that of 316L steel. The most common phases in
Nickel superalloys are covered in Section 5.1.2.

Table 2-4: Comparison of compositions (wt%) of 316L steel and some common Nickel superalloys [62,64,66]

Cr Ni Co Mo w Nb Ti Al Fe Ta C B Zr Other

316L Steel | 17.00 |12.00| 0.00 | 2.50 | 0.00 | 0.00 | 0.00 | 0.00 |65.20 | 0.00 | 0.03 | 0.00 | 0.00 12513[1;1
Inconel 718 19.00 | 52.77 | 0.00 | 3.00 | 0.00 | 5.10 | 0.90 | 0.50 [18.50| 0.00 | 0.08 | 0.00 | 0.00 | 0.15Cu
Inconel 625 |21.50|62.95| 0.00 | 9.00 | 0.00 | 3.60 | 0.20 | 0.20 | 2.50 | 0.00 | 0.05 | 0.00 | 0.00 N/A
Hastelloy X | 22.00 | 49.09 | 1.50 | 9.00 | 0.60 | 0.00 | 0.00 | 2.00 |15.80| 0.00 | 0.02 | 0.00 | 0.00 N/A
CM247LC | 8.00 |61.42| 9.00 | 0.50 |10.00| 0.00 | 0.70 | 5.60 | 0.00 | 3.20 | 0.07 | 0.10 | 0.01 | 1.40Hf
CMSX-4 6.50 | 64.80| 9.00 | 0.60 | 6.00 | 0.00 | 1.00 | 5.60 | 0.00 | 6.50 | 0.00 | 0.00 | 0.00 N/A

Waspaloy |19.50|54.58|13.50 | 4.30 | 0.00 | 0.00 | 3.00 | 1.40 | 2.00 | 1.50 | 0.07 | 0.06 | 0.09 N/A

Mechanical Properties of Ni alloys produced by AM

The mechanical properties of as-built nickel alloys are summarised in Table 2-5. As-built properties

are comparable to those produced by conventional means, with lower elongation in some cases.

These can be further improved by various heat treatments as exemplified by Figure 2-7, exceeding
the properties of the wrought/cast components. However, in L-DED, complex repairs are a common

application, meaning that localised heat treatments are not always possible.

Nickel alloys are of great interest for aerospace application, where longevity is of utmost

importance. Much work has been testing both the creep and fatigue properties of L-PBF samples. In
Inconel 718, with scan strategy optimisation, a similar creep rate to wrought and a 24% increase in
creep life can be achieved (in heat treated state) [67]. The elevated temperature fatigue life has also

shown to be similar to wrought alloys [68], showing that printed components could be used in

real-life applications. In Inconel 625, the creep strength from L-PBF exceed those of wrought
samples, but with a lower ductility [69]. Overall, these creep and fatigue results show that AM can
produce parts with comparable mechanical properties to wrought parts, opening the door for
wider spread utilisation of additively manufactured components.
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Table 2-5: Mechanical Properties of Ni Alloys produced by AM (as-built) compared with wrought

Process Material Yield Strength (MPa) Elongation
Wrought Inconel 718 | 1035 [70] 12

L-PBF Inconel 718 | 1200 - 1213 [70] 13.1-30.3 [70]
EB-PBF Inconel 718 | 772 -924[71,72] 31.5-40.4 [71,72]
L-DED Inconel 718 | 552 [73] 16.2 [73]
Wrought Inconel 625 | 513 [74] 40 [74]

L-PBF Inconel 625 | 690 - 820 [74] 8-10 [74]
EB-PBF Inconel 625 | 410 [75] 44 75]

L-DED Inconel 625 | 460 - 670 [76] 19 - 41 [76]
Wrought Hastelloy X | 367 [77] 40 [77]

L-PBF Hastelloy X | 470 -490 [78] 39-411[78]
L-EB-PBF Hastelloy X | 255-270[79] 62 - 68[79]
L-DED Hastelloy X | 800 [80] 28 [80]

M As Deposited [ Direct aged

[15TA [1 Homogenization+STA
Cast AMS5383 = Wrought AMS5662
1400.0 250

E

1200.0 199

B
=1

ULy 162 160

o
o

Plastic Elongation (%)

800.0

600.0

Stress (MPa)
s

400.0

5.0
200.0

0.0 0.0

Ultimate 0.2% Yield Elongation
Figure 2-7: Changes in mechanical properties of L-DED manufactured Inconel 718 with different heat treatments, as
compared with cast/wrought properties. (STA = Solution treatment and aging). Reported by Qi et al [73]
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2.4. Energy Density and Processing Maps

To compare these parameters across machines and materials, there have been many attempts to
combine the various parameters into an energy density. The simplest form is Equation 2-6, which
simply calculates the volumetric energy density (VED) by dividing the power by velocity and 2
building parameters (hatch spacing, h and layer height, 1) [15]. However, this ignores the machine
differences, the main one being the laser beam radius, so some VEDs replace the hatch spacing with
beam diameter (Equation 2-7) [81]. Neither fully captures the machine and processing parameters.

E = P
v wvhl
Equation 2-6
where E,, Volumetric Energy Density [15].
E = P
v UlDb
Equation 2-7

In an attempt to overcome this, Figure 2-8 plots a normalised heat input against the reciprocal of
the hatch spacing. Although this doesn’t explicitly plot VED (using beam radius, r) against h, all the
lengths are normalised by being divided by ry, so this value is included.

The maths behind Figure 2-8 is shown in Equation 2-8 and Equation 2-9, the first showing the
formula for normalised heat input, the latter showing how a normalised VED can be calculated, this
will be referred to as normalised energy density (NED) throughout. Lines of constant NED (Ej) are
shown in Figure 2-8, allowing for direct comparison between processing parameters. It allows for a
quick assessment of the processing window, too low a heat input and porosity occurs due to lack of
fusion, too high a heat input and swelling and/or hot tearing occur [82]. This derivation finds the
volume you need to melt to avoid lack of fusion (using hatch spacing and layer thickness) and
calculates the required energy to do so; in an ideal 51tuat10n E*=1 would lead to full melting

(assuming that absorptivity, A = 0.5). In addition, 1f - > 1,1, > h, so full melting should occur; it

can be clearly seen that melting can occur below thls threshold, but only at higher E*values, as this
has to compensate for the lack of lateral melting.

*

E* = =
v 2vlrb] [pC

)

Equation 2-8

where * denotes a normalised quantity; E*, normalised heat input per unit volume; /, layer

. D . . .
thickness; 1, = 7”, laser beam radius; T, melting point

*

I*h Zvlh] [pC

Ej = To)]

Equation 2-9

where Ej, normalised volumetric energy density (NED); h, hatch spacing.
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Figure 2-8: Plot of normalised heat input against 1/h* showing processing ranges for different materials. Reported by
Thomas et al [82]

Lack of fusion occurs if the laser melts an insufficient thickness and so the previous layer doesn’t
fully bond to the new one. This can be predicted using melt pool dimensions from Equation 2-4.
Figure 2-9 shows that a reduction in energy density can lead to lack of fusion porosity, however,
increasing it too far can lead to keyhole porosity. Once again, there’s an interplay of two defects
which occur under different conditions, with a potentially narrow processing window.

Keyholing is a mode of laser welding, where part of the melt pool vaporises and forms a plasma
bubble. This can entrap the photons which internally reflect, leading to near 100 % laser
absorption; Marangoni flow forces this bubble deeper and so a very deep melt pool can occur
despite only a small increase of power. The bubble can be trapped during solidification, increasing
porosity as seen in Figure 2-9, so process parameters are typically selected to avoid keyholing [83].
Since keyholing is a cause of evaporation, it can be linked to the latent heat as expressed in
Equation 2-10 for 316L steel. The second part of this forms a criterion, which can be used to predict
the onset of keyholing [83,84]. This calculation looks at the energy absorbed and how far the heat
can diffuse, so the volume raised above T, can be calculated using the energy input; this leads to the
key parameters being Dy and a. This is termed the normalised enthalpy (NE) and was first reported
by Hann et al [84] before being extended by King et al [83]:

. AH AP Ty
Normalised Enthalpy,—=————=—%=6

h T,
y mhg |avD,? m
Equation 2-10

where AH, change in total specific enthalpy; hs= pC, T, enthalpy at melting; T}, boiling point. This is
known at the phase transition number, which itself is the inverse of the Stefan number and is
frequently used in heat transfer calculations [85].
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Figure 2-9: Porosity dependence on velocity, showing both keyholing and lack of fusion. Reported by Tang et al [86]

NED and NE (Equation 2-9 and Equation 2-10) are calculating a similar quantity. NED uses process
parameters (hatch spacing and layer thickness); NE uses the thermal diffusivity to calculate how far
the heat can diffuse. Both are interesting ways of characterising the process and can be used for
different purposes e.g. normalised enthalpy can be used to characterise track welds, as they have
no hatch spacing or layer thickness.

The keyhole transition can be seen if the melt pool depths are plotted against power (or VED), filled
blue circles in Figure 2-10a; there is a distinct gradient change at around 70 W. This point also
coincides with the sudden rise in absorptivity (black line) as explained above [38].

This step change in depth can also be clearly seen in other works [83], however not in all
experiments (Figure 2-11, also 316L) [81]. The difference may be that the prior work was
completed on a steel disk, whereas the latter was with a powder surface. In reality, keyholing
occurs due to the formation of plasma from the evaporated metal. This does depend on the boiling
point of the alloy, as considered previously [38,83,84], but can likely start below T}, as there is a
partial pressure above the surface of the melt pool.

Figure 2-11 calculates the VED using Equation 2-7, since there is no hatch spacing when scanning
single tracks. No difference in trends can be seen in the transition between conduction and keyhole
modes. There is clearly a correlation between depth and VED, however for different powers you get
a depth variation of up to x3, so VED isn’t necessarily a good way of combining processing
parameters [81]. The Rosenthal equation (Equation 2-4) can be used to predict depths and it would
be interesting to see the trend in theoretical depths since they do not accommodate for the keyhole
mode. Different studies find different critical NE values for the keyhole transition, this has been
theoretically calculated as 6 [83], but experimentally measured at both 10 and 30 [83,84], so there
is no widely-accepted keyhole threshold.

It has been determined that for each material there is a processability window - often with porosity
if insufficient energy is present. Keyholes can occur if there is too high an input energy, this can also
increase propensity to hot tearing due to a longer solidification time and so more time for
segregation; many of the types of failure stem from excessive segregation (Section 5.1.4) [87,88].

A different form of processing map has been created for 2D situations (typically L-DED). Figure
2-12 shows a surface relating the normalised values of the melting point, the melt pool length and
the deposit height. Using this allows for variation of parameters in order to maintain the melt pool
volume through the build [89,90]. Similar maps have been created replacing melt pool length with
both G and T; both of these can be calculated using Equation 2-5 [91,92].
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10

Figure 2-12: Processing map relating the melting point, deposit height and the melt pool length for L-DED. Reported by
Vasinonta et al [89]

2.4.1. Solidification Structure

The solidification microstructure is directly related to the speed and stability of the solidification
interface. At slow speeds, the interface is stable and in equilibrium, so planar growth occurs (very
left of Figure 2-13a). The G/V ratio effectively defines the stability of this interface, the interface
breaks down, first into cells and then into dendrites [18], if:

G AT,
_>_
V™ D,

Equation 2-11

where AT, Equilibrium solidification interval; D;, Diffusion coefficient in the liquid. This is
exemplified in Figure 2-14, showing the morphology of both cells and dendrites as well as the
intermediate state of dendritic cells. These occur when instabilities break down the ordered
cellular nature and side-branching starts to occur.

Both cells and dendritic cells are shown to grow parallel to the maximum heat flow, which is
typically perpendicular to the melt pool boundary [88,93-95]. This is shown in

Figure 2-6, which shows that the direction of the columnar structure is perpendicular to the melt
pool edge. At slower cooling rates, dendrites dominate, and these are less sensitive to the direction
of the maximum thermal gradient.

In AM, the left hand side of Equation 2-11 is typically significantly higher than the right, so cellular
and dendritic microstructures dominate [29]. As the velocity is further increased, solute trapping
may occur and may produce a planar interface (right side of Figure 2-13a).
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Figure 2-13: Plots of G vs V, showing the relationship between processing parameters and microstructure.
a) Different microstructures possible over wide range of solidification parameters; P, planar; Ds, dendrites (solutal); Dy,
dendrites (thermal); B, banded microstructure (alternate planar and cellular); black region, cellular. Reported by Kurz and
Trivedi [18]

b) A microstructure selection plot for CMSX-4, with the rectangle showing typical laser process conditions. A and B show the
melt pool solidification curves for initial substrate temperatures of 20°C and 500°C respectively. Reported by Kurz et al [96]
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Figure 2-14: Summary of possible solidification structures. a) Cells, b) dendritic cells, c) dendrites. Directional growth can
lead to all 3 formations; cells during stable growth, with perturbations/instability in the thermal field dendritic cells can
form. Anisotropy of interface energies forces dendrites to grow with a preferential crystallographic direction, whereas cells
grow in the direction of greatest heat flow. Reported by Kurz and Fisher [97]

Dendrite Arm Spacing (DAS)

Solidification occurs in a cellular and/or dendritic manner, typically anti-parallel to the heat flow,
with regions of the similar growth direction forming grains. It has been shown that the primary
dendrite arm spacing (PDAS, A1) can be related to both G and V. This theoretically allows for
calculation of thermal conditions from the final microstructure. Two equations for PDAS were
derived by Trivedi [98] and Kurz/Fisher [27]:

ATeLthLl")O'ZS

A; = 2.83 % 6‘0'5(
1 %

Equation 2-12

& —a3x <AT)°-5( D, T )
== G VAT,

0.25

Equation 2-13

where AT, AT, equilibrium and non-equilibrium solidification ranges respectively; T,
Gibbs-Thompson coefficient; Ly, quadratic function of harmonic perturbation [99].

For high laser velocities, both take the form [27,100]:
/11 o G—O.Sv—O.ZS
Equation 2-14

The results are compared in Figure 2-15, which shows that the two criteria follow a similar trend,
displaced by a factor of 1.5x and seem to act as lower and upper bounds respectively.

For the secondary DAS (A), it was shown that:
Ay < T7M

Equation 2-15
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where n is materials dependant, taken to be in the range of 0.2-0.4 [28,29]. The same relation has
been successfully used with PDAS, but with a different constant of proportionality with n=0.36
[23].

In 316L steel, cells are typically formed during AM rather than dendrites, this is also the case in L-
PBF, as shown in Chapter 11. In these cases, primary cell arm spacing (PCAS) can be measured,
being equivalent to the PDAS - with higher cooling rates reducing PCAS [59].
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Figure 2-15: Comparison of two PDAS calculations with experimental values for varying energy input. Reported by Raghavan
et al [99]

Columnar-Equiaxed Transition (CET)

As explained in Section 5.1, modern superalloys are developed to have columnar microstructure
and single crystals, however these suffer greatly from hot tearing. Using AM, there are two main
focuses: building single crystal components (typically using EB-PBF) [49,50] or building equiaxed
structures, reducing likelihood of cracking. For an equiaxed microstructure, large-scale grain
nucleation must occur which can be achieved by adding grain refiners (which initiate dendritic
growth), or by increasing the undercooling, as this exponentially increases nucleation rate [33,101].
Assuming steady state growth, the columnar-equiaxed transition can be shown to occur when:

n

—>K
vV

Equation 2-16

where n and K are materials specific (3.4 and 2.7 x 1024 K34 m-+4s-1respectively for CMSX-4, a
single-crystal Nickel superalloy) [33,96]. Figure 2-13b shows the conditions experienced in laser
processing (in the rectangle), crossing between equiaxed and columnar dendritic regions. The DAS
can also be calculated using the cooling conditions as explained in Section 2.4.1.

Since laser processing occurs across the transition, it should be possible to tailor the microstructure
by altering process parameters. This has been done by selecting 3 scan strategies (in EB-PBF) and
spatial variation of microstructure has been achieved (Figure 2-16) [102]. In reality, the values of
both G and V change throughout the process, even in different parts of the melt pool. Because of
this, a range of parameters is experienced, as marked in Figure 2-13b and Figure 2-16a,
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unfortunately these tend to spread across the transition, making exact microstructural prediction
more difficult [96,103].

To further complicate this, due to each region being re-melted by successive layers, epitaxial
growth of previous grains can occur. This can be used to carefully grow a single crystal [33]. This is
a complex interplay, for example, a larger melt pool is typically associated with reducing thermal
gradient [104,105], which would push the process towards the equiaxed region (Figure 2-16).
However, the melt pool is also likely to be deeper, so more likely to re-melt sufficient material to
reach the larger grains below, which would encourage epitaxial growth.

a) 1 0'

(G) Thermal Gradient / (K/m)
8.

10° 10* 10° 107 10" 10° 10'

(V) Liquid-Solid Interface Velocity / (m/s)

Figure 2-16: Control of the microstructure from columnar to mixed by changing scan strategy in EB-PBF. Reported by Dehoff
etal [102]

a) Gvs Vplot for Inconel 718, with the ranges of 3 electron beam scan strategies shown

b) EBSD, showing the variation in microstructure caused by switching between scan strategies above

The rough range of G and V for both L-PBF and L-DED are shown in Figure 2-17 for Inconel 718,
although similar could be plotted for other alloys. This shows that when using L-DED, both
columnar and equiaxed can be achieved, whereas in L-PBF, columnar structures are more likely.
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Figure 2-17: G vs V plot showing the approximate ranges covered by both L-PBF and L-DED for Inconel 718 . Adapted from
Dehoffetal [102]

2.5. Comparison to Other Processes

2.5.1. Welding

The forms of failure frequently found in Nickel superalloys (Section 5.1.4) were known before the
advance of AM. Much of the prior knowledge had been gained from welding. Fundamentally,
welding is the same process as AM, a moving heat source melting a base component usually with
some materials addition. The main differences being that in L-PBF, the laser velocities are
significantly faster and that the feedstock is in powder form. When comparing to L-DED, these are
even more similar, as L-DED has similar laser velocities to welding, but as it is used to build, it can
create much larger components, as welding simply joins pre-built parts [4].

Analytical models (Section 2.2) were developed for welding and are now used in AM. Similar
models can be found for laser transformation hardening and laser cladding.

2.5.2. Thixoforming

Thixoforming is a semi-solid processing method, where a metal is heated to the point where f; =
50% and then forged in this state making the deformation require much less force. Initially, this
process was developed for Al-Si-Cu-Mg alloys and for each material, a plot of fraction liquid against
temperature (Figure 2-18) can be used to determine how easily processable the material will be.
The key processing parameters were said to be [106]:

e Temperature at f, = 50%; Tp-05

_ d
e Gradient of the curve at Ty, ¢ 5; 4
ar Tfr=05

e Temperature of highest ‘knee’ in curve; T

. . d
e (Gradient of the curve at the solidus temperature; %
Ts
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Since then, the materials selection in steels has been investigated using DSC [107,108] and more
research has been conducted into Al-based alloys [42,43]. % curves (both theoretical and
experimental) have been plotted, analysing the thixoforming behaviour (Figure 2-18 shows a
typical curve). The resulting criteria were similar, but the critical region was said to be where f; =
0.3-0.5, i.e. where the process occurs. If the highest knee occurs here, the melting is likely to be
easier to control, as the gradient above the knee is smaller than below, so melting slows. The
gradients were calculated at f; = 0.4 and a sensitivity limit of 0.03 K-1 was set for successful
thixoforming. Finally, the freezing range was taken into account, with an approximate limit of 130 K
being set [109]. The solidification curves are calculated using Scheil calculations (non-equilibrium,
liquid diffusion only), unfortunately, these are not representative of the processing conditions
experienced. Under solute trapping conditions (which are expected to occur), the solidification rate
would be constant and so there would be no knees in the solidification curves.

In AM, similar considerations must be taken into account in order to reduce the hot tear
susceptibility. Knowing the gradients of these solidification curves at very low values (0.01 < f; <
0.1) allows prediction of hot tearing. The width of the freezing range is also a critical factor in both
hot tearing and thixoforming. Using theoretical calculations, it should be possible to predict which
alloys are likely to be resistant to hot tearing.
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Figure 2-18: Fraction liquid as a function of temperature for a typical Al-Si-Cu alloy, showing a ‘knee’. Reported by Liu et al
[109]
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2.6. Monitoring of Additive Manufacture

2.6.1. Introduction to thermography

Contrary to popular belief, there is no such thing as an accurate multi-purpose thermal camera.
There exists a variety of different cameras with different sensors. Most everyday use cameras
(DSLR or phone camera) use a Silicon sensor which are sensitive over a range of approx. 400-1000
nm [110]; these can use either CMOS or CCD sensors.

Wavelength selection

The efficiency of each sensor varies with wavelength, the proportion of photons of a set wavelength
detected by a sensor is known as its quantum efficiency (QE). Example QE curve of a sensor is
shown in [111]. E.g. a QE value of 50 % at 800 nm means that only half of the 800 nm wavelength
photons are detected. If the QE curve is known, this can be accounted for if detecting a specific
wavelength e.g. using a notch filter.
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Figure 2-19: Quantum efficiency of Hamamatsu camera over wavelengths detectable by a Silicon detector. Reported by
Hamamatsu Photonics [111]

As objects are heated above 825 K [112], they start emitting light e.g. hot metal glows “red hot”. A
black body is an idealised concept defined as not transmitting or reflecting any light, for this type of
body, the intensity of radiation varies with both on wavelength and temperature (Figure 2-20). It
can be seen that as temperature increases, the intensity increases, but also that the wavelength of
the peak decreases towards the visible spectrum. This explains why initially, items glow red hot,
then as temperatures increase, a wider range of visible spectrum is emitted, leading to a white hot
appearance.

Since the melting point of most metals of interest are in the range of 1000-2000 K, minimal
radiation is emitted in the visible spectrum, so even if using silicon detectors, lights is filtered above
800 nm, to limit the sensor to near infra-red (NIR) wavelengths. In reality, a silicon sensor is limited
to detecting temperatures above 700 K [113]. The QE of silicon chips in the NIR range is both low
and variable. We receive a single intensity value per pixel and are detecting a range of wavelengths.
Since the QE is wavelength dependent, it becomes nearly impossible to determine the spectral
distribution of the incoming light, let alone the temperature of the object.

The temperature range of interest can be selected by selecting an appropriate sensor; different
materials are sensitive to wavelengths of different energies. If measuring the cooling rate, cooler
temperatures are required and so a different sensor may be selected e.g. Indium-Gallium-Arsenide
sensors have a range of 950-1700 nm so can detect cooler temperatures [104]. However, due to
the sensitivity of sensors, they can only detect a certain temperature range; so if measuring the
cooling rate, the melt pool itself is likely to saturate the sensor. Neutral density filters (which
equally reduce all wavelength intensities by a set amount) can be used to tailor the temperature
range detected.

There are several methods used for calibrating the camera to a temperature value. Often the
Sakuma-Hattori equation is used for calculating a temperature once the calibration values are
determined [104,114]. Using a black body furnace, this equation can be calibrated and so an
accurate temperature can theoretically be measured. This assumes a constant emissivity and that
the source is a perfect blackbody emitter. A guide to calibrating a camera using this method was
produced by the National Institute of Standards and Technology [114]. To reduce the errors due to
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poor calibration, further calibrations are performed in-situ using thermocouples in the
experimental setup, but with limited success [10,115].

In reality, emissivity varies with temperature, material, phase and wavelength [116]. In the
calculations described above, a constant emissivity was selected, this is a flawed assumption. Any
thermal measurement which states an actual temperature is likely to have a large error associated
with it, which is often not understood by the authors [4]. Dual wavelength pyrometers are an
exception to this and are further discussed shortly.
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Figure 2-20: Radiation intensity as a function of both wavelength and temperature as calculated by Planck’s law. Reported by
Michalski et al [112]

Additional Sources of Error

An additional issue comes due to the small size of the melt pool being analysed. Imagine a situation
where there is a single pixels’ worth of high temperature, the rest cold. In a perfect world we would
have a large count on one pixel and no count on the rest. In reality, due to electronic imperfections
and diffraction within optics, some of the intensity which should be in that pixel will end up being
absorbed by neighbouring pixels. This means that a small hot area will appear both larger and
cooler than it is in reality [114], so neither size nor temperature of small objects can be accurately
stated. Errors of up to 10% can be experienced even when measuring features 5 px in size [117].
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This is overlooked by the vast majority of publications, despite its’ relevance when measuring the
temperature of the small melt pools.

Movement blur can create further difficulties. If a 100 pm melt pool is moving at 1 m/s (typical L-
PBF parameters), it will take 100 ps to cover 100 um, which is quicker than the integration time for
a typical sensor. This must be considered when selecting a monitoring system and recording
parameters.

Dual Wavelength Solution

As previously mentioned, temperature is difficult to measure accurately due to emissivity changes
with temperature. However, if two sensors record concurrently at different wavelengths, then
assuming constant emissivity, emissivity can be removed from the equation. i.e. the temperature is
related to the ratio of the two intensities [112]. One catch is the emissivity also varies with
wavelength; if the wavelengths are chosen to be similar, it can be assumed that this error is
negligible [112,118]. Several studies have taken advantage of this technique and utilised it for AM
monitoring [118,119].

For metals, which are opaque, Emissivity + Reflectivity = 1 [112]. A shiny metal would be more
reflective, so would have a lower emissivity. This explains why a black body (which has a
reflectivity of 0) has an emissivity of 1. For some alloys e.g. S235 steel, emissivity has been
measured and shown to be decrease with temperature, both in solid and liquid state [120]. This,
however, may not be representative of all materials.

2.6.2. In-situ Monitoring

In accordance to the 2013 NIST AM Roadmap [121], many in-situ monitoring techniques are being
investigated, these are reviewed in [11]. The simplest method of observing the process is optically
(Figure 2-21), this doesn’t provide any thermal information, but shows the powder movement. In
Figure 2-21a, the denudation (lack of powder) around the printed region can be seen; this process
is shown in Figure 2-21b, where both ejection and entrainment take place, in this case the ejection
dominates due to a large gas plume [122].

i
Entrained particles Ejected particles

[

Figure 2-21: High-speed optical images showing the powder movement in L-PBF. Reported by Bidare et al [122]

More information can be gained from thermal data, either in the form of infrared (IR) cameras or
pyrometers. Some measure an average radiance of a set area, resulting in a single value, whilst
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others are essentially a camera [4,10,123]. These allow for identification of the melt pool and its
dimensions (Figure 2-22) [124], although only on the top surface. Difficulties with calibration of
thermal cameras are discussed at length in Section 2.6.1.

As previously mentioned, one way to eliminate the calibration issues due to emissivity is to detect
radiance at two wavelengths concurrently and calculate the ratio of these. Assuming that the
emissivity at the two selected wavelengths is similar, an accurate temperature can be calculated
[118,119]. Unfortunately, these assumptions aren’t always correct and due to various issues, this
technique has been reported to consistently have an error of 12.8 % in a calibration setup (when
compared to thermocouple measurements) [119].
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Figure 2-22: Changes in melt pool dimensions with processing parameters, measured using an IR camera. Reported by Heigel
and Lane [124]

From these, values for both G and/or T can be measured [104,105,118,125] and the impact of scan
strategies on G and T has been investigated [126]. Historically, much work has calculated expected
temperatures and cooling rates (using Rosenthal-type calculations) and hence predicting the
microstructures [127]. A recent extension of this printed different regions, some with columnar
microstructures, others with equiaxed as seen in Figure 2-16b. In this case, both G and V were
calculated [102]; with the advances of thermal monitoring, measurements of these will allow for
close control of microstructure. In addition, the hope is that by measuring the relative
temperatures in-situ, any hot-spots can be found and hence defects repaired during the build
process by integrating a feedback control system [128], this would however be very machine
specific.

Schlieren imaging has been used to investigate the behaviour of the gas plume, it allows
visualisation of refractive index (which itself is temperature dependent). This provides information
about both the gas flow out of the nozzle [129] and the movement of the gas plume during printing
[122], Figure 2-23. This shows that under different processing conditions, the gas plume can be in
front of, in line with, or behind the laser. This can have a significant impact, as the plume will
absorb some laser power, effectively reducing the absorptivity [122].

Various spectroscopic techniques have been used to monitor the gas plume itself [113]. The basic
principle is that as each element is vaporised, the plasma emits light at a wavelength which is
dependent both on the temperature and on the species being vaporised. Once one species is
carefully calibrated, the changes in temperature can be calculated, as well as identifying the
constituents of the plasma [130,131]. These losses can be critical, as they are indicative of any
compositional changes occurring due to preferential vaporisation of certain elements.

Ultrasonic resonance techniques have historically been used as a none destructive testing (NDT)
method for detecting internal defects such as voids [113]. These have been extended by using
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surface acoustic waves for crystallographic measurement of surfaces, this has been tested using AM
parts, but cannot be performed in-situ [132]. In-situ acoustic measurements can identify
nucleation/propagation of cracks, but currently requires very specific setup and results are of a
qualitative nature [133]. Another way of detecting defects in L-PBF is through noticing unevenness
in the recoated powder layer. Optical metrology in combination with computer vision has been
shown to be able to detect and identify various types of process failure [134].

Entrained
Fe vapour

Figure 2-23: Changes in gas plume behaviour captured using Schlieren imaging. Reported by Bidare et al [122]

The final technique is potentially very useful. High powered X-rays can penetrate thin metallic
regions, so by creating a thin L-PBF-like system, the process can be monitored through thickness.
By taking multiple radiographs in quick succession, the development of the melt pool can be
analysed. This is used to investigate the mechanism behind keyholing [135,136] and the formation
of the pore was clearly demonstrated. Figure 2-24 shows how multiple radiographs can be used to
give information about how a melt pool develops over time. Leung et al. used this process to
investigate many features in L-PBF including Marangoni flow, particle spatter and melt pool
development in the overhang condition [137]. Unfortunately, since a specific set-up was made for
these measurements, it is unknown how representative these results are of an actual L-PBF
process. Similar experiments have been repeated for L-DED [138,139], but again, the similarity to
the real process is unknown. Additionally, the data acquisition rate is phenomenal, at roughly

3-5 GB/s [137], which means that most recordings are on the order of seconds in duration due to
data transfer limitations.

2.6.3. Control during Additive Manufacturing

The need for process control in AM has been widely reported, to ensure part quality and
repeatability [4,9]. Many methods have been attempted to control the process, typically using
either melt pool geometry or by measuring a local temperature [4]. Commercial systems have
started incorporating process control since around 2014, this is simpler in L-DED systems than in
L-PBF systems due to the slower nature of the L-DED process [140]. The difficulties with
determining temperature accurately have been covered in Section 2.6.1, with the added challenge
that even with a constant temperature, the melt pool shape may change, leading to different cooling
rates and/or layer morphology [141].
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Figure 2-24: Schematic showing the processing of radiographs into a time-integrated melt pool image. Reported by Leung et
al [137]

In L-PBF, the main techniques focus on either imaging the powder bed, or using a photodiode to
capture a temperature snapshot, assuming that the diode signal is representative of the melt pool
area [10]. Several studies have been conducted proving the capabilities of process control in L-PBF
[142,143]. Due to the high speed of the L-PBF process, these control functions are normally
performed once per layer.

In L-DED, process control can be both layer-by-layer [144] or live [145,146]. Control using
temperature is most common, using either diodes or pyrometers to measure a value and aiming
towards a pre-set target [144,145,147,148]. Along a similar line, cameras are used to measure the
melt pool directly, typically coaxially. These then measure the melt pool dimensions e.g. area or
width and control the process using this value [149,150]. Since the microstructure is closely linked
to the cooling rate, this has recently been used as the control variable by Farshidianfar et al. [151].
Finally, other features such as the component height can be used to control the process to stop
overbuilding and keeping the laser focussed on the melt pool [147,152].

2.6.4. Avoiding Cracking

Several ideas have been explored in order to reduce the cracking susceptibility of ‘unweldable’
alloys. As explained in Section 5.1.6, the amount of residual stress between a baseplate and
component can be reduced by pre-heating the base-plate, which makes alloys easier to print
[16,153]. In EB- PBF, due to the electromagnetic manipulation of the beam, the beam can be
effectively split. This has been used to create a ‘ghost’ beam, which follows the melt pool and can
reduce the values of both G and T, hence reducing the residual stress [154].

Another way to control the residual stress (by reducing T') is to shorten the length of the scan
vectors by designing a smaller scale scan strategy [155]. This had been implemented several
different ways, from fractal patterns (Figure 2-25) to dividing the area into small squares and
printing these individually (island scan strategy). Both of these are thought to reduce the thermal
gradients and residual stresses. This has been shown to reduce cracking in the printed regions,
however cracks are concentrated at interfaces between islands, or at specific high stress sites in the
case of fractals [155,156].

By altering the laser parameters within the processing windows, the exact microstructure can be
controlled. This has been shown in both Ti-6Al-4V and Inconel 718, where the lath spacing and
columnar nature can be selected respectively [157,158]. In Inconel 718, it has also been shown that
the texture can be modelled from the heat flow and hence controlled [159]. This sort of work leads
back to the aim of having equiaxed grains to reduce hot tear susceptibility. Other attempts have
successfully grain refined Nickel superalloys (not necessarily in AM); the main methods are by
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applying an oscillating magnetic field [160,161], by adding inoculants [162,163] and by applying
ultrasonic vibration [164].

Figure 2-25: Examples of fractal scan strategies chosen to reduce residual stress. Reported by Catchpole-Smith et al [156]

Shot peening is widely using in manufacturing to compress the surface and hence enhance crack
resistance and fatigue life. It has been shown that you can use a laser to shot peen (laser shot
peening), reducing the surface tensile stresses (up to 1mm deep). Initially this was performed at
the end of a build and improved the top surface [165], but has since been further incorporated in
the process, so the sample is laser shot peened every 1, 3, or 10 layers; reducing internal residual
stresses. Figure 2-26 shows the effect 3D laser shot peening has in turning the tensile stress on the
surface to a compressive one, several mm deep [166].
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Figure 2-26: The reduction of surface tensile stress achieved by laser peening. Reported by Kalentics et al [166]
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2.7. Summary

Much work has been done to develop and understand a range of AM processes. L-PBF and L-DED
have been widely used both in research and commercial applications. Their reach is currently
limited due to concerns over repeatability, especially in sectors such as aerospace, where
accreditation is required. Nickel superalloys are of great interest in aerospace, but many of these
have been developed specifically for old manufacturing processes such as directional solidification.
This causes issues when using these alloys for AM, so the two solutions proposed are either
developing closer control of the process, or to develop new alloys.

Since welding of similar materials is well understood and modelled, this work has been extended to
AM - similar forms of cracking the segregation can be seen. However, the significant difference in
thermal conditions often stops welding concepts from being directly applicable in AM. Monitoring
techniques from welding have been applied to AM, but as speeds are much quicker in AM, the limits
of these techniques have been reached. The rate at which data would need to be recorded for high
spatial resolution of the AM process leads to an unmanageable quantity of stored data, so
alternative solutions are needed.
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3. Project Scope and Objective

The aim of this thesis is to analyse the root causes of microstructural and mechanical variation in
components and determine if these are detectable by analysing the thermal signature in-situ. The
thermal trends will be interrogated to confirm that they are representative of the conditions
experienced by the component. The purpose of gaining a better understanding of these
relationships is to be able to control the output and so achieve components with more consistent
microstructures. The scope of this project has been defined by the following:

o What determines if an alloy will be easy to manufacture using AM? Does this depend on the
process used? Can this be used to help develop new alloys?

e  What can simple in-situ monitoring techniques tell us? Do the signals relate to the
processing parameters?

e What advantage do advanced monitoring techniques give? Can cooling rates be accurately
calculated? Can mechanical variations be explained by the thermal measurements?

o How do other factors, such as geometry, affect mechanical properties?

e (Can thermal measurements be simplified? What are the key parameters which matter? By
controlling these, is component homogeneity improved?

e How do the structures created by L-PBF and L-DED compare - do trends from one process
follow in the other?

Both L-PBF and L-DED will be used to answer these questions. Inconel 718 is the main alloy used
throughout this thesis due to its widespread use in the aerospace sector. Some initial work
developing monitoring methods was done using 316L stainless steel due to the reduced cost, the
printability of this alloy and its prevalence in literature.
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4. Experimental Methods

This chapter covers the main equipment used for this work; for each machine, a general overview
of the components and operating principles is given. Detailed parameters for various experiments
will be given in the individual chapters. Where a technique is only used in a single chapter, it is
covered in the relevant methods section.

4.1. Aconity3D Mini L-PBF Machine

4.1.1. Machine Hardware

The Aconity3D Mini is a research focussed L-PBF machine. The main components of the machine
are labelled in Figure 4-1, although this figure is missing the pyrometers, which are located next to
the galvanometer. The AconityStudio software controls the laser, galvanometer and the actuator
movements. The build chamber is beneath the laser, galvanometer and the optics. Below the build
chamber is a powder overflow vessel and a pipe containing the recirculating gas flow that is blown
across the powder bed to remove vaporised material, which runs to a filter, removing any fine
particles and stopping them from recirculating.

Laser

“~— Fibre

Galvanometer Computer with

AconityStudio

Build Chamber

Viewing Window

Gas Flow Laser Unit

Pipe to Powder Filter Controls

Figure 4-1: Aconity3D Mini with main components labelled; adapted from [167]

The machine contains a Gaussian IPG photonic 200 W YLR laser (1070 nm wavelength). This is a
continuous Ytterbium laser with a 70 pm beam diameter. AconityStudio reads the desired laser
path and sends this to the controller, which executes the movements and controls the laser timings
as well as the galvanometer movement. The scan system is provided by Raylase and is the
Axialscan-30, using a SP-ICE-3 control card. Two Kleiber KG 740 LO spot pyrometers (1580-
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1800 nm) are connected to the laser fibre, recording at 100 kHz; these provides a radiance values
of the melt pool.

Inside the build chamber are two cylindrical columns (Figure 4-2). At the start of the build, the
front column is lowered and filled with powder; a baseplate is placed in the far one, as this is where
the printing will occur. The wiper blade is a flat, flexible silicone rod, which moves back and forth
along the build chamber. Every layer, both columns move down to allow the wiper to move to the
front, the powder supplier then moves upwards by more than the layer increment (the scaling
factor is normally set at 3x), the build column is lowered by a single layer thickness. The wiper
blade then moves back, moving the powder to the build column, spreading it into an even layer.
Any excess powder is pushed back into the powder overflow. The laser then scans the desired scan
strategy before the process repeats.

Powder Overflow

: Safety Interlock

Build Column

Rubber Seal
Powder Supplier
Lid Clamps
Wiper Blade
Carrier

Figure 4-2: Internal components of Aconity3D build chamber

To set up the machine, the build plate must be placed flush with the build chamber, so powder can
be swept onto it from the first layer. Enough powder must be placed in the powder supplier, which
is typically 3x the expected build height. By manually adjusting the height of the build column and
the supplier, the levels can be set so the wiper blade deposits a thin, even layer on the build plate.
At this point, the machine is ready to be sealed. The lid is placed on top of the rubber seals, clamped
in place and the safety interlocks are connected. The chamber must now be purged with Argon to
remove any oxygen. This is done until the chamber has <2000 ppm oxygen; at this point, the
recirculating gas flow is stared. Once an oxygen level <500 ppm is reached, the build can be started.
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An example baseplate is shown in Figure 4-3; the diameter of these baseplates is 140 mm. Stainless
steel baseplates, ~20 mm tall were used throughout this work. Figure 4-3 shows a finished build,
with 31 components on it, roughly 10 x 10 x 10 mm. It can be seen that the components on the right
were not successful. Early in the build, they were stopped as they were overheating. The remaining
components build successfully, though some have smoother, more reflective surfaces.

‘ Figure 4-3: Example build from the Aconity3D Mini

4.1.2. Build Files

Build files need to be imported into AconityStudio in the .ilt format, which is proprietary to
Aconity3D. Autodesk Netfabb can be used to create .ilt files from either imported CAD data or from
basic shapes using the functionality of the software. From here, a scan strategy and laser

parameters can be selected; each different component on a baseplate can be built with different
settings.

4.1.3. Powder

The recommended powder size range for the Aconity3D Mini is 15-45 pm, although larger sizes can
also be used. The powder used throughout this work was Inconel 718, produced by the gas
atomisation (GA) method by LPW. GA results in powders with satellites (smaller particles) attached
to them, so are not very spherical. Figure 4-4 shows a representative sample of the Inconel 718

powder used, a range of particle sizes can be seen, with some very spherical particles, but also
some agglomerates of smaller powder particles.
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Figure 4-4: SEM image of gas atomised Inconel 718 powder

4.2. BeAM Magic 2.0 L-DED Machine

4.2.1. Machine Hardware

The BeAM Magic 2.0 is a blown powder L-DED system. A key use of L-DED systems is for repair
applications, so the laser and bed need many degrees of freedom in their movement. Since the
requirements are similar to a CNC machine, often L-DED machines are based on similar
hardware/firmware. In the case of the BeAM, the machine is run using a Siemens Sinumerik 840D
CNC automation system. Figure 4-5 shows the main components of the machine, with the electrical
cabinet housing the Sinumerik system and the control panel being identical to that used for CNC
machines.

There are two “tools” in the machine, a smaller 10Vx nozzle and a larger 24Vx nozzle. The 10Vx has
a laser diameter of 0.7 mm, with a maximum power of 1 kW and a 3.5 mm offset between the
nozzle and the component; whereas the 24Vx nozzle has a 2.25 mm diameter, with a 13.5 mm offset
and a maximum power of 2 kW. All work in this thesis was performed using the 10Vx nozzle, which
is quoted as having a location precision of +0.1 mm.

The laser unit is an IPG YLS-2000 Yterrbium laser system with a 2 kW limit. At a wavelength of
1070 nm, the continuous laser has two fibres going into the machine, one for each nozzle. The
powder hoppers are 3 1 in volume and manufactured by Medicoat; there are 5 hoppers, each
controlled independently, which theoretically allows for in-situ alloying. The movement of powder
within the hopper is shown diagrammatically in Figure 4-6b. The volume of powder is controlled
by the rotation speed of the steel turntable; this can be translated to a mass flow by weighing the
mass of powder output over a known period of time.

Within the build chamber, the gas, powder and laser are routed through the machine head (dotted
orange in Figure 4-7). This contains both the 10Vx nozzle and the 24Vx nozzle which is in the
stored position. The machine head is the part which is able to move in the X, Y and Z directions,
providing 3 axes of movement. The table is able to rotate in the B (around the Y axis) and the C
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(around the Z axis), making this a 5 axis machine. A baseplate is attached onto the table and this is

where the component is printed. The baseplate could be a component, ready to be repaired, or in
our case, a 4 mm sheet of rolled material, clamped to the table.

Electrical
Cabinet

Laser Chiller

BOFA Filter

Laser Unit

Control Panel

Powder Hoppers Build Chamber

Side Door with
Gloved Access

Build Chamber
Front Door

Control Panel

// /
X
/

Figure 4-5: BeAM Magic 2.0 with main components labelled, machine axis labelled

The details of the nozzle are shown schematically in Figure 4-6a, where it can be seen that there are
3 incoming gas flows and 3 sections of nozzle. Since this is rotationally symmetric around the laser,
there is one conical powder channel. The default argon gas flows were given by the manufacturer
as central: 3 I/min, secondary: 61/min, carrier: 3 1/min; totalling 12 1/min of argon exiting the
nozzle. Additionally, there is a beam splitter on the machine head (Figure 4-7), allowing for a
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coaxial cameral to be mounted and view the melt pool in-situ. In Chapter 7, the process was
monitored side-in; the camera angle for this is shown in Figure 4-7.

Laser + Secondary  Powder +

a Central Gas Gas Carrier Gas Poler

Restriction

Stirrer
Perspex Lid
4 Polymer Scraper

Powder +
Gas Outlet

Gas Inlet
Steel Powder

Turntable Track

Figure 4-6: Diagram showing powder and gas flow in L-DED; through a) the nozzle, b) the powder hopper. Reported by
Freeman et al [168]

Machine Head,

Coaxial able to move
Camera inX,Y,Z
Beam Splitter
24Vx Nozzle
Laser
Side on

Camera Angle

B axis rotation
Powder feed

Table

Figure 4-7: Inside the build chamber of the BeAM Magic 2.0 with the main components labelled. All 5 axes of movement are
labelled, with the large frame (surrounded by dotted orange line) moving in X, Y and Z (labelled in Figure 4-5), and the table
rotating in C (around z axis) and in the B (around y axis)

For builds in Steel and Nickel alloys, the local shielding gas (12 1/min) is considered sufficient to
minimise oxidation and so the build chamber itself contains atmospheric air. The full chamber can
be filled with inert gas (argon) for printing materials which are highly susceptible to oxidation.
Once a baseplate is clamped on the table, the machine doors must be closed and the extractor
turned on. Then powder mass flow tests can be done with the machine closed, by weighing the
mass of a powder blown through the nozzle in a known time (e.g. 2 minutes) at a known turntable
rotation rate. Once the mass flow has been set, the laser must be switched on, the gas flows started
and the powder flow stabilised before the build is commenced.

Once stable, the laser can switch on and the machine head moves the nozzle as requested by the
build file. Typically, the laser switches off at the end of each hatch when the machine head stops.
The BeAM machine has a synchronicity between the power and velocity; so as the nozzle slows (e.g.
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at the end of the hatch), the laser power decreases linearly with the velocity. Once the build has
finished, the machine turns off the laser, then the powder, then the gas flow. Once this occurs, the
machine must be left for at least 1 minute to allow powder to settle and the extractor to remove the
fine particles, before the doors can be opened. Recordings of cylindrical builds can be seen here
[169]: https://doi.org/10.5281/zenodo.6760037.

4.2.2. Build Files

G code is a widely used CNC programming language. This has been adapted for AM, with some
defined functions to set the laser power and velocity and with variables written to set the gas flow
rates, powder turntable rotation velocity etc. There are frequently different ways of achieving
different types of movement.

For example, when building a cylinder, either the machine head can move in a circular manner in
the X and Y (whilst slowly increasing Z). Alternatively, the nozzle can be placed just off-centre of the
table and the table can be rotated in the C axis (around the Z), whilst the machine head slowly rises
in the Z axis. Both of these examples are shown in sample videos here [169]. The latter is especially
useful for side-on monitoring, as the melt pool remains almost stationary (only moving in the Z),
making image analysis much simpler.

Programs like Autodesk PowerMill (designed for creating CNC paths) have additive modules, so can
automatically create scan strategies. These split CAD files into short linear hatches and are written
in very long, simple G code programs. Unfortunately, different machines have different line
smoothing settings and interpret some commands dissimilarly, so program-created G code is hard
to test and near impossible to debug.

Despite G code being a simple programming language, it does have looping functionality and can
read machine variables. Using this, short programs can be easily written to crease simple shapes,
such as cuboids and cylinders. Some commented examples of G code programs can be found here
[170]: https://doi.org/10.5281/zenodo.6760054.

4.2.3. Powder

The recommended powder size range for the BeAM Magic 2.0 is 15-105 um, although narrower
ranges can also be used. Two powders were used in this work:

e Inconel 718, produced by the plasma rotating electrode process (PREP), provided by LPW.
This powder was of a 45-150 pm distribution and is shown in Figure 4-8; PREP powder can
be seen to be much more spherical and to have fewer satellites than GA powder.
Composition in Table 4-1

e 316L stainless steel, produced by GA, provided by TLS Technik. This powder was of a 45-90
pum distribution. GA is typically less spherical than PREP powder, with powders typically
containing more satellites. Composition in Table 4-1
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Figure 4-8: SEM image of PREP manufactured Inconel 718 powder

Table 4-1: Composition of Inconel 718 and 316L powders (wt%)

Cr Ni Co Mo |[Nb+Ta| Ti Al Fe Mn Si C B
Inconel 718 | 18.72 | 51.85 | 0.03 3.0 512 |0.80| 0.52 | 1991 - - 0.05 |<0.005
316L Steel | 169 | 11.8 - 2.3 - - - 67.3 1.1 0.6 0.02 -

4.2.4. Monitoring and Control

The machine optics were setup with monitoring in mind, so a beam splitter was included, although
the optics within were chosen by the manufacturer. Since the BeAM Magic 2.0 is based on a CNC
machine, the Sinumerik software is capable of process control, however this was not implemented
on the BeAM machine.

A Basler acA1440-73gm camera was chosen and set up, monitoring the melt pool coaxially; this
connects to the beam splitter shown in Figure 4-7. This is a grayscale camera with a silicon
detector, the region of interest is set as 500x500 px (1px = 5.4 pm, so 2700x2700 um). A 4000 ps
exposure is used and recorded at 75 fps. The images were recorded as 12-bit greyscale, the
maximum pixel intensity possible to record was 4095. This was determined to be a sufficiently high
spatial resolution, with the capability for a high temporal resolution, whilst minimising equipment
size and cost. For each image, all the pixels were summed to give an overall thermal intensity,
similarly to Baraldo et al. [171]; the code used for monitoring is available at [170]. The idea behind
this thermal intensity is that the background signal of the image is significantly lower than the melt
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pool region, as such, by summing the intensities of the full image, what is being captured is the size
and the intensity of the melt pool itself. Figure 4-9 shows two representative images of the melt
pool in a build. These are plotted with two different intensity ranges to show the level of detail
available due to the 12bit nature of the images. The sum (thermal intensity) and maximum
intensity are both greater in the later layer, which is to be expected due to heat accumulation. The
melt pool length can also be seen to be greater, so a larger area would be expected. As well as
thermal intensity, 4 other measures of the melt pool were calculated post-process (offline), these
were:

e maximum intensity: the maximum pixel intensity value in the image

o melt pool area: a contour was plotted using an intensity threshold of 20; the area is the
number of pixels within this contour

e melt pool width: the range of X values in the contour described above

o melt pool length: the range of Y values in the contour described above

a) 50 1500
45
40
35
1000
30
55 Sum: 1.05x107
Max Intensity: 1605
20
500
15
10
5
0 0
) 1500
1000
Sum: 1.17x107
500
0

Max Intensity: 1915
Figure 4-9: Representative coaxial images from an early layer (a, c) and from a late layer (b, d) in the 6 hatch wall. a, b)
show a lower intensity than c, d), but with the same images. The sum (thermal intensity) and maximum intensity of each
image is shown and contours (red) show an intensity of 20, which was used to threshold the melt pool for dimensional
analysis. In all images, the laser is moving top to bottom.

The BeAM machine was purchased with a low resolution camera installed, this was upgraded to the
Basler camera described above; results using this monitoring system were published by Freeman
et al [168]. Process control was not implemented on this machine upon installation, during this
PhD, a control system was developed, implemented and tested on the BeAM; using the Basler
camera and taking advantage of the Sinumerik 840D automation system. This control system was
used in Chapters 0 and 10. Figure 4-10 shows a diagram of how the BeAM and the external PC
interact with one another when monitoring and/or controlling the process. A position/power log
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and melt pool images can be recorded for a full build, but additionally, a feedback control loop
based on the coaxial imagery can be run.

The software is written in MATLAB R2021b (Mathworks Inc); the methodology implemented by the
script is:

e MATLAB waits for a BeAM program to start running
e  When the program starts
= Basler camera records melt pool imagery at 75 fps
= MATLAB starts logging the machine position/power data at 10Hz
= If control loop is selected, every 0.15 s the last X image intensities are averaged and
compared to a target intensity (X = 5 for walls, X = 3 for triangular prisms)
e Depending on the intensity as compared to the target, the power/velocity is
adjusted
e A control log is saved, writing the average intensity and the new
power /velocity

This logic is shown diagrammatically in a flow chart (Figure 4-11).

Data Log

Sinumerik

OPC-UA OPC-UA
Server Client

Analysis

Code

Image
Acquisition

Coaxial
Basler
Camera

Figure 4-10: Schematic diagram showing the different components of the monitoring/control system. Diagram produced by
Felicity Freeman

Simple linear relationships were used to control the feedback loop. Four successful builds were
made (2 powers, 2 velocities), recording coaxial monitoring. A target thermal intensity (sum of the
image) of 0.9x107 was used as this was the average value of the four successful builds.

When control is active, the ratio of the current thermal intensity to the target is taken (2 = twice as
intense, 1 = equal intensity). The following equation is used for feedback: SF = -m-ratio+c. m was
found to be 0.063 and 0.68 (power and velocity control respectively) where SF is the scaling factor.
c was found to be 1.06 and 0.32 (power and velocity control respectively). These were calculated
from the four builds aforementioned. The further from the target the thermal intensity, the larger
the correction. For power control, the scaling factor is limited between 0.5-1.5, for velocity control,
it is limited between 0.2-2.
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The MATLAB code for this is available here: [170], with Camera_Recording_and_Control
\0_Read_Me.docx containing finer details of the workings of the control script.

Matlab Initiates:
Camera and OPCUA Server
connections made

Has the BeAM
program
started?

Monitoring Started

Is the BeAM
still building?

Capture image
and record axis
positions

Is process
control
selected?

Have X images
been taken
since
parameters last

adjusted
Save all images

Save log Calculate thermal
intensities and scaling

factor

Close camera and OPCUA

SRR RN RE S Adjust Power/Velocity

Figure 4-11: Flow chart showing logic behind monitoring/control system

4.3. Metallography

Samples were sectioned using a Struers Secotom-50 cutting machine with a Buehler AcuThin blade.
They were then mounted into conductive Bakelite using a Buehler SimpleMet mounting press.
Samples for EBSD needed to be very small, so were mounted in Aluminium stubs with a screw.
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Samples were ground using SiC paper on a Struers Tegramin-20 machine using P240, P600 and
P1200 grades (2 minutes at each). Polishing was done on the same machine, with 9 pm and then

1 um diamond suspension (5 minutes each). Before EBSD and etching, samples were also polished
using a 0.25 pm colloidal silica solution (10 minutes) before being washed with isopropyl alcohol.

4.3.1. Etching

Three etchants were used through this work to investigate the microstructure of the samples.
Before etching, samples were polished to 0.25 pum using colloidal silica, which also has a slight
etching effect.

Aqua Regia: 15 ml HC], 10 ml distilled water, 5 ml HNO3
o Used on 316L stainless steel samples to reveal cell/dendrite boundaries and melt
pool boundaries
Glyceregia: 15 ml HCl, 10 ml Glycerol, 5 ml HNO3
e Used on L-PBF Inconel 718 samples to reveal cell boundaries and melt pool
boundaries
Kallings Reagent #2: 100 ml methanol, 100 ml HCI, 5g CuCl;
e Used on L-DED Inconel 718 samples to reveal cell/dendrite boundaries and melt
pool boundaries

Aqua Regia

Pour 10 ml of distilled water into a glass beaker.

Slowly add 15 ml HCI to the water, stirring continuously. Once added, slowly add 5 ml HNO3,
continuously stirring.

Once the mixture is ready, dip cotton wool and swab sample.

Angle sample to a light, a bright reflection should be visible, keep spreading etchant to get
consistent etching over the surface. After 20-30 s, should see the surface start to dull; place
sample into pre-prepared water bath to stop reaction.

Remove sample and wash thoroughly using warm soapy water, once clean, rinse in water
and then wash with isopropyl alcohol, blow to dry.

Check etching under optical microscope. If underetched, swab further; if overetched, it is
possible to repolish and repeat the steps.

Glyceregia

Pour 10 ml of glycerol into a glass beaker.

Slowly add 15 ml HCI to the glycerol, stirring continuously.

Once added, slowly add 5 ml HNO3, continuously stirring.

Once the mixture is ready, dip cotton wool and swab sample.

Angle sample to a light, a bright reflection should be visible, keep spreading etchant to get
consistent etching over the surface. After 20-30 s, should see the surface start to dull; place
sample into pre-prepared water bath to stop reaction.

Remove sample and wash thoroughly using warm soapy water, once clean, rinse in water
and then wash with isopropyl alcohol, blow to dry.

Check etching under optical microscope. If underetched, swab further; if overetched, it is
possible to repolish and repeat the steps.

Kallings Reagent #2

Pour 100 ml of methanol into a glass beaker.
47



e Slowly add 100 ml HCI to the methanol, stirring continuously.

e Once added, slowly add 5 g CuCly, continuously stirring.

e Once the mixture is ready, dip the sample in using tongs. Submerge for 10 s, then rinse in
water bath; angle to the light and see if surface is dulled, if not, dip for a further 5 s at a time.

e Once happy, wash sample thoroughly using warm soapy water, once clean, rinse in water
and then wash with isopropyl alcohol, blow to dry.

o Check etching under optical microscope. If underetched, dip again; if overetched, it is
possible to repolish and repeat the steps.

4.4. Optical Microscopy

Optical microscopy was captured using an Olympus BX51 microscope with lenses from 50x to 500x.
The microscope is fitted with a Clemex Vision PE system, which is a motorised stage along with
automation software. The automation software allows for scripts to be created; this gives the
ability to automatically create large, high resolution image mosaics. Additionally, after images are
captured, they can be automatically thresholded and dark regions extracted. This allows detection
of cracks and defects and has been used as a method of measuring porosity throughout this work.
The percentage area with intensity below the threshold is assumed to be the porosity area fraction.

4.5. Hardness

Hardness measurements were made using the EMCO-Test Durascan 70 hardness indenter (Figure
4-12). The main head has a swivelling adapter, allowing for quick switching between optical lenses
and the Vickers hardness indenter. Theoretically, this means that after each indent, the optical lens
can image the indent, automatically measure its’ size and calculate the hardness. In reality, due to
poor calibration, some indents required remeasuring manually, as the indent was not visible in the
field of view. Maps of indents could be made, with maps of 120 indents taking roughly 2 hours to
measure, correct and export accurate hardness values.

Analysis
Optical Computer
Lenses
Indenter Sample Stage

Figure 4-12: Durascan 70 Vickers hardness indenter, labelled, showing its’ main components; adapted from [172]
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For this work, a 1 kg (9.8 N) load was used for each indent, an automatically optimised approach
speed was selected. The indent hold time could be selected and was left at the default value of 15 s.
Within a hardness map, the relative coordinates of each indent were saved. The following equation
can be used to calculate the hardness from the indent diagonal.

0.1891F
d?

HV =

[173]; where F is the force applied (1 kg = 9.8 N) and d is the indent diagonal (in mm)

Statistical analysis of hardness data was performed using Minitab 17.1.0.

4.6. Differential Scanning Calorimetry (DSC)

DSC was performed using a TA Instruments SDT Q600 in an Argon environment, scanning from
50 °C to 1450 °C and cooling back to 50 °C at a rate of 20 °C/min. The heat flows were normalised
by mass for better comparison between samples. The baseline heat flow was calculated and
subtracted from the measured heat flows, so when differentiated with respect to temperature -
negative values represent a drop of the heat flow from the baseline.

4.7. Electron Backscatter Diffraction (EBSD)
Analysis

Various SEM machines were used to capture EBSD data, the details of each machine will be covered
in the specific chapters’ methods section. A basic overview of the technique is given here, but more
detail can be found in the literature. Once the sample is placed in a scanning electron detector, it
must be tilted to 70 °. The electron beam is moved to a spot, the incoming electrons are diffracted
by the atomic lattice and a diffraction pattern is detected by the detector.

The image detected is known as a kikuchi pattern. If the phase (and atomic spacing) is known, the
rotation of the lattice can be calculated. By rastering the electron beam over the full area, a kikuchi
pattern is recorded at each point and an orientation map can be generated. The spacing at which
these kikuchi patterns are captured is known as the step size. By capturing several overlapping
orientation maps, a large area mosaic can be characterised.

When analysing EBSD data, a grain is defined as an area with similar lattice orientation; typically,
this is calculated using a 10 ° threshold. This means that some misorientation can be found within a
grain. For each kikuchi pattern, a 3 dimensional lattice rotation is calculated, but typically, only a
2D orientation is plotted; this means that from each dataset, 3 orthogonal orientation maps can be
calculated, giving the rotation of the lattice around each principal axis.

The smaller the step size, the slower the scan, but the higher the spatial resolution. Typically, step
size is selected by predicting the smallest expected feature size and requiring this to contain at least
3-10 pixels. Depending on the purpose of the scan, various step sizes have been used through this
work, varying between 1-10 pm.

Analysis was performed using MTEX 5.7.0, an open source MATLAB Toolbox [174]. The EBSD maps
were rotated/cropped, grains were reconstructed with a threshold grain boundary misorientation
of 10 °, with a minimum of 3 pixels per grain. The grain size refers to the equivalent radius
calculated from the area of each grain. The aspect ratio is calculated as the ratio between the
longest and the shortest principal axes.
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Most measures of grain property are given as area-weighted averages. The logic behind this is that
the effect of a large grain on the final property is larger than that of a small grain. If a sample has 2
grains, one 1 pm?, the other 99 umz?, then 99% of the area is taken up by the large grain, so their
properties will not contribute equally, hence a grain size (area) weighting was chosen. Converting
the grain areas into volumes (e.g. assuming spherical grains) could be done [175], but would
introduce an additional source of error as the grains shapes in AM are strongly irregular. The area-
weighted average of a property, P, can be calculated using:

N
5 21 PiA;
area—weighted — ZNA'
1M

where N is the number of grains, A is the grain area and i is the grain index. The area-weighted
standard deviation is defined by [176]:

o= | X1 Ai(P — P)?
PTUN-1 0 34

The anisotropy factor is a way of simplifying the crystal orientation of a grain into a single value.
This varies between 0 for <100> directions to 1/3 for <111> directions [177]:

h2k2 + k212 + [2h2
At =~z iy 2y

Equation 4-1

This factor is sometimes scaled to be between 0-1, but the same trends are seen [178,179]. An
anisotropy factor can be calculated for each grain. An example MTEX script, creating basic plots and
performing basic calculations can be found here [170]. Anisotropy factors for 4 example points
shown in Figure 4-13 are tabulated in Table 4-2. An example calculation is performed for point C:
(-1D?12+1232 +3%(-1)> 1+9+9 19

= = —~ =0.157 = 0.16 (2 sig. fi
(12 + 12 + 32)2 Aritopr 11z 017 =016(sig.fig)

A7y =

To calculate the average anisotropy factor for a sample, grains were calculated from the EBSD data
with a misorientation angle of 10 °. Then for each point, the orientation of the grain was taken and the
anisotropy factor was calculated. By averaging the anisotropy factor for each point, an overall average
anisotropy factor for each sample was calculated.

[111] [111] [111]

X

001] (011 [001) [011) [001) [011)

Figure 4-13: Inverse Pole Figures of 6 hatch wall, with 4 crystallographic orientations labelled
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Table 4-2: Anisotropy factors calculated for key orientation and orientations marked in Figure 4-13

h k 1 Anisotropy Factor
[100] 1 0 0 0.00
[110] 1 1 0 0.25
[111] 1 1 1 0.33
A -7 7 | 10 0.31
B -7 8 | 11 0.31
C -1 1 3 0.16
D -3 7 | 12 0.22

For an EBSD dataset, a set of pole figure could be plotted, two example of these are shown in Figure
4-14. One is of weak texture, the second exhibits a strong texture (Figure 4-14a and b respectively).
The scale is in units of multiples of uniform density (mud), i.e. how many more times more
prevalent is an orientation than if all orientations were equally distributed. A large mud shows a
strong texture, as a certain orientation is much more prevalent. There are three plots for each
region, the <100>, <110> and the <111> orientations. For the EBSD quantification, the maximum of
these three mud values was selected as it shows the maximum strength of texture measured. For
the examples shown in Figure 4-14, the maximum mud were found to be 1.8 and 27 (for aand b
respectively), so a higher maximum mud value is representative of a stronger texture, this is similar
to the analysis performed by Yeoh et al [180].

The Kernel Average Misorientation (KAM) is a measure of misorientation within a grain, this can be
calculated for each grain by measuring the misorientation of pixels surrounding the central spot
(first order neighbours only). The misorientation for each grain can be calculated by averaging the
KAM values for each grain, this is known as the Grain Average Misorientation (GAM) [181]. To get
an average misorientation of each sample, an area-weighted average GAM was calculated for each
sample.

For further analysis, grains within a region were split into 3 sets; small grains, medium grains and
large grains. To achieve this, each grain had its’ area and aspect ratio calculated and k-means
analysis was performed using these. K-means clustering is a technique, were X random cluster
centres are chosen (X selected by the user) and the sum of the Euclidian distances (in 2 dimension
in this case) is minimised iteratively [182]. As the number of clusters is increased, each point is
more likely to have a cluster centre near it, decreasing the total distance i.e. improving the
clustering. Taking this to an extreme, is the number of clusters is set to the same as the number of
data-points, then there will be a total distance of 0, as each point is its’ own cluster. The aim is to
minimise the distance (which is akin to an error), whilst having the minimum number of clusters.

An example of this is shown in Figure 4-15; k-means clustering is performed for values of X
between 1-15. As expected, the total distance decreases as the number of clusters increases (Figure
4-15a). Selecting the optimal number of clusters is difficult, the aim is to find the “elbow of the
curve”. By taking the difference of the point-to-centroid distances (Figure 4-15b), it can be seen
that increasing above 6 clusters seems to yield minimal returns. Hence 6 clusters were chosen for
the k-means clustering in this case (shown by the dotted black line).
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Figure 4-15: k-means distances for an example EBSD dataset; a) sum of distances between the centroid and the points; b)

derivative of plot in a, showing difference in sums. Dotted black line shows 6 clusters, the chosen number of centroids for this

analysis

Visually, three main types of grain can be seen in the raw EBSD (Figure 4-16a):

Large columnar grains which typically extend a long way along the height of the map

Small, randomly oriented grains, typically between the large columnar grains

Remnant grains of a medium size, not equiaxed, but not columnar
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The 6 clusters were manually combined into 3 sets to achieve the desired grain distributions. The
cluster with the smallest grain area was taken as the of small grains, the 2 clusters with the largest
grains were takes to be the large columnar grains. The remaining 3 clusters were combined to give
the medium grains. These categorisations are shown in Figure 4-16b, with the three sizes of grain
each represented by its’ own colour; Figure 4-16a shows the original EBSD orientation map for
comparison. The grains were split in the desired manner, so this methodology was used throughout
this work.

Build Direction
z (um)

y (um)

X
Scan direction

Figure 4-16: Example of grain clustering using k-means; a) IPFX map of a representative sample; b) output of grain
clustering. Small, medium and large grains are shown in different colours
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5.
Additive Manufacturing

5.1. Introduction

5.1.1. History of Nickel Superalloys

Comparison of Printability and Weldability in

Since this thesis is mainly focussed on AM of Nickel superalloys, especially Inconel 718, a
background of nickel superalloy metallurgy is included. The manufacturing processes progressed

from wrought alloys to directional solidification as the temperature requirements increased
(Figure 5-1) [183].
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Figure 5-1: Different superalloy manufacturing processes used through the ages, showing the introduction of various new

alloys. Reported by Reed [183]

Nickel superalloys have improved mechanical properties compared to the raw element, initially
this was due to solution strengthening achieved by adding components [62]. After this, carbon (and
later boron) was added for carbide formation, which adds further strength in the form of grain
boundary pinning [62,63]. At this point, components were wrought, so excessive y’ would be too
hard for hot working and y’ was avoided. From the 1960s onwards, casting took over, the Y’ content
increased rapidly because of the improved precipitation strengthening effects [184].

In the 1970s, engines were operating at higher temperatures and creep was becoming an issue.
Investment casting took over due to the resultant columnar microstructure, the grains were
oriented with the main stress direction, so weak grain boundaries were minimised in a columnar
structure, making it more resilient to creep and stress rupture [61]. This allowed for the removal of
carbon and other grain boundary precipitate formers, as grain boundaries were now being avoided
[183]. More recently, single crystal superalloys were developed with rhenium and hafnium
additions significantly improving creep life [183]. A range of Nickel superalloy compositions are
shown in Table 5-1. The first 6 of these are alloys from the review by Clare et al. [12], the following
3 are alloys developed specifically for AM [56,185]. The remaining alloys are a range of Nickel
superalloys, both new and old, with a range of compositions. The aim was to select a broad variety
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of alloys, with different strengthening mechanisms and designed for different manufacturing

processes. Having a wide range of alloys improves the likelihood of there being alloys which cover

the full range of crack susceptibility for each cracking mechanism, making the analysis more

these compositions are used for calculating crack susceptibilities later in this chapter.

)

robust

Table 5-1: Compositions of common Nickel superalloys used in aerospace applications (Wt%). Process shows the
manufacturing process this alloy was designed for: wrought (W), cast (C), additive manufacturing (AM), powder metallurgy

(PM). Strengthening mechanisms also shown: precipitation strengthened (ppt) and solution strengthened (sol)
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5.1.2. Nickel Superalloy Phases

Yy’ and y” Precipitates

In precipitation strengthened alloys, the main strengthening precipitate is typically y’. The ¥’ phase
is an ordered L1, FCC phase, of composition Niz(Al,Ti). At small sizes these are spherical, but as they
grow, they become cubic to maintain coherency; some alloys contain up to 60 at% y’. The main y’
stabilisers are Al, Ti, Ta, Nb, which typically have a larger atomic misfit to Nickel [61,62]. Uniquely,
the y’ phase increases flow stress with increasing temperature due to Kear-Wilsdorf locks which
form due to the movement of anti-phase boundaries (APBs) through the ordered structure [189].

Some alloys (including Inconel 718) contain y”precipitates (NizNb), which have a body centered
tetragonal (BCT) structure. These experience a larger strain, however these precipitates are less
stable at high temperature. Identification and analysis of these phases often requires TEM, but can
be done using SEM [190].

Carbides and Grain Boundary Strengthening

Many alloys also have additions which form carbides at the grain boundaries. These are typically of
the form MgC or M23Ce, where M can be Cr, Mo, W, Nb; Ta and Ti form TaC and TiC rather than the
more complex carbides. In more recent alloys, some refractory elements e.g. Hf are added, which
forms HfC. Any additions of boron or zirconia also tend to segregate the grain boundaries. These
particles tend to slightly increase strength, but significantly increase grain boundary strength
[61,62].

Delta, Sigma and Other Deleterious Phases

Topologically close packed (TCP) structures are universally avoided as they form brittle phases e.g.
o, 1 and Laves which typically form plates. o appears to be the worst offender and hence
computational methods have been developed to predict its occurrence (PHACOMP and Sigma-Safe,
Section 5.1.7).

5.1.3. Nickel Superalloy Weldability

Weldability is defined as the capacity of a metal to be welded under fabrication conditions into a
specific structure and for it to subsequently perform in its intended service [191]. The main forms
of failure which typically deem Nickel superalloys “unweldable” are explained in Section 5.1.4, an
easily weldable alloy must be resistant to the main forms of failure.

Many different composition relationships have been plotted to describe weldability, but the main
factor is the y’ volume fraction (mainly Al and Ti), which drastically decreases weldability as shown
in Figure 5-2 [65,192]. Since laser AM is fundamentally a similar process to welding, printability
generally correlates with weldability. This is confirmed by the more printable alloys shown in Table
2-3 being more weldable as seen in Figure 5-2.

Figure 5-2b plots a compositional measure of y’ composition on the y axis against a measure of
carbide content on the x axis. Some alloys are classified as having “Fair Weldability”, this implies
that they can be welded in certain conditions. In reality, for a certain alloys, different processing
parameters will lead to different sources of failure as seen in Figure 5-3. This means that a material
can be defined as weldable, but if processed under the wrong conditions, it can crack. For Inconel
718 it can be seen that there is a relatively large weldability window, for less weldable alloys, this
window will be smaller. When an alloy is said to be unweldable, it usually means that for each set of
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processing conditions, you will get one form of failure e.g. either hot tearing or liquation cracking
occurs.

In Figure 5-3, high velocity and power both increased the chances of a centreline grain boundary.
Similarly, low velocity and high power increase propensity to hot tearing due to a longer
solidification time and so more time for segregation; many of the types of failure (Section 5.1.4)
stem from excessive segregation [87,88].
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Figure 5-2: The dependence of weldability on composition for some Nickel superalloys. a) The dependence of weldability on Al
and Ti for some y’strengthened superalloys. Reported by Illston [193] b) A different method of calculating weldability using
composition. Reported by Haafkens and Matthey [194]. Printability of alloys to be analysed is colour-coded, with green being
easily printable, red being not printable, and orange being somewhat printable (defined in Table 2-3)

Fundamentally, superalloys are designed for their mechanical properties, with specific
microstructures for increased high temperature strength. The processing method has always been
selected in hindsight, with small alterations in composition to alleviate specific defect types.
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Initially, superalloys were forged, but the alloys became so wear resistant that forging became very
difficult and investment casting took over. Currently, in AM, the situation is different, the process is
set but with some flexibility of processing parameters and an alloy must be selected to meet the

industrially required mechanical properties.
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Figure 5-3: A processability map for Inconel 718, showing different causes of failures. Reported by Dye et al [195]

5.1.4. Types of Failure

There are many forms of failure associated with metallic components, the ones selected below are
particularly applicable to Nickel superalloys but are also observed more widely. Some of these
occur during solidification, others during heat treatment; the biggest issue in AM of Nickel
superalloys is frequently taken to be hot tearing [196]. A lot of work is being undertaken to reduce
the amount of various forms of cracking.

In Nickels, the dominant failure modes are shown diagrammatically in Figure 5-4 and are
[156,192,197]:

Hot Tearing (Solidification Cracking) occurs during solidification; when the dendrites are
interlinked, the shrinkage due to solidification can no longer be filled by the remaining
liquid

Liquation Cracking occurs upon reheating of the solidified regions; where low melting
point phases remelt and cannot withstand the local residual stresses, resulting in failure
Strain-Age Cracking typically occurs upon heat treatment; where y’/ y” precipitation
occurs, increasing the strength of components, but reducing their ductility. If residual
stresses remain in the component but the ductility is reduced, failure can occur

Ductility Dip Cracking occurs in a similar manner to strain-age cracking, but in this case,
heat treatment allows carbides to grow at grain boundaries. These act as stress
concentrators and can initiate failure along grain boundaries

Temperature Gradient Mechanism occurs as a result of stress during solidification. This
can cause cracking during the process, which manifests itself as delamination; alternatively,
if/once the component is removed from the baseplate, the residual stresses can cause
significant deformation
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Figure 5-4: Flow-chart correlating dominant failure modes with the processing stage at which they occur
5.1.5. Hot Tearing (Solidification Cracking)

Hot tearing occurs during solidification and involves the formation of a tear between grains, where
the last liquid was. During the late stages of solidification (fraction solid, f;> 0.9) the final liquid to
solidify contains all of the segregated trace elements [198]. In this mushy zone, dendrites restrict
the flow of the liquid film [64] and cracks form due to the liquid not being about to accommodate
the stress caused by solidification shrinkage [199]. Due to the mechanism, hot tearing is frequently
called solidification cracking and it can be distinguished as it is intergranular and dendrites can
often be seen on the crack face [198]; the crack faces have been shown not to match perfectly,
proving that the process occurs above the solidus temperature [200]. Compositional analysis shows
that there a large amount of interdendritic segregation.

Reducing the grain size and altering their shape (e.g. equiaxed grains) can reduce hot tearing as the
stress on the liquid is decreased and it can flow between the grains better. By reducing the amount
of trace elements and segregants, the solidification range becomes narrower and hence the liquid
films solidifies quicker making the alloy easier to process without cracks [87,196]. This complex
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process is dependent on both the composition of the final liquid and on the cooling during the late
stages of solidification. This has led to there being two distinct ways of predicting hot tearing [201]:

e Metallurgical models, which use solidification curves and critical temperature ranges (from
phase diagrams) [201]

e Thermo-mechanical models, which look at the solidification in terms of strains, strain rates and
stresses associated with the shrinkage [200,201]

The former is a simpler analysis, which was developed in the 1970s [201], looking at the
solidification from a global perspective, as exemplified the crack susceptibility coefficient,
developed by Clyne and Davies [202]. The latter focussed more on the mechanism during the final
stage of solidification and wasn’t properly explored until the 1990s. More complex calculations are
involved, e.g. the RDG critical strain rate developed by Rappaz, Drezet and Gremaud [203].

Clyne and Davies Model

Historically, it was assumed that simply the width of the freezing range was an indicator of hot tear
susceptibility. While this is true, there are more specific regions which are critical to reducing
likelihood of hot tearing. By dividing the solidification process into two main regions, the problem
can be better analysed:

1. Liquid feeding, 0.6 > f; > 0.1. The dendritic network is formed, so no more solid movement
can occur

2. Dendrites interconnected, 0.1 > f; > 0.01. This blocks off any liquid movement, so the
dendrites have to be able to withstand the stress experienced

where f;, fraction liquid.

The former is normal solidification and so any solidification shrinkage is fed by the remaining
liquid. The time in this region, t,is known as the relaxation time. The latter is known as the ‘Brittle
Temperature Range’ (BTR) and is typically seen as the critical region [204]; here the dendrites are
interconnected, so the dendrites have to take up any solidification strains. The time spent in this
region is known as the vulnerable time, ¢,; it has been shown that in this region large cooling rates
are very detrimental [205]. Clyne et al. define the Crack Susceptibility Coefficient (CSC) as the ratio
between these times [202]:

t
csc =2
t

r

Equation 5-1
so the longer spent in the BTR, the higher the crack susceptibility.

The times spent in each region can be calculated using the Scheil model of solidification, which for
binary systems takes the form:

CL = Coff™
Equation 5-2
where C;and Cy, liquid and original compositions respectively; k, partition coefficient.

Next, an assumption must be made about the heat flow, this is usually taken to be constant and can
be integrated between liquidus and eutectic temperatures to get an equation in terms of time [108].
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The final form of this equation becomes:

H
ZA-f)+Ts— T - 1)
1

H T _ T “1-k
Sl (Ls—LE _
C <1 (TS = TL)> +(Ts = Tp)

Equation 5-3

where Ts, Trand T, solidus, liquidus and eutectic temperatures respectively; Hy, latent heat of
fusion; C, specific heat.

When CSC is plotted against elemental addition (for binary systems) it shows a A shape (Figure
5-5). This model was further improved by calculating the limits rather than taking the ranges of
0.01 <f;<0.1 and 0.1 < f; < 0.6 and the accuracy was improved [206]. The calculations involved in
this model are relatively simple, in the 1970s, computation power was limited and a thorough
understanding of the final stages of solidification was lacking.

Rappaz Drezet and Gremaud (RDG) Model

The second method of predicting hot tearing calculates a Hot Crack Susceptibility (HCS) using the
critical strain rate in the mushy zone (mechanical effect rather than a metallurgical one). This is
effectively an in-depth analysis of the mechanisms occurring in the final stages of solidification,
defined as the vulnerable time by Clyne and Davies [202].

HCS =

€p,max
Equation 5-4

Rappaz et al. analyse the mass balance into and out of the interdendritic region i.e. the solidification
shrinkage vs the pressure on the liquid. If the solidification shrinkage is larger than the volume of
liquid which can replace it, a critical cavitation pressure will be reached and a crack initiated. This
critical strain rate in the mushy zone can be calculated and is [203]:

1% H B

' S L Sy N VA
omax T 1801+ Bu T 1+ 8

Equation 5-5

where A;, secondary dendrite arm spacing; B = ps/p:— 1, shrinkage factor; p, viscosity; Ap., critical
2
cavitation pressure; V, isotherm velocity (assumed to be laser velocity); H = TTSL % dT;

fs=1-11

The results also have the A form (Figure 5-5), where the HCS is on a scale of 0 to 1. The maximum at
1.4 wt% Cu for the Al-Cu system is because it has the largest solidification interval (as can be seen
in a phase diagram), this leads to a large value of H (Equation 5-5) due to the integral across this
solidification interval. This confirms the historic idea that the larger the solidification range, the
more susceptible an alloy to hot tearing.
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Figure 5-5: HCS values against elemental addition, comparing the RDG model with the Clyne Davies model and experimental
results. Reported by Rappaz et al [203]

Kou Cracking Criterion

Kou approached this problem in an alternative manner; the maximum length of an interdendritic
channel for filling to occur was calculated [207]. Assuming columnar growth of dendrites in a
hexagonal array and a thin liquid layer surrounding each dendrite, the liquid feeding can be
modelled. By looking at one grain boundary, the profile of the interdendritic channel can be
calculated; the longer and narrower this channel, the larger the likelihood of a crack forming.

Similarly to RDG [203], columnar dendrite growth is assumed, so f; « x? [207]; a critical strain rate
can be calculated (Equation 5-6). For equiaxed structures, a cubic relationship has been used [208],
but in AM, columnar growth is typically more representative. Looking at the driving force for crack

near fsl/ % = 1 increases as the interdendritic channel length increases. The

e ar
mnitiation, (—-
alfs’™)
longer the channel, the more difficult for feeding to occur, so cracks are more prominent [207].
Additionally, once a crack forms, the longer and thinner the interdendritic channel, the more stress

will accumulate, so crack propagation will also be more likely.

d dyfsd d
gcliotcal >m c\l/'llf_'d_{_'_ﬁ[(l_dl_ﬁ\/f_;)v]

(separation) (growth) (feeding)

fs—1

Equation 5-6

62



So a larger value of |ﬁ near fsl/2 = 1 is indicative of a higher susceptibility to hot tearing.

Various values of f; can be used, but a range of 0.87 < f; < 0.94 was used and shown to correlate well
with other models for Aluminium alloys [207]. It’s noted that the location of the A peak (Figure 5-5)
varies depending on the fs range used, but this is also the case in the RDG model [207]. The range
used (0.87 < f; < 0.94) gives a peak at 3.5 wt%, compared to an experimental peak of 3.0 wt%. This
crack susceptibility index is said to be more useful as a qualitative measure of hot tearing rather
than to calculate an optimal composition to minimise cracking [207].

If this was repeated for an equiaxed structure, f; « x3, the final result would come out as

ag;’
Numerically, this would be significantly different, but since the range of f; is set and kept constant
over all samples, this would lead to a systematic error. This cracking susceptibility index is used for
relative comparison, so a systematic error is immaterial.

Avoiding Hot Tearing

Figure 5-5 shows a comparison of both the Clyne and Davies and the RDG models with
experimental data, there are 2 modes for each model. These refer to the conditions of constant
cooling rate (dQ/dt « t-1/2) and constant rate of heat extraction (dQ/dt constant) respectively. Given
how different the two approaches are, the final results are surprisingly similar, the main difference
being the Clyne model overestimating the HCS at the extremes. The RDG HCS values correlate well
with experimental results, however, as pointed out by the author, the HCS is for crack initiation,
whereas experimental results use crack length/area and so include propagation and you wouldn’t
necessarily expect these to match [200,209]. One of the most important flaws in these models is
that they are based on binary systems e.g. Scheil solidification; you would expect the same effects to
propagate into more complex alloys, but the simple equations may not hold true.

The original assumption that wide freezing ranges lead to high HCS alloys is correct [198,210], but
these equations should give a better predictor. It seems like grain structure can also affect HCS;
having small (equiaxed) grains increases contact area so f; at coherency is higher and so HCS is
decreased [211]. It has been further proposed that Al, Ti and Nb are detrimental to HCS as they
form y'/y”phases; they do however increase susceptibility to strain-age cracking [192].

Additions of grain boundary formers (C, B, Zr) are frequently argued over, some say that they soak
up solutes so reduce the HCS [212]; whereas others agree about carbon, but say that if too much is
added (>0.05% B or Zr), they can be very detrimental [213,214]. Classic hot tearing models do not
capture these trends, although they may be significant. Several other cavitation processes have
been discussed in relation to semisolid processing and mushy zones but will not be further
explored [215,216].

5.1.6. Other Forms of Cracking

Liquation Cracking

Liquation cracking is similar to hot tearing, but occurs once the bulk has already solidified. Low
melting point phases e.g. grain boundary carbides or y/y’eutectic remelt despite being below T, of
the bulk [64]. This often occurs in welding behind the main bead; the weld heats up the grain
boundary phases, creating molten pockets along the boundary in the heat affected zone (HAZ). The
tensile stress due to the weld can be enough to pull the grain boundary apart, creating a liquation
crack, also known as a HAZ fissure [197]. There is a fine composition balance; carbides are
desirable for improved mechanical properties, yet this change in composition can decrease the
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melting point of the final solidification composition. In an attempt to improve mechanical
properties, susceptibility to liquation cracking can inadvertently be increased.

Strain-Age (Reheat) Cracking and Ductility Dip Cracking

Both of these forms of cracking occur below the solidus temperature (0.4-0.9 Ts) in precipitate
strengthened superalloys. Post solidification, components are heat treated to relieve residual
stress, this however has the side-effect of allowing y’ precipitates to precipitate and coarsen. The
precipitation often occurs before the relaxation and increases the yield stress, reducing ductility.
This means that material is still highly stresses, but is now more brittle and so a strain-age crack
can initiate [54].

Ductility dip cracking (DDC) occurs in the same manner, but here the carbides on the grain
boundaries coarsen and act as stress concentrators. DDCs occur on grain boundaries and often
connect carbides as these are where the cracks initiate [217]. Both these types of crack are
fundamentally caused by precipitation; if an alloy is overaged before processing, the ductility is
increased and so strain-age cracking can be reduced [63,197].

Temperature Gradient Mechanism (TGM)

Laser processing of metals during AM causes very rapid heating around the melt pool, but with
relatively slow cooling due to conduction. This causes a high thermal gradient, G, between the new
layer and the baseplate creating a compressive stress as the new layer is constricted by the base.
The raised temperature lowers the yield stress of this region allowing it to be plastically
compressed, this means that there is a tensile stress in the newly printed surface layer. The
solidification of the melt pool is also constrained by the solid beneath it, creating the same effect,
but on a smaller scale. This increases the tensile stress on the surface; if this stress exceeds the
ultimate tensile stress (at that temperature), a crack will form at the interface [23,218].

Since this stress is caused by the constriction of the new material by the baseplate, this stress is
greatly reduced when the component is removed from the baseplate, so this mechanism is only
active during the manufacturing process itself [218]. The thermal gradient between the baseplate
and the component can be reduced by preheating the baseplate before manufacture. This decreases
the stresses accumulated and so the likelihood of cracking [16].

5.1.7. Alloy Design

Currently, alloys are designed for conventional manufacture and then we try to manufacture them
using AM [48]. Thinking about what is required of a material for it to be easily ‘printable’ can go a
long way. Logically, we want to maximise the yield stress, g,,in order to have a strong material. We
want to maximise thermal conductivity, k, and minimise thermal expansion, acrsto increase the
chance of a material resisting failure. These parameters can be expressed as a ‘Stress Performance
Index’ (Equation 5-7), which needs to be maximised in order to select a good material [219,220].

Eacre

Stress Performance Index, o0 =
2K(1-v)

Equation 5-7

where E, Young’s Modulus; acrs, thermal expansion coefficient; v, Poisson’s ratio.
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Similarly, Mukherjee et al. developed a thermal strain parameter during AM [41]:

BAT t_ p3/2

EI F\[p

where f3 is the volumetric thermal expansion coefficient; AT is the cooling temperature range (peak
to surroundings); I, the second moment of inertia; t, the interaction time; F, the Fourier number; p,

AbsorptivityxPower . _ .
Py ) [41]. This coefficient is

Thermal Strain Parameter, €* =

the density and H the heat input per unit length (

Velocity
dependent on both materials properties and the processing conditions, so may be more useful for
minimising strain within an alloy (by varying processing conditions) than for alloy development.

Strain-age cracking can be related to the y’ content, the composition of which is known; so y’
volume fraction can be estimated. Al and Ti are the main y’ formers, with Nb and Ta also
contributing [62,183], various equations exist to calculate a susceptibility to strain-age cracking
from the alloy composition (Section 5.2.4) [56,221]. Increased carbide content can increase
propensity of liquation cracking [64,221], so susceptibilities can also be calculated based on the
compositions of the alloys.

PHACOMP (PHAse COMPutation) is a process which was developed in the 1960’s to predict the
phases formed in Nickel superalloys. By assuming that any carbon will be eaten up by carbide
formers and that Al and Ti will be taken up in y’ precipitates, the composition of the final y matrix
can be approximated [222]. From this, using the electron vacancy numbers of each element, the
susceptibility to form TCP phases (o, Laves etc.) can be calculated [223]. It was originally proposed
that a total electron vacancy number over 240 would suggest presence of TCP phases. Other
systems were used to estimate similar properties e.g. SigmaSafe [224], however PHACOMP
prevailed and is used in the aerospace industry to check that alloys are within specification [225].

The presence of TCP phases has been reported to be undesirable for both hot tearing [226] and
liquation cracking [227]. By setting an arbitrary PHACOMP threshold, existing alloys were modified
to improve their final mechanical properties [228,229].

Mondal et al. created a crack susceptibility index for Aluminium alloys, this considered factors such
as cooling rate, crack susceptibility coefficient and the stress across the mushy zone [230]. Their
final index is created by calculating the contribution of various factors using a machine learning
regression. The cooling rates and solidification gradients were calculated using heat transfer
models, for set processing parameters [230]. The resulting crack susceptibility index is shown to
accurately predict cracking for the tested alloys, but this is not easily transferrable to new alloys
and is computationally expensive.

There are some interesting interplays, so finding an optimal composition is not easy; if the amount
of y” is increased, this reduces the susceptibility to strain-age cracking, but increases the likelihood
of hot tearing and liquation cracking [192]. For EB-PBF, alloy compositions have been altered to
allow better control of the columnar to equiaxed transition. This was successful, but only for a
certain geometry and only in the EB-PBF process [231]

Two further publications have investigated the design of new alloys, specifically for AM; these are
Tang et al. (OxMet, now owned by Alloyed) [56] and Conduit et al [185]. Both of these used complex
computational methods to calculate properties of large numbers of alloy compositions. As well as
printability factors, mechanical properties, cost and weight had to be considered.

Tang et al. designed a medium y’ alloy to be compared with CM247LC and Inconel 939, to be tested
using L-PBF [56]. Freezing range was said to be a simple indicator of hot tearing, with the Kou
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cracking susceptibility (Section 5.2.1) [207] selected ahead of the RDG model. However, the Kou
methodology was used over a range of regions, including 0.01 < f; < 0.10, compared to that used by
Kou of 0.06 < f; < 0.13 [56,207]. Additionally, both creep life and strain-age cracking scale with y’
content; this provides an interesting compromise, as creep life must be maximised whilst avoiding
cracking.

Conduit et al. considered similar criteria for their alloy selection, but were designing an alloy
specifically for L-PBF (confusingly termed DLD in their paper) [185]. They used previously
known materials parameters and created a neural-network to extrapolate factors such as
‘processability’ between them - but no details of the processability scale were given.
Further, many CALPHAD (CALculation of PHAse Diagrams) calculations were performed
using Thermo-Calc [232], to estimate both the y’ content and the overall phase stability.
Their final alloy was gas atomised [185] and tested in AM, resulting in the required
properties. However, the alloy was stated and given a 30% chance of fulfilling the
requirements, so alloy development clearly still experiences high uncertainty.

In this chapter, we explore the various measures of crack susceptibility and printability - is it
possible to predict which compositions are likely to experience which forms of failure? This is
explored with regards to both L-PBF and L-DED, using Thermo-Calc Scheil Solidification
Simulations to investigate the differences in behaviour between the processes.

5.2. Methods

5.2.1. Thermo-Calc

Thermo-Calc 2021b was used to perform classic Scheil solidification simulations of the 21 alloy
compositions listed in Table 5-1, from their melting points to 99.5% solid (500 iteration limit)
[232]. Thermo-Calc has recently added ability to perform the Scheil solidification simulations
taking into account either back diffusion or solute trapping. Solidification with back diffusion
allows for diffusion in the primary solid phase and requires a cooling rate to be input. Solidification
with solute trapping allows for one phase to form dendrites in which solute trapping can occur due
to high solidification speeds (which must be input). Laser scanning velocities were used as the
solidification speeds [41]. TCNI8 and MOBNI4 databases were used for thermodynamic properties
and element mobility’s (for back diffusion) respectively.

For L-DED, a cooling rate of 5x103 K/s was used and a scanning speed of 0.04 m/s (2400 mm/min).
For L-PBF, a cooling rate of 1x10¢ K/s was used with a scanning speed of 1 m/s. Further Scheil
calculations were performed for the first 9 alloys in Table 5-1 (the first 6 being commonly used in
AM as reviewed by Clare et al. [12], the last 3 being alloys specifically designed for AM [56,185]);
for each of these, both back diffusion and solute trapping calculations were performed using both
L-DED and L-PBF conditions.
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From the solidification curves, several values were extracted and calculated:

e Liquidus temperature (used for viscosity calculations)

e Freezing range (0.01 < f; < 0.99 used)

e Crack Susceptibility Coefficient, calculating the ratio of the vulnerable time (0.01 < f; < 0.1)
to the relaxation time (0.1 < f; < 0.6) [202], assuming a constant cooling rate, so times can be
replaced with temperature ranges

e Kou Cracking Susceptibility [207], |dT/d(f.1/2)| for the range 0.06 < f; < 0.13

Finally, equilibrium compositions were calculated at 700 °C, to estimate the expected y’ volume
fraction.

5.2.2. Viscosity

For each alloy, a viscosity was calculated at the liquidus temperature (as calculated by
Thermo-Calc); this was done by combining viscosities of various binary Nickel alloys as published
by Sato [233]. Since the critical strain during solidification is inversely proportional to viscosity
(RDG model) [203], a high viscosity is expected to be indicative of hot cracking susceptibility.
Formulas for A and B coefficients for key elements were given in the paper, but with errors in
notation, the following are the determined to be the correct equations:

1
log faioy = 2CiA; + (ZCiBi)Fl

Aco =-0.607 - 0.06 Cco Bco =2.20 - 0.20 Cco
Acr=-0.616 - 0.44 Cer Ber=2.23 - 0.55 Cer
An=-0.609 - 0.11 Ca Bai=2.22-0.75 Ca
Aw=-0.583 - 2.28 Cw Bw=2.17-7.00 Cw
Ara=-0.598 - 3.04 Cra Bra=2.17 -8.98 Cra

where T is the liquidus temperature (K) and C; is the atomic fraction of the element when excluding
Nickel, Ci = Ci/ (1 - Cni) [233]. Where there were elements present which were not in this list,
coefficients of the element with the nearest melting point were used [233]. The following
coefficients were used for the following elements. Co parameters for Co, Ti, Fe, Cu. Cr parameters
for Cr, Hf, V, B, Zr. Al parameters for Al only. W parameters for Wand C. Ta parameters for Ta and
Mo.

5.2.3. PHACOMP

TCP phases are avoided where possible in Nickel superalloys, particular the ¢ phase; PHACOMP
was developed by General Electric in 1966 to avoid these [62]. Using atomic compositions, the
carbon is allocated to form MC and M33Cs equally, the boron to form M3B; and y’ to form (NizM).
The remaining elements form the atomic composition of the final y matrix, so this can be used to
calculate an average electron vacancy number.

n
N = ) Gy,
i=1
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Where N2 is the average electron vacancy number, C; is the atomic fraction of the element in the y
matrix, n is the number of elements present and Ny is the electron vacancy number of the specific
element. Step by step instructions for this calculation and the elemental electron vacancy numbers
are given in the SAE AS5491 standard [225].

In 1984, Morinaga et al developed a new alternative, imaginatively named “New PHACOMP” [234].
A similar process was followed, but using metal d-levels (Mg4), which correlate with
electronegativity and are listed in the original paper [234]. This was performed on the measured y
composition.

n
Mgve = Z Xi(Mg);
=1

In the phase allocations performed for PHACOMP [225], solutes are fully formed with no solutes
remaining in the y matrix; since this is unlikely to occur in reality, New PHACOMP was calculated
using both the initial composition of the alloy and the y composition as calculated once all other
phases were formed. In reality, the composition is expected to be between these.

5.2.4. Other Cracking Factors

3 other simple calculations were performed, based on the compositions of the alloys by weight. The
first two estimate the relative y’ prevalence, as a higher fraction of precipitate would reduce
ductility and promote strain-age cracking. The third estimates the carbide prevalence, as more
carbides could lead to increased liquation cracking.

1. MAl + 0.84MTi [221]
2. Ma+ O.SMTi + 0.36MNb + 0.15MT3 [56]
3. 0.28Mc; + 0.043Mco [194,221]

Where M; is the weight fraction of the element

Figure 5-6 shows comparison between calculation 2 (above) and the Thermo-Calc prediction of
equilibrium y’ composition (at 700 °C). There is a strong positive correlation (Rz = 0.95); the
calculation using the alloy composition is much simpler, so this will be used going forward.
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Figure 5-6: Comparison of two calculations for y’, a simple compositional analysis (reported by Tang et al [56]) against the
equilibriums volume fraction predicted by Thermo-Calc
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5.2.5. Combination of Cracking Susceptibilities

The following 10 susceptibilities have been categories into four failure modes (FM) as described
above.

1. FM1: Hot tearing

a. HT1: Crack Susceptibility Coefficient

b. HT2: Freezing Range (K)

¢. HT3: Kou Cracking Susceptibility (K)

d. HT4: Viscosity (mPa-s)
2. FM2: TCP Phases

a. TCP1: PHACOMP on y composition

b. TCP2: New PHACOMP on y composition

c. TCP3: New PHACOMP on initial composition
3. FMa3: Strain-age cracking

a. SAC1: Mp + 0.84Mr;

b. SAC2: My + 0.5Mr; + 0.36Mnp + 0.15Mr,
4. FM4: Liquation cracking

a. LC1:0.28Mc: + 0.043Mc,

Each of these 10 individual susceptibilities was normalised between 0-1, with 0 being least
susceptible, 1 being most susceptible. Viscosity was the only factor which was inversely
proportional, the rest were proportional. For each failure mode, a root mean square was calculated
from the individual susceptibilities, this gives each alloy a single score for each failure mode - again
ranging between 0-1.

These 4 failure modes were combined using root mean square, resulting in a single overall failure
susceptibility score for each alloy.

69



5.3. Results

5.3.1. Cracking Susceptibilities

The 10 susceptibilities were calculated for each alloy, described in Section 5.1.7 and are
summarised in Table A-1. These susceptibilities were then normalised between 0 and 1, with 1
being the most susceptible to failure. For viscosity (HT4), the lowest viscosity can be related to the
largest hot tearing susceptibility, so this was normalised with the highest viscosity being 0 and the
lowest being 1. The rest of the susceptibilities were already ranked with the highest value being
most susceptible. The normalised susceptibilities are shown in Table A-2.

As explained in Section 5.2.5, for each failure mode, the susceptibilities were combined by
calculating the root mean square. This gave a susceptibility for each of the four failure modes; these
values were combined by calculating the root mean square to give an overall susceptibility (Table
5-2). The overall susceptibilities are plotted in Figure 5-7 for the 9 selected alloys.

[t can be seen that Inconel 718 and Inconel 625 both have low overall susceptibilities, which
corresponds with the literature. Hastelloy X is expected to be fairly printable, but exhibits a high
overall susceptibility. CM247LC, CMSX-4 and Waspaloy are all expected to be difficult to print as
reflected by the high overall susceptibility. Finally, the 3 designed alloys all have fairly high
susceptibilities, with AlloyDLD being the lowest.
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Figure 5-7: Overall failure susceptibilities of the main alloys being analysed. Colour coding continued from weldability plots
in Figure 5-2; 3 new alloys have no printability attributed to them, so are coloured blue
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Table 5-2: Normalised susceptibilities for the 4 failure modes for each of the 21 alloys and the overall failure susceptibility for

each alloy

Alloy FM1 | FM2 | FM3 | FM4 Overall Susceptibility
Inconel 718 | 0.24 | 035 | 0.16 | 0.64 0.39
Inconel 625 | 0.38 | 0.23 | 0.00 | 0.78 0.45
HastelloyX | 0.28 | 0.82 | 0.19 | 0.82 0.60
CM247LC | 0.65 | 0.52 | 0.87 | 0.09 0.60
CMSX-4 0.45 | 0.38 | 095 | 0.00 0.56
Waspaloy | 0.59 | 0.34 | 0.43 | 0.79 0.56
ABD-850AM | 0.83 | 0.22 | 0.33 | 0.77 0.60
ABD-900AM | 0.62 | 0.44 | 0.51 | 0.70 0.58
AlloyDLD 0.59 | 030 | 0.40 | 0.67 0.51
Rene41 0.29 | 0.65 | 044 | 0.73 0.56
In738 0.73 | 0.56 | 0.81 | 0.54 0.67
In713LC 049 | 049 | 094 | 0.24 0.59
Udimet700 | 0.48 | 090 | 091 | 0.57 0.74
RR1000 0.72 | 0.76 | 0.75 | 0.57 0.70
Inconel939 | 0.58 | 0.65 | 0.58 | 1.00 0.72
Haynes282 | 0.45 | 045 | 0.33 | 0.78 0.53
Udimet720 | 0.34 | 0.84 | 0.80 | 0.70 0.70
718+ 0.20 | 054 | 042 | 0.72 0.50

5.3.2. Thermo-Calc Scheil Calculations

Thermo-Calc recently added functionality for more specific Scheil calculations for different
non-equilibrium scenarios. To analyse the effect of these on the various susceptibility coefficients,
Scheil calculations were performed on 9 alloys with 5 different conditions. These were the classic
calculation (no solid diffusion); back diffusion (BD) in the primary solid phase allowed (this was
done using both L-PBF and L-DED cooling rates); and solute trapping (ST) in the primary solid
phase (done using both L-PBF and L-DED scanning velocities).

To see how the susceptibilities change between different conditions, each of the three outputs of
the Thermo-Calc calculations (HT1, HT2, HT3) as shown in Figure 5-8. The freezing range (Figure
5-8a) of the ST PBF is noticeably lower than the other calculations, the BD DED is also slightly lower
- the rest of the calculations give similar results. The CSC (Figure 5-8b) results are more variable.
ST PBF is the most variable, with the others closely aligned to the classic results with some
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anomalies. Similar was seen in the Kou cracking susceptibilities (Figure 5-8c), with ST PBF being
noticeably lower throughout but no other clear trends visible.
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Figure 5-8: Comparison of 5 different Thermo-Calc Scheil calculations for 9 alloys; a) Freezing Range b) Crack Susceptibility
Coefficient, c) Kou Cracking Susceptibility

To quantify this, for each alloy, the percentage difference between the condition and the classic
Scheil was calculated (as a decimal), these are summarised in Table A-3. For example, if solute
trapping was consistently different to the classic Scheil, we could deduct that Thermo-Cal predicts
solute trapping to be significant under these conditions. An average of these deviations (absolute
values) for each condition across all 9 alloys was taken (Table 5-3). ST PBF had the largest average
deviation value for each output, as seen in Figure 5-8. These deviations were averaged over all 3
outputs; the ranking being ST PBF, BD DED, ST DED and finally BD PBF. This suggests that
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Thermo-Calc expects solute trapping to be significant in L-PBF and that in L-DED, back diffusion is
more significant than solute trapping.

Table 5-3: Average variation between various Scheil calculations when compared to the classic calculation; percentages
reported as decimals

Average of Absolute Percentage Differences from classic Scheil
Cacutaon | Freeind [ CrckSumeptuilty [ fou g | e
BD PBF 0.016 0.032 0.012 0.020
ST PBF 0.088 0.375 0.137 0.200
BD DED 0.031 0.064 0.036 0.044
ST DED 0.010 0.063 0.048 0.040

5.4. Discussion

In this work, no new calculations were introduced, instead, we've looked at the various causes of
defects and cracks and quantified them using as simple a method as possible. Wei et al. define
printability as “relative susceptibilities to common printing defects” [227]. Here we focus solely on
printability, ignoring the materials properties (which must be sufficient for aerospace
accreditation), cost and density, which previous works include [56,185]. These previous attempts
use complex, computationally intensive methods (e.g. neural networks) to extrapolate between
known compositions. This complexity stops the method from being easily available to the wider
research community.

The new calculations developed use previously published equations, mainly based upon the alloy
compositions. Some CALPHAD modelling is required, using Thermo-Cal, but this was also used by
previous methodologies and is fairly widely available and has an intuitive graphical user interface.
The 6 alloys from Table 2-3 are roughly in printability order; Inconel 718 and Inconel 625 are both
widely reported as being printable with good properties in L-PBF, EB-PBF and L-DED. Hastelloy X
has been widely printed using L-PBF, somewhat printed in L-DED and not reported in EB-PBF - this
doesn’t necessarily mean that it's not printable in EB-PBF, it could just not be industrially relevant
and so not attempted. In an ideal situation, only alloys which have been widely reported would be
considered in this sort of analysis. Unfortunately, insufficient alloys have been widely printed, so
this is not possible, so less-reported alloys must be included.

The equilibrium y’ content of each alloy (as calculated using Thermo-Calc) is a proxy of strain-age
cracking, and the crack susceptibility coefficient is a measure of hot tearing. Both of these were
calculated using Thermo-Calc and are shown in Figure 5-9. Effectively, this is an extension to the
plots seen in Figure 5-2, as widely reported in literature [65,193,221]; alloys appear to cluster by
their weldability/printability. Both axes use results calculated by Thermo-Calc for direct
comparison, but the y’ fraction calculated using Thermo-Calc has been shown to be strongly
correlated with that using the alloy composition (Figure 5-6).

CM247LC and CMSX-4 are both single crystal alloys [183], they’ve not been printed with much
success in L-PBF, due to liquation cracking, strain-age cracking and hot tearing (different
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mechanisms under different conditions) [64] and have not attempted in L-DED. AM of Waspaloy
has been attempted in L-PBF and L-DED and seems to have been built successfully with each, but
with minimal research interest, so few further publications are available.

The overall failure susceptibilities (Figure 5-7) should inversely correlate with printability. The
lowest failure susceptibilities are for Inconel 718 and Inconel 625 which lines up with them being
the most printable alloys, as implied by the fact that they’re widely reported in literature. Waspaloy
seems to be relatively printable, but with minimal literature published, potentially due to a lack of
commercial interest. This has a much higher overall failure susceptibility, but lower than that of
CM247LC and Hastelloy X.
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Figure 5-9: Plot showing the relationship between y’ content and the crack susceptibility coefficient, both calculated using
Thermo-Calc

CM247LC and CMSX-4 are both notoriously hard to print, but are of great industrial relevance due
to their use in single crystal turbine blades. This disproportionate research interest may make
these alloys seem more printable than they are; the overall failure susceptibility of CM247LC is very
high as expected, but that of CMSX-4 is lower - it has a very high susceptibility to strain-age
cracking, but this is lost in the overall susceptibility due to the relatively low susceptibilities to the
other 3 failure modes.

Finally, Hastelloy X is relatively printable according to literature, but scores very highly on the
overall failure susceptibility. This is due to having two failure modes of susceptibilities around 0.8 -
these are high enough to bring its’ overall susceptibility to above that of CMSX-4.

Clearly the combination of the overall failure susceptibility from the four failure modes isn’t perfect,
but overall the correct trend is seen. It's impossible to quantify the printability of an alloy -
especially due to the fact that some alloys may be more printable in one process than another e.g.
printable using EB-PBF, but not using L-PBF. Attempts of quantifying printability have resulted in a
stress performance index [219] and a thermal strain parameter [41], both of which require
materials properties, which can’t be accurately obtained before the material exists. Additionally,
the latter uses the processing parameters as inputs, so is looking at the likelihood of a build failing
rather than the overall printability of an alloy.

The inherent complexity of AM makes this all the more difficult. Not only is there variation within a
component, with heat often accumulating with build height, heat can also accumulate within a layer
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due to short return times. Calculating a thermal strain parameter for a specific material and set
processing parameters would give a single value, but this would vary with geometry, so ideally, a
geometric factor would also be needed. Finally, even if it were possible to integrate geometry, the
cooling rate and solidification velocity vary within the melt pool. So even if the centre of the melt
pool was resistant to a certain form of failure, the edge of the melt pool could experience conditions
which could cause cracking. Due to this complexity, printability values should be taken as
qualitative values to compare relative crack susceptibility - in an attempt to generally minimise
propensity of cracking.

Most alloy compositions are given as an allowable range e.g. [188], but all calculations above are
performed on a specific composition. This naturally introduces error into the calculations, as some
elements have a 4 wt.% allowable range. The difference is likely to be larger in the Thermo-Calc
calculations, as the final solidification path is very sensitive to composition. PHACOMP is calculated
on the calculated final y composition, where all other phases are assumed to have fully precipitated
(v’ and carbides) [62,225]. Due to the rapid solidification experienced in AM, precipitation is
limited due to the reduced time for diffusion. The composition of the actual y phase is expected to
be between the original alloy composition and that calculated for PHACOMP. Since the cooling rate
in the L-PBF process is higher than in L-DED, less segregation is expected, so the y composition is
likely to be closer to that of the powder than during L-DED.

Combination of susceptibilities was done using the root mean square, this was chosen as a way of
maintaining the normalised nature of results whilst giving the larger susceptibilities a heavier
weighting. This means that four scores of 0.25 would rank lower than a 1 and three scores of 0; if
we summed the susceptibilities, these would be equal. Despite the imperfect results, the general
trend from literature is followed. Each susceptibility within a failure mode is weighted equally, we
do not know the accuracy of these susceptibilities, so it is assumed that combining them all will
help remove any anomalous results. The susceptibilities of the four failure modes are also weighted
equally, as they are combined using a root mean square. Some failure modes are likely more
prevalent than others, but since a single alloy can experience different failure modes under
different conditions, it was decided to include all of the failure modes.

The different calculations used for hot tearing are compared in Figure 5-10. A strong positive
correlation is shown between the Clyne Davies and RDG models (Figure 5-10a). It is interesting to
note the outliers, two of which are new “Alloys-by-design” [56] and so are novel compositions
which the hot tearing models may not be suited to. The other outliers are CM247LC and Inconel
713, both of which are notoriously susceptible to hot tearing, which suggests that the Clyne Davies
model may be better at predicting Nickel superalloy hot tearing susceptibility. It is reassuring the
see that simple models seem to be able to equal the performance of more complex ones. Figure
5-10b shows the positive correlation between freezing range and the Kou susceptibility [207], this
shows a weaker correlation that Figure 5-10a, but a trend is still obvious. There are some
unexpected results e.g. CMSX-4 and CM247LC both showing relatively low susceptibilities.
However, the freezing range has widely been used as a proxy to hot tearing susceptibility; the
accuracy of this is questionable.

Figure 5-10c shows the Kou susceptibility against the RDG model, one from each of the previous
plots. There is a weaker positive correlation between these (R2 = 0.27). However, the general trend
still remains; since we do not have accurate experimental results to compare hot tearing
susceptibility to, all 4 measures are calculated. Since a root mean squared of these is taken, if an
alloy has a high susceptibility according to one measure, this should be carried into the overall
normalised hot tearing susceptibility.
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An argument could be made that FM2 (TCP phases) should be removed, as this results in poor
mechanical properties rather than process failure. An adjusted failure susceptibility has been
plotted in Figure 5-11, excluding FM2. This drops the susceptibility of Hastelloy X to a similar level
to Inconel 625, which corresponds to reports from literature, CM247LC and CMSX-4 both remain
high as expected. Waspaloy still has a high score, due to being fairly susceptible to two failure
modes as explained previously.

For some of the susceptibility parameters, there are arbitrary thresholds given in literature. E.g.
Morinaga et al. observe that alloys which are o-prone tend to have Mq values above 0.915 [234]. An
approach of blindly discarding any alloys above this threshold could be taken, but this seems to be
an observation without any scientific reasoning. Instead, 21 alloys were selected, to cover as wide a
range of compositions as possible. The idea is that this results in a more accurate susceptibility
score. If we only analysed the first 6 alloys, they could all have similar scores on one susceptibility,
so the highest would be given a large normalised susceptibility - whereas when looking in a more
global perspective, they could all be of low susceptibility.

The crack susceptibility calculations are purposefully simple and require minimal computational
intensity. The results are comparable with those in literature and appear to adequately reflect
printability rankings. There is a large amount of uncertainty in the process; the composition of the
alloy could be variable, the thermal conditions vary within the melt pool and across the component.
These uncertainties limit the overall accuracy of the model, but should still allow a rough ranking of
alloy printability. Realistically, so little is known about the actual printability of alloys, that this
becomes the limiting factor. Various printability factors can be calculated, but there is no
standardised method for measuring printability and very few alloys have had significant AM work
performed on them. There needs to be a defined measure of printability to compare crack
susceptibilities to before the efficacy of crack susceptibilities can be thoroughly assessed.

Hot tearing susceptibilities (FM1) were mainly calculated based on Thermo-Calc Scheil calculations.
As explained in Section 5.2.1, as well as a classic Scheil calculation, the Scheil calculator has options
to include either back diffusion in the solid, or solute trapping in the primary phase [232]. These
are new additions to the software and so have had minimal testing, their reliability is unknown.
However, it is interesting to see what behaviour they predict and how they’d expect this to vary
between L-PBF and L-DED. Overall (Table 5-3), the deviation of the new models from the classic
Scheil calculation are relatively small, once again, the simplest calculation providing sufficient
accuracy for most purposes.

As shown in Table 5-3, the solute trapping L-PBF (ST PBF) calculation is the most different to the
classic Scheil calculation. In Section 2.1.3, we expected L-PBF to experience rapid solidification
(non-equilibrium composition) and to be on the cusp of solute trapping. L-DED is an order of
magnitude slower so is on the cusp of rapid solidification. Since the ST PBF results are different to
the classic Scheil, it can be deduced that solute trapping is predicted to occur at these solidification
velocities. The change from classic Scheil to ST DED is much smaller, so solute trapping is unlikely
to occur in DED, as predicted by literature.
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Figure 5-10: Comparison between various hot tearing susceptibilities. a) Clyne and Davies vs RDG, b) Freezing Range vs Kou,
¢) RDG vs Kou. Anomalous points unfilled

Back diffusion (in the solid) has a larger difference with L-DED cooling rates than with L-PBF. This
can be understood when considering the time for diffusion; the quicker cooling rates in L-PBF leads
to reduced time at temperature and so less diffusion. The ST PBF calculation leads to a smaller
freezing range (Figure 5-8a), this means that the solidification will occur more quickly and will lead
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to less segregation. This logically makes sense at the solute trapping will lock atoms in place and
reduce compositional variation. On the other hand, back diffusion is expected to occur in the solid
in L-DED, diffusion acts to reduce the concentration gradient, so increased back diffusion will lead
to less compositional variation. Reduced segregation is expected to reduce freezing range and so
reduce susceptibility to hot tearing (Section 5.1.5) - both L-PBF and L-DED have reasons for
reduced segregation, so it’s difficult to say that one process is likely to be less susceptible to hot
tearing than the other.

L-DED is typically a hotter process, with larger and more powerful lasers than L-PBF, this typically
results in the components experiencing the high temperatures for longer during the hatching.
However, in L-PBF, there are more subsequent hatches in the vicinity, so the effect of reheating may
be more significant. An increased time at temperature could increase precipitation and carbide
formation, increasing susceptibility of both liquation cracking and strain-age cracking. From Table
2-3, it seems like some materials are more easily printable using L-PBF whilst others are easier
using L-DED.
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Figure 5-11: An adjusted failure susceptibility of the main alloys being analysed; excluding FM2

Unfortunately, all printability assessments are skewed by research interest, if an alloy is a C (Not
Printable; Minimally Reported in Table 2-3), this could either mean that it suffers from failure
during manufacture or that it's not industrially relevant, so no prolonged research attempts have
been made. The ABD-900AM brochure [53] claims that it is designed to be free of solidification,
strain-age and liquation cracks, the calculations above result in susceptibilities <0.7, so we do not
expect these to be prominent. The tests conducted on this alloy used L-PBF [53,56], but powder is
also advertised for both EB-PBF and L-DED. No tests of this alloy in these processes have been
reported, but by designing an alloy of “exceptional printability” [53], it is implied that this would be
printable in any process.

Most development work is done using L-PBF due to the size and cost of the machine. Several trials
in L-PBF can be run with as little as 5 kg of powder, which is less than that required for L-DED. In
addition, the upfront cost of a L-PBF machine is significantly lower than that for a L-DED or an EB-
PBF machine. The fact that tests are conducted on L-PBF machines doesn’t necessarily mean that
they can be manufactured using other processes.
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Since L-DED and L-PBF have very different laser spot sizes and cooling rates, solidification
conditions are vastly different. Conduit et al. design an alloy specifically for L-PBF [185]. Their
processability property was extracted by designing a neural network from 10 known compositions.
Since the processability will have been tested using L-PBF, their findings are valid for L-PBF, but
they do not claim it is suitable for additive manufacturing as a whole. Alloys should be developed
specifically with an application and so a manufacturing process in mind. For example, small
components with intricate geometries e.g. GE LEAP fuel nozzle, L-PBF is likely the most appropriate
process; for larger scale repair applications e.g. blisk repair, L-DED would be used. Once the process
is decided, approximate cooling rates and solidification velocities are known, so an alloy can be
better design to suit the application.

In the wider research community, there is a desire to find a magic value which solves the
printability issue. Many of these solutions use dimensionless numbers or compositional analyses
(e.g. Figure 5-2). Similar attempts have been made to define thresholds for keyholing, lack of fusion
and other phenomena. Unfortunately, additive manufacturing is not that simple, magic numbers
rarely exist. Even if we were able to calculate an accurate crack susceptibility, this would vary with
the process, geometry, powder composition and the location within the melt pool. An alloy with low
crack susceptibility could be developed, but due to the processing conditions chosen, the thermal
gradient in a certain part of the melt pool could cause a crack to form.

It seems like a single numeric answer cannot solve such a complex problem; instead, an attempt has
been made to make a more qualitative metric, one which can predict which alloys are likely to have
a higher propensity to cracking. This in itself, is a useful metric to have as it gives alloy designers a
starting point and warns as to which failure mechanisms may occur. As more research is conducted
on a broader range of compositions, a quantitative printability scale may be developed, allowing for
the accuracy of crack susceptibility models to be validated. A standardised printability measure
would be needed for this; likely this would consist of either scanning weld tracks or building small,
specific geometries and analysing these for cracks.
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5.5. Summary

In this chapter, several published failure mode susceptibilities were combined in a simple but
comprehensive manner. The final overall failure susceptibility is shown to correlate with the
printability of alloys reported in literature. The printability of an alloy is difficult to define as a
result of the various processes available and the range of processing conditions possible within
each. A lack of successful printing reported in literature could either be due to lack of research
(insufficient industrial relevance) or due to a high susceptibility of failure. As such, the proposed
failure susceptibility is a good tool to check the expected printability of an alloy, but is unlikely to
be instrumental in development of a new alloy.

The proposed method is simpler than currently existing methods, less computationally intensive
and requires no prior knowledge of existing materials properties. It's shown that this simpler
method provides adequately accurate results, limited by experimental measures of printability
rather than the calculations themselves. It is reassuring that both the CSC and the classic Scheil
calculation provide equivalent results to more complex calculation, confirming the approach of
using the simplest methodology possible.

Both L-PBF and L-DED are shown to promote failure modes such as hot tearing, but with differing
amounts of segregation. The current methodology has been to develop alloys using L-PBF, because
of the lower cost associated with this. In reality, for a specific component, the most appropriate
process must be decided along with required mechanical properties. Once these guidelines are set,
an alloy must be tailored to fit within these and this will result in the best alloy for the specific
component. Finally, a standardised measure of printability, using small scale tests is needed to
quantify printability for each process.
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6. Exploring Pyrometry Trends and Defect
Locations in L-PBF

6.1. Introduction

One of the most widely researched processes in AM is L-PBF, first launched by EOS in 1991 [235] -
the main advantage of L-PBF is the ability to print geometries otherwise unobtainable (e.g. lattices)
and hence allowing the redesign of components to reduce weight whilst maintaining performance
[236]. In all AM processes, the scan strategy of the heat source has a large effect on the thermal
conditions experienced by the material, which in turn causes variation in the final microstructure
[54]. A commonly reported scan strategy is a simple bidirectional raster, with the hatching angle
rotated by 67° between layers [86,237,238]. If there is an inter-hatch defect, this rotation will stop
anomalous features from occurring in the same location in each layer.

Despite the potential for AM to create complex geometries, distortion of components is common,
which makes tight tolerances difficult to achieve. Distortion often occurs in the form of swollen
edges (elevated by around 100 pm [239,240]), which can collide with the recoating blade, affecting
the powder spreading homogeneity and potentially leading to the failure of a build. This edge
swelling has been attributed to a mechanism initiated by denudation [122,239,241].

The first hatch in each layer has a fresh coating of powder which results in the formation of a
complete melt track. The vapour plume generated as a result of lasing acts to blow powder particles
away from the melt track, creating a denuded zone greater than the width of a single track. Some
powder is entrained into the melt pool, but a denudation zone is still present [242]. Consequently
when the laser returns for the next (parallel) hatch, significantly less powder is available for
melting [243]. This causes the first hatch in each layer to be substantially raised above subsequent
hatches. Yasa et al. confirmed this to be the occurring mechanism by placing the first hatch
centrally and this is where the elevation was found [239].

Figure 6-1: Edge swelling of a 316 steel component. Repoted by Yasa et al [239]

The first hatch is almost 30 pm taller than subsequent ones as built with 904L stainless steel
(Figure 6-2), but the same trend was observed in 316L [243]. In a similar manner, the laser
behaviour at the end of a hatch can be altered by using ‘skywriting’, this allows the laser to
overshoot the end of a hatch (turning the laser off at the edge), so there is not a region where the
laser speed is changed i.e. deceleration. Implementing skywriting reduces the surface roughness
and so can reduce the amount of internal porosity experience [244,245].
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Figure 6-2: First track is found to be significantly larger than subsequent tracks in L-PBF. Reported by Yadroitsev and
Smurov [243]
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L-PBF staircases can be seen in Figure 6-3a, these are printed using 316L with a hatch rotation of
90°, the first layer being hatched along the x axis [246]. Figure 6-3b shows the height profile of this
part; as well as the expected height increase, odd layers have an additional peak at the start of each
step. This is attributed to the denudation swelling mechanism as defined above, it is worth noting
that there is a large amount of noise in the data, e.g. step 8 shouldn’t experience swelling but does

and step 11 has no visible swelling, which would be expected.
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Figure 6-3: Analysis of the first few layers of a L-PBF build. a) Ladders constructed using SLM b) Height profiles showing
swelling as a result of denudation c) Thicknesses of printed layers and calculation of powder thicknesses experienced.

Reported by Bidare et al [246]

Further, powder has a higher laser absorptivity than consolidated metal in a conduction regime
[38]. The first hatch scans a full powder layer, so more laser power will be absorbed than in
subsequent hatches, which scan partially denuded regions i.e. the consolidated metal beneath.
Since latter hatches absorb less laser power, the melt pool size will be smaller than the first hatch
[243]. This further increases the height difference between the first and subsequent hatches. The
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combination of the decreased powder availability and the decreased melt pool size will be referred

to the denudation mechanism of swelling (summarised in Table 6-1).

Table 6-1: Summary of hypothesised swelling mechanisms

Reference(s) Hypothesis Physical Evidence Required

First hatch causes denudation e First hatch in a layer

Subsequent hatches surrounded by less experiences swelling

powder e Effect would not occur in
This reduces laser absorptivity overhang conditions

[239,243] Subsequent hatches absorb less power

and have less powder

Subsequent hatches will be smaller than

first hatch

This is termed the “denudation” mechanism

First hatch surrounded by powder (poor e First hatchin alayer

conduction) experiences swelling

First hatch hotter, so larger melt pooland | e Effect would be more

[247] more powder entrained pronounced when

Subsequent hatches surrounded by solid building in overhang
metal, so heat conducted away conditions

First hatch has more powder and so is

larger

Where the laser stops, solidification can e Swelling occurs at hatch

This Work occur very quick.ly, causi.ng divot.s ends .
These can combine, leading to raised e Swelling would occur
regions at hatch ends without powder present

As demonstrated by Yadroitsev and Smurov [243], when printing a single layer, the first hatch may
be 30 um taller than subsequent hatches. As this occurs on each layer, a swelling of 100 um has
been shown to accumulate [239]. This is greater than a typical top surface roughness (R.), which is
in the range of 5-30 um [248]. The thicker the powder layer scanned, the more likely balling is to
occur, so the swelling of the first hatch could have a more humped morphology [249]. Since this is a
feature caused inherently by the scanning of the laser, it cannot be completely removed from the

process.

Craeghs et al. attribute the increased elevation of the first hatch to it being surrounded by poorly
conducting powder and so a larger melt pool being created [247]. They argue that, when the second
hatch is printed a hatch already exists next to it. The new hatch only has powder on one side and
the previous hatch on the other side; since the consolidated track has higher conductivity than
powder, there is an increased heat flow out of second hatch. The increased heat flow restricts melt
pool size, so the first hatch has the largest melt pool.

This idea of reduced thermal conductivity originates from work by Taylor et al. [250]. In the
original work the laser scanned powder directly, without a baseplate. With this key difference, the
introduction of a previously deposited track would have a much larger effect on heat flow than
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adding a single track onto an already large baseplate. It was noted by Craeghs et al. that the first
hatch was hotter than the second - this was given as evidence for increased conductivity in the
second hatch [247]. The higher temperature is better explained by the increased laser absorption
of the full powder layer in the first hatch, as opposed to the denuded surface of subsequent hatches.
The authors consider the denudation mechanism to better explain the increased elevation of the
first hatch when printing on a baseplate.

Since this swelling depends on denudation, which in turn depends on the vapour plume, the extent
of denudation must be parameter dependant. Matthews et al. measured the effect of varying energy
density on the width of the denudation zone [242]. Varying the laser power from 50-150 W, the
width of the denudation zone increased by 50% from 200 pm, which is of similar magnitude to
previous research [74]. Given that the denudation zone widens with energy input [249], the
magnitude of denudation swelling must vary depending on the processing parameters.

The surface roughness is further increased by imperfections at hatch ends, such as divots, which
are attributed to a high solidification rate [251,252]. These can occur at the start of a melt track,
and both length and height can be on the order of 100 pm [253]. Simulations predict the presence
of a vapour depression in the melt pool surrounding the laser during L-PBF [254], as confirmed by
in-situ X-ray imaging [255]. Once the laser switches off, the molten metal has insufficient time to fill
the vapour depression before the melt pool solidifies (~0.2 ms assuming a cooling rate of 106 Ks1),
creating a divot. The depth of the vapour depression has been shown to increase linearly with the
energy input (Figure 6-4) [255] (and normalised enthalpy, NE [136]) so one would expect the
magnitude of the divots to follow the same trend. The bulge around these divots can be up to 150
um long [254] and 50 um high [256]. If the laser remains powered when stationary, even for a short
duration, the vapour depression has been shown to become unstable and this may create keyhole
porosity [255].
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Figure 6-4: Vapour depression depth as a function of laser velocity and power. Reported by Cunningham et al [255]

The laser behaviour at the end of a hatch can be altered by using laser delays [257]. The laser delay
synchronises the timings between the laser module and the galvanometer (which controls
movement); examples of long and short delays are shown in Figure 6-5a and b respectively. This
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can be used to force the laser to turn off before it decelerates to prevent a spike in power density at
the start and end of each hatch. This concept has been explored further by ramping the power
down near the turnaround point to prevent defects such as keyholes from forming [256].

a) Mark Mark
4, &

g
Mark

b)

Mark Mark
&

g
Mark

Figure 6-5: Visualisation of laser on delay; a) delay too long, so the start of hatches is missing; b) delay is too short, so laser
turns on before movement occurs, causing a hot-spot at the start of every hatch. Reported by Raylase [258]

Bidare et al. observed the denudation mechanism of swelling when printing staircases with a hatch
rotation of 90°. The swelling is visible in the form of additional peaks at the start of each odd step
[246]. It is worth noting that the height data is noisy; general trends can be seen but quantitative
analysis is difficult at this length-scale. The various swelling mechanisms described in literature are
summarised in Table 6-1. The staircase geometry allowed for the observation that the first printed
layers are thinner than desired [259,260]. Over the first few layers, the powder layer thickness
increases, as does the consolidated layer thickness until an equilibrium is reached [246]. The result
is that the properties of the first 5-10 layers are different to the bulk.

Monitoring in L-PBF has become more widely used in recent years, with various different aims, as
reviewed by Everton et al [11]. Much work uses coaxial or angled cameras to observe the melt pool
at a very high framerate (because of the quick nature of the L-PBF process). These allow for values
such as melt pool area to be calculated, which Clijsters et al. [244] used to correlate hotspots with
porosity in their samples. The technology then developed to using multiple pyrometers of different
wavelengths, which removed the need for emissivity measurements and allows for direct
temperature measurement [118,261]. Unfortunately, with these sorts of techniques, vast amounts
of data must be stored which makes it difficult to process online and use the data to the fullest [11].
This is a much larger issue in L-PBF than in L-DED, as the laser movement speeds in L-PBF are
roughly 50x quicker, with cooling rates 103x higher.

The alternative to optical measurement is using a spot pyrometer, where a photodiode is used to
record a single intensity value per time-step. This has been used to show how trends in
temperature vary within a hatch, the effect of hatch spacing [262] and the effect of the layer
thickness [263]. These datasets are of a much more manageable size, but still require high
recording frequency (e.g. 20 kHz [263]). Thermal datasets can be plotted in the XY plane to show
the temperature distribution in the components. This is easily done for pyrometry; Figure 6-6
shows an example of this mapping, done for melt pool area [264].
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Figure 6-6: Mapping of melt pool area onto XY plane, showing components. left) supports being built, right) first overhanging
layers. Note that the sparser the supports, the more overheating occur. Reported by Craeghs et al [264]

Computational modelling is currently being developed for various aspects of L-PBF, covering
absorptivity, laser ray tracing, powder spreading, powder melting, microstructural development
and distortion [35,41,260,265-267]. Finite element models can simulate the thermal fields
experienced as a result of the laser hatching and from this, the subsequent solidification stresses
and plastic strains can be calculated. The plastic strains result in displacements, which have been
validated and implemented in commercial simulation packages e.g. Autodesk Netfabb [268,269].

Most models assume the powder layer to be constant and equal to the distance the baseplate is
lowered, however in reality, because of the powder packing density, the initial layers are thinner
than the desired thickness [240,259,260]. This is seen in Figure 6-3c, the powder layer (set at 50
um initially then incremented by 40 pm each step) rises to 133 um over 10 layers [246]. As the
powder layer increases, so does the melted layer thickness, until it stabilises at 40 um as expected.
This means that the properties of the first 10 layers are different to the bulk and this is typically
overlooked.

This chapter investigates whether a processing window in L-PBF can be developed using point
source modelling, comparing various normalised parameters to determine which fits experimental
results best. Previous studies have shown that features, including porosity [270] and swelling, form
preferentially at component edges [239], does this adequately explain the swelling phenomena
observed?
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6.2. Methods

An Aconity3D Mini was used with Inconel 718 powder; the printer was fitted with a Kleiber spot
pyrometer (details in Table 6-2), which output radiance in mV [271]. These values were averaged
over a whole build, giving a single comparable value for each sample.

Table 6-2: Pyrometer specifications [271]

Model KG 740-LO
Wavelength Range (nm) 1580-1800
Recording Frequency (kHz) 100
Emissivity 0.1 (default)

Initially, a set of 15 single weld tracks were scanned on a flat wrought Inconel 718 sample, with the
parameters summarised in Table 6-3. These were cross-sectioned perpendicular to the laser
scanning direction and polished with colloidal silica, before etching with Glyceregia to reveal the
tracks. An Olympus BX51 microscope was used to image the tracks and subsequently the track
dimensions were measured.

Table 6-3: Processing parameters of weld tracks

Processing Parameters

Power (W) 40,115,190

Velocity (mm/s) 300, 750, 1200, 1650, 2100
Spacing between Tracks (mm) 2

Baseplate Inconel 718

A series of Inconel 718 cubes (8 x 8 x 8 mm) were printed within the parameter range shown in
Table 6-4. All 27 combinations of power, velocity and hatch spacing listed in Table 6-8 were
printed; all with a hatch rotation of 67 ° between layers and no contour hatches. 6 samples were
stopped during the build as a result of overheating, the remaining 21 were analysed. These samples
were sectioned in the XY plane and polished with colloidal silica before measuring the internal
porosity using an Olympus BX51 optical microscope with Clemex Vision PE.

9 samples of varying widths were printed to test the effect of geometry on Inconel 718 components.
These were built with the bold parameters from Table 6-4, with a 67 ° hatch rotation between
layers. The dimensions of these samples are summarised in Table 6-5.

In addition to the cubes, staircases similar to those built by Bidare et al. [246] and Chen et al. [240],
were built with 15 steps over 15 layers using the bold parameters in Table 6-4. An example of a
staircase is shown in Figure 6-7 together with axis definitions; all hatches were scanned in the x
direction. Each staircase was 10 mm wide (x direction) and 30 mm long (y direction), each
individual step was 2mm long (y direction). Staircases were scanned without powder and printed
with powder.

87



Table 6-4: Processing parameters of samples

Processing Parameters
Power (W) 80,110, 140
Velocity (mm/s) 900, 1200, 1500
Hatch Spacing (um) 30, 45, 60
Layer Thickness (num) 30
Baseplate 316L Stainless Steel

Table 6-5: Dimensions of varying thickness samples

Width, y (mm) 0.35,0.65,1,2,3,4,5,65,10
Length, x (mm/s) 20
Height, z (um) 10

10 mm

ww Q¢

Figure 6-7: Example of a staircase printed with powder, hatching in the x direction as shown by orange arrows

As aresult of the laser power and position being controlled by separate systems, their timings need
to be synchronised using delay parameters. Manufacturer’s recommended laser delay parameters
were optimised for a velocity of 400 mm/s. These are referred to as old delay parameters in this
work and lead to an offset between the starts and ends of hatches as shown in Figure 6-8a. These
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were measured in a simple geometry and the offsets were plotted in Figure 6-9 for a variety of laser
velocities and laser on delays. An improved laser on delay was determined as L,,, = —200 s,
compared with the default of 50 ps (Figure 6-9). The new laser on delay reduced the offset between
hatch start and end points (Figure 6-8b). Both staircases were subsequently reprinted with the new
delay parameters.

The final samples to be built were a series of 6 squares (single layer, horizontal hatching). These
were printed on various thicknesses of powder, varying from 1 layer (30 um) to 6 layers (180 pum).
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Figure 6-8: Comparison of a) old and b) new delay parameters, shown with 150 um hatch spacing to emphasise the offsets at
the ends of hatches. S marks the start of a hatch; E the end. The offset between the start and ends of hatches is clearly labelled
in a) and is no longer present in b)
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Figure 6-9: Hatch position offset with laser on delay for a variety of hatch velocities
6.2.1. Measurement of Swelling

Measurement of all sample surfaces was performed using an Alicona InfiniteFocusSL microscope

with a 5x optical lens that uses focus variation to measure 3D surfaces. ImageFields were captured

to cover each sample with a vertical resolution of 250 nm and a lateral resolution of 8 pm and saved

as al3D files, which were processed using MATLAB R2019a (Mathworks Inc) [272]. Profiles were
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extracted from the 3D dataset and peaks were manually identified. A script was written to level the
profiles and extract the height of swelling above the build height. When swelling magnitudes were
plotted, the values had a moving mean (length 3) applied to minimise the effect of inherent noise.
Surface roughness (S.) was calculated from these datasets.

6.2.2. Visualisation of Swelling Locations

Two programs were created using MATLAB R2019a (Mathworks). These were created to gain a
deeper understanding of where the two different sources of swelling would be expected. This
would highlight any key differences between the mechanisms and so help identify them in printed
samples. The first looked at the denudation zone around previous hatches and identified swelling
as a result of the denudation mechanism; the second recorded the positions of the ends of every
hatch, to capture where melt pool divots were present.

The visualisation is summarised as follows, shown diagrammatically in Figure 6-10:

1. Asquare cross section is drawn using the dimensions of the cube and number of layers
required. Using an initial hatch angle and interlayer hatch rotation, the hatching angle is
calculated for each layer. From this the start point, for each layer can be determined. A
45 pm hatch spacing was used, as this is the central value in Table 6-3.

2. For each layer, pairs of start/end coordinates are created for each hatch using the hatch
angle for that layer. The first few hatches of an example layer are seen in Figure 6-10a. For
each hatch, a linear equation is calculated and coordinates are extracted every 45 pm along
the direction of travel, these will be called scanned points. An array of these scanned points
is built up, plotted in blue (Figure 6-10b). A 45 pm step was used, resulting in equal
resolution both parallel and perpendicular to the scan direction.

3. For each hatch, these scanned points are tested to determine whether a specific swelling
mechanism is present. The specifics of the testing criteria for the two models are explained
in the following sections. If a scanned point is identified as experiencing swelling, its
swelling value is incremented. This is repeated for every layer; some scanned points will
accumulate larger swelling values than others - indicating their propensity for swelling. An
inherent assumption is made that swelling mechanisms accumulate linearly and the outputs
are normalised.

4. The square cross section is splitinto 100x100 pm squares and the swelling values of all
point within each square are summed through all the layers. The result is a map of the
square, showing which regions are expected to experience most significant swelling due to
the selected mechanism. It is worth noting that the absolute swelling values cannot be
compared between the two models, as the swelling contribution of a single occurrence of
each mechanism is unknown. However, assuming that a swelling value contributes a
consistent amount of swelling within a mechanism, different areas of a square can be
directly compared.
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Figure 6-10: Diagrams of swelling visualisation a) first few hatches of the modelled example layer. b, c) Visualisations 1 and 2
respectively; all scanned points in blue, points determined to experience swelling in red. b) Denudation swelling is predicted
in the first hatch and any points sufficiently far from previous hatches. c) Laser switching swelling is predicted for the first 2

and last 2 points in each hatch.

Visualisation 1: Denudation Swelling

In denudation swelling, the first hatch is taller than subsequent ones because of the presence of a
full powder bed i.e. lack of denudation. By tracking the denuded region, any scanned points outside
of this will have scanned a full power bed and therefore experience swelling of around 30 um per
layer [243]. The denudation zone for a hatch is set to include any scanned point within a set
distance; two denudation width were calculated, 90 pum and 135 pm [122], which correspond well
with images from literature [242].

For each hatch, all previous hatches within the layer are plotted with their denudation zones;
creating a large denudation zone around the scanned hatches. Within the current hatch, all scanned
points are analysed; if any of the scanned points are outside of the denudation zone, a full powder
layer was scanned so this is considered a swollen point and its swelling value incremented. Any
scanned points within the denudation zone are said to experience no swelling. As this is repeated
for all hatches, the denudation zone increases.

For the example hatching shown in Figure 6-10a, scanned points experiencing denudation swelling
are marked red in Figure 6-10Db. In this case the entirety of the first hatch will be affected by
denudation swelling as will the subsequent hatch ends which are furthest from previous hatches.

Visualisation 2: Laser Switching Swelling

In the second visualisation, the locations where each hatch starts and ends are recorded. It has been
shown that at the start and end of a melt track, humps can form of approximately 100 um length
[254] and 50 pm height [253]. For each hatch, the locations of interest are where the laser turns
both on and off. To capture this, a distance of 90 um (2 scanned points) is set as the swollen region;
this is similar to the length of the track ends visible in Figure 6-8.
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For each hatch, the first two scanned points are assumed to capture the laser switching on; the last
two scanned point capturing the laser switching off. These four points are affected by swelling
because of the laser switching so their swelling values are incremented. The scanned points in the
centres of hatches are not expected to experience swelling as a result of this mechanism.

For the example hatching shown in Figure 6-10a, scanned points experiencing swelling as a result
of the laser switching are marked red in Figure 6-10c. With this mechanism, both ends of each
hatch experience swelling.

Melt Pool Simulation

A point heat source model was created in MATLAB R2021b (Mathworks Inc), based on the original
equation derived by Rosenthal [31], this calculates steady state thermal fields surrounding a
moving point heat source using Equation 2-3. Model parameters are summarised in Table 6-6, and
the model was run for power and velocity values given in Table 6-3. The same calculations were
repeated using Equation 2-4, which assumes a Gaussian heat source, for comparison.

Table 6-6: Parameters used for moving heat source calculations

Parameter Value Reference
Step Size 5 um -

Thermal Conductivity, x 9.94 Wm-1K-1 [273]
Thermal Diffusivity, a 2.87x106m2s1 | [273]
Absorption Coefficient, A 0.45 [274]
Melting Point (solidus), Trm 1643 K [275]
Laser Beam Diameter, Dy, 70 pm -

For each output thermal field, the melt pool dimensions (using the solidus temperature) were
extracted. Figure 6-11 shows an example set of thermal fields and the dimensions to be extracted.
Melt pool dimensions are not expected to be numerically accurate, due to variability of materials
properties, but should be comparable to one another. Additionally, it has been shown that due to
constraints in growth orientation, undercooling can cause the length of the melt pool to be
underestimated by calculations [88].
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Figure 6-11: Steady state thermal fields modelling a moving Gaussian heat source at 115 W and a velocity of 1200 mm/s. a)
XZ section of thermal field, b) XY section of thermal field. Melt pool length, width and depth are labelled, solidus temperature
is outlined in black

Netfabb AM Simulation

Netfabb Local Simulation [269] was used to create thermal and mechanical simulations of the cube
printing. The CAD component (8 x 8 x 8 mm cube) was imported, positioned on a baseplate (16 x 16
x 16 mm) and the printing parameters (Table 6-8) were set. A 5 level adaptive mesh was applied,
resulting in a minimum mesh size of 83 um. Default materials parameters for Inconel 718 were
selected; the full height of the components was simulated, resulting in 36 increments which could
be interrogated for results.

Outputs from these simulations include:

e Lack of fusion volume % (defined as areas below 1240 °C), this is a single value for the final
component

e Hot spot volume % (defined as areas above 2000 °C), this is a single value for the final
component

e Zdisplacement of each point in the simulation at the end of the simulation

o Interlayer temperature (after new powder layer recoated) at the end of the simulation
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6.3. Results

Normalised energy density (NED) and normalised enthalpy (NE) are widely used in this chapter
and are defined as (initially introduced in Section 2.4):

P* AP 1
Normalised Energy Density (NED),Ey = TR [m] [/T (T, — To)]
P

. AH AP
Normalised Enthalpy (NE) o=

s mhg /oszb3

Each of the 15 weld tracks were imaged in cross-section, so their dimensions could be measured;
these are summarised in Table 6-7. Figure 6-12 shows three different cross-section types, all
scanned at 115 W; a) shows a keyhole, which is where a deep melt pool is formed due to internal
reflection. If we define a keyhole as being deeper than it is wide, welds 10, 11 and 12 fall into this
category. 12 is a transition melt pool, between conduction and keyholing. Figure 6-12b shows a
representative conduction-mode melt pool, whilst Figure 6-12c shows an unstable melt pool. Welds
6,7,13,14 and 15 all had this unstable ‘W’ shape; this is a symptom of balling, which occurs
because of the Plateau-Rayleigh instability [252]. A long melt pool (usually as a result of high power
and high velocity) is more likely to become unstable, so this is where ‘W’ shaped melt pools are
most commonly seen - this irregular melt pool shape can be the cause of lack of fusion porosity in
subsequent layers [252].

6.3.1. Weld Track Analysis

Melt pool dimensions of both point heat source and Gaussian heat source calculations are tabulated
in Table 6-7 and plotted in Figure 6-13, plotted against both NED and normalised enthalpy (NE).
NED was developed for development of processing maps, allowing for comparison of different
combinations of processing parameters in a single value [82], hence the inclusion of parameters
such as the hatch spacing and layer height. It allows for blindly investigating the process, with no
prior knowledge of the materials response, so is powerful for process development. NE on the other
hand, calculates how far heat can diffuse and so the melt pool dimensions - it is inherently more
physics based. Some important parameters, such as hatch spacing are omitted.

Given a set hatch spacing, the melt pool width can be calculated, and from this, a critical melt pool
depth can be calculated [276]. The layer thickness must be below this critical depth, otherwise, the
melt pools will not overlap and porosity will occur [276].

In literature, keyholing is theoretically expected to occur at NE values above 6 [83], experimentally,
this transitions has been found to be 10 by Hann et al. [84] and 30 by King et al [83]; this
discrepancy makes defining a global threshold very difficult. Visually, Figure 6-12has a keyhole
morphology, but according to some definitions, keyholes must had a depth of at least 2x width
[252], so we are seeing the transition region. One could argue that the transition in this work

occurs roughly at Ah—H =~ 10, which matches the findings by Hann et al [84].
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Table 6-7: Dimensions of track welds scanned compared to those predicted by both point heat source and Gaussian heat
source models. A hatch spacing of 30 um was used to calculate Eo*

Processing Parameters Experimental Point heat Gaussian
AH source heat source
Weld Fo h_s Width Depth Width Depth Width Depth
P v (mm/s) (m) (@m)  (m)  (@m) (m) (um)
1 40 300 7.2 3.3 78 38 71 35 136 41
2 40 750 29 21 58 21 47 24 106 21
3 40 1200 1.8 16 54 13 38 19 92 13
4 40 1650 1.3 14 47 11 33 16 82 9
5 40 2100 1.0 1.2 40 8 29 15 74 7
6 115 2100 29 36 70 24 50 25 128 24
7 115 1650 37 40 80 28 56 28 134 29
8 115 1200 51 47 80 41 65 33 142 36
9 115 750 82 6.0 114 68 82 41 154 50
10 115 300 206 94 158 194 127 63 198 85
11 190 300 34.0 15.6 203 316 165 83 248 113
12 190 750 13.6 99 127 129 106 53 173 68
13 190 1200 85 78 95 79 84 42 160 51
14 190 1650 6.2 6.7 98 57 72 36 153 42
15 190 2100 49 59 99 43 64 32 148 35
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Figure 6-12: Optical micrographs of track weld cross-sections performed at 115 W. a) 300 mm/s showing a keyhole

morphology, b) 1200 mm/s showing normal conduction mode morphology, c) 2100 mm/s showing a shallow melt pool with
a ‘w’shape

Figure 6-13 shows both melt pool depths and width plotted against both NED and NE; for a single
weld track, it seems that both NED and NE fit the moving heat source models equally well. The
measured dimensions correlate more strongly with NE than with NED. Figure 6-13d shows the
variation of melt pool depth with NE; since depth is strongly affected by the keyhole mode, Figure

o A . o :
6-13e shows the same data, but limited to 0 < h—H < 9. There is generally a positive correlation
)

between the depth of the weld track and NE, as expected. This is also seen for both point and
Gaussian heat sources; in conduction mode, the Gaussian heat source model is a better fit to the
experimental data than the point heat source. Figure 6-13c and f show the weld track widths; once
again, the same trend is observed experimentally as predicted by the point heat source model. For
the width, the point source point heat source model fits closer to the experimentally measured
values than the Gaussian heat source.
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Figure 6-13: Weld track dimensions plotted against a, b, c) normalised energy density; d, e, f) normalised enthalpy, compared
with outputs of both point and Gaussian heat source models. a, d) weld track depth; b, e) weld track depth excluding keyholed
tracks (within dotted rectangle in a, d); c, f) weld track width

6.3.2. Pyrometry Analysis

To better understand the trends experienced in the pyrometry data, a larger sample was built (8 x
20 x 100 mm width, length, height respectively) using the bold parameters in Table 6-4. The
pyrometry data for the first 12 hatches of a single layer is shown in Figure 6-14, with 288,500 data
points recorded for a single layer, which takes only several seconds to scan. The orange overlay
shows the moving average of the pyrometry signal (window 50), where you can see the signal drop
to ~830mV (signal baseline) most hatches; these are hard to identify in some cases e.g. at 9000.
Since the hatching is at an angle, the first few hatches are in a corner and so are not full length
(shown diagrammatically in Figure 6-10a), for this reason, the duration of the first few hatches is
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shorter than subsequent hatches. The pyrometry signal of the first hatches seems lower, but this
could be due to the reduced hatch length.
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Figure 6-14: Pyrometry signal of a representative cuboid showing the first 12 hatches of a layer, orange line shows a moving
average, window 50, black lines separating each hatch

The frequency of pyrometry recording results in copious amounts of data, with a relatively high
noise. During the full component build (10 mm, 333 layers), 102 million pyrometry values were
recorded. An average pyrometry signal per layer is shown in Figure 6-15a, with an initial
pyrometry increase and then a sinusoidally oscillating value. Figure 6-15b shows the average
pyrometry values for the first 50 layers. The first maximum value is reached after 8 layers, at which
point the oscillation begins. There are then a further 7 oscillations by the 46t layer. Figure 6-15c
clearly shows that the oscillation is dependent on the hatching angle, with the minimum pyrometry
signals experienced at angles of 90 ° and 270 °.

The variation of pyrometry signal with component width is summarised in Figure 6-16. The
average pyrometry signal increases with sample width up to a maximum at around 2-3 mm, above
this, the signal slightly decreases and plateaus. It seems like at thicknesses above 5 mm, the thermal
signature of the component is consistent.

Figure 6-17 shows a breakdown of this for the narrower samples, by layer. Figure 6-17b is included
for clarity, with only the first 40 layers shown; it can be seen that the wider components experience
higher pyrometry signals, which explains the general trend visible in Figure 6-16. Additionally, it
seems like the wider components reach a plateau more quickly than the narrower components;
little change in pyrometry signal is seen once the component width is above 2 mm. The oscillation
of the pyrometry signal visible in Figure 6-15b is also visible in Figure 6-17.
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Figure 6-15: Average pyrometry signal per layer of a part. a) Full component, b) First 50 layers, black lines showing 7
pyrometry oscillations, c) Variation of pyrometry on hatching angle (clockwise from horizontal)
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6.3.3. Experimental Analysis of Cubes

Of the 27 processing parameters tested, 21 cubes were printed successfully, full results are
summarised in Table 6-8. Average pyrometry signals (mV) for the 21 successfully printed cubes are
shown in Figure 6-18. As expected, they increase with NED (E¢*), proving that NED is a valid
methodology for process window development. NED generally scales with NE (AH/hs), but some
subtle changes can be seen between Figure 6-18a and Figure 6-18b. Importantly, the R2 values of
for both porosity and pyrometry are higher in Figure 6-18b, where they are plotted against NE, so
NE will be predominantly used from here in.

Also shown are the area porosity values for each cube, with “nominally fully dense” being shown as
98 % density. It can be seen that at NE values below 4-5, lack of fusion is frequent, increasing
porosity. However, at larger NE values the samples are fully dense over a large range of processing
parameters. Porosity value, separated by hatch spacing can be seen in Table 6-9, these are shown
alongside melt pool widths and depths (as predicted by the moving heat source model).
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Table 6-8: Summary of results for all printed samples. Samples in bold failed and were aborted during the build. Standard

deviations of swelling shown; Porosity and Pyrometry errors handled in Figure 6-18
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Figure 6-19 shows a Z map of the top surface of sample 14, which used the central processing
parameters, measured using the Alicona. The edges of the cube are raised with respect to the
centre; the corners being the highest points. The area surface roughness (S.) of the central region

was calculated as 7.2 pm. Any swelling less than this would be indistinguishable from the surface
roughness.
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Figure 6-18: Variation of porosity and pyrometry with a) NED and b) NE. Error in porosity area calculated as 8% of the mean
value as a result of image thresholding variability, linear trendlines shown with R? values. As a result of millions of individual
points averaged for pyrometry signal value, standard errors are of the order of 0.03 mV, power trendlines shown with R?
values

The pyrometry signal for a staircase is shown in Figure 6-20, 3 steps are shown, numbers 1, 8 and
15. All steps were hatched in the X direction, starting at minimum Y. There is a clear increase in
thermal intensity with increasing step number. On step 15, the first and last regions to be scanned
appear hotter than the bulk (lowest and highest Y values respectively).

For each cube, height profiles were taken in both the X and Y directions as marked by the vertical
and horizontal lines in Figure 6-19. For each, a line width of 100 px (0.8 mm) was used to reduce
uncertainty. Each profile had a peak at both edges of the cube, the height of this above the build
height was taken to be the swelling magnitude. The 4 resultant swelling magnitudes were averaged
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and the result was defined as ‘edge swelling’. A diagonal profile (marked) was extracted, the
average of the 2 swelling magnitudes on the diagonal is referred to as ‘corner swelling’.

Table 6-9: Porosity of all printed samples, compared with melt pool widths and depths predicted by point and Gaussian heat
source models

Porosity Area % (for each hatch
spacing)
Gaussian Point heat
P (W) (ml‘; /s) heat source .source 30 pm 45 pm 60 pm
Depth (um) | Width (num)
80 900 33.9 62.4 N/A 0.7 0.6
110 900 42.8 73.5 N/A 0.1 0.1
140 900 50.3 83.1 N/A 0.1 0.1
80 1200 27.5 54.4 N/A 1.1 3.1
110 1200 35.2 63.9 0.1 0.1 0.3
140 1200 41.8 72.2 N/A 0.1 0.1
80 1500 23.1 48.7 3.8 35 7.3
110 1500 30.0 57.3 0.2 0.2 1.4
140 1500 359 64.7 N/A 0.1 0.3
4000 |
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E: 1000 [ E
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Figure 6-19: Representative Z map of a printed cube, central section used to calculate surface roughness. Red dotted lines
shown profiles used to calculate swelling

Figure 6-21a shows the average values for both edge and corner swelling for all of the printed
cubes. There appear to be linear trends between both edge and corner swelling with NE. Corner
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swelling is observed to be more significant than edge swelling as visible in Figure 6-19. For most
samples, the swelling was greater than the surface roughness (7.2 um). Since different swelling
mechanisms occur in different locations, a ratio of corner swelling to edge swelling will be taken.
For the measured samples this ratio is 1.88.
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Figure 6-20: Pyrometry of staircase printed with powder (old delay parameters). Each point is the average of a 0.3 x 0.3 mm

square. Shown are steps 1, 8 and 15 respectively.
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Figure 6-21: Comparison of edge swelling and corner swelling; a) measured swelling with standard deviations shown, b)
swelling predicted by Netfabb Simulation, c) comparison of measured and predicted swelling
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6.3.4. Netfabb Thermal/Mechanical Simulation

Thermal models were created using Netfabb Local Simulation to test the capabilities of the
modelling. Since outputs such as lack of fusion and Z displacement were available, these outputs
could be compared against experimental results. Figure 6-22a shows the geometry of the Netfabb
simulation which was performed for each set of processing parameters. The simulation calculates
the strain as a result of residual stresses within the geometry and hence estimates the final
component geometry. The main result of interest was the Z displacement, shown both for the whole
geometry (Figure 6-22a) and for the top surface of the final layer (Figure 6-22b). The simulation
predicted a similar swelling pattern to that seen in Figure 6-19, with all 4 edges elevated and the
corners being further raised.

The swelling values were extracted from the simulation in the same manner as the experimentally
measured values. Both the measured edge and corner swelling values are plotted in Figure 6-21b.
Although the trend is similar to that measured from the printed samples (Figure 6-21c), the values
obtained from the Netfabb simulation are almost an order of magnitude smaller; a linear fit yields:
Measured (um) = 13.7 X Predicted (um) — 32.9. Additionally, most of the predicted edge
swelling is smaller than the surface roughness of 7.2 pm. The ratio of corner to edge swelling was
found to be 1.75. It seems like the model simply calculates the deformation due to plastic strain
rather than taking swelling mechanisms such as denudation into account. As such, despite the
trends appearing similar between model and experimental, this can be disregarded as the model
does not adequately capture the mechanisms occurring - the displacement results were included
due to the similarity in the trends followed, despite them not improving our understanding of

swelling.
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Figure 6-22: Predicted Z displacement as modelled using Netfabb Simulation. a) Full modelled geometry; b) Top surface only
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For general simulation validation, three other model outputs were plotted in Figure 6-23. Both the
interlayer temperature and volume fraction of hotspots (over 2000 °C) increase with NE, as would
be expected. Volume fraction of lack of fusion (below 1240 °C) decreases with increasing NE, with
minimal porosity expected at values of NE above 3, similar to the measured results shown in Figure
6-18. The validity of this model is unknown, but the results can be compared against pyrometry
and porosity data to validate both methods.
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Figure 6-23: Predicted outputs from Netfabb Simulation modelling; interlayer temperature, volume fraction hotspots (over
2000 °C) and volume fraction lack of fusion (below 1240 °C)

6.3.5. Matlab Swelling Visualisations

Two visualisations were introduced in Section 6.2.2, the output being a grid of swelling values. The
sums from a single square in each corner of the cube were taken and averaged to give a value for
corner swelling. The swelling values of the remaining outer squares (touching the edge) were
averaged to give an edge swelling value. The normalised results are shown in Table 6-10, along
with the ratios of the corner/edge swelling. Assuming that a swelling value contributes a consistent
amount of swelling within a mechanism, the corner/edge ratio can be directly compared.

Table 6-10: Results of swelling visualisations . Two different denudation widths were run through visualisation 1

Visualisation Edge Corner Corner/Edge
Swelling Swelling Ratio
1 - Denudation swelling 0.045 0.186 411
(90 pm width)
1 - Denudation swelling 0.029 0.173 6.05
(135 pm width)
2 - Laser switching 0.625 1.000 1.60
swelling

6.3.6. Swelling of Printed Staircases

Figure 6-24a shows the Z height of the staircase printed with powder using old delay parameters.
The Z height and swelling magnitude along lines labelled b and c in Figure 6-24a are shown in the
respective subfigures. The blue line in each subfigure shows the Z height profile. In Figure 6-24b,
peaks are observed at the start of each step which can be attributed to the balling, enlarged in
Figure 6-25. The orange line in each subfigure shows the magnitude of these peaks. To highlight
trends in the swelling magnitude data, a moving average is applied.
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Figure 6-25: Enlarged region from Figure 6-24. 3 horizontal regions of balling can be seen; one at the bottom of each step

In Figure 6-24b, there is an initial rise in swelling magnitude over the first 10-15 mm of the
staircase length. Other than this, the swelling magnitude varies between 25-40 um with no clear
trend. Figure 6-24c shows that swelling exists perpendicular to the hatch direction (along the y
direction); blue line shows a representative profile. A similar profile was taken for each step of the
ladder and the resulting swelling magnitudes are plotted in orange. This swelling has a similar
range of magnitudes to Figure 6-24b, but increases with staircase height.

The staircases were scanned in the X direction, starting at minimum Y (at the bottom in Figure
6-24a). Because of heat accumulation, the last steps are hotter (Figure 6-20), but there isn’t a
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noticeable increase in pyrometry signal within each layer. This may be because of the small height
of the part, allowing for quick conduction into the baseplate.

Identical measurements were taken for a laser scanning a staircase without any powder on the
baseplate. As seen in Figure 6-26, there are no noticeable height differences apart from along the
long edges of the staircase (y direction). The blue line in Figure 6-26b shows that discontinuities
exist along the length of the staircase (y direction), but the swelling magnitude (orange line) is
limited to + 5 um, similar to the surface roughness of the cubes. In a profile along the x direction
(Figure 6-26c), it can be seen that swelling exists at the hatch ends, where the laser switches on and
off. The magnitude of this swelling is observed to increase with staircase height. A maximum
swelling of 35 pum is recorded with no powder present, so this must be due to melt pool dynamics
rather than denudation.

The staircases were repeated with the new laser on delay. The magnitude of swelling in the y
direction was measured for each staircase and the results summarised in Table 6-11 (equivalent to
the orange lines in Figure 6-24c & Figure 6-26c). Table 6-11 shows that with powder, there is no
change in swelling when the delay parameters are changed. Scanning without powder there is a
significant decrease in swelling with the new laser delay parameters.
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Figure 6-26: Staircase printed without powder. a) Z map, lines marked b and c show where the profiles in subsequent
subfigures are taken. b) Profile along the length of the staircase, as marked in a, showing magnitude of swelling. c) Profile
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Table 6-11: Comparison of measured swelling between old and new delay parameters, showing standard errors

Average Swelling (um)
0Old Delay New Delay
Parameters Parameters
With Powder 36.3+3.1 36.4+3.2
Without Powder 22.0+1.8 14.8+0.9

6.3.7. Powder Layer Thickness

The height of each ladder step was measured for the ladders with new delays (e.g. from Figure
6-24b), since the build plate was lowered by 30 pm between layers, a powder thickness for each
layer can be calculated. These are shown in Figure 6-27a, the powder thickness rising from 30 um
to 120 pm over the course of 10 layers. The measured build heights are also shown to increase
from 10 pm to a steady state of 30 um over the first 8 layers.

Both sets of curves in Figure 6-27a show a predicted thickness/height - this is calculated using a 30
um layer and assuming a powder packing density of 25% (i.e. 4:1 ratio of powder thickness to build
height), using 6,, = Siayer thickness T On-1(1 — p) [260]. Where &, is the powder layer thickness of
layer n, 8y is the layer thickness after n layers, Sayer thickness iS the set layer thickness and p is the
powder packing density. The build height assumes full powder capture, so is found by multiplying
the current powder layer thickness by the powder packing density.

The squares printed with multiple powder thicknesses were measured to get build heights, these
heights are shown in Figure 6-27b. A build height of 30 um is marked as this is the desired build
thickness and can be related to a powder layer thickness of 121.5 pm.
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6.4. Discussion

6.4.1. Melt Pool Modelling and Porosity

Simple weld tracks, printed on a bulk material (without powder) is the simplest scenario,
equivalent to welding - for which much work has been conducted. Since this is the case for which
the point heat source model was created, it should be fairly accurate as long as the absorptivity
values are known. Unfortunately this is not a simple value to measure, so a value of 0.45 was used
consistently [274].

Figure 6-12b shows the desired weld track geometry, in conduction mode - relatively wide (80 pm)
and deeper than a layer thickness (41 um). Figure 6-12a shows a keyhole shape, which has much
deeper penetration, but at the risk of introducing porosity. For this reason, keyholes are widely
avoided in L-PBF. The term “keyhole” has no consistent definition, with some defining it as any melt
pool deeper than it is wide, others requiring depth to be double the width. Finally, Figure 6-12c
shows an unstable weld track, which seems to have experienced balling and so has a ‘w’ shape; this
unevenness in surface increases the propensity to lack of fusion porosity, as there are many small
gaps which are difficult to fill.

Point heat source predictions of weld track dimensions (Figure 6-13) generally show similar trends
to those measured. Keyhole depth is anomalous, so removing these points, both models closely
follow the experimental results, with the Gaussian heat source model matching better - especially
at low NE. The point heat source model experiences an infinite temperature spike; as a result, the
power distribution through the rest of the melt pool is reduced and so depth is underestimated.
The Gaussian heat source model matches the actual laser more closely so yields more accurate
results. By adjusting the absorptivity, a much better fitting could be achieved. The keyholing

threshold is found to be around i—H =~ 10, roughly matching literature [84].

The weld track widths modelled by both heat sources have a similar trend, with the point heat
source being closer to the experimental values. The point source underestimates, because of the
increased energy absorption at the laser spot, where infinite temperatures are reached. Again, the
accuracy could be improved by adjusting the absorptivity. Figure 6-28 compares the weld track
dimensions measured (for Inconel 718) with those from literature (for 316L Steel); the same
trends are observed and the dimensions comparable - confirming the similarity in the thermal
properties between steel and nickel alloys (further compared in Table 10-1). The weld tracks were
scanned without powder; when modelling the L-PBF process, powder is present, which is likely to
increase absorptivity [38]. This increase isn’t known, so the models were rerun for the printed
samples, using the previous absorptivity value of 0.45 (Table 6-9). For each set of parameters, the
Gaussian heat source depth and the point heat source width were calculated, as these were most
accurate; these are compared with porosity values for different hatch spacings. Several builds failed
as aresult of overheating and are marked N/A, so no porosity values were obtained.

Table 6-9 allows for an attempt at rationalising the origins of lack of fusion porosity. There are
three parameter sets which would predict a layer depth of <30 pm (layer thickness), which are:

80 W, 1200 mm/s; 80 W, 1500 mm/s and 110 W, 1500 mm//s. All of these result in porosity values
of at least 0.2 %, with the shallowest predicted melt pool experiencing at least 3.5 % porosity.
Further, looking at the widths predicted by the point heat source, the same 3 parameter sets are
predicted to have melt pools less than 60 pm wide. For each, there is at least a doubling in porosity
between a 45 um hatch and a 60 pm hatch. These correlations imply that if absorptivity could be
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better known, using a simple point heat source model, a rough processing window could be
developed to minimise the lack of fusion porosity. Bajaj et al. [276] calculated the threshold layer
thickness, above which, the melt pool wouldn'’t fully penetrate and would causing lack of fusion
porosity (taking into account lateral overlap). For a 30 pm hatch spacing, the melt pools would be
deep enough to overlap fully; however, for 45 um and 60 pm hatch spacings, the melt pool might
not be sufficiently deep, which explains why they experience more porosity (Table 6-9).

Inconel 718 is regarded as a printable alloy since it is relatively straight forward to produce a
nominally fully dense component by AM that is free of anomalous features such as cracks [4]. This
is confirmed in Figure 6-18; cubes with densities over 99.5 % were produced with NE varying by a
factor of 2. Higher energy densities produced hotter printing conditions as shown by the pyrometry
signal. The mechanical properties are dependent on the thermal conditions experienced, so a range
of properties can theoretically be achieved whilst maintaining full density.
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Figure 6-28: Inconel 718 weld track dimensions plotted against literature values for 316L steel; a) weld track depth, b) weld
track width. Adapted from Scipioni Bertoli et al [81]

These densities have been plotted on the NED processing map, developed by Thomas et al. [82] in
Figure 6-29. The densest samples cluster nicely, generally following the E; = 4 line, however as
hatch spacing decreases (1/h* increases), samples failed to build due to overheating as a result of
increased melt pool overlap. As E* is reduced, porosity increases, as predicted by the processing
diagram. Since NED (Equation 2-9) is effectively a volumetric energy density (Equation 2-6),

« . P . - A
Ej « —m it would be expected that temperature would scale with it as shown in Figure 6-18a.
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Interestingly, plotting the same data against the NE (Equation 2-10), as shown in Figure 6-18b,
actually gives a better fit, despite hatch spacing being omitted. Clearly, the hatch spacing does
matter, as this has been shown to affect the porosity levels (Table 6-9), so the conclusion must be
drawn that there is not yet a simple way to condense all processing parameters into a single value.
Once again, the desire to oversimplify the process has resulted in inaccurate energy density
calculations and so if these are used for process development, errors will be introduced.

This suggests that NE actually models the process more closely than NED. R2 values of trendlines
for both porosity and pyrometry are higher for NE than for NED, which was developed for
experimental design. Neither NE and NED are perfect, they are however very useful for exploring
the process window; NED can be calculated to compare initial experimental designs and finding the
rough processing window. Once a processing window is defined, NE can be used to interrogate the
physics and avoid defects such as keyholes.
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Figure 6-29: 27 sets of processing parameters overlaid on a normalised processing diagram by Thomas et al. [82]. Different
markers differentiate between cube densities

Figure 6-30a, b show the processing parameters required to keep the melt pool area and the thermal intensity
constant - for each, 6 values are shown with 4-6 sets of parameters for each [277]. This is a perfect dataset to

evaluate the accuracy of both NED and NE. For each point, both s (NED) and % (NE) were calculated. For each
N
were calculated, these are plotted in Figure 6-30c and Figure 6-30d respectively. It can be clearly seen that the
standard deviation of NE is much lower, this was calculated as being 5x lower than that for the NED. This
confirms that for L-PBF, NE is a more accurate measure than NED.

line of constant area/intensity, the standard deviation (as a percentage of the average value) of both gand
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6.4.2. Pyrometry

The output of the pyrometer on the Aconity3D Mini is a value in mV. The pyrometry is recorded
throughout the build, even when the laser is off and moving between components. At these times,
the pyrometry signal reduces to its baseline value, which is roughly 820 mV, however, even when
the laser is off, pyrometry readings of up to 1000 mV are occasionally recorded. The pyrometry
signal for a single layer of a component is shown in Figure 6-14. Since hatching rotates by 67 °
between each layer, the first few hatches are normally shorter than subsequent hatches, as shown
diagrammatically in Figure 6-10. The high frequency of pyrometry recording (100 kHz) means that
there is sufficient resolution to clearly see the length of each hatch and there’s a large amount of
pyrometry variation within each hatch. However, the noise associated with this data is very high, it
could be argued that having less noisy data at a lower frequency would be better overall. Once
again, a simpler, less data-heavy approach seems to contain the vast majority of the useful
information.

Figure 6-15 shows the pyrometry signal for the same component, but averaged layer-by-layer. In
total, 2.3 GB of pyrometry data was saved for the single component (20 x 8 x 10 mm), but
realistically, Figure 6-15a seems to show sufficient data regarding the thermal trends of the
component. Figure 6-15b shows the first 50 layers of this build and a clear temperature build up
can be seen over the first 7-8 layers (210 - 240 pm). This correlates with results seen in literature,
temperature increases with build duration until a plateau is reached. Further, a thermal oscillation
can be seen, there are 7 of these oscillations seen between layer 8 and layer 46, leading to a
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wavelength of 5.43 layers. Since the scan strategy rotates by 67 ° between layers, it takes 5.37
layers for a full rotation of 360 °. This is clearly shown in Figure 6-15c, where the pyrometry signal
is seen to have a 180 ° periodicity when plotted against hatching angle.

A slight variation of temperature would be expected with hatch angle, as scanning along a
component edge would have a much longer return time than scanning a corner at an angle.
However, this would be expected to have a 90 ° periodicity. Attempts were made to align the
pyrometer centrally with the melt pool by maximising the pyrometry readings. It seems that there
remains a directionality effect on the pyrometry e.g. scanning in +ve x would result in a different
pyrometry signal to scanning in the +ve y. This raises doubts of the reliability of the pyrometry
signal. In addition, the high noise levels make data processing very difficult, especially if we were to
attempt to analyse phenomena at the limit of the temporal resolution.

General pyrometry signal trends can be analysed by averaging the signal per layer, removing the
high frequency noise. The intensity variation with hatch angle still remains, as seen in the regular
oscillations in the wider components in Figure 6-17b. It is interesting to see that pyrometry signal
increases with component width up until a maximum at a width of 2-3 mm. There is a slight
decrease in pyrometry signal and then from 5 mm upwards, there seems to be a constant
pyrometry signal. It is assumed that at this point, the component can be considered as a bulk
component and so no further change is visible. As well as the wider walls reaching a higher
pyrometry signal, they seem to reach this plateau more quickly (Figure 6-17).

In a previously reported study on L-PBF of Ti-6Al-4V, Zhao et al. [52] tested samples of 1.2, 4 and 7
mm widths. They reported a much larger difference in mechanical properties between the 1.2 mm
and the 4 mm samples than between the 4 mm and the 7 mm samples [52]. This reinforces the
hypothesis that at sample width above 4 mm, the component can be considered as a bulk
component and so the microstructure is fairly stable. Similar samples were also created in EB-PBF,
these have a similar trend, but slightly less pronounced [52]. Yu et al. showed that there were
changes in both microstructure and mechanical properties between 2 mm and 4 mm wide L-PBF
samples [278]. Between these studies, it is shown that (for different materials), there is more
change between 1-4 mm than there is between 4-7 mm; this aligns with the findings shown in
Figure 6-16.

Inclusion of a capacitor across the signal wires can be used to create a low pass filter. This reduces
the noise recorded on the pyrometry data, the difference can be seen in Figure 6-31a and Figure
6-31b. The level of noise is dramatically reduced, making it much easier to differentiate between
subsequent hatches; there is also a slight reduction in signal magnitude. The same effect could be
achieved computationally, by running a low pass filter over the data after recording, before any
further processing. If this pyrometry were to be used in process control, having a physical low pass
filter (using a capacitor) would be preferential, as it would reduce the computational load required
for live execution.

Additionally, the recording frequency of the pyrometer is so high that the resolution of the
galvanometer becomes the limiting factor. The recorded data has several pyrometry values at each
combination of X/Y coordinates, the exact location of which cannot be resolved. Having such high
resolution could be useful if attempting to detect individual pores or defects, but as a macro-scale
monitoring technique, such large data quantities make live processing infeasible.
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Figure 6-31: Pyrometry signal noise comparison, showing a) raw data, b) with physical low pass filter installed
6.4.3. Modelling of L-PBF

The results from the Netfabb Simulation (Figure 6-22) visually resemble the height maps for a
printed part (Figure 6-19), suggesting that the simulation is accurately capturing the swelling
phenomena which are occurring. In addition, Figure 6-23 shows the other modelling outputs
available. The interlayer temperature scales linearly with NE; if the temperature just before
recoating is higher, it can be assumed that the temperature during the process is also hotter. Given
that the same trend is seen between the pyrometry signal and NE (Figure 6-18a) as with interlayer
temperature (Figure 6-23), our confidence in the global trends recorded by the pyrometer is
increased. Additionally, a higher N is shown to correlate with increased hot-spot volume and with
decreasing lack of fusion volume. These are the trends which would be expected, and the lack of
fusion drops to negligible amounts at values of NE above 3, matching experimental results in Figure
6-18a.

In this work, the surface roughness of the built cubes, S,, was measured to be 7.2 pm (sample 14).
Surface roughness values reported in literature, R,, can be as high as 25-30 pum [248]. This is
approximately the thickness of a single layer of powder. Given the powder size range used
(15-45 pm), and a powder layer thickness of 30 um, it is unrealistic to expect geometric accuracy
better than 30 um. Acknowledging this, a new swelling threshold of 30 um is defined.

The maximum swelling predicted by the Netfabb simulation was 25.3 pum, this was corner swelling
of a failed parameter set. Of the parameters which built successfully, the maximum value of corner
swelling was 15.3 um, and edge swelling was 8.8 um. These are both much lower than the newly
defined swelling threshold, so deformation due to plastic strain can be discounted as a key swelling
mechanism in the printed cubes. Interestingly, the ratio of corner to edge swelling predicted was
1.75 which was similar to the measured value of 1.88. Unfortunately, since this deformation is as a
result of plastic strain imposed by the thermal conditions, it is inherent to the process. It may be
possible to reduce the magnitude of swelling by fine-tuning parameters; however, some plastic
strain will always be present. Comparing the swelling values between those simulated by Netfabb
and those measured using the Alicona (Figure 6-21c) reveals that the simulated swelling is over an
order of magnitude smaller than those measured experimentally, with a very strong correlation
(R2=0.91).

Additionally, thickness of the powder layer increases significantly over the first 10 layers, from 30
um (the set layer height) up to 125 pm as shown in Figure 6-27. The powder layer thicknesses
plateau at 110-125 um (3.7-4.2 times the layer thickness). This is similar to values observed in
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literature, which state 4-5.5 times and most of the increase occurs in the first 7 layers, with a
plateau after 10 layers [240,259,260]. By modelling this powder layer development [260], a
powder packing density of 25% creates graphs which almost perfectly match our experimental
results. This seems rather low, as the powder packing in L-PBF is typically assumed to be of the
order of 50% [259,279]. Part of this discrepancy could be because of powder spatter, if 15-20 % of
the powder is assumed to be spattered away and hence not melted [259] this increases our powder
density to 31 % which is closer to that expected. Since some defects are sensitive to powder layer
thickness e.g. lack of fusion porosity [280] and reduced dimensional accuracy [281], this powder
thickness effect should be taken into account in future modelling.

6.4.4. Denudation Visualisation

The denudation swelling mechanism is inherent to L-PBF. The first hatch is always printed onto a
full layer of unconsolidated powder and subsequent hatches scan regions with less powder as a
result of the powder having been blown away. The magnitude of the swelling experienced is
determined by the difference between the layer thicknesses being scanned in neighbouring
hatches. As reported in literature, scanning thicker powder layers is likely to result in balling [249],
this explains why the denudation swelling in Figure 6-25 has a humped morphology.

In the staircase printed with powder (Figure 6-24), swelling as a result of the denudation
mechanism is observed at the bottom of each step and the magnitude of swelling increases over the
first few layers. This is because the powder layer thickness increases over the first 5-10 layers until
a steady state is reached when the consolidated layer thickness is equal to the layer thickness
required. After 5 layers have printed, the swelling magnitude plateaus at approximately 30 pum.
This corresponds well with values reported in the literature and is similar to the new swelling
threshold. It is therefore possible that the denudation mechanism is responsible for the swelling
observed in the cubes.

Matlab visualisation 1 identifies locations which are predicted to experience the most swelling
through the denudation mechanism. Literature finds the denudation zone width to increase with
energy density; increasing with power [242] and decreasing with scanning speed [249]. The
expected effect of this was tested by running visualisation 1 with denudation widths of 90 um and
135 pum. Both of these are feasible and a 50% increase was chosen to match the range measured by
Matthews et al. [242]. Increasing the denudation width by 50% resulted in a 36% decrease in the
swelling magnitude (Table 6-10). A wider denudation zone means that more hatches scan denuded
areas, so fewer regions experience swelling. The higher the input energy, the less denudation
swelling would be expected; this does not correlate with the experimental measurements shown in
Figure 6-21a.

The corner to edge swelling ratio identified by the visualisations (with a 90 um denudation zone) is
4.11 which is much larger than the measured value of 1.88 (summarised in Table 6-10).
Visualisation 1 (denudation swelling only) predicts the swelling at cube corners to be significantly
higher than experimentally observed.

6.4.5. Laser Switching Swelling

In Figure 6-24a, the swelling along the x direction has been accounted for by the denudation
mechanism, but the swelling along the y direction (perpendicular to the scan direction, Figure
6-24c) was unaccounted for. As the number of layers increased, the swelling in this direction
increased from 15-45 um. The location of this swelling is at the points where the laser switches

117



either on or off. Simulations [256] and experimental [251] results identified in the literature show
that the melt pool is not flat; a vapour depression is present around the laser and the expelled
liquid creates a raised region around it. This can be seen in the ends of hatches in Figure 6-8. In the
staircases, some regions experience laser switching in several layers which explains why the
swelling magnitude increases with number of layers printed.

To isolate the effect of swelling as a result of laser switching, the staircases were scanned without
any powder (Figure 6-26). As there is no significant swelling in Figure 6-26b, it can be deduced
that, the denudation swelling has been removed. The swelling along the y direction remains even
when scanned without powder, so it can be concluded that this swelling is a result of the laser
switching on and off -it fulfils the criteria required in Table 6-1. This has been noted on a scan track
level, but not considered as a swelling mechanism on a component scale.

Swelling has been reported to occur in similar locations to heat accumulation [143]. However, in
this case we can show that in each step, the heat at the start and end is similar (Figure 6-20).
Swelling occurs only at the start of each step (Figure 6-24), so heat accumulation does not account
for the swelling in the staircases. The edges (parallel to the Y axis) are colder in all steps (Figure
6-20), this could be due to the pyrometer spot capturing cold powder at sample edge; this would
artificially decrease the pyrometry signal. This would also be expected to decrease the pyrometry
at the top and bottom ends of each step; since this does not occur, it is concluded that the edges of
the steps are cooler due to poor synchronisation between the machine movement and the
recording of the pyrometer. This time lag means that when the machine is moving, it records the
pyrometry from just before the laser turned on, leading to a cold region at the start of each hatch.

The depth of the vapour depression has been shown to be linear with NE; for the experiments in
Table 6-8, NE was found to vary between 2.94-6.64. In fitting these numbers to data by Calta et al.
[136] and Martin et al. [136], vapour depression depths are expected to vary by a factor of 2. This
doubling of depth would contribute to a deeper divot being solidified and so increased surface
displacement. It can be concluded that a higher energy input would lead to a more displacement at
hatch ends and so an increase in laser switching swelling magnitude.

Visualisation 2 was created to track the laser switching behaviour and determine which regions of a
cube are expected to be most affected. In the powder-free staircase, the amount of swelling
increased with number of laser switching events. A similar accumulation of swelling is expected to
occur in a cube; swelling occurs whether or not powder is present so this swelling mechanism is
irrespective of powder layer thickness. Table 6-10 shows that the corner to edge ratio predicted by
this model is 1.6, which is much closer to the experimentally measured value of 1.88 than predicted
by the denudation model.

As this effect is fully dependant on the behaviour of the laser at the end of the hatch, it may be
possible to significantly decrease the swelling magnitude. A new set of delay parameters was
selected to force the laser to turn on in the correct location; the improvement in alignment can be
seen in Figure 6-8. To test the effect this had on part swelling, the staircases were reprinted with
the new delay parameters (Table 6-11). Scanning without powder, the swelling magnitude was
reduced by 33% suggesting that, by improving delay parameters, swelling can be reduced.
However, once powder is reintroduced, the swelling magnitude did not change when the new delay
parameters were used.

Much work is being completed focussing on removing porosity as a result of track imperfections. It

can be seen in Figure 6-8a that the track ends have large divots which could be susceptible to

keyhole porosity [256]; the offset between the track starts and end increase susceptibility to lack of
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fusion porosity. Work by Khairallah et al. indicates that holding the laser stationary at the start of
each hatch and ramping down the laser power over the last 100 ps can help remove the occurrence
of these frozen divots [254]. This however level of control is not possible on many commercial
systems, so a similar effect must be achieved using the available laser parameters. If these settings
reduce the divot size, they would be expected to reduce the swelling at hatch ends, so could
minimise overall swelling.

6.4.6. Interaction of swelling mechanisms

Both denudation and laser switching have been shown to be mechanisms by which swelling can
form in L-PBF. Since they both cause swelling at edges and corners, it is clear that some interaction
between the two mechanisms must occur. The corner to edge swelling ratios predicted by the
denudation mechanism (visualisation 1, 90 pm denudation width) and the laser switching
mechanism (visualisation 2), are 4.11 and 1.60 respectively. In comparison, the swelling ratio of the
printed cubes was 1.88, in between the values predicted by the Matlab visualisations.

This reinforces the hypothesis that both swelling mechanisms are present and interact with one
another. The corner to edge ratio predicted by visualisation 2 is significantly closer to that of the
printed cubes than the radio predicted by visualisation 1. This leads to the notion that laser
switching is the dominant swelling mechanism which is surprising given its lack of previous
publication.

It has been argued that the denudation mechanism is dependent on the thickness of the powder
layer present. Denudation swelling would be expected to occur as described in the first few layers
of a build. The powder spreader keeps the top surface of the powder flat. Once swelling starts
occurring, the swollen regions (mainly edges and corners) are closer to the level of the powder
spreader. If the top surface of the powder is flat, this must mean that the swollen regions have a
thinner powder layer than the rest of the sample. The first hatch occurs here, and it will be less
prominent because of the reduced powder thickness available for consolidation (denudation
swelling is proportional to layer thickness). Once initial swelling occurs, the contribution from
denudation swelling would be expected to decrease. This explains why the denudation mechanism
plateaus at a swelling magnitude of 30-40 pm in the staircases.

The swelling as a result of laser switching has been shown to increase linearly with number of laser
switching events, rising to 40 um within the 15 layers of the staircase. Laser switching occurs on
each layer and is independent of powder layer thickness, this swelling is expected to accumulate
more consistently than the denudation swelling. It is hypothesised that in the initial 5-10 layers, the
denudation mechanism is significant. However, this is typically only 3-4% of a build, so in a build of
full height, the laser switching mechanism will be dominant. This explains why the corner to edge
ratio of the printed samples is much closer to the laser switching model than to the denudation
model.

The magnitude of swelling has been shown to increase linearly with energy input. A higher energy
density would be expected to lead to an increased temperature, which is confirmed by a larger
pyrometry signal (Figure 6-18 and Table 6-8). Laser switching swelling is expected to increase with
energy input as explained previously. Denudation swelling is expected to decrease with increasing
energy input. Experimental results show that swelling increases with energy input. This reinforces
the authors conclusion that the laser switching swelling mechanism is dominant.
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6.5. Summary

Various different strands of the L-PBF process have been explored in this chapter. It's been shown
that simple moving heat source models could be used for initial process map development, and that
with measurement of absorptivity values, their accuracy can be improved. Pyrometry has been
shown to create phenomenal amounts of noisy data, but it seems like global trends can be trusted,
more detailed analysis would, however, be difficult. For process window identification and general
component scale monitoring, significantly lower resolution data would suffice and this would likely
resultin less noisy data.

L-PBF simulation results have qualitatively been shown to be representative of experimental
results. However, the numeric values output by the simulations vary significantly from those
measured experimentally. AM simulation is in its’ early days, with models constantly being
improved; currently it seems that results from models should be used qualitatively, but not
quantitatively.

A L-PBF swelling mechanism has been discussed, caused by the laser switching on and off at the
ends of each hatch. This has been shown to be the dominant mechanism on a component scale,
when previously it had only been noted on a single scan level. It is hypothesised that this source of
swelling can be minimised through the optimisation of laser ramping parameters.

It has been noted that of the two interacting swelling mechanisms aren’t currently incorporated in
simulations. Since both swelling mechanisms have been previously observed, visualisations were
created to predict which areas will suffer most from both denudation and laser switching related
swelling and these could be easily adapted to analyse different geometries. The dependence of the
different swelling mechanisms on energy input is proposed, explaining the observed trends. A
qualitative explanation of how the two main swelling mechanisms has been given, but further
experimentation is required to quantify this.
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7. Side-On Thermal Monitoring of 316L Steel in
L-DED

Parts of this chapter are taken from the journal paper published in the Additive Manufacturing
Journal by Chechik et al. [104], which is permitted under the CC-BY license. The full publication is
available at: https://doi.org/10.1016/j.addma.2020.101806

7.1. Introduction

The focus of this chapter is blown powder L-DED of 316L stainless steel. Cooling rates in L-DED are
estimated on the order of 103-10% K/s, with the microstructure being dependent on the cooling rate
and the thermal gradient; slight variations in the process or part geometry are unavoidable, which
makes it difficult to achieve the high level of microstructural control required [25].

To reduce both time and materials waste when optimising a process, significant effort has been
invested in thermal modelling of various laser processes, including welding and L-DED [88,282].
The melt pool width in L-DED is typically 1 mm, much larger than that in other laser AM processes
e.g. 0.1 mm in L-PBF [105,283]. Due to the large melt pool size, the maximum heat flow and so the
solidification direction lies in the plane tilted between the build direction and the laser movement
direction [284,285]. Depending on the laser raster pattern and the processing parameters, this
angle is 45-60° above the horizontal [284,286] (this is further explored in Chapter 10). Welding
solidification models predict grains to sweep radially from the melt pool edges. With higher input
power, these grains get swept along the laser movement direction. Where these sweeping grains
from the edges meet, a centreline can be formed [88,287].

In L-DED, this centreline is predicted to contain many small grains with long grains spanning
between adjacent laser centre locations [282]; compared to larger epitaxial grains growing out of
the back of melt pool centres in L-PBF [93,94]. As velocity is increases in L-DED, the centreline
region widens, changing the texture [282]. A strong texture is found in the build plane
perpendicular to the laser movement, as explained by elongated grains growing between laser
centrelines. Secondary texture is found between the laser movement direction and the build
direction, corresponding to the maximum thermal gradients. In a bidirectional raster system, this
will lead to a less intense texture, as there are two equally significant crystal directions [286,287].
This phenomenon is commonly referred to as a solidification fibre texture [285,286,288].

Due to the change in heat flow conditions with build height, the cooling rates change and a different
microstructure is achieved [289,290]. This variation of mechanical properties with height has been
reported through mechanical testing including hardness [149]. Additionally, when subsequent
layers are printed, the deposited material is reheated multiple times. This leads to the bulk
experiencing similar conditions, but a different microstructure in the final 1-2 mm of the build due
to lack of reheating [291]. Aversa et al. [292] measured a variation of Oxygen content throughout
the build, generally increasing with height. By building in a N; filled chamber, they reduced the
Oxygen content by a factor of ~2 when compared to using a local N; shielding; this had the effect of
increasing yield strength by 12 % [292].

Mechanical properties of a part are controlled by the grain structure e.g. both hardness and elastic
modulus vary by 20 % depending on the crystal orientation [178]. Stinville et al. reported hardness
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to increase linearly with the anisotropy factor in polycrystalline 316L [178]. Similar findings have
been found in another austenitic stainless steel (301LN), with a higher variance [179].

in finer grains, but in a similar structure. Reported by Li and Soshi [282]

In literature, Schmid factors have been used to correlate hardness to microstructure for a
Berkovich indenter. Specific slip plane observations were required, limiting the transferability of
this technique, but by combining 6 Schmid factors, a good correlation was achieved (using
nanoindentation of individual grains) [293]. Care must be taken when comparing absolute
hardness values due to the indentation size effect, which causes measured hardness to decrease as
indenter load increases [294]. When macroscopic properties are of interest, larger indents are
more representative due to the averaging of multiple grains, although this likely reduces the
hardness difference between measurements. To the authors’ knowledge, the dependence of
hardness on grain orientation has not been extended to areas covering multiple grains by creating
cumulative anisotropy factors.

The final microstructure strongly depends on the thermal conditions experienced during
solidification; cooling rate being the key factor [4,125,295]. Cooling rate is difficult to measure
in-situ, so work has been published relating cooling rate to melt pool dimensions. A linear log-log
relationship has been shown between cooling rate and melt pool length in Figure 7-2 [105]. Hence
research has focused on measuring melt pool dimensions [296,297] and relating the dimensions to
the microstructure [149].

As explained in Section 2.6.1, calibrating temperature accurately is extremely difficult, so
measuring melt pool dimensions is not trivial. Common practise is to define an
intensity/temperature (uncalibrated) threshold and to use this to extract the melt pool shape; even
if not numerically accurate, the correct trends are expected, with larger melt pools leading to
slower cooling rates and so coarser microstructure. If we were wanting to monitor the melt pool
shape accurately, measuring the melt pool every 10 um in L-PBF is desired [298], this roughly
translates to monitoring at ~100 kHz. For L-DED, the melt pool is an order of magnitude larger, and
accounting for the laser velocity, a monitoring rate of ~300 Hz would be desired.

The quantity of data associated with these measurements is phenomenal; for L-PBF, it is estimated

that ~75 GB of images would be generated [298]. This is a processable amount, but if storing the

raw data for analysis post-build it soon becomes unmanageable; generation of 600 MB/s has been

reported [11]. The obvious solution is to process the data live and only save the outputs of this

rather than saving the raw data [298,299]; this can reduce data storage requirements by a factor of

104 [298]. However, selecting what melt pool properties to calculate is not trivial; melt pool size can
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be correlated with cooling rate, but this is not the only factor affecting build quality. Concept Laser
save the melt pool area and intensity as well as the laser position; this allows for data recording at
10-50 kHz [299].
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Figure 7-2: Linear relationship shown between the cooling rate and the melt pool length for L-DED (on a log-log plot), error
bar shows standard deviation of cooling rate. Reported by Hofmeister et al [105]

The melt pool size and dilution are sensitive to the processing parameters such as power, velocity
and mass flow [66]. Increasing power or decreasing velocity typically leads to a larger melt pool
[300]. Linear heat input (H) is used as a parameter which encompasses both the laser power and
velocity, where linear heat input, H = P/v [4]. Even with a constant H, as the build height increases
the heat flow behaviour changes. Conduction to the baseplate is reduced as distance from the
baseplate increases, leading to increased melt pool temperature and size through the build [289].
Using coaxial measurement, the melt pool area has been shown to increase by factors of 1.1-3.0
through a build [149,296,300,301]. Changes in the melt pool size lead to dimensional variation in
the component [296,297].

Previous work has shown there to be differences in thermal signature when varying processing
parameters and through the height of a build. The final mechanical properties are affected, but no
direct relationship between the microstructure and mechanical properties has been reported for L-
DED. What are the capabilities and limitations of melt pool monitoring in L-DED? In this chapter,
the capabilities of different monitoring setups were tested and a wide processing window was
probed. The effect of changing the heat input on grain structure was explored and the capabilities
of melt pool monitoring were investigated. The feasibility of using coaxial monitoring to predict
cooling rate, microstructure and mechanical properties was tested for L-DED.
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7.2. Methods

The experimental work was performed on a BeAM Magic 2.0 DED machine using gas atomised 316L
stainless steel powder; maintained in the range 6.5-7.5 g/min.

7.2.1. Cylinder Build

A cylinder of 50 mm radius was built on a 4 mm thick stainless steel baseplate. This was built by
rotating the table (shown by red arrow in Figure 7-3), so the laser (and melt pool) remained static.
A helical scan strategy was used, increasing in Z (height) by 0.22 mm every 360 ° rotation. A height
of 36 mm (with a short pause after 15 mm) was built directly onto the baseplate, so the melt pool
was not obstructed in the camera view; 17 parameter sets were tested, summarised in Table 7-1.
All parameters were built directly on top of the previous, with roughly 8-10 minutes between each

parameter set. Example recordings of camera modes in bold (Table 7-1) are available [302],
visualised at 25 fps.

|\ / ‘
InGaAs

Figure 7-3: Setup of cylinder build; showing table rotation and camera setup

The cylinder was sectioned and a small sector was extracted. This was in essence a thin wall with
parameter sets incrementing with height; once mounted and polished, cross sectional images were
taken using an Olympus BX51 microscope. Figure 7-4 shows the cross section of two parts of the
cylinder; Cyl_8 has a very variable width, whilst the width of Cyl_base is much more consistent. To
capture this, both inner and outer widths were measured for each sample, as seen in Figure 7-4,
from which both an average width and a standard deviation could be calculated.
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Table 7-1: Processing parameters used for cylindrical build; recordings of bold camera modes available [302]

sample Power Velocit_y Z Step | Build height Silicon Capture InGaAs Capture
(W) (mm/min) | (mm) (mm) Mode Mode
Cyl_Base 2000 36 N/A N/A
Cyl_1 2000 2.5 Silicon_100 InGaAs_60
Cyl_2 2500 2.5 Silicon_100 InGaAs_60
Cyl_3 1500 2.5 Silicon_100 InGaAs_60
Cyl_4 1500 2 Silicon_100 N/A
Cyl 5 1000 1 Silicon_400 InGaAs_60
Cyl_6 2500 1 Silicon_400 InGaAs_60
Cyl 7 296.8 1750 1 Silicon_400 InGaAs_60
Cyl_8 1000 0.22 2 Silicon_100 InGaAs_60
Cyl_9 3000 ' 2 Silicon_100 InGaAs_60
Cyl_10 1750 2 Silicon_100 InGaAs_60
Cyl_11 1000 0.5 N/A N/A
Cyl_12 1000 2.5 N/A InGaAs_30
Cyl_13 1750 2.5 N/A InGaAs_30
Cyl 14 2500 2.5 N/A InGaAs_30
Cyl_15 200 2.5 N/A InGaAs_30
Cyl_16 400 1750 2.5 N/A InGaAs_30
Cyl_17 300 5 N/A InGaAs_30

Figure 7-4: Cross sections of Cyl_base and Cyl_8; the measurement of inner and outer wall widths is shown
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Hardness indents were taken using a Durascan 70 Vickers indenter with a 1 kg load, with 2 indents
taken at each height. 156 indents were taken in total along the full height of the wall, with at least 6
indents per parameter to allow for an uncertainty calculation. Sections of samples Cyl_12, Cyl_13
and Cyl_14 were analysed for their Oxygen content using LECO by AMGSuperalloys.

In-situ monitoring of Cylinders

All samples (excluding Cyl_base) were monitored side-on using a variety of cameras (Figure 7-3).
Two cameras were used, a Hamamatsu C12741-03 InGaAs camera [303] (referred to as InGaAs, due
to the Indium Gallium Arsenide sensor it contains) and a Hamamatsu Orca-Flash4.0 [111] (referred
to as Silicon, due to the Silicon sensor it contains. The Silicon sensor is sensitive to light of
400-1000 nm [111], whilst the InGaAs sensor is sensitive to light of 950-1700 nm [303]. As
explained in Section 2.6.1, this longer wavelength allows for measurement of cooler temperatures,
as at lower temperatures, the black body emission curve shifts to the right (Figure 2-20). Table 7-2
summarises the different camera setups used to monitor the builds, these capture modes will be
referenced throughout this chapter. All images were saved as 16-bit grayscale tif images,
calibration of InGaAs_Tele is covered in Section 7.2.2. The set frame rate is specified for each
capture mode; some frame rate variability was experienced. Additionally, Table 7-2 shows the pixel
resolution of each camera mode, along with the data acquisition rate.

Table 7-2: Summary of various capture modes used to monitor builds

Capture Frame Exposure I_magin.g Imag:ing Pixel. De.zt.a .
Mode Rate (fps) (ms) Region Width, .Reglon Resolution | Acquisition
X (px) Height, Y (px) (rm/px) Rate (MB/s)
Silicon_100 100 5.01 2048 1024 13.8 369
Silicon_400 400 2.50 2048 256 13.8 388
InGaAs_60 60 16.7 640 512 198.8 37
InGaAs_30 30 33.3 640 512 198.8 18
InGaAs_Tele 60 16.8 640 256 374.4 18
Aconity_Pyro | 100,000 0.009 N/A N/A N/A 2-2.5

All image processing was performed using MATLAB R2021b (Mathworks Inc). Figure 7-5 shows
example melt pools using various camera modes, with melt pools outlined. The images are
greyscale, with the value of each pixel showing the intensity detected by the sensor at that location.
E.g. the InGaAs sensor records the intensities as 14-bit values [303], so the maximum possible
range of greyscale values is 1-16384 (20-214). Higher values indicate that the sensor received a
higher intensity input, but due to the variable quantum efficiency of sensors and the range of
wavelengths present, this cannot be easily converted into a temperature (discussed in Section
2.6.1). The variation of emissivity with temperature/phase adds another difficulty, but very
generally, a higher temperature will result in a higher greyscale value and a brighter image.

Images using the Silicon sensor have significantly better contrast variation, so melt pool dimensions
were identified manually. For the InGaAs sensor, simple image thresholding could be used to plot a
melt pool outline. By plotting a bounding box around the melt pool outline, both the length and
depth could be calculated.
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Figure 7-5: Example melt pools using the first 4 capture modes, scale bars show pixel intensity, laser moving right to left. a)

melt pool captured using Silicon_100 setup, melt pool manually outlined; b) melt pool captured using Silicon_400 setup, melt

pool manually outlined; c) melt pool captured using InGaAs_60 setup, melt pool extracted using a threshold of 2500; d) melt

pool captured using InGaAs_30 setup, melt pool extracted using a threshold of 5500. Recordings using all four camera modes
available here [302]

7.2.2. Rectangular Walls

Table 7-3 shows the parameters used to deposit 5 rectangular walls on a 4 mm thick 316L
baseplate. Two velocities and two powers were used to provide a factor of 2 range in linear heat
input (H); Wall A was duplicated to check repeatability. Figure 7-6a shows the geometry of the
printed parts; these axes definitions will be used throughout. The walls consisted of 6 bidirectional
hatches scanned in the X (laser movement) direction, with 450 pm hatch spacing (in the Y) and 200
um Z step between layers. 49 layers were printed, with the laser returning to the same start point
between layers (3.6 s interlayer time).

Table 7-3: Processing parameters used for rectangular walls

Sample Power (W) Velocity (mm/min) Hatch Spacing (um) Z Step (mm) H (J/mm)

Wall A1 2750 6.5

Wall A2 300 2750 6.5

Wall B 2250 450 0.2 8.0

Wall C 2750 10.9
500

Wall D 2250 13.3

YZ wall sections (defined in Figure 7-6) were polished before hardness was measured using a
Durascan 70 Vickers indenter with a 1 kg load (5 s hold). Between 27-30 measurements were taken
for each sample, in a 3 x9/10 array (Y and Z respectively). Polished samples were etched with aqua
regia before being analysed optically for porosity using Image].

Electron Backscattered Diffraction (EBSD)

EBSD was performed on polished samples using an FEI Apreo FEG scanning electron microscope.
Scans used a 10 pm step size, an accelerating voltage of 20 kV and a probe current of 13 nA. EBSD
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scans were in the YZ plane. For walls A1, B, C, D (Table 7-3) scans were taken in the centre (in both
Y and Z); Walls A1 and D had further scans taken at the top and bottom (both central in Y).

EBSD scans were cropped to 2 hatches wide (900 pum) and 2 mm tall. Grains were reconstructed
with a threshold grain boundary misorientation of 10°, with a minimum of 3 pixels per grain. Grain
sizes refer to the equivalent radius calculated from the area of each grain. Schmid factors were
calculated in the normal (X) direction.

Thermal Monitoring

The thermal imaging setup consisted of a Hamamatsu C12741-03 InGaAs camera [303] and a
Thorlabs MVTC23005 telecentric lens. The use of a telecentric lens afforded a thermal image
undistorted by perspective, resulting in an isometric projection of the scene. The exposure was set
to 16.7 ms, the frame rate fluctuated in the range 40-60 fps due to data bottlenecks, as summarised
for “InGaAs_Tele” in Table 7-2. A series of optical filters was used to achieve a working wavelength
range of 1500-1700 nm, giving a radiance temperature range of 595-1635 K. The filters used

were 2 Thorlabs NENIR10B OD2 neutral density filters, a Thorlabs FEL1500 1500 nm long pass
filter and a Thorlabs NF1064-44 44 nm wide notch filter with a 1064 nm centre wavelength. The
notch filter was used to provide extra blocking at the laser wavelengths, to remove any reflected
light which would be erroneously measured as thermal emission. A 4 mm acrylic window was also
mounted to the front of the lens to protect it from spatter.

The setup was calibrated with a Land Instruments Landcal 1200b blackbody furnace and an Isotech
miliK with a UKAS calibrated type R thermocouple. This was accomplished by capturing a series of
images of the calibration furnace at approximately 100 K increments between 923K and 1423 K.
The Sakuma-Hattori method was then used to fit a model to these calibration temperature

points [304]. This model was used to perform the conversion of raw images from the camera in DLs
(Digital Levels), into thermal images. The reported images are in radiance temperature, Kraq

(i.e. temperature assuming a constant emissivity of 1). The radiance temperature is always lower
than the actual temperature, but the scaling is non-linear as described by Planks Law.

The decision to use radiance temperature for analysis steps is considered good practise when
working with infrared thermal data because of the large uncertainties associated with emissivity
calculation [305]. Where required, emissivity can be applied after any analysis steps which will
reduce the error in the final value [306]. The emissivity of molten material and material undergoing
phase changes during a measurement are especially difficult to calculate. This could be due to
impurities in the material or changes in the materials surface such as the forming of oxide layers.
This is likely the reason for the wide range of emissivity values seen in literature for similar steels
[116,305,307,308].

An emissivity value of 0.14 with an uncertainty of £0.1 was chosen in this work for sections where
it was felt that converting to an absolute temperature was necessary, this is referenced as Kemand
uncorrected radiance temperatures as Kraqa. This is lower than values in the literature but was
chosen based on obtaining a realistic melt pool size from the images. The comparison between Kem
and Kiaq is seen in Figure 7-6d, along with the error in Kem, associated with the uncertainty in
emissivity.

Thermal images (Figure 7-6b) were further analysed using MATLAB R2019a (Mathworks Inc). The
final hatch of each layer was the closest to the camera, this was used to analyse melt pool
characteristics. For each layer, a frame was manually identified with the melt pool in the centre of
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the last hatch. Thermal data was only captured for 30 % of Wall B, so this will be omitted in further
analysis.

Spatter

Frame 4

— 3000
E e Radiance temperature (Kra

J
- - -Radiance cooling curve

2500 - o Emissivity corrected temperature (Kem)

- - -Emissivity corrected cooling curve
- =Liquidus (melt pool threshold)
2000 - -+« Solidus (cooling rate threshold)

Measured Temperature (Krad’ K

1000 ‘ : ‘ @, .

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07
Time, t (s)

Figure 7-6: L-DED build geometry and calculation of cooling rates; a) Schematic of deposited walls, showing approximate
dimensions and axis definitions. b) Representative thermal image showing key features. ¢,d show extraction of cooling rate. c)
time series of images showing same field of view, temperature taken from centre of red circle. d) Schematic of cooling curves
comparing radiance temperature (Krad) with emissivity corrected temperature (Kem). Error bars show the uncertainty
originating from the emissivity value. Cooling rates calculated at emissivity corrected solidus temperature

Melt Pool Dimensions

In the last hatch, the melt pool moves right to left, allowing the depth and length of the melt pool to
be measured (Figure 7-6). Since the emissivity (0.14) was selected to ensure that all analysed
images captured a melt pool of a realistic size, the emissivity corrected liquidus (1708 Kem [309];
1249 Kraq) was used as the melt pool threshold. The melt pool depths calculated with this threshold
were 0.88 £+ 0.37 mm (standard deviation), similar to the laser diameter.
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A contour at the threshold was assumed to be representative of the melt pool. The melt pool area
(mm?2), length (mm) and depth (mm) were calculated for each layer. Spatter could be above the
melt threshold (Figure 7-6b). To avoid this being counted, only the contour with the longest
boundary was selected. With a scaling of 1 px = 0.37 mm, an uncertainty of 0.37 mm is associated
with the distance measurements.

Extracting Cooling Rate

To calculate the cooling rate, the centre of the melt pool was found. The location of this pixel was
saved along with its temperature. To capture the cooling, the temperature of the same pixel was
extracted in subsequent frames (Figure 7-6c). Since the frame rate is known, this results in a plot of
temperature against time (Figure 7-6d). The nearest temperature values either side of the solidus
(1675 Kem [309]; 1231 K:ad) were found and a cooling rate was determined by dividing the
temperature difference by the time difference. A cooling rate was determined for every layer of
every wall. In the case that the recorded temperature never reached the solidus, no cooling rate
was recorded.

As the laser passes, a plateau of maximum temperature is often experienced before cooling occurs.
At high cooling rates, the maximum temperature may only be experienced in one frame. This peak
may be an average of the plateau and the start of cooling, or the end of the heating period
overlapping with the plateau. If the peak temperature is used in the cooling rate calculation, the
error would be increased as the accuracy of the peak point is unknown. Low H samples experience
the lowest peak temperatures, so will have the highest cooling rate errors. Finally, the smallest melt
pool depths are 2-3 pixels; the pixel analysed for cooling rate calculation is bound to be near a melt
pool edge. Due to melt pool fluctuations, the melt pool may deviate outside the tracked pixel
leading to an inaccurate cooling rate.

7.3. Results

7.3.1. Melt Pool Dimensions of Cylinder build

The longer the exposure time of a camera, the further the melt pool will move within a single frame,
which can lead to motion blur. Consequently, the most accurate images will be those captured with
the shortest exposure, with the best spatial resolution. Referring to Table 7-2, it can be seen that
Silicon_400 is the most accurate camera mode, where an image is taken every 73 pm (at

1750 mm/min). An example of this is shown in Figure 7-5b, where melt pool details can be seen,
the full recording is available here [302] (Si_400_297_1000). The bottom of the melt pool is
brightest, with a darker oxide shell (grey) on top; a few black spots can be seen, which are likely to
be (relatively) cool powder particles. Due to the dark nature of the oxide, the melt pool can be seen
by eye but cannot be computed using a simple threshold; melt pool dimensions were manually
measured and extracted; three measurements were taken for each parameter set and are
summarised in Table 7-4.

Table 7-4: Melt pool dimensions extracted from Silicon_400 images; standard deviations shown in brackets

Sample Power Velocit_y Melt Pool Melt Pool
w) (mm/min) | Length (mm) | Depth (mm)

Cyl.5 1000 3.25(0.13) 0.83 (0.01)

Cyl_7 296.8 1750 3.14 (0.12) 0.62 (0.02)

Cyl6 2500 1.38 (0.07) 0.28 (0.02)
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Due to the longer exposure and lower resolution of the InGaAs modes, automatic thresholding
could be used to measure melt pool dimensions. To check for repeatability, Cyl_5 and Cyl_8
(identical parameters) were both recorded using InGaAs_60 and are compared in Figure 7-7. The
melt pool dimensions are relatively similar to one another, with variations much smaller than those
experienced by varying velocity (Figure 7-8). For the case of InGaAs_60, the melt pool moves 487
um (at 1750 mm/min) during the capture of each frame.
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Figure 7-7: Comparison of Cyl_5 and Cyl_8 melt pool dimensions using InGaAs_60; a) melt pool length; b) melt pool depth; c)
melt pool area

Melt pool dimensions extracted from InGaAs_60 and InGaAs_30 images are summarised in Figure
7-8 for 3 velocities. Length, depth and area are all similar between the camera modes, with melt
pool size decreasing as velocity increases. InGaAs_60 melt pool dimensions experience a drop in
melt pool size roughly every 2 secs.

To gain an estimate of the third melt pool dimension, the width of the wall was measured for each
set of parameters, as demonstrated in Figure 7-4. Both the inner and outer wall widths were
measured and the average width calculated (Table 7-5). The variation of melt pool dimensions with
parameters is shown in Figure 7-9, melt pool size generally decreases with increasing velocity and
with decreasing power. This is true for both the dimensions from the thermal imagery (Figure
7-9a,c) and for the physical width measurements (Figure 7-9b,d). For the width measurements,
errors increase significantly with width; looking at Figure 7-4, for Cyl_8, the large melt pool can be
seen which seems to move between two alternative (left and right) positions resulting in a wall
with alternating bulges. Looking at the recording of Cyl_16, using 400 W, available: [302], the
fluctuation of the melt pool is clearly visible after an initial stable period. This fluctuation causes the
variable width and explains the increased variability in the larger melt pools.
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Figure 7-8: Comparison of melt pool dimensions between InGaAs_60 and InGaAs_30 modes. a, b, c) melt pool length; d, e, f)
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Table 7-5: Measurement of wall widths for various sets of processing parameters. Inner and outer widths defined in Figure

7-4
Power Velocity Inner Width | Outer Width | Average Width | Standard Deviation
w) (mm/min) (nm) (nm) (nm) of Width (um)
1000 679 1005 842 177
1500 644 793 719 93
1750 667 752 709 49
296.8
2000 616 759 687 79
2500 625 733 679 63
3000 625 625 625 0
200 538 680 609 100
300 1750 620 763 692 101
400 642 1038 840 280
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Figure 7-9: Dimensions of melt pool plotted against processing parameters; a, b) varying velocity; c, d) varying power); a, c)
area, length and depth as measured using InGaAs_60, averaged over 1000 frames, standard deviations shown; b, d) average
wall widths (Table 7-5), standard deviation shown

The hardness variation of the initial build (Cyl_base) is shown in Figure 7-10, the hardness is higher
near the baseplate, but decreases with distance for roughly 5 mm before settling to a stable value.
The black line in Figure 7-10 shows the point where the build was paused, no change in hardness
can be seen directly after this. Figure 7-11a shows that hardness increases with velocity, with some
hardness error within each velocity set. Figure 7-11b shows the variation of hardness with power,
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no obvious trend is visible, but only 3 power values were used. For this reason, only the trends
from the velocity variation will be investigated further.
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Figure 7-10: Hardness variation with height with Cyl_base parameters. Black dotted line shows the location at which the
build was paused
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The hardness was plotted against the various melt pool dimensions in Figure 7-12. It is clear that
the hardness decreases as melt pool size increases, this is shown by all 4 measures of melt pool
size. Linear trendlines have been plotted for each measure of melt pool size; the hardness
correlates best with the melt pool length, with R2 = 0.94 (Figure 7-12).
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Figure 7-12: Variation of hardness with melt pool dimensions; error bars excluded for clarity (shown in Figure 7-11); linear
trendlines and R? values shown for each melt pool dimension

For three processing parameters, the oxygen content of the walls was measured, summarised in
Table 7-6; a measurement uncertainty of 5% was given by AMGSuperalloys who performed the
analysis. The oxygen content increases with velocity; also the oxygen content decreases with
increasing melt pool area (Figure 7-13a). Consequently, it can be seen that hardness increases as
oxygen content increases (Figure 7-13b). Again, this was only measured for three parameter sets.

Table 7-6: Oxygen content of three sets of processing parameters ; measurement uncertainty (5%) in brackets

Sample | Power (W) | Velocity (mm/min) | Oxygen Content (ppm)
Cyl_12 1000 1152 (58)
Cyl_13 296.8 1750 1315 (66)
Cyl_14 2500 1346 (67)
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Figure 7-13: Analysis of oxygen presence in L-DED; a) dependence of oxygen content in the samples with melt pool area; b)
variation of hardness with oxygen content

7.3.3. Physical Properties of Walls

Micrographs were taken of etched samples, approx. 6 layers high and one hatch wide (Figure 2).
Figure 7-14a shows Wall A1 (low H, where linear heat input, H=P/v), with porosity visible between
the central and the right hand hatches (circled). With a high H (Figure 7-14b) no porosity is visible,
however, elongated grains can be seen along the centre of the hatch (outlined). The average
porosity of a wall decreases with increasing H (Table 7-7). Average hardness values are shown for
each wall and are similar to literature values [178]; walls with a low H have higher hardness. The
higher H walls (Walls C and D) have a greater uncertainty in measured hardness, suggesting that
hardness is variable within the sample.

Splitting the hardness average into 5 regions, each 2 mm tall, shows the variation of wall hardness
with height. Low H samples (Walls A1, A2 and B) have a consistent hardness of 205-210 HV
through the full height (Figure 7-15). The increased hardness variability observed in Walls C and D
is due to a significant decrease in hardness with wall height. The hardness at the base of all walls is
similar; the Wall D (highest H) shows the largest change and experiences an 8 % decrease in
hardness with height.
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Figure 7-14: Optical micrographs of YZ plane of walls etched with aqua regia. a) Wall A1 with examples of porosity circled, b)
Wall C with several columnar grains highlighted

Table 7-7: Porosity and hardness measurements of walls. Hardness values include a 95 % confidence interval

Sample H (J/mm) Porosity (%) Average Hardness (HV)

Wall A1 6.5 0.301 207.6 £ 2.5
Wall A2 6.5 0.259 207.9+2.2
Wall B 8.0 0.182 2084 + 2.6
Wall C 10.9 0.081 200.1 + 3.7
Wall D 13.3 0.105 190.0+3.9
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7.3.4. Thermal Measurement of Walls

For low H walls, the melt pool area increases by a factor 2 through the height, plateauing ~0.5 mm?2
(Figure 7-16a). Melt pools in high H walls are larger from layer 1, both Walls C and D experiencing a
melt pool area increase by a factor of 6. This is the inverse of the relationship seen with hardness.

Cooling rates in low H walls vary between 7,000-10,000 K:.q/s, with quicker cooling typically lower
in the walls (Figure 7-16b). High H walls have lower cooling rates initially (6,000-7000 K;.q/s) and
drop more significantly with wall height, ending at 2,000-3,000 K .4/s. Cooling rates in the low H
walls have a large scatter, with outliers generally lower than the trend. In high H walls, the cooling
rates have significantly less variability.
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Figure 7-16: Thermal variation through layers; a) melt pool area; b) cooling rate, dashed lines indicating general trends

7.3.5. Grain Structure and Texture of Walls

Inverse pole figure (IPF) maps in the X direction (laser movement) are shown for a high H and a
low H wall (Figure 7-17). There is a stark difference between these; in the low H walls (Figure
7-17a) the grains are fine with little noticeable texture. Some grains sweep into the centreline of the
hatches, but few grains are elongated. No crystal orientations are dominant; there is no visible
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change in microstructure through height. The high H wall (Figure 7-17b) shows distinct elongated
grains along the Z direction in the centre of each hatch. These tend to be between the <100> and
the <111> orientations and become larger and more prevalent towards the top of the wall. Between
the hatch centres are wide grains aligned in the Y direction, some of these sweep into centreline
grains. Very few grains have a <111> orientation.
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e pole figure (IPFX) maps of walls; a) A1 (low H); b) D (high H). A top, centre and bottom section of each c)
IPF key. Indentation size shown in bottom right corner of each map

There is a large variation in grain size between samples, Walls A1 and B (low H) have smaller
average grain size and less variation than high H walls (Table 7-8). Grain size tends to increase with
wall height and heat input. The maximum grain size in the centres of low H walls is 20 pm smaller
than in the high H walls.

For each wall, inverse pole figures are shown for the X, Y and Z directions (Figure 7-18), axes
defined in Figure 7-6. Since grains are irregular shapes and their crystallographic orientations have
three components, the inverse pole figures for the three principal directions can vary significantly.
For low H walls (A1, B), there is little texture, the maximum being 2 multiples of uniform density
(mud). No texture is in the <001> directions; this could be linked to the largest cooling gradients
which occur at an angle to the defined axes. In high H walls (C, D), the Y direction is heavily
textured, which corresponds with literature [282,285]. In the X and Z directions, there is texture in
the <113> direction (between <001> and <111>, circled in Figure 7-18D-C). This equates to 65°
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above the horizontal. Wall D (highest H), has the strongest texture in both the <100> direction in
the Y orientation and the <113> direction in the X and Z orientations, this behaviour is discussed
further in Chapter 10.

Table 7-8: Average grain sizes from EBSD scans. For the centre of 4 walls and 3 heights in walls A1 and D

((Eﬁfﬂ,:fiﬁt Grgvaiifoit}’ﬂﬂﬁrd
Radius, pm)
Centres
Wall A1 18.8 8.2
Wall B 19.4 8.7
Wall C 23.2 125
Wall D 26.7 16.0
Wall A1
Top 18.1 83
Centre 18.8 8.2
Bottom 17.6 -
Wwall D
Top 27.8 17.2
Centre 26.7 16.0
Bottom 23.4 13.0

Averaging the anisotropy factor (Equation 4-1) for each scanned point within an IPF map, a
cumulative anisotropy factor was calculated for each wall in each orientation (Table 7-9). Due to
the strong <100> texture in the high H walls (in the Y orientation), these have a low average
anisotropy factor of 0.13 and 0.10 for Walls C and D respectively. The other orientations on these
walls all have anisotropy factors of 0.18-0.19. In low H walls, the average anisotropy factors are
0.21-0.23 in all orientations.

The ratio between the maximum and minimum anisotropy factors for each wall will be referred to
as anisotropy variation (Table 7-9). Low H walls may have higher anisotropy factors, but the
anisotropy variation between orientations (within a single IPF map) is minimal. Whereas the high
H walls have lower anisotropy, but this varies more between the 3 orientations. The anisotropy
factor is not seen to change significantly with height in the low H Wall. There is a noticeable
reduction in the anisotropy factors of high H walls with increased height (in all orientations). By
taking a ratio of the highest anisotropy factor to the lowest for walls A1 and D (for all three
heights), global anisotropy variations can be defined. The global anisotropy variation in Wall A1
(low H) was 1.1, compared to 2.0 for Wall D (high H).

140



Al-C) X [111] Z [111] Y [111]

b
h

[001] [o11] [001) [011] [001]

[i11] Z [111] Y [i1]

@
o
w

b

[001) [011] [001]
C-C) X (111 z [111) Y [i11)

[011] [001]

[001]

[011] [001] [011] [o01]

D_C) X [111] Z [111] Y [111]

[o11]

.

|o11)

(001 [011] [001]

[011] [001]

[011]

Y (in]

1] {00 fon]

1] foan o]

1] {001 o]

H
g

o11] (o0t [011] o fon)

D_B) x i) z 1 Y [m I
a

h
h

0

o) 017 {o0n 011 joan jon]

Figure 7-18: Inverse pole figures (IPFs) revealing texture of the centre of each wall (left, walls labelled). IPFs of walls A1 and
D at the top, centre and bottom (T, C, B resepctively). Scale in multiples of uniform density (mud)

Low H walls have little texture in any orientation, with a maximum texture of 2 mud. For high H
walls, the texture in the Y direction is much higher than the other directions, with this texture
increasing with H, up to 3.4 mud. At the bottom of both walls, there is little texture in the
indentation (X) direction (Figure 7-19), equiaxed grains dominate; the hardness of both walls is
similar in this region. The texture in the Y direction of high H walls increases with height. In the low
H wall, there is little microstructural variation through the build height, hardness is constant and

texture minimal in all three directions.
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Table 7-9: Average anisotropy factors for 4 walls

Average Anisotropy factor (standard deviation) | Anisotropy Variation
X Z Y

Centres
Wall A1 0.21 (0.08) 0.23 (0.08) 0.22 (0.08) 1.1
Wall B 0.22 (0.08) 0.22 (0.08) 0.21 (0.09) 1.1
Wall C 0.18 (0.08) 0.19 (0.09 0.13 (0.08) 1.5
Wall D 0.18 (0.08) 0.19 (0.08) 0.10 (0.07) 1.8

Wall A1
Top 0.22 (0.08) 0.23 (0.08) 0.22 (0.08) 1.0
Centre 0.21 (0.08) 0.23 (0.08) 0.22 (0.08) 1.1
Bottom 0.22 (0.08) 0.23 (0.08) 0.22 (0.08) 1.1
Wall A1 Global Anisotropy Variation 1.1

Wall D

Top 0.17 (0.08) 0.18 (0.08) 0.11 (0.07) 1.6
Centre 0.18 (0.08) 0.19 (0.08) 0.10 (0.07) 1.8
Bottom 0.20 (0.08) 0.19 (0.09) 0.15 (0.09) 1.4
Wall D Global Anisotropy Variation 2.0
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Figure 7-19: Variation of hardness through height of walls A1 and D, showing change of texture (in the X direction)
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7.4. Discussion

7.4.1. Melt Pool Changes with Processing Parameters

The general trends of melt pool dimensions are as expected, the melt pool size decreases as the
velocity increases (Figure 7-9 and Table 7-4). And when increasing power, the melt pool size
increases (Figure 7-9); both of these trends occur for each of the melt pool dimensions (length,
depth, width and area). The fact that the trends can be logically explained and are measured using
both Silicon and InGaAs sensors increases confidence in the results. Literature states that a shorter
melt pool experiences a higher cooling rate and experiences increased mechanical properties [105].
Figure 7-11a shows that the cylinders with the highest velocities have the higher hardness, which
follows as they have smaller melt pools and so would be expected to have faster cooling rates.
There is not an obvious trend of hardness with power (Figure 7-11b), but only 3 measurements
were made. The hardness is inversely proportional to the melt pool dimensions (Figure 7-12), with
the best correlation occurring with melt pool length. For monitoring purposes, if wanting to predict
hardness from melt pool imagery, melt pool length would be the most useful measure as previously
reported [105]. Melt pool width has the worst correlation with hardness, however this was
measured ex-situ, so it could be due to systematic measurement error.

Several other melt pool observations were made; looking at the physical widths, the slowest speeds
yielded the largest melt pools (Table 7-5). However, these also have the largest variation, as seen in
Figure 7-4; the melt pool is unstable, so geometric accuracy is reduced. On the other end of the
scale, small melt pools have been shown to have higher oxygen content (Figure 7-13a), which can
be detrimental to mechanical properties [292]. In this case, hardness seems to increase with
oxygen content (Figure 7-13b), but this is likely to the underlying trend in melt pool size and so the
varying cooling rate.

Melt pool area generally decreases as velocity increases (Figure 7-8g, h and i); however, this linear
decrease is not reflected in both the melt pool length and depth. Between 1000 mm/min and

1750 mm/min, the melt pool length is constant, but the depth is reduced. Whereas in the velocity
change between 1750 mm/min and 2500 mm/min, there is a much larger decrease in melt pool
length than in melt pool depth. It is interesting that it seems that the melt pool length plateaus
somewhere at velocities below 2500 mm/min.

Figure 7-10 shows that the baseplate has a significant effect on mechanical properties;
unfortunately, due to the baseplate being clamped to the table, melt pool monitoring could not be
performed for the Cyl_base sample. The hardness is shown to drop in the first 5 mm of height and
then a plateau seems to be reached. Even when the build was paused (black line in Figure 7-10), the
hardness didn’t fluctuate. This suggests that once away from the baseplate, a steady state is quickly
reached and so hardness is constant; this reinforces the methodology used for the subsequent
cylindrical parameters.

As explained previously, camera mode Silicon_400 has both the best spatial and temporal
resolution so will yield the most accurate image of the melt pool. As shown in Figure 7-5b, many
details can be seen in the melt pool. The base of the melt pool is white, of highest intensity, but
further back, the top actually seems to have relatively low intensity which would suggest a lower
temperature. It has previously been shown that oxidation of surfaces can affect thermal readings
[310], likely due to a change in emissivity from the base alloy. In this case, it seems the oxide has a
lower emissivity and so appears darker than the molten material. Due to the higher melting point of
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the oxide, it likely forms a solid shell, which flows along the melt pool surface as seen in [302]
(Si_400_297_1000). Dark (unmelted) powder particles can be seen moving along this oxide layer.

These high resolution images are very useful for fundamental analysis of phenomena, but generate
over 350 MB/s (Table 7-2), which limits recording durations to 2-3 minutes at a time. Additionally,
due to the high spatial and temporal resolution, the different parts of the melt pool can be
distinguished with their varying emissivity; this means that melt pool thresholding cannot be
automated and must be done manually. The results of this are shown in Table 7-4, but
unfortunately, doing this analysis on a large scale or live is not feasible. A small melt pool will have
a larger surface area/volume ratio, so one would expect it to have the highest oxygen content as
confirmed by Table 7-6 and Figure 7-13.

Using the InGaAs sensor, both the temporal and spatial resolutions are reduced (Figure 7-5c,d).
However, the advantage of this is that the details are blurred and so a simple threshold can be used
to extract the melt pool size. This has been shown to be repeatable by monitoring the same
parameters twice (Table 7-7). It is interesting that the melt pool area can be increased by just one
of the dimensions increased e.g. an increase in the depth of the melt pool in Cyl_8 at 12 s (Table
7-7b) is reflected by an increase in melt pool area (Table 7-7c). Figure 7-8 shows that by using
different thresholds, similar melt pool dimensions can be extracted from camera modes InGaAs_60
and InGaAs_30. One would expect that doubling the exposure would lead to each pixel having
double the intensity, and so the threshold would need to be doubled. The thresholds used for these
calculations are 2500 and 5500 respectively. The threshold is slightly over double, but seems to be
measuring similar melt pool dimensions; this discrepancy could be due to the non-linear QE curve
of the InGaAs sensor [303].

Selecting the correct exposure is a difficult balancing act; if the exposure is too long, the sensor
receives too much signal and will read at its’ maximum value. The image will be saturated and no
detail will be resolvable in the hottest region. However, if exposure is low, the intensity readings
will be lower; this means that the temperature resolution will be decreased and since the signal is
lower, there will be a lower signal /noise ratio. Natural density filters can be used to reduce the
intensity, so the strength of these can be used to bring the signal into the correct range.

The inter-relation between data acquisition rate and resolution is summarised in Figure 7-20. To
get an overall resolution, both the spatial (pixel) resolution and the temporal resolution (frame
rate) were combined. This was done as follows (assuming a laser velocity of 1750 mm/min):

laser velocity X pixel resolution

Distance moved between subsequenct frames (px) = 7 n
rame rate

The smaller the distance moved by the laser between frames, the higher the temporal/spatial
resolution of the camera. Typically, a greater acquisition rate accompanies the higher the
resolution. In the case of the Basler coaxial camera (Section 4.2.4), the coaxial configurations means
that there is no melt pool movement within the field of view, so a small region with high spatial
resolution can be captured. At the resolution captured by the Silicon camera modes, continuous
recording was not possible due to the data volume recorded; if this were to be analysed, it would
have to be offline (Figure 7-20). Both the InGaAs and the Basler cameras record melt pool images
which can be processed automatically (unlike the Silicon) and at data acquisition rates which can
be processed online. Further, if data processing was performed online and only the output values
were stored (as opposed to the raw images, as done by Concept Laser for L-PBF), the data storage
volume would be further reduced. For industrial applications, the key aim is to extract the
maximum useful information from the monitoring, whilst retaining the minimum storage footprint,
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as this minimises cost; as such for industrial applications, online calculations must be performed
and only output value stored.
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Figure 7-20: Comparison of data acquisition rates with the resolution of various cameras. Note that the number of pixels
moved during a single frame captures both the spatial resolution and the temporal resolution (assuming a velocity of
1750 mm/min)

The pyrometer on the Aconity3D Mini L-PBF machine records data at a rate of roughly 2-2.5 MB/s,
which is an order of magnitude smaller than the InGaAs sensor and two orders of magnitude less
than the Silicon sensor (Table 7-2). Similarly to the Concept Laser L-PBF machine [298,299], the
pyrometer records only a single value, rather than the raw image, this makes the data quantity
manageable, but reduces the resolution of the data. The spot-size of the pyrometer is unknown and
since only a single value is recorded, no spatial resolution can be calculated (hence its’ omission
from Figure 7-20). As previously mentioned, the Silicon sensor provides images of great detail, but
this is not useful for live in-situ monitoring, as the data volume is unmanageable. The results are of
similar resolution to X-ray imaging, but showing a side-on view rather than through the melt pool;
as with X-ray image (Section 2.6.2), this cannot be used for live analysis, but is very useful for
detailed phenomenon analysis.

The InGaAs sensor saves data at a much more reasonable rate, but the processing is still difficult. As
aresult of the increased exposure time, the melt pool can move almost 1 mm during the recording
of one image (at 1750 mm/min) when using InGaAs_30. This reduces spatial resolution; the melt
pool is static in the image, so the melt pool dimensions shouldn’t be affected. This long exposure
increases the blur of the image, so any details will be averaged out - resulting in the low resolution
images when compared to the Silicon sensor. Interestingly, when recording using the InGaAs_60
(Figure 7-8 and blue lines in Figure 7-9), an oscillation can be seen, where the melt pool size
reduces regularly. The cause of this is unknown, but the spacing is likely to correspond with the
rotation velocity. It is interesting that this is seen in InGaAs_60 images, but not InGaAs_30 images -
because of the increase temporal resolution of the InGaAs_60 images.

The data acquisition rate of the InGaAs sensor makes online processing possible; the melt pool

moves through the image making data automation more difficult. Simple analysis would, such as

the melt pool size, would still be possible to calculate online. More complex calculations such as

cooling rates are more difficult to calculate live, but potentially still possible to compute in-situ. For
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the cylindrical builds, the laser was kept stationary whilst the table was rotating - this kept the
melt pool static in the cameras field of view (in the XY plane). Data analysis, especially of cooling
rates, is much simpler when lateral melt pool motion is removed from the equation. Unfortunately,
cylinders are the only geometry which can be printed in this manner with a static laser; in most
builds, the nozzle moves. This means that sometimes there will sometimes be solid in the line of
sight between the camera and the melt pool, blocking the field of view. As such, side-on monitoring
is limited by the geometry being printed, this can be improved by raising the camera and recording
at an increased angle of incidence. This can lead to issues with the nozzle blocking the field of view
and means that perspective correction is required; as a result of these reasons, coaxial monitoring
is often preferred.

7.4.2. Correlation of Thermal Signatures

Over the first 20 layers, cooling rates of high H (where linear heat input, H=P/v) walls decrease to a
plateau (Figure 7-16Db), this is less pronounced in low H walls. This is attributed to the change in
heat conduction mode; initially the baseplate is near and conducts heat away quickly, similarly to
Cyl_base (Figure 7-10). As the wall height increases, heat builds up in the wall and there is a much
smaller conduction area - the area of the wall rather than the baseplate. This increases the base
material temperature and reduces the cooling rate. Walls A1l and A2 were built with the same
parameters but cooling rates appear to have a large amount of scatter as explained in Section 7.2.2.
Due to the rapid heating and cooling in this process, the peak temperature likely captures part of
the cooling, leading to a measured value lower than expected. This decreases the measured value of
the cooling rate when the peak value is near the solidus temperature. Since this is more likely in
low H walls, there are anomalous cooling rates for walls A1 and A2 which are much lower than the
general trend (Figure 7-16b).

Due to the large uncertainty in emissivity corrected temperature (Figure 7-6d), these were not used
to calculate cooling rates. Radiance temperature values were used for cooling rates, this
assumption is common in such circumstances [311], resulting in units of Kaq/s. Emissivity
corrected cooling rates would have yielded larger values, but by less than a factor 2. The cooling
rates experienced are comparable to literature, where values of the order 103-104 K/s are reported
[4,105].

High H walls experience a large decrease in cooling rate through height (Figure 7-15) and have the
most significant decrease in hardness. This drop in hardness is similar to that experienced in the
cylindrical build (Figure 7-10). Conversely, the low H walls have a more consistent melt pool area
and a constant hardness throughout. Hardness increases with cooling rate and decreases with melt
pool dimensions (as shown in Figure 7-12 for the cylinder build), the hardness has the strongest
correlation with melt pool length, so this will be used. The gradient of 1.05 on a log-log plot shows

that the relationship is % o« MP~™ where MP is the melt pool length (Figure 7-21). This was plotted

for wall D, as the largest melt pools and highest temperatures yield lower uncertainties. From
Figure 7-21, n was calculated to be 1.05, compared to 2.02 reported by Hofmeister et al. as shown
in Figure 7-2 [105]. Numerically, the measured gradient is different, but the same trend is seen; due
to the potential differences in thermal calibration, emissivity calculation, laser type, laser diameter
and build geometry, measuring the same gradient would be unlikely. The relationship between
cooling rate and melt pool length is however, confirmed.

Since the melt pool length has units of distance, this relationship is equivalent to Chvorinov’s rule,
which states that freezing time is proportional to (Volume/Area)" where n is 1.5-2 [312]. 1.05

146



doesn'’t fit within the range set by Chvorinov’s rule, however this was established for casting and as
mentioned, the cooling range value will change dependant on the emissivity chosen.
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Figure 7-21: Cooling rate vs melt pool length for Wall D (log scales)

Since melt pool length is monotonic with cooling rate, it can be used as a proxy for cooling rate;
which is beneficial, as cooling rates are difficult to measure in-situ. The standard deviation of
cooling rates from the line of best fit is found to be 15.5 %. Given the melt pool length uncertainty
of 0.37 mm and a trendline gradient of -1.05, the melt pool size uncertainty leads to a cooling rate
error of 10.4 %, which is similar to the scatter. These calculations were performed for wall D to
reduce cooling rate errors due to the measurement limitations, but the conclusions should hold
more generally. In the case of InGaAs_60 recording, a threshold was picked without temperature
calibration; the melt pool length shows the expected trends with hardness (Figure 7-12), so even
using uncalibrated pixel intensities can be sufficient to estimate simple mechanical properties.

The data acquisition rate of the InGaAs_Tele camera mode is 18 MB/s; this is a rate which can be
stored continuously. Due to the physical movement of the melt pool when printing the rectangular
walls, the melt pool analysis is difficult to perform online. Static melt pool (using the table rotation)
is only possible when printing cylinders, but is not transferrable to other geometries. Because of
the response rate of the BeAM machine, if feedback control were to be implemented, the quickest
response that could be expected would be ~10 Hz. It can be seen that having cameras recording at
50-100 fps could be beneficial, but much higher than this seems redundant for the L-DED process.

From coaxial measurement, literature has reported that the melt pool areas increase with build
height. A similar observation has been made in this work but using side-on measurement, showing
that the two measurement approaches agree. However, it was also observed that the increase in
melt pool area with build height was more pronounced for high H builds compared with low H
builds, by a factor of around 3 (Figure 4a). This suggests that, even for a fixed geometry, the degree
of thermal variation through a build (change in melt pool size with build height) is itself dependent
on the build parameters. To the authors' knowledge, this has not been reported previously.
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7.4.3. Grain Structure

L-DED models predict a microstructure containing elongated grains in the Y direction producing
the texture seen in high H walls (Figure 7-18). There is debate as to what occurs along the
centreline. Laser welding literature expects grains to sweep into the centreline and result in
elongated grains which lie at 60° between the X and the Z directions, i.e. along the highest thermal
gradient [88,284]. These explain the <113> direction texture seen in high H walls. Other L-DED
models predict equiaxed grains along the centreline, with the equiaxed region expanding at higher
velocity (lower H) [282]. This is taken to the extreme in the low H walls, which are mainly equiaxed,
with some centreline alignment.

7.4.4. Effect of Anisotropy on Hardness

The anisotropy factor was developed as a measure of crystal orientation, as <111> orientations
have higher Young’s moduli than <100> orientations [177]. This gives a measure of expected
mechanical properties for each grain. The hardness indents were performed in the X direction, the
average anisotropy factors in this direction were further explored (Table 7-9). The average
anisotropy factor can be shown to scale linearly with both melt pool size and cooling rate.

The Schmid factor describes the ease with which slip will occur; this is calculated for all active slip
planes, with the largest Schmid factor being shown (Table 7-10). Previous studies have found
Schmid to show a weak relationship to hardness; Table 7-10 shows the Schmid factor to have a
strong correlation with hardness, similar to the anisotropy factor.

Table 7-10: Comparison of Schmid factors between centres of walls and through the height of Walls A1 and D (standard
deviations indicated)

Average Anisotropy

Schmid Factor Factor (X direction) Hardness (HV)

Centres

Wall A1 0.451 (0.042) 0.21 (0.08) 208.3 (1.6)

Wall B 0.450 (0.041) 0.22 (0.08) 205.8 (1.5)

Wall C 0.461 (0.034) 0.18 (0.08) 199.5 (3.0)

Wall D 0.464 (0.028) 0.18 (0.08) 191.7 (3.6)
Wall A1

Top 0.449 (0.042) 0.22 (0.08) 209.7 (2.7)

Centre 0.451 (0.042) 0.21 (0.08) 208.3 (1.6)

Bottom 0.450 (0.042) 0.22 (0.08) 203.3 (1.8)
Wall D

Top 0.466 (0.028) 0.17 (0.08) 182.1 (4.6)

Centre 0.464 (0.028) 0.18 (0.08) 191.7 (3.6)

Bottom 0.456 (0.038) 0.20 (0.08) 198.7 (3.3)



The anisotropy factors and hardness’s for all of the EBSD scanned regions are in line with literature
values (Figure 7-22) [178]; anisotropy factor was used because it allows direct comparison to
literature. Each hardness indent deforms multiple grains because the indent diagonal is 90-100 um
(Figure 7-17), the resultant hardness is an average hardness across the individual grains. Since
literature vales were for individual grains, no errors in Ang were stated.

A small indent allows for analysis of individual grains so a larger hardness difference may be
measured between distinct regions; this detail is lost when using a larger indent due to averaging of
multiple grains. However, this work focuses on anisotropy differences on the macro-scale, so the
large indent is sufficient to provide global trends in hardness and to relate these to the average
anisotropy factor.
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Figure 7-22: Change in hardness with anisotropy factor, compared to literature values [178]. Error bars show standard

deviation

High H walls have a larger average grain size (Table 7-8), so fewer grains are deformed by the
indenter. This means indents in high H walls deform fewer grains and are less representative,
which increases the uncertainty magnitude. The indentation sizes in literature are an order of
magnitude smaller than used in this work; so the literature values may overstate the hardness due
to the indenter size effect.

Low H walls experienced small melt pools and high cooling rates. Models predict these to
experience more equiaxed grains, which have little texture. Since there is no fibre texture, the
anisotropy factor is higher and so the walls are harder (Figure 7-23). High H walls have larger melt
pools, slower cooling rates and larger, more orientated grains. This leads to a more pronounced
texture and so a lower anisotropy factor as confirmed by the reduced hardness in the X axes as
compared to low H walls (Figure 7-23).

Similar variations are seen through the build height. Low H walls have constant melt pool size and
cooling rate; this is reflected in a consistent anisotropy factor through build height. The equiaxed
nature is shown by the small anisotropy variation. In the high H wall, the melt pool size increases
with build height, reducing the cooling rate. This leads to an increase in grain size and a more
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pronounced texture with build height; the anisotropy factor decreases with height leading to a
lower hardness at the top of the walls.

The hardness in each orientation of the wall depends on the average anisotropy factor in that
orientation. The severe global anisotropy of the wall could be estimated by taking a ratio between
the maximum and minimum anisotropy factors for each wall (Table 7-9). The low H walls were
found to be very isotropic (10 % maximum difference in anisotropy factor between orientations in
any location). High H walls were found to have a much larger variation (up to 100 %), so the
mechanical properties in one direction are inferior to those in the other directions. This could
create significant issues when producing components of industrial relevance, as there are often
stringent limits of mechanical properties.

The stark microstructural difference between the low H and the high H walls suggests there was a
significant difference in heat flow during manufacture. All walls were built with the same hatch
spacing, so the inter-hatch porosity experienced in the low H walls must be due to differences in
melt pool width (Figure 7-14). The pores between hatches could change the way the heat
conducted away from the melt pool. Despite low H walls having better mechanical properties,
having regular pores could be an initiation point for mechanical failure, which would not be
captured in the hardness data.

The optimum wall would have no inter-hatch porosity, like the high H walls, but the isotropic
hardness properties of the low H walls. Using a narrower hatch spacing and a closed loop control
this could be achieved. It has been shown in this work that the hardness is dependent on the
microstructure, which itself is dependent on the cooling rate as summarised in Figure 7-23. Since
melt pool length/area are monotonic with cooling rate (Figure 7-21), control of these would suffice.
A coaxial camera would be able to capture this data and so would be the simplest way of achieving
these optimal properties.
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7.5. Summary

Several cameras have been used to record the L-DED process from side-on, looking at the melt pool
during printing. Using a Hamamatsu Orca-Flash4.0 Silicon camera, very high resolution images can
be captured at 400 fps, but this leads to unmanageable data storage issues. For live monitoring,
lower frequency, lower resolution imagery would be sufficient and much easier to manage;
essentially, it’s a process of gaining the maximising amount of useful data for the minimum
storage/processing cost.

Imagery from the Hamamatsu C12741-03 InGaAs is of a much more manageable volume for online
processing; and once processed, if only output values are stored, the storage requirements are
greatly reduced. This is the equivalent of what is being recorded by the pyrometer in Chapter 5,
whose data acquisition rate is and order of magnitude lower than that for the side-on monitoring in
this chapter, despite it having by far the highest frame rate. Unfortunately, side-on monitoring
comes with geometric difficulties; the line of sight between the camera and the melt pool will be
interrupted for most geometries.

It is shown that the melt pool length is a good predictor of hardness and that melt pool size strongly
affects the final component properties; with large melt pools sacrificing geometric accuracy and
small melt pools increasing oxygen intake in the component. Further, the inverse relationship
between melt pool size and cooling rate has been confirmed. High linear heat input walls are shown
to have slower cooling rates, which leads to a more textured grain structure. By calculating the
anisotropy factors of individual grains, the measured hardness can be explained through the grain
structure which itself is dependent on the cooling rate.

Low linear heat input walls are shown to have both higher hardness and to be more isotropic in
terms of their grain structure, with minimal variation through height. High linear heat input walls
have an increasing thermal signal with height; this increased temperature creates local anisotropy.
The increase in temperature with height is much more significant in the high H walls, so this
creates further anisotropy throughout the sample.

The ability to predict the hardness from the thermal signal opens the possibility to tailor
mechanical properties throughout a component by controlling thermal signatures. This is of high
importance for acceptance into industrial repair applications, as thermal monitoring can increase
confidence in the final components without the need for further testing.
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8. Hardness Variation of Inconel 718 in L-DED

8.1. Introduction

Inconel 718 is a nickel superalloy widely used in critical aerospace components with operating
temperatures up to 650 °C [65,313]. The main strengthening mechanisms are precipitation and
order strengthening due to the body centred tetragonal y”, NizNb, phase [180,313-315], with a
small strengthening contribution from the y’, Ni3(ALTi), phase. The y” phase adopts a DO,
structure[316], often forming a disk morphology [183] - with a larger mismatch in the c direction
than in the a direction [317]. One of the benefits of Inconel 718 as an alloy in the wrought condition
is that it can be age-hardened, i.e. peak precipitation strengthening is only achieved once the
component shape is finalised. The volume fraction of y” precipitates in cast and wrought Inconel
718 1is 15-20 % [315,318] with up to 5 % y’, which is low compared to higher temperature capable
alloys e.g. CM247LC, which have y’ precipitate volume fractions of up to 65% [319]. It has been
shown that Nickel superalloys can experience significant anisotropy with Young’s modulus
variation of over 2x between the <100> and <111> directions in single crystals [320].

Numerous thermal studies have been performed, analysing the precipitation behaviour of Inconel
718. Often, the precipitation of y’ and y” are analysed together due to them forming at similar
temperatures [313,314]. However, as the y” accounts for 70-80 % of precipitates in Inconel 718
[190,313], it is believed that these studies are indeed representative of the y” precipitation
behaviour in Inconel 718. Differential scanning calorimetry (DSC) cycles show peaks at
temperatures where precipitation occurs. For y”, this is best seen at a heating rate of 20 °C/min and
is found to be in the range 840-890 °C [321], which is within the short-term aging temperature
range of 700-900 °C identified by Slama and Abdellaoui [313]. Time temperature transformation
(TTT) curves for Inconel 718 show a combined y’ and y” precipitation window with a minimum
time for transformation of the order 0.1 s and sub second transformation times roughly between
650-900 °C as seen in Figure 8-1 [314].

The majority of precipitation work has been completed with heat treatment of wrought material in
mind, 720 °C for 8 hours being a representative y” aging cycle [322]. Although the morphology of
the precipitates in wrought and AM material may be similar, the AM process occurs at much higher
speeds with cooling rates around 103-104 °C/s for L-DED [4], with sub-second holding periods
within the precipitation range. The TTT curve reaches 0.1 s, which suggests that precipitation could
occur during L-DED, but the precipitation kinetics cannot be directly transferred. y” has been
identified in as-build AM samples both using L-DED [323] and EB-PBF [315]. TTT curves of Inconel
718 vary by orders of magnitude in literature, reducing confidence in them [314,324-326], the
nose of the y” is always at quicker times than that for 6. Additionally, the exact composition can
significantly alter the time required for precipitation [327].

Due to its wide applicability in industry as well as the age-hardenable behaviour of Inconel 718, it is
particularly popular for manufacturing using additive processes. y” is typically found in the
interdendritic regions of AM samples [227], as these contain up to four times more Nb as a result of
segregation during solidification [328]. The kinetics of y” precipitation are an order of magnitude
quicker in these interdendritic regions compared to the dendrite cores [327]. Tian et al.
hypothesise that on initial solidification, Nb-rich eutectic products are formed interdendritically
[316]. In subsequent hatches/layers, these low melting point eutectics remelt, allowing for Nb
diffusion away from them, it's in these areas that y” can precipitate and then grow [316]. Kumara et
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al. extend this by saying that these high Nb concentrations in the interdendritic regions form Laves
phases upon solidification [327]. During subsequent hatches, Nb diffuses back out of these Laves
phases and y” forms nearby the Laves phases [327]. These theories explain why y” is
predominantly found in the interdendritic regions [227] and explain the observation by Yeoh et al.
that hardness increases with local Nb content [180].
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Figure 8-1: Time temperature transformation (TTT) curve for Inconel 718. Original caption contradicts figure in terms of the
y” curve, we believe the caption to be correct. Reported by Niang et al [314]

During AM, multiple reheats occur in the subsequent hatches and layers, which allows for more
time in the precipitation temperature range. However, y” can transform to § at temperatures above
900 °C [313,314], which is a geometrically close packed (GCP) phase and can be deleterious to
mechanical performance due to its’ brittle nature. Despite this, it has been shown thaty” is retained
when aged samples are held at 1100 °C for 1 s and subsequently cooled at 10 °C/min (total of

21 mins above 900 °C) [314]. Tian et al. [316] hypothesised that more y” was found at the bottom
of an as-build L-DED sample which would explain the decrease in hardness observed with height.
The cause of this was speculated to be due to growth and precipitation of y” in subsequent hatches
and layers as allowed by Nb segregation as shown schematically in Figure 8-2 [316]. Hardness was
shown to increase with height, but no quantification of temperature cycles to precipitation kinetics
was attempted [316].

EB-PBF has been used to show that by holding the baseplate at high temperatures, the amount of
precipitates (including both y’ and y”) can be increased [329]. This method was used to recreate
standard heat treatments (1-8 hrs), which were shown to retain both y’ and y”. The resultant
hardness values of these samples was 478+7 HV, significantly higher than samples built without the
in-situ heat-treatment and comparable to those achieved in the peak aged wrought alloy [315]. In
addition, 2 further cooling rates were tested by Sames et al, with the slower one resulting in a
higher hardness, which would be expected due to the increased time in the precipitation range
[315].
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In the literature, there are several attempts to utilise in-situ heat treatment for microstructural
control. As reported in Nature, Kiirnsteiner et al. printed a martensitic steel using L-DED to recreate
a layered “Damascus” steel [330]. This utilised inter-layer holds to allow martensite formation after
certain layers, forming a layered structure. Several studies have investigated in-situ heat treatment
of Titanium alloys, both using L-PBF [331] and EB-PBF [332]. Chen and Qiu printed Ti-6Al-4V using
L-PBF; martensite forms upon solidification, however, by rescanning (without remelting), (a + [3)
bands could be formed [331]. Li et al. printed Ti-55511 using EB-PBF; by varying the baseplate
temperature, the fraction of secondary a could be increased by 5x [332]. Finally, Sames et al.
controlled the cooling of Inconel 718 in EB-PBF, by both controlling cooling rate and keeping the
sample at heat treatment temperatures. The latter resulted in much increased y” precipitate size
and so increased hardness [315].

Diffusion of Nb towards Precipitation of y” Growth of y” Precipitation of
dendrite core due to high Nb content precipitates new y” particles

(b) © [ @
Remelting
of eutectic
1600 -
1400

(a)
vdendrit )
Interdendritic '

eutectic

Precipitation of

Primary Solidification ~ 200- . Néno_scale v’ particles
0 200 400 600 800 1000 Within dendrite cores
Time/s

Figure 8-2: Schematic showing evolution of y” precipitates in Inconel 718 through the DED process. With subsequent
hatches/layers reheating the solidified material, each schematic shows a later stage in the process, explaining the growth of
precipitates with thermal cycles. Adapted from Tian et al [316]

The density of dislocations has been related to the yield stress of components in L-DED [333], with
gy X ,/pg, where pq is the dislocation density [334,335]. The geometrically necessary dislocation
density can be approximated using EBSD data [336-338]; the grain average misorientation (GAM)
being reported as being proportional to the dislocation density [338,339]. There are some reports
of this being an underestimate, but the trend of g,, « GAM remains [340]. The dislocation density
has been shown to be proportional to yield strength in both L-DED [333] and L- PBF [334]; the
reports for L-DED showing a strength variation with build height [333].

Juechter et al. calculated several critical velocities, to determine how quick the power source would
have to be moving to interact in different directions [341]. l.e. how quick would the laser have to
move for the subsequent hatch to return before the heat from the current hatch dissipated to the

extent that it no longer promoted melting. The thermal diffusion depth, dg;rr = /4t where ais

the thermal diffusivity and ti,: the thermal interaction time. dqir was defined as 3 layer depths; this
diffusion length should be a characteristic distance of how far the heat diffuses in time t. Since this
definition is vague, Juechter et al. have chosen a distance of 3 layer depths, this is arbitrary, but
should be of the scale of the heat affected zone. Looking at the definition of the Fourier number,
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F = Z—Zt (Section 2.2.1), the definition of their thermal diffusion depth is actually setting F = 0.25,

signifying that heat is accumulating in the system.

Critical velocities were then calculated for several types of thermal interaction/conduction; local
interaction being the interaction between the laser and the powder and hatching interaction being
the thermal losses whilst the laser returns to the same point on the neighbouring hatch. For the

: . D : . .
laser interaction t;,; = 71’, where Dy is the beam diameter and v the scan speed. The critical

. . . . . 4aD P
scanning velocity for local interaction is v it jocar = dz—b [341]. This is a process dependant
diff

parameter, so geometry independent. For the hatching interaction, the interaction time can be

calculated as t;,; = %where L is the hatch length. This gives a critical scanning velocity for hatch

: . 4al : : :
interaction of Vit hatch = ?‘;f [341]. Hypothetically, this could be extended to a layer return time
L

by calculating the distance to be hatched within a full layer.

For EB-PBEF, the critical hatch interaction velocity was calculated as 10 ms-!, so Juechter et al.
conclude that at scanning velocities quicker than this, “heat from previous lines can be used for
melting” [341]. The idea is that if there is more remnant heat, then a lower energy density can be
used to reach the same temperature. However, a threshold for this cannot be set; in reality, at high
scan velocity, increasing the velocity further will decrease return time and so heat will accumulate
quicker. But the concept of having heat available for melting, as stated by Juechter et al. is
misleading [341]. The fact that increasing velocity is typically thought of as reducing energy
density, but can have the effect of increasing heat within the component is an interesting paradox.

As discussed in Section 2.6.1, accurate temperature monitoring is very difficult in AM. Sames et al.
used a thermocouple attached to the baseplate [329], but this is not representative of the thermal
cycles experienced in the build; this can however, be used to estimate the precipitation occurring
during the build. For the precipitation events occurring in subsequent hatches/layers, temperature
measurement within the component would be required, which is not currently possible. A simple
measure of melt pool size/temperature can be gained by imaging the melt pool coaxially using a
greyscale camera and calculating a measure such as the image sum [171] or the melt pool
dimension(s) [342]. This is the most common monitoring method on industrial L-DED machines
and is most commonly used in process control research [141,343], likely due to the simplicity of the
set-up.

The as-built hardness heterogeneity of Inconel 718 is yet to be fully explained. Can simple melt pool
modelling be used to estimate the precipitation kinetics in Inconel 718? The hardness trends in
as-built L-DED components were explored and the source of hardness variation analysed.

8.2. Methods

Samples were printed in Inconel 718 on the BeAM Magic 2.0 L-DED machine. Samples were built on
an Inconel 718 substrate, with the nozzle placed 3.5 mm above the substrate.

Walls of six different thicknesses (controlled by number of hatches) were built, ranging from 1
hatch (1.1 mm thickness) to 8 hatches (3.6 mm thickness) all with consistent build parameters as
summarised in Table 10-3. These were sectioned at the midpoint in the YZ section as shown by the
orange line in Figure 8-3a, which includes axis definitions. In addition, two triangular prisms were
printed with equilateral triangular bases of length 27.5 mm; the hatching strategies were from base
to tip and from tip to base, as shown schematically in Figure 8-3b. These were sectioned in the YZ
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plane along the midpoint of the triangular section. One extra wall was built for DSC analysis; this
was 15 mm tall and was sectioned in the YZ.

Table 8-1: Parameters used for both wall and triangular prism samples

Sample Wall Thickness = Power Velocity Hatch Spacing Z Step Mass flow

(mm) w) (mm/min) (nm) (um)  (g/min)
1 hatch Wall 1.1
2 hatch Wall 1.3
3 hatch Wall 1.7
300 2250 400 200 6-6.5
4 hatch Wall 2.1
6 hatch Wall 2.8
8 hatch Wall 3.6
10 hatch Wall 4.3 300 2000 400 200 6.5-7.5
(DSC)
Base to Tip N/A 275 2000 350 225 6.5-7.5
Triangular
Prism
Tip to Base N/A 275 2000 350 225 6.5-7.5
Triangular
Prism

Coaxial melt pool monitoring was performed using a greyscale Basler acA1440-73gm camera,
filtered to a 660-1000 nm range. Images were recorded at 75 fps using an exposure time of 4000 pus
for all builds listed in Table 10-3. The resultant 12-bit images (500 x 500 px) were analysed in
MATLAB R2021b (Mathworks Inc), scripts available [170]. For each image, all the pixels were
summed to give an overall thermal intensity, similarly to Baraldo et al. [171]. This was compared to
both the maximum intensity in a single image and to the melt pool area (calculated using an
intensity threshold of 20) as seen in Figure 8-4 for the 6 hatch wall. These plots are linear at
intensity sums of above 0.2x107 (marked by the black line), which suggests that the intensity sum
(thermal intensity) can be used as a proxy of melt pool temperature/size. The images with sums
below 0.2x107 were ignored as they indicated where the laser is off or ramping up/down at the
hatch edges. Representative images, thermal intensities and contours are shown in Section 4.2.4.

For each of the walls, one half was polished to a 1 pm finish, these were used for hardness
indentation. The other half was further polished using 0.25 pm colloidal silica in preparation for
EBSD. The triangular prisms were sectioned along the orange line shown in Figure 8-3a. One half
had the top (XY) surface and the other half had the internal YZ section polished to 1 um diamond
suspension, both for hardness indentation.

Hardness was performed using a Durascan 70 Vickers indenter with a 1 kgload, 15 s hold and the
indent automatically measured using a 40x optical lens. Walls were indented with an array of
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indents in the YZ section, spaced 0.25 mm in the Y axis and 0.75 mm in the Z axis. Triangular prisms
were indented with square arrays of 1 mm spacing in both the XY and YZ cross sections.

a) z
27.5mm

h 20 mm

ww QT

b) X

y o

Figure 8-3: Geometries of components built. a) dimensions of both walls and triangular prisms along with machine axes; h is
the number of hatches. orange lines show sectioning direction b) view from above showing hatching strategies for 1 hatch
wall, 3 hatch wall and triangular prisms. Both base to tip (left) and tip to base (right) hatching shown
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Figure 8-4: Coaxial melt pool data for 6 wall hatch; a) Linear relationship between melt pool area and image sum (above
0.2x107, marked) b) Linear relationship between maximum intensity and image sum

EBSD of the walls was performed using a Jeol 7900F with an Oxford Instruments Symmetry EBSD
detector. A 3 um step size was chosen with a 13 mm work offset and a ~ 90 nA probe current. Walls
were scanned with the area covering the full thickness (Y axis) with height of 1.5 mm (Z axis). EBSD
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analysis was performed using MTEX 5.7.0, an open source MATLAB Toolbox [174]. Grains were
calculated using a threshold grain boundary misorientation of 10°, with a minimum of 3 pixels per
grain.

As explained in Section 4.7, area-weighted averages were used for comparison of EBSD data
because of the large spread of grain sizes found in L-DED samples; as such, the grain area had to be
measured to calculate the weighted averages. Additionally, due to the directional columnar nature
of many larger grains, it was decided to plot grain area rather than grain size (for which an
equivalent grain diameter is normally reported). The calculation of grain size assumes an equiaxed
grain structure, so by stating a grain area we are avoiding using this invalid approximation. Two
perpendicular grain sizes could be stated, but this adds complexity as the grains aren’t perfectly
aligned so it would be difficult to define the axes along which to measure the grain size. Finally, if a
grain size was stated, the reader would automatically imagine a spherical grain of that size, to avoid
this misinterpretation, the grain area was used throughout.

For each sample, an average calculated anisotropy factor, Anw, was calculated [104], which varies
h2k2+Kk212+1%h? [178].

(h2+k2+12)2
Anisotropy factors are further explained in Section 4.7 with example calculations. Schmid factors
were computed for each scanned point (in the X direction) and the maximum Schmid factor at each
point was averaged for each sample. Average grain average misorientation (GAM) was calculated
for each sample and was calculated for vertical strips (250 um wide in Y) to allow for an analysis of
GAM variation with sample width.

between 0 for <100> directions to 1/3 for <111> directions: Apy; =

Two samples (cuboids of 1-2 mm edge length) were removed from the 10 hatch wall, both at mid X
section, one from the top surface (maximum Z) and the other from halfway up; these will be
referred to as tip and centre respectively. DSC was performed on these samples (Section 4.6),
calculating a differentiated heat flow, where negative values represent a drop of the heat flow from
the baseline.

8.2.1. Precipitation Potential Model

As hypothesised by Tian et al. and Kumara et al., precipitate nucleation and growth occurs not only
during solidification, but mainly during reheating from subsequent hatches and layers [316,327].
To capture this effect, the time within the y” precipitation temperature range was calculated by
using a moving Gaussian heat source model (Equation 2-4) [33]. The Gaussian heat source is a
reasonable approximation to the BeAM’s top hat beam [33]. Parameters used for these calculations
are summarised in Table 8-2, scripts available [170].

The output from the model is a steady state temperature field from which the melt pool can be
extracted by drawing a contour at the solidus temperature (Figure 8-5). The precipitation
temperature range was taken as 700-900 °C, in line with literature values [314,321,322], with
dissolution occurring between 900 °C and the solidus temperature. It is assumed that precipitation
kinetics are constant in the temperature range analysed, which is supported by TTT curves by
Niang et al (Figure 8-1) [314].

158



Table 8-2: Parameters used for the Gaussian heat source calculations

Parameter Value Reference

Step Size 5 um -

Thermal Conductivity, 9.94 Wm-1K-! [273]

Thermal Diffusivity, a 2.87x10-6m2st | [273]
Absorption Coefficient, A 0.45 [275]
Melting Point (solidus), Tm | 1643 K [275]
Laser Power, P 300 W -
Laser Velocity, v 2250 mm-'mint | -
Laser Beam Diameter, Dy 0.7 mm -

Laser Scanning Direction
—_—

Temperature (° C)
0 %1074 700 °C 900 °C Solidus Laser Spot
Mid 1%t layer 1200
_-2 1000
£ Mid 2" layer 800
2]
£ -4 600
N6 400
200
-8
-3.5 -3 -25 -2 -1.5 -1 -0.5 0 0.5 1
x axis (m) %107

Figure 8-5: Temperature field output from moving laser source model; side on (XZ) view showing the laser position and
contours at the solidus temperature, 700 °C and 900 °C. Horizontal lines shown halfway through subsequent layers

The light blue temperature regions in Figure 8-6 show the precipitation zone, which is of interest in
this analysis. The length of the zone was measured, and by knowing the laser velocity, the duration
in the precipitation zone could be calculated. The temperature range within the dark blue regions
were such that no microstructural changes were expected to occur. The temperature of the green
region was above the precipitation zone, such that transformation or dissolution may occur and
finally, the yellow temperature regions were above the solidus temperature, and were assumed to
be molten. For simplicity, the centre point of each hatch was taken to be representative of the
whole hatch (marked by red dots in Figure 8-6d).

P1 (Figure 8-6a, b) shows the precipitation during solidification - directly behind the melt pool. The
subsequent hatch remelted this material and then precipitation occurred in the region marked P2;
the following hatch never heated the region into the precipitation region (marked as the bottom
horizontal line in Figure 8-6b). As the next layer is deposited (Figure 8-6¢), when the laser is
directly above the hatch of interest, precipitation marked by P3 occurred, so some precipitation
occurred, then dissolution occurred in the region marked D1 and finally more precipitation (again,
P3). In addition, the neighbouring hatch in this layer also heated the hatch of interest, marked P4.

Figure 8-6d shows the yz section of a melt pool and where the temperature field for each hatch was
extracted. Three hatches were marked in red as worked examples. The one on the left hand side at
height 1.8 mm was remelted by the subsequent hatch (marked P2), which caused dissolution of any
precipitates formed during solidification, but re-precipitation occurred due to P2. Then in the
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subsequent layer, it experienced precipitation due to P4 and P3 as marked - by summing the time
spent in these precipitation regions, the cumulative precipitation potential could be calculated.

For the hatch of interest at z=2.1 mm on the right side, there was no subsequent remelting, so
precipitations due to P1 was retained; then on the following layer, precipitation during P3 and P4
occurred. Finally, for the hatch of interest at x=2.2 mm, the P2 hatch remelted it, so no P1
precipitation was present. In the following layer, as well as being heated by the hatch directly above
it (P4), there were 2 neighbouring hatches (both P3) which contribute to the precipitation.
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Figure 8-6: Diagram showing the calculations for precipitation potential during L-DED. a) xz section at maximum length of
melt pool, as in Figure 8-5, colour scale set to show different key regions during cooling. b) xz section at mid-1st layer (as
marked Figure 8-5), precipitation regions shown for the current hatch (P1) and the subsequent hatch (P2). c) xz section at
mid-2nd layer (as marked in Figure 8-5), precipitation regions shown for the next layer (P3) and the subsequent hatch in the
next layer (P4). d) yz cross section of a 6 hatch wall, laser scans into the page, hatching order from left to right. Shown in red
are 3 example hatches with precipitation regions from subsequent hatches marked. Also shown is a yz section of the melt
pool with the red dots showing the centre points at which analysis was undertaken

-35 -3 -25 2 15 -1 -05 0 0.5 1
x axis (m) 103

160



8.2.2. Precipitation Hardening

The hardness increase due to precipitation is difficult to calculate. y”, due to its ordered nature,
increases hardness both using traditional particle strengthening mechanisms as well as order
strengthening [334]. When small, y” particles are coherent with the matrix, they can be cut by
dislocations. The main strengthening mechanism at this stage is coherency strengthening, with the
precipitate mismatch causing a strain, which hinders dislocation movement [344]. In y”, the misfit
strain varies with orientation and temperature, but in ambient conditions, the misfit strains are
0.0014 and 0.033 for the a and c axes respectively [317]. Coherency hardening is expected to
increase the shear strength according to the following equation [344]:

3k253(}52frppt
2mh

Parameters used in the calculation are summarised in Table 8-3, calculations were performed for
the a and c axes independently. Due to the larger misfit in the c axis, when the precipitates grow,
coherency is lost in the c axis first. At this point, coherency strains no longer apply, so the
dislocations have no option, but to bow around the precipitate. The Orowan dislocation bowing
model was used to calculate this [345,346]:
Gsb

Shear strength,t = A
Parameters used in the calculation are summarised in Table 8-3. L is the precipitate spacing, which
is calculated assuming a constant distribution of spherical precipitates [347], the larger particle
radius of 25 nm being used in this case. Shear stress can be converted to yield stress using o,,~ Mt
[334]. M is the Taylor parameter, this is typically reported to be ~3 [345,346]. Hardness is often
stated to be related to yield stress (MPa) by the rule of thumb HV ~ oy /3 [348,349].

As the precipitate grows, the energy required for cutting increases, whilst that for bowing
decreases, such that bowing takes over. For low y' nickel superalloys, the y' precipitate size at
which bowing dominates is of the order of 200 nm [350]. In reality, due to the incoherent nature of
the precipitates in the c axis, Orowan bowing can be taken as the dominant mechanism along the c
axis. In the a axis, initially, coherency strains will dominate, but as they grow, Orowan bowing will
take over. The hardening effect will therefore be between that due to coherency strengthening and
that due to Orowan bowing for the a axis.

Precipitation of y” removes elements from the solid solution, reducing the effect of solid solution
strengthening. Since this predominantly occurs interdendritically, the initial powder composition
isn’t representative. Instead, a Scheil solidification calculation was run using Thermo-Calc 2021b
[232] to determine the composition of the interdendritic regions. The powder composition (Table
4-1) was input and the composition was calculated at f;=0.65; this was chosen as the average
between f;=0.4, where there is still mass movement and f;=0.9 where there is an interdendritic film
only [202]; the results are summarised in Table 8-4.
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Table 8-3: Parameters used in precipitation strengthening calculations

Parameter Value

Shear Modulus, Gs 77.2 GPa [351]
Burgers Vector, b 0.254 [352]
Precipitate Radius, rppt 25nmina, 5nminc

[183,314,316,322]

Precipitate Volume Fraction, f | 5-20% [190,315,318,346]

Numerical Constant, k 3.5 [344]

Misfit strain, € 0.0014 in a, 0.033 in c [317]

Precipitate Spacing, L L= Zr( ’i _ 1) [347]
3nf

Taylor Parameter, M 3 [345,346]

Table 8-4: Interdendritic composition of alloy as calculated by Thermo-Calc and the strengthening constants as used to
calculate solid solution strengthening effect [353]

Element (Cr Ni Co Mo Nb Ti Al Fe

Scheil composition at 65%
fraction solid (at. %)

Strengthening Constant, k [40] 337 - 39.4 | 1015|1183 | 775 | 225 | 153

8.3. Results

20.65|50.45| 0.03 | 2.12 | 440 | 1.23 | 1.12 |19.56

8.3.1. Thermal Monitoring

Coaxial melt pool imagery was recorded throughout all builds and a thermal intensity for each
frame calculated by summing the pixel intensities in the frame. The data acquisition rate was

17.6 MB/s, similar to the InGaAs_30 camera mode (Section 7.2), despite recording at more than
double the frame rate. As shown in Figure 8-4, thermal intensity values below 0.2x107 were
excluded. For the base to tip triangular prism, the thermal intensities are shown in Figure 8-7, with
an overview of the full build shown in Figure 8-7a (smoothing applied), the thermal intensity can
be seen to increase over the first 6-7 layers and then a plateau being reached, with significant
variation within a layer. Figure 8-7b shows the thermal intensity for a layer in the plateau without
any smoothing or frame removal. Each hatch can be seen as the thermal intensity drops to 0
between hatches and the hatch length can be seen to decrease as the tip is approached, with the
thermal intensity increases near the tip.
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Figure 8-7: Thermal data from base to tip triangular prism showing the thermal intensity with frame number; a) full build,
values below 0.2x107 removed and a moving mean of width 100 points applied b) single layer without any data
filtering/smoothing

Similar plots are shown for the 6 hatch wall in Figure 8-8, again with the overall intensity shown to
increase with build time, but in this case, more layers were required before the plateau was
reached, potentially due to the shorter layers. Figure 8-8b shows the thermal intensity of 2 layers,
exhibiting a clear trend with the central hatches having higher thermal intensity than edge hatches.

The average intensity for each wall (excluding points below 0.2x107) is shown in Figure 8-9. The
thermal intensity increases with hatch number up to 3 hatches, above this, the thermal intensity
drops until a plateau at a thickness of 8 hatches.
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Figure 8-8: Thermal data of 6 hatch wall showing the thermal intensity with frame number; a) full build, values below
0.2x107 removed and a moving mean of width 100 points applied b) two layers without any data filtering/smoothing
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Figure 8-9: Average thermal intensity (<0.2x107 removed) for each wall, error bars showing standard error
8.3.2. Hardness Analysis

Hardness maps were taken from two sections of the triangular prisms as shown in Figure 8-10a
and b. The slanted and bottom edges of the XY section were observed to be softer than the bulk
(unfilled in Figure 8-10a) and Figure 8-10c shows that the edges (along the Y axis) are softer than
the bulk. A longer drop-offis seen at larger y values, which is where the tip of the triangular prism
is.

The hardness distribution in the walls is summarised in Figure 8-11a shows the hardness variation
in the y axis. For most walls, the peak hardness is at the centre, with notable hardness drop-offs
within 1 mm of the edge. For this reason, the peak hardness increases with wall thickness until the
6 hatch wall after which there is minimal change. Figure 8-11b shows the variation with height
within the 6 hatch wall, which is representative. The indents closest the substrate were hardest,
with a steady decrease, before a drop at the final indent. Figure 8-11c shows the average hardness
for each wall with respect to sample thickness. Again, the average hardness increases with sample
thickness until 2-3 mm at which point the hardness plateaus. Table 8-5 shows the average hardness
for each section of each sample. The bottom row of indents (in z) was disregarded, because of the
heat-sink effect of the substrate. For each section, a single indent along each external edge of the
sample were selected; these were called the edge hardness’ and the remaining indents were classed
as centre hardness’ as summarised in Table 8-5. Unpaired 2 sample t-tests («¢=0.05) were
performed for each sample between the centre and the edge to test whether the hardness values
were significantly different and the results are shown in Table 8-5.
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Table 8-5: Table summarising average hardness values for all walls and triangular prisms. Showing centre and edge value
separately to test whether these are significantly different (two sample t-tests were used to determine statistical significance
using p<0.05)

Average Hardness - HV (Standard Error) Statistically significant
No difference between centre
Sample Indents | Full Sample | Edges Centre and edge hardness
1 hatchwall | 36 223.3(3.3) |2189(3.8) | 233.6(5.2) | Yes
2 hatchwall | 52 243.2(2.6) | 240.1(3.7) |2399(29) | No
3 hatchwall | 68 250.1(2.2) | 2454 (3.7) | 253.6(2.0) | Yes
4 hatch wall | 84 256.6 (2.0) | 249.1(3.6) | 261.2(1.5) | Yes
6 hatchwall | 136 257.8(1.6) | 246.7 (3.5) | 261.6(0.8) | Yes
8 hatchwall | 176 262.6 (1.4) | 2529 (3.4) | 265.2(0.5) | Yes
10_DSCwall | 128 267.8(1.7) | 253.2(3.4) | 274.0(0.5) | Yes
YZ section
Base to (rectangular) | 184 273.4 (0.9) 264.3(2.7) | 276.0(0.8) | Yes
E‘ri)an ular XY section
Prismg (triangular) 142 264.6 (0.9) | 254.3(1.6) | 267.9(0.9) | Yes
Combined 326 272.7 (0.7) | 259.3(1.6) | 272.3(0.6) | Yes
YZ section
Tip to (rectangular) | 184 275.6 (0.9) | 274.0(29) | 276.1(09) | No
E?izen ular XY section
Prismg (triangular) 155 260.8 (0.9) | 251.3(1.3) | 263.5(0.9) | Yes
Combined 339 268.3 (0.7) | 262.3(2.1) | 269.9(0.7) | Yes

8.3.3. EBSD Analysis

EBSD maps of the YZ sections of the walls were used to understand the grain structure. Maps were
constructed through the full thickness (Y) and a height of at least 1.5 mm (Z) (Figure 8-12). The
results indicated that the single hatch was symmetrical, with grains growing from the edges
downwards towards the centre and a variety of orientations were present. Samples with 2 and 3
hatches were progressively more oriented along <100> with more grains aligned in the growth
direction and some large grains in the 3 hatch sample. Samples consisting of 4, 6 and 8 hatches
were all predominantly near the <111> orientation (blue/purple) with long grains growing along
the height of the walls.

Small equiaxed grains with no dominant orientation were found to form where the laser had
passed. Between these centres, there are grains which propagate through many layers, forming
large elongated grains. The average hardness values are plotted against the anisotropy factor [178]
for the 6 walls in Figure 8-13. No clear trends are visible, with 1-3 hatch walls decreasing in
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hardness with increasing anisotropy factor, whereas wider walls show little variation in either
hardness or anisotropy factor.
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Figure 8-12: Inverse pole figure (IPFX) maps of YZ section of walls from 1 - 8 hatches showing full thickness (Y) and 1500 um
height (Z) at the midpoint of the height

Figure 8-14 shows the distribution of GAM for each grain in the 6 hatch wall; the large grains
appear to have the highest GAM values. There seems to be no clear trend between the edges and
the centre of the sample. The average GAM for each wall was calculated and is shown in Figure
8-15; there is a monotonic relationship, with the GAM increasing with wall width. The distribution
of GAM values with width are shown in Figure 8-16; this confirms that wider walls have higher
GAM values. Also, the wider walls (which have more columnar grains) have a stronger variation of
GAM; for some samples, the edges seem to show a lower GAM value, but this is not a universal

trend.
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Figure 8-13: Plot of hardness against anisotropy factor for the 6 walls of varying thicknesses shown on bottom axis (blue).
Standard deviations of hardness shown; labels show number of hatches. Top axis shows the variation of hardness with area
weighted grain size (orange) for the same six walls
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Figure 8-14: Grain average misorientation (GAM) of the 6 hatch wall
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Figure 8-15: Average GAM for each wall
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Figure 8-16: Variation of average GAM with sample width

For each sample, the Schmid Factor was calculated as a point average, this is summarised in Table
8-6. For thin walls (1-3 hatches), this is 0.46; for the wider walls, this decreases to ~0.41. In
addition, MTEX was used calculate the principal axes for each grain [23]. The short principal axis
can be taken as the shortest path that an average dislocation would take before encountering a
grain boundary. An area weighted average minimum grain diameter was extracted. This was

averaged for each wall, so an expected yield stress change due to the Hall-Petch effect was
K
vd
constant (750 MPa pm-! [31]), Table 8-7. A small hardness difference was observed with the

number of hatches, with the largest hardness increase in the narrowest walls.

calculated using 0, = —= [31], where d is the grain size (um - equivalent diameter) and k is a

Table 8-6: Schmid Factors calculated for each wall

Hatches Schmid Factor

0.46
0.46
0.46
0.41
0.42
0.41

O || W IN|-
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Table 8-7: Expected hardness increase as a result of grain size effects using Hall-Petch effect

Hatches Average Minimum Principal | Calculated Yield Stress | Calculated Hardness
Component Axis (um) Increase (MPa) Increase (HV)
1 23.5 155 52
2 23.9 153 51
3 36.3 124 41
4 77.7 85 28
6 65.6 93 31
8 71.3 89 30

8.3.4. Precipitate Analysis

DSC experiments were conducted to characterise which precipitates were present in the as-built
samples. DSC was performed at a rate of 20 °C/min for both a central sample and one at the tip of a
10 hatch sample. The raw data is plotted in Figure 8-17a, showing both the heating and cooling
cycles, both normalised by weight for comparison. The y” phase is typically formed in the

700-900 °C range, with DSC thermal arrest reported in the 840-890 °C range [321]. Figure 8-17b
shows the rate of change of heat with temperature (having removed the heating baseline). Heat is
absorbed during precipitation which would be seen as a drop to negative values in Figure 8-17b.
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Figure 8-17: DSC results comparing the centre and the tip of the 10 hatch sample; a) Heat flow (normalised for mass) for
both samples during heating and cooling cycles b) heat flow of heating cycles removed from heating baseline, differentiated
with respect to temperature. Negative values show a drop from the heating curve, i.e. heat being absorbed by the sample

For the sample tip (orange), deviation from the baseline in the range between 850-900 °C is
observed, as expected. In the sample centre (blue), there is more noise, with a slight dip around
870 °C and then a much wider dip centred on 920 °C. The area between the curve and the x-axis is
the heat absorbed, which can be used to provide an indication of the relative fraction of the
precipitate. Although this cannot always be quantitatively compared due to sample differences, it
provides a qualitative measure suggesting higher fraction of y” in the centre sample when
compared with the tip of the sample (area 2.5x in the centre compared to the tip).

Hardness increase calculations were performed at 2 % increments in precipitate volume fraction
between 5 - 15 % and for 20 % as heat treated samples are reported with volume fractions up to
20 %, but this is unlikely in an as-built AM sample. The hardness was found to increase with
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volume fraction for both the Orowan and coherency strengthening mechanisms, whilst the solid
solution strengthening decreases (Table 8-8). If there are two competing strengthening
mechanisms, the one with the smaller strengthening increase will dominate, as the dislocation
requires less energy to behave in this manner.

Table 8-8: Outputs from precipitation strengthening calculations

Hardness Increase (HV)
Volume Solid Solution Orowan Coherency Coherency
Fractiony” (%) | Strengthening Bowing strengthening (a axis) | strengthening (c axis)
259 126 36 5853
257 158 43 6925
254 189 49 7852
11 252 221 54 8681
13 248 252 58 9437
15 244 284 63 10137
20 229 370 75 11705

8.3.5. Precipitation Potential

For each hatch, the total time in the precipitation temperature range was calculated, which
effectively represents the precipitation potential of the sample. Since precipitates can
dissolve/transform above 900 °C, dissolution time was also calculated and subtracted from the
precipitation time. These total times are plotted in Figure 8-18a, with longer precipitation times in
grey and shorter times in blue. It can be clearly seen that the top surface experiences the least time
in the precipitation zone, followed by the outside edges. The bulk of the samples experiences the
longest time in the precipitation zone, which is estimated to be ~0.095 s.

Since dissolution rates are not accurately known, the same calculations were repeated, but without
subtracting dissolution times (i.e. sum of precipitation times only). This is shown in Figure 8-18b
with similar trends but an increased maximum duration of 0.14 s.

a

1 hatch 2 hatches 3 hatches 4 hatches
1 hatch 2 hatches 3 hatches 4 hatches

Figure 8-18: Precipitation times (s) output from the precipitation potential model, showing YZ section. For walls wider than 4
hatches, the same edge pattern remains. a) sum of time in precipitation regions, subtracting time in dissolution zone. b) sum
of time in precipitation regions, assuming dissolution is negligible
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8.4. Discussion

The hardness maps of the triangular prisms (Figure 8-10a) show that the external edges are softer
than the centre. The same pattern can be seen in the walls, with maximum hardness at the wall
centres (Figure 8-11a). It could be expected that this would be derived from the melt pool
morphology. Figure 8-8b shows the thermal intensity, which has been shown to be representative
of the melt pool size (Figure 8-4). The same pattern can be seen, with the edges having a lower
thermal intensity corresponding to the lower hardness.

However, when looking at the average thermal intensities for the walls, the maximum thermal
intensity is for the 3 hatch wall, with dropping intensity either side (Figure 8-9). The average
hardness values for walls increases with thickness until a plateau is reached following 4 hatches.
Since the overall hardness’ of the walls doesn’t correlate with the thermal intensities, it can be
concluded that the measured hardness values are not directly dependant on the melt pool
morphology. Coaxial monitoring is found to be simpler to analyse than side-on monitoring, due to
the static position within the field of view; the temporal resolution is lower than that used in
Chapter 7, however, the information captured is sufficient to determine average melt pool
dimensions, whilst being easy to process live.

At a data acquisition rate of 18 MB/s, roughly 30 GB are stored for each of the wider wall builds.
The image intensities can be calculated live and stored without saving the raw images, similarly to
the Concept Laser L-PBF [298,299]. If storing only the calculated data and laser positions, then the
data storage rate is reduced to 3.7 KB/s. This is a 5000x storage reduction, of a similar order to that
reported by Spears and Gold [298]. In this case, only the overall melt pool intensity was stored
(which is comparable to the pyrometry signal on the Aconity3D machine), but more dimensions
such as melt pool length and width could be recorded with minimal data storage increases. At this
point, the difficulty becomes calculating melt pool dimensions; number of pixels above a threshold
is a relatively simple calculation, but for a length, a contour must be drawn, which is more
computationally demanding.

When compared to the side-on monitoring methods discussed in Section 7.2, the combined spatial
and temporal resolution of the Basler coaxial camera is comparable to that of the side-on Silicon
camera (Figure 7-20). As previously discussed, the coaxial nature of monitoring keeps the melt pool
static in the field of view and a high spatial resolution can be achieved. However, since the beam
splitter on the BeAM Magic 2.0 was preinstalled, the Basler camera is routed through optics which
may not have been designed with this in mind. When considering process control, coaxial
monitoring is advantageous due to the simpler processing associated with a static melt pool. The
spatial and temporal resolution are sufficiently high for accurate process monitoring, whilst
retaining low enough data volumes for online processing to be feasible.

A decrease of hardness with height has previously been reported in Inconel 718 [316] and is
confirmed in Figure 8-11b. Also seen is that the highest indent typically experiences a more
significant hardness drop-off. To quantify the hardness differences between the edges and the
centres of samples, the hardness indents were classified as follows:

e Indents in the bottom row (z, closest to substrate) were removed

e Indents in the top row and nearest indent to any other external face were classified as edge
indents

e The rest of the indents were classified as centre indents.
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Two sample t-tests show that for both triangular prisms, there is a statistically significant (p<0.05)
decrease in hardness in the edge indents when compared with the centre (Table 8-5). The decrease
in the YZ section of the tip to base triangular prism was not statistically significant, but when
combined with the XY section, then the whole part was significantly harder in the centre. Walls
were built with different numbers of hatches to simplify the geometry and identify the source of the
hardness variation.

For 6 of the 7 walls, the centre was statistically significantly harder than the edges (Table 8-5). The
2 hatch wall shows no trend, but since the 1 and 3 hatch walls both experience the hardness
variation, the 2 hatch wall can be treated as anomalous, potentially due to the hardness map being
poorly centred on the sample. There is some hardness variation remaining through the bulk of the
samples (Figure 8-11), despite constant processing parameters being used; this could potentially
be reduced using process control.

EBSD maps of the walls were analysed (Figure 8-12); visually, it seems like the narrower walls have
smaller grains. Whilst the wider walls have a few very large grains, which occupy roughly 50 % of
the sample. Normally, when calculating average grain size, each grain size is weighted equally and a
simple mean is taken. However, the result of this is shown in blue in Figure 8-19, where apparently
the 1 hatch wall has the largest grains.

In this work, we are correlating the microstructure with the hardness values measured; as such, we
assume that the hardness indenter is equally likely to hit each point on the same. This means that
there is a much higher chance of a large grain being indented (as they take up such a large fraction
of the area). As such, area weighted grain averages have been used as this accounts for the
increased likelihood of the large grains being indented.

Similar methodologies have been applied to non-standard grain size distributions for correlation
with yield stress [175]. The Hall-Petch effect correlates the yield to the grain size; the model
considers dislocations originating at the centre of a grain and building up at the grain boundaries.
The smaller the grains, the higher the stress build up. Since the grain diameter is used to calculate
the average distance from a dislocation to the grain boundary, this assumes both spherical grains
and that all the grains are of a similar size [354,355].

In order to compensate for an uneven grain size distribution, Lehto et al. calculated a volume-
weighted grain size [175]. In our case, we know that our samples are anisotropic in all 3
dimensions (Figure 4-13 and Figure 4-14), so scaling the area by a power of 3/2 to get a volume
would not be representative. Since the likelihood of every grain being indented is proportional to
its’ area, an area-weighted average was used. This is shown in orange in Figure 8-19; the results are
very different to the simple average. These results look more representative, with the wider
samples showing the largest area-weighted grain size, so it seems that this has had the desired
effect of accounting for the grain area. The fact that this is required, reiterates how complex the
microstructure of AM components is.

Area weighted averages were used throughout this work, including the calculation of average
anisotropy factor (Figure 8-13). In the 3 thicker walls, the predominant texture is near the <111>
orientation (purple in IPF map). For the narrower walls, there is more significant variation, but
with a noticeable tendency towards the <100> orientation (red). The anisotropy factor, an, is a
simple way of condensing the orientations into a single number, with <100> being 0, <110> being
0.25 and <111> being 0.33. Since literature reports that Young’s modulus should increase in the
same manner, E<100> < E<110> < E<111> [320], and hardness being proportional to Young’s modulus
[348,349], it would be expected that hardness would correlate with the average anisotropy factor.
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This is not the case as shown in Figure 8-13, so the hardness cannot be directly explained by the
crystallographic structure [180]. The Schmid factors of the narrow walls (Table 8-6) are higher
than for wider walls; this makes slip in these samples easier, which could partly explain the lower
hardness.
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Figure 8-19: Comparison of average grain area and area weighted average grain area for the walls of varying thicknesses

Due to the Hall-Petch effect, a finer grain size would be expected to lead to a higher hardness, this is
the opposite trend to that shown in Figure 8-13. There is variation with hardness with width
(Figure 8-11a), however, the hardness indent spacing was purposefully offset from the hatch
spacing, so the regular patterns in grain size (Figure 8-12) cannot be used to explain the trend in
hardness. The large grains, however, have a higher average GAM (Figure 8-14), and so a higher
dislocation density. This partially explains the variation in GAM with width (Figure 8-16), however,
there is no consistent decrease in GAM at component edges, so this cannot be concluded to be the
dominant mechanism behind the hardness trends observed. There is a monotonic increase in GAM
with sample width (Figure 8-13), similar to hardness (Figure 8-11a), so there may be some
underlying effect of dislocation density on the component hardness.

A hypothesis was formed that the hardness differences could be due to a change in y” precipitate
fraction and/or size. Hardness variation in the YZ section of the triangular prism (Figure 8-10c)
varies between 247-289 HV, so ~40HV range is encountered. When taking walls into consideration,
similar peak hardness value of 290-300 HV were seen, but with hardness values as low as 215 HV
in the narrow walls (Figure 8-11a). This overall range of 80 HV comes from averaged values, so is
not a result of outlier values.

Simple precipitation hardness calculations were performed to determine whether or not the y”
precipitates could be responsible for the hardness increases measured experimentally. Very
simplistically, if a dislocation is heading for a y” precipitate along its a axis, due to the coherency of
the precipitate, it is likely to be cut, as the coherency requires less energy to overcome than bowing
would require. In this case, coherency strengthening is the major strengthening mechanism, with
some order strengthening (which is being ignored for simplicity). As these precipitates grow,
bowing becomes more likely, so Orowan bowing may occur. If a dislocation reaches the y”
precipitate along the (incoherent) c axes, it is unable to cut the precipitate (hence the very high
coherency strengthening increase in Table 8-8), so bowing will occur, with Orowan bowing
considered the dominant strengthening mechanism.
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Using these two edge cases and assuming that dislocations are equally likely to approach from both
the a and the c directions, the average hardness increase can be calculated by:

(Gcoherency,a + Uorowan)
Ooverall = Osolid solution + 2 where HV ~ O-y/3

This is the minimum expected hardness increase due to the precipitates because we are ignoring
order strengthening and other strengthening additions. The overall expected hardness increases
are shown in Table 8-9. As expected, hardness increase due to precipitation outweighs the decrease
in hardness due to the reduction in solid solution strengthening (Table 8-8). On average, a 4 %
increase in volume fraction y” leads to a 30 HV increase in hardness and given the range of volume
fractions reported in literature of 5 - 20 %.

Strengthening calculations were repeated for precipitate diameters of 25 nm and 75 nm (originally
50 nm was used). In both cases, the overall hardness increased with precipitate fraction, although
at larger precipitate sizes, the hardness increase is reduced. This increases confidence in the
hypothesis, as we do not know the precipitate size and realistically, there will be a range of
precipitate sizes.

Table 8-9: Overall calculated hardness increases as a result of y” precipitation

Volume Fraction y” (%) Overall Hardness Increase, HVyeran
5 340
7 357
9 373
11 389
13 403
15 418
20 452

To check for the presence of y” precipitates, DSC was performed on a 10 hatch sample which had a
statistically significant difference in hardness between the centre and the edge (Figure 8-17). Both
the centre and tip samples showed a drop in heat flow around the 850-890 °C that would be
expected due to the dissolution of y” precipitates (Figure 8-17b). The centre sample has a small dip
in the expected range and a wider one continuing into hotter temperatures. Changes in precipitate
size and fraction could both change the exact temperature of the transformation. The
transformation to delta has been reported to be as high as 920 °C [314], and the delta thermal
arrest is reported to be centred around 990 °C. Since the larger dip starts at 890 °C and doesn'’t
reach the delta temperature (990 °C), it seems that this also corresponds to y” dissolution.

The area under the heat flow curve (in the y” dissolution range) in the central sample is 2.5x larger
than that in the tip sample. A larger area under the DSC curve shows that the centre of the sample
required more energy to dissolve the y” precipitates, which may suggest a larger volume fraction
y”. If the central region contained more y”, as suggested by the DSC, this would explain the
increased hardness observed. For example, if the edge of the sample contained 5 % y”, and the
centre 13% y” (2.6x more, similar to DSC), we would expect a 63 HV increase (Table 8-9). This is an
underestimate, so these calculations could explain the 80 HV increase in hardness observed.
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The yield strength of a material is the point at which elastic deformation is replaced by plastic
deformation via the movement of dislocations in the lattice [356]. Any impedance to dislocation
motion increases the energy required for dislocation movement and so increases the yield stress,
which is correlated with the materials hardness [348,349,357]. Solid solution strengthening occurs
due to the strains caused by the atomic size mismatch between the base alloy and the substitutional
alloying additions [356]. These are on an atomic scale, so occur in all non-elemental phases. If the
precipitate spacing is of the order 50-150 nm and the grain length of the order 100-300 pm,
dislocations are much more likely to experience hardening due to the precipitates as a first order
effect. This strengthens the argument of the hardness being influenced by the y” precipitates.

The next obstacle to dislocation movement is the grain boundary; due to the misorientation
between grains, dislocations cannot easily pass from one grain to another [356]. The Hall-Petch
effect describes how this increase in grain boundary area increases the yield strength of the
material. To get a measure of grain size, the short axis of the grains principal components was used,
as this is the shortest average distance from anywhere in the grain to a grain boundary. An
area-weighted average of this short axis length was used as a representative grain size to input into
the Hall-Petch equation. From this, a yield stress increase was calculated and a hardness increase
was estimated (Table 8-7).

Comparing the predicted hardness increase due to the grain size effect (Table 8-7) with the
hardness of the walls (Table 8-5), there is a negative correlation [180]. This suggests that the
hardness of the walls is not well explained by the grain size effect. Martin [344] showed that after
specific aging conditions, the Hall-Petch equation is followed, yet for others, the yield stress cannot
be explained by the grain size alone. The argument follows that once a certain precipitate
volume/hardening has been experienced, this becomes dominant and therefore grain size is not the
dominant mechanism [344]. Assuming this is the case in as-built Inconel 718, it can be concluded
that the grain size and orientation are not the dominant mechanisms in determining material
hardness, instead, the y” precipitation was concluded to be dominant.

A moving Gaussian heat source model was used to calculate the time spent in the precipitation
temperature range (700-900 °C) for the walls. These models, albeit not numerically accurate, give a
realistic temperature distribution around the melt pool; for this reason, this is referred to as a
precipitation potential rather than attempting to estimate precipitate volume fractions. Time spent
above 900 °C but below the solvus promotes either transformation to the delta phase, or
dissolution of the y” precipitates. Assuming this dissolution rate is equal to the precipitation rate,
the time in this temperature range can be simply subtracted from the time in the precipitation zone
(Figure 8-18a). The top surface spends up to 4.5x less time in the precipitation zone than the bulk,
which would explain the lower hardness, with the external edges spending 2x less.

However, there are reports of samples being heated to 1100 °C and cooled at 10 °C/min, so
spending 21 mins in the dissolution range, yet still with large amounts of y” retained [314]. For this
reason, it was decided that the dissolution would be ignored and calculations would only consider
the time in the precipitation temperature range (Figure 8-18b). A similar trend was observed, but
with a larger variation between centre and edge (up to 6.7x). The maximum precipitation time was
0.14 s, greater than the 0.1 s “nose” of the TTT curve [314]. The times are of the correct order to
experience precipitation and the variation is in the expected positions, with edges and top surfaces
having shorter times in the precipitation zone and so less precipitation is expected, leading to a
softer material.
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As shown by Kumara et al. [327], y” precipitation in the interdendritic regions can be an order of
magnitude quicker than at the dendrite core due to local segregation, so feasibly, 0.01 s in the
temperature range 700-900 °C would be sufficient for precipitation to occur. The large uncertainty
in location of TTT curves (Figure 8-1) was mentioned in Section 8.1, which is increased by the
changes in composition caused by segregation during solidification. However, DSC results (Figure
8-17) show that both samples contain y”, and calculations predict that the samples are in the
precipitation temperature range for ~0.1 s (Figure 8-18). Despite the variation in TTT curves in
literature, the experimental results in this chapter suggest that the y” TTT curve in Figure 8-1 is
reasonable.

The maximum precipitation potential increases from 1 hatch to 3 hatches, which would explain the
increase in centre hardness with thickness as observed in Figure 8-11c. The precipitation range
used was 700-900 °C, but there is sub-second precipitation down to ~650 °C (Figure 8-1). The
precipitation at this temperature would be slower, but would still increase the total time spent in
the precipitation zone. The Gaussian heat source model calculates the scanning of a single laser
hatch, but it is known that during the build the component retains heat. This would increase the
temperature of the component and likely increase the melt pool size, importantly, it would also
increase the time spent in the precipitation zone. Both of these effects would increase the
precipitation potential in all parts of the sample, but would not affect the distribution of
precipitation potentials. The analysis focusses on the central point of each hatch, this snapshot will
not be numerically accurate for the whole sample e.g. slightly above the centre, the melt pool and
precipitation regions will be larger and slightly below, they will be smaller. The centre points
should be representative of the bulk and any error would be systematic, hence this should not
affect the results of the model.

A simple thought experiment based on the Juechter et al. critical hatch velocity could be conducted
to see if this could account for the heat accumulation expected [341]. For the BeAM Magic 2.0, the
critical hatch velocity would be 0.64 m/s for the walls, so the laser velocity would have to be
quicker than that for the heat from the previous hatch to contribute to the melt pool temperature.
This is an order of magnitude quicker than the velocity used in these experiments, but it is well
known that heat accumulation does occur with build duration. This comes back to the concept of
using heat for melting - at much higher velocities, the heat retained would be much more
significant.

The parameters used in all the samples are identical, so the local interaction time doesn’t change, so
this cannot be responsible for the hardness variation. The length of the wall, and so the hatch
return time, are also equal throughout the experiment, so this value also doesn’t change. Since the
wider walls experience a longer return time between layers, we expect an increased heat loss
occurring. This means that less heat accumulation would be expected in the wider samples and so
less precipitation. In reality, the peak hardness of the wider samples is the highest (Figure 8-11c).
Looking at the both hatch and layer return times is too simple to explain the hardness effects seen
as the effect of subsequent hatches is critical.

Previous work by Tian et al. [316] and Kumara et al. [328] concluded that the first step to y”
precipitation is interdendritic Nb segregation which occurs during solidification (Figure 8-2).
Subsequent heat treatment allows for nucleation and further growth of y” precipitates, which
increases the components hardness. In this work, this hypothesis has been confirmed and extended
to quantify how the subsequent hatches and layers cause the precipitation and growth of these y”
precipitates. The amount of time spent in the precipitation temperature range would allow for both
nucleation of new precipitates and growth of current precipitates.

178



It has been shown that these effects occur within a layer as well as with build height, causing
hardness variation on the component scale. When printing complex geometries, both wide and
narrow sections would be expected. The walls show a 35 HV hardness difference between a 1 mm
and a 3.5 mm section with the tip of the triangular prism being 40 HV softer than the centre. Since
the tip is narrower, the hatches are shorter and so the time at temperature will be decreased. This
explains why there is a drop-off in hardness in the last 3 mm of the triangular prism (Figure 8-10c).

Figure 8-11a shows that in any component, a region of ~1 mm around the edges is softer than the
centre. This is critical as when components are being repaired, consistent properties are required.
In addition, any components narrower than 2-3 mm never reach peak hardness. These factors
affect the design process for printing complex shapes in L-DED. For consistent mechanical
properties, sections should be designed to be wider than 3mm, with 1mm on the edges removed
post process; alternatively, the design must account for the fact that sections thinner than 3mm will
have dissimilar mechanical properties.

Alternatively, the idea of precipitation kinetics could be used to create a build strategy which would
result in a homogeneous component. For example, if the edge of the sample is in the precipitation
zone for 0.5 s, compared to 1.4 s in the centre, then theoretically, the edge needs a subsequent 0.9 s
precipitation for a consistent hardness. Using a moving heat source model, an in-situ heat
treatment (reheating the sample without melting it) could be calculated and applied. This is similar
to the application of in-situ heat treatment to EB-PBF by Sames et al [315]. The same technique
could be used to increase the hardness of a thin sample by rescanning it and so creating an as-built
thin sample with the higher hardness experienced in a wider sample.

Since the thermal intensity is related to the melt pool area, the melt pool dimensions of the moving
heat source model can be adapted depending on the current melt pool monitoring. It would be
possible to create a variety of melt pools in the moving heat source model and select appropriate
ones depending on the current thermal intensity. This way, a live calculation of precipitation time
could be made and an adaptive in-situ heat treatment could be automated. This would allow for
building of right-first-time complex components with constant hardness in L-DED.

We have shown that there is an unavoidable in-situ heat treatment intrinsically associated with L-
DED. This produces variation across the component even when constant parameters are used. To
accurately control the final microstructure, attempts have been made to use in-situ heat treatment;
frequently involving lengthy holds and/or rescans [315,330-332]. These are currently proof of
concept builds; they cannot be properly implemented until a full understanding of the intrinsic heat
treatment experienced during the process. By developing a better understanding of the as-built
variation, this variation can then be reduced/removed and the full sample heat treated in-situ to
produce as-built samples with the desired properties.
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8.5. Summary

It has been shown that in as-built Inconel 718, there are significant hardness variations in both the
build plane and the build direction. The presence of y” has been confirmed and the increased
precipitation/growth of y” precipitates caused by the materials being in the precipitation
temperature range can be related to the increased hardness. Coaxial monitoring was introduced
and the data acquisition rate was shown to be low enough for online calculations to be performed,
unlike some of the higher resolution monitoring introduced in Chapter 7. Common factors such as
melt pool morphology, dislocation density and crystallographic structure have been shown not to
be cause of the hardness variation.

A precipitation kinetic model based on a Gaussian heat source model has been created to calculate
the time different sections of the component spent in the precipitation temperature range. The time
spent in the precipitation temperature range is shown to correlate with the hardness, suggesting
that the increase in hardness is caused by y” precipitation. This could be used to calculate in-situ
heat treatments, which would result in consistent hardness in complex components. Further, using
the coaxial monitoring, an in-situ control algorithm could be used to homogenise each component
directly after being built. There is still remnant hardness variation in the centre of the components,
but this could be reduced by introducing a process control algorithm.
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9. Effect of Process Control on Inconel 718
components in L-DED

9.1. Introduction

The applicability of L-DED to component repair has been widely reported [358], however process
consistency is still lacking [9]. There is a need for adaptive process control in L-DED to achieve
accurate component geometries and remove defects such as porosity [359]. Certification issues are
reported as being the main barrier to L-DED being more widely integrated in the aerospace
industry [6,360]. Currently, there is a large variation in mechanical properties e.g. hardness,
produced using AM, both within and between components [361,362]. Due to these difficulties in
validating AM components, research has turned toward process control. If the process were better
controlled, this could increase component reliability and process control could become a part of the
certified manufacturing method [6].

Several comprehensive reviews on process control in AM exist in literature [10,141,363-365], so
only the main relevant methodologies and results are covered here. Most work in literature
focusses on improving the dimensional accuracy of components i.e. removing unevenness at
corners/edges [141,147,296,366]. Some research focusses on control of the work offset (dependent
on component height) [147,367,368] and powder deposition rate [25]. These studies successfully
improve dimensional accuracy and surface finish of components. Inconel 718 is generally regarded
as being printable, geometric issues are no longer a key issue; in this work, the main interest is in
improving microstructural and mechanical homogeneity. The cameras used are expensive and the
control algorithms complex and require fine-tuning; the focus of this work is to develop a simple,
low-cost alternative and to test its’ capabilities.

There are many different ways to achieve process control, we will focus on methodologies
monitoring the melt pool and using that as an input for feedback control. Common sensors reported
in literature are photodiodes/pyrometers and optical/thermal cameras. Using a
photodiode/pyrometer [145,296], a single value is output at each time step, the control loop can
use this as an input and compare it against a target. Using a camera (either temperature calibrated
or uncalibrated), an array of pixel values is recorded, comparing this against a target is more
difficult. The main methodologies identify melt pool area [105,301,366], melt pool width [149] or
the temperature of a specified point [147,300,369]. Baraldo et al. attempted to reduce a coaxial
image to a single numeric value by calculating the sum of the pixels in the image [171], in the same
way as thermal intensity is calculated (Section 4.2.4). This single value gives a measure of the
current state of the process so it can be determined whether or not the process needs adjusting.

A controller compares the current state to the desired state and decides the adjustment of
processing parameters required. This can be as simple as a linear equation (Section 4.2.4), or a
more complex control function [146]. Frequently proportional integral derivative (PID) controllers
are used, but these require numerous runs to optimise gain constants [149,370]. The nature of the
controller determines how quickly the target is achieved and how much the target value may be
overshot by.
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Several source of error are discussed by Bi et al [296]:

o if the work offset varies, the melt pool may become out of focus which would change the
intensity of the image. The control loop would adjust parameters to correct this and so
change the melt pool temperature/dimensions, reducing the accuracy of the control loop
[296]

e oxides are reported to have a different emissivity to the molten metal [296,371]; if a region
has a higher oxygen content but the same temperature, it may be reported to be of a
different temperature due to the difference in emissivity [296]

These phenomena are unavoidable, but must be considered when reporting monitoring work of
this nature, as they may reduce accuracy.

In L-DED, two variables are frequently adjusted to control the process, these are the laser power
[145,149,204] and velocity [151,366,370]. There is no consensus in literature as to which is
superior and rarely any justification as to why one is chosen. Most work in the field of process
control in L-DED is unexpectedly qualitative, with images being described verbally rather than
quantifying the data and checking for statistical significance. Hofman et al. demonstrate that by
controlling laser power to keep a constant melt pool width, the hardness variation along the
component length can be reduced [149]. They compare hardness without control to hardness with
control (without any calculation of variance) [149], whereas most studies omit analysis of
components built without control (with constant processing parameters), so it cannot be concluded
that the control loop had any effect.

There are several studies published in literature by Farshidianfar et al [151,370], which are most
relevant to this work. By looking at a spot in the image as the melt pool moves through it, they
calculated an uncalibrated cooling rate; this was compared to a target using a PID controller and
the velocity was adjusted towards a target cooling rate [370]. The images were recorded at 30 fps,
and the delay in control was reported to be 0.9 s [370]. In previous work, they showed that
increasing the velocity led to an increased cooling rate [125]. Initially, their work succumbed to the
widespread flaw of claiming to show hardness and microstructural consistency whilst failing to
show results without the control loop [370] i.e. not showing that process control improved process
consistency.

The latest work by Farshidianfar et al. showed micrographs for both open loop (no control) and
closed loop (velocity control); they conclude “the parts’ microstructure and overall geometry are
much more uniform for the closed-loop state” [151]. However, this is not as obvious as the author
leads us to believe as shown by the micrographs in Figure 9-1. Both open and closed loop samples
show variation from the first layer to the 5t layer, with no noticeable uniformity increase once
control was implemented; Figure 9-1 shows the central set of parameters, but similar trends were
visible in all samples. Dendrite arm spacing plots are shown and seem to show a decrease in
variability, but once again, a simple analysis of the variance would quantify this. On the mechanical
properties side, they claim to show that they decrease hardness variability by introducing velocity
control [151]. Unfortunately, it seems like this is true for 2 of the 3 cases, with the third sample
having more variability once control was introduced.
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a) Open Loop

b) Closed Loop

c) Open Loop

d) Closed Loop
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Figure 9-1: Effect of closed loop control on microstructure. Comparison of a, c) open loop (no control, 800 W, 200 mm/min)
sample, with b, d) closed loop (cooling rate controlled at 1100 K/s) sample. a, b) Optical micrographs, ¢, d) SEM images.
Adapted from Farshidianfar et al. [151]

Despite the vast amount of research published surrounding process control in L-DED, there is no
convincing data showing that the decrease in thermal/melt pool fluctuations translates to
improved mechanical homogeneity. Does a consistent melt pool shape lead to a more consistent
microstructure and hence reduced mechanical anisotropy? This chapter investigates this argument
and aims to determine whether microstructural and mechanical variability are reduced by
implementing process control.

9.2. Methods

Samples were printed using Inconel 718 powder on the BeAM Magic 2.0 L-DED machine, on Inconel
718 substrates, with a 3.5 mm work offset. This chapter investigates process control, using coaxial
imagery as an input to the control loop. Details of the monitoring and control, using a

Basler acA1440-73gm are covered in Section 4.2.4. Three different thicknesses of wall (30 mm long,
15 mm tall) were printed; 3 6 and 10 hatches wide (roughly 1.5 mm, 3 mm and 4.5 mm
respectively). Each of these was printed using constant processing parameters (no control, sample
names appended with “N”), with the power being controlled in response to thermal intensity
(power control, sample names appended with “P”) and with the velocity being controlled in
response to the thermal intensity (velocity control, sample names appended with “V”). The initial
parameters are shown in Table 10-3 with the dimensions and hatching being shown
diagrammatically in Figure 8-3. These walls were sectioned at the midpoint in the YZ section as
shown by the orange line in Figure 8-3a.

Additionally, two triangular prisms were printed with equilateral bases of length 27.5 mm; the
hatching strategies were from base to tip (sample names include “BT”) and from tip to base
(sample names include “TB”), as shown schematically in Figure 8-3b. These were sectioned in the
YZ plane along the midpoint of the triangular section. Both of these were reprinted with power
control (sample names appended with “P”).

183



As explained in Section 4.2.4, thermal intensities of each image are calculated, the raw images being
acquired at 75 fps. If process control is required, then every 0.15 s, the last 5 thermal intensities are
averaged if each of their sums is above 0.2x107 (this is changed to 3 thermal intensities for the
triangular prisms). This average thermal intensity is compare to the target of 0.9x107 and the
power /velocity is adjusted accordingly, scripts available [170]. As well as thermal intensity,
maximum intensity, melt pool area, and melt pool length/width were calculated post-process
(offline), as described in Section 4.2.4.

Table 9-1: Parameters used for both wall and triangular prism samples; initial processing parameters are shown, control will
alter the power/velocity parameters respectively

Sample Hatching Details Sample Power Velocity Hatch Spacing Z Step Mass flow Control
Width (mm) wm) (mm/min) (nm) (nm) (g/min)

3N Wall; 3 hatches wide 1.6 No Control
3P Wall; 3 hatches wide 1.6 Power
Control
3v Wall; 3 hatches wide 14 Velocity
Control

6N Wall; 6 hatches wide 2.7 No Control
6P Wall; 6 hatches wide 2.7 Power
300 2000 400 200 6-7 Control
(2% Wall; 6 hatches wide 2.7 Velocity
Control

10N Wall; 10 hatches wide 4.3 No Control
10P Wall; 10 hatches wide 4.3 Power
Control
10V Wall; 10 hatches wide 44 Velocity
Control

Tri_BT_N | Base to Tip Triangular No Control

Prism
Tri_BT_P Base to Tip Triangular Power
Prism Control
N/A 275 2000 350 225 6.5-7.5
Tri_TB_N | Tip to Base Triangular No Control
Prism

Tri_TB_P Tip to Base Triangular Power
Prism Control

For each of the walls, one half was polished to a 1 um finish, these were used for hardness
indentation. The other half was further polished using 0.25 pm colloidal silica in preparation for
EBSD. The triangular prisms were sectioned along the orange line shown in Figure 8-3a. One half
had the top surface (XY) polished to 0.25 um colloidal silica and the other half had the internal YZ
section polished. The YZ section was then sent to the Warwick Manufacturing Group (WMG) for
EBSD, once this was done, both sections had hardness maps captured.

Hardness was performed with a 1 kgload, 15 s hold and the indent automatically measured using a
40x optical lens. Walls were indented with an array of indents in the YZ section, spaced 0.5 mm in
the Y axis and 1.0 mm in the Z axis. Triangular prisms were indented with square arrays of 1 mm
spacing in both the XY and YZ cross sections. For each set of hardness’s, tests of two variances were
performed to see whether the process control decreased the variance of hardness (x=0.05);
additionally, two sample t-tests were performed to determine whether the hardness values were
significantly different (a=0.05).
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Figure 9-2: Geometries of components built. a) dimensions of both walls and triangular prisms along with machine axes; h is
the number of hatches. Orange lines show sectioning direction b) view from above showing hatching strategies for 3 hatch
wall and triangular prisms. Both base to tip (left) and tip to base (right) hatching shown

The walls were then re-polished and etched with Kallings Reagent #2. Low resolution optical
micrographs were taken of all 9 samples, allowing for melt pool dimensions to be measured. Melt
pool dimensions were measured from the top row of melt pools, as these were not remelted by
subsequent layers.

EBSD of the walls was performed using a Jeol 7900F with an Oxford Instruments Symmetry EBSD
detector. A 3.5 um step size was chosen with a 13 mm work offset and a ~ 90 nA probe current.
Walls were scanned with the area covering 1 mm (Y axis) in the central section of the sample (Y
axis) with a height of 12 mm from the baseplate (Z axis). EBSD of the Tri_BT_N and Tri_BT_P
triangular prisms was performed at the WMG using an FEI Versa 3D Microscope with an Oxford
Instruments Symmetry 2 EBSD detector. A 5 pm step size was chosen, with a 20 kV accelerating
voltage. For each of the 9 walls, the EBSD map was split into four 3 mm tall sections to quantify the
changes with distance from baseplate. For each of these sections, the grain area and anisotropy
factor were calculated, both weighted by grain area.

Subsequent analysis was focussed on the 3 hatch and 10 hatch walls. Grains from the top and
bottom quarters of all 6 walls (3N, 3P, 3V, 10N, 10P, 10V) were combined and k-means clustering
using grain area and grain aspect ratio was performed as explained in Section 4.7. The grains were
clustered into 6 clusters to minimise variance within clusters. From these, clusters were combined
into 3 sets as these represented small, medium and large grains. For each of the samples, the
fraction area of each grain size was calculated as well as the anisotropy factor, aspect ratio and the
maximum mud. For the two triangular prisms, the central regions were extracted (20 x 5 mm; Y
and Z respectively), this was split into 5 rows, each 1 mm tall (20 mm) wide. For each of these, area
weighted grain area, anisotropy factor and aspect ratio were calculated.

9.3. Results

In this section, the effect of process control is investigated. As such, most analysis compares a
“normal build” (no control, constant processing parameters) with a controlled build (process or
velocity control).
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9.3.1. Processing Parameters

When processing without control, the pre-set power and velocity values were used throughout the
build. Once power or velocity control were introduced (corrections performed at an interval of 0.15
s), the power/velocity values were adjusted to hit the target thermal intensity. Figure 9-3 shows
the processing parameters used for all 9 walls; for no control walls (blue), the parameters were
constant, so stay at 100 % for the duration of the build. The power control walls (orange) show that
the power required to hit the thermal intensity target was lower than the pre-set value, reducing to
91 % for the 3P wall. Figure 9-3b shows that for the 6 hatch walls, there is a smaller difference than
in the 3 hatch walls, and in Figure 9-3c, the 10 hatch wall needed a decrease in power, but of a
smaller magnitude.
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Figure 9-3: Required parameter changed for the control algorithm. A value of 120% means that 1.2x the original
power/velocity was needed to achieve the target thermal intensity. Shown for a) 3 hatch walls, b) 6 hatch walls, c) 10 hatch
walls
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The velocity control walls (yellow) show that the control loop increased velocity to keep thermal
intensity constant. The 3V wall (Figure 9-3a) showed an increase of velocity to ~129 %, with the
wider walls requiring less adjustment. Since the velocity of the laser was increased, the processing
time was decreased; this could be useful in industrial applications, where a reduction in cost is
associated with reduced manufacturing time. Additionally, there appears to be a larger variation in
the velocity adjustment than there does with the power adjustment.

9.3.2. Thermal Monitoring

The control algorithm used thermal intensity as the target; Figure 9-4 shows the thermal intensity
throughout the build for all 9 walls. Figure 9-4a shows the variation for 3 hatch walls; with no
control, the intensity increases with time, appearing to plateau near the end of the build in a similar
manner to that seen in Chapter 7. For both power and velocity control, the thermal intensity is
maintained near the target of 0.9x107; once again, the velocity controlled build is completed in a
shorter duration. Figure 9-4b and c show the same trends for the 6 and 10 hatch walls respectively;
within these samples, the wider walls show the smallest increase in thermal intensity through the
build.
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Figure 9-4: Thermal intensities during the build of 9 walls, a moving mean of window 100 points applied; a) 3 hatch walls, b)
6 hatch walls, c) 10 hatch walls

The thermal intensities along with their associated standard errors are summarised in Table 9-2.
Additionally, the other melt pool measures (maximum intensity, melt pool area, melt pool width
and melt pool length) are also shown in Table 9-2; triangular prisms are included for comparison.
Both power and velocity control consistently reduce the standard error in the thermal intensity
when compared to the no control build.

Figure 9-5a shows the trend of thermal intensity with wall thickness; it can be seen that without
control, the thermal intensity decreases with width. Both power and control result in thermal
intensities very near to the target of 0.9x107. Generally, the narrowest walls experience the largest
variation, as seen by the large change in thermal intensity experienced by 3N (Figure 9-4a). This
trend is explicitly shown in Figure 9-5b, where the standard error of thermal intensity is shown. It
can be seen that wider walls have a lower standard error. Both power and velocity control decrease
the standard error in thermal intensity, but power control more strongly. It can be concluded that
power control is more successful than velocity control, as the average thermal velocity is closer to
the target and it experiences less variation.

Similar plots are shown in Figure 9-6 for the remaining 4 melt pool measures from Table 9-2.
Figure 9-6a shows that the maximum intensity follows the same trend as the thermal intensity
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(Figure 9-5a); the control function was not controlling maximum intensity directly, so the
maximum intensities are not identical across sample widths in the power/velocity controlled

samples. The thermal intensity

of the 3N was largest, so it’s unsurprising that the melt pool area is

also largest (Figure 9-6b). The area of velocity controlled melt pools is consistently larger than that

of power controlled melt pools.

Table 9-2: Different measures of melt pool and thermal analysis for the walls and triangular prisms, comparing the different

types of control. Standard errors (SE) included

?reragel Thermal Maximum Maximum Melt Pool | Melt Pool Melt Pool Melt Pool Melt Pool Melt Pool
In:::;::‘y Intensity SE | Intensity | IntensitySE | Area (px?) | AreaSE | Width (px) | WidthSE | Length (px) | Length SE
IN 1.17E+07 2.4BE+04 1605 3 27312 36 176.1 0.1 2133 0.2
3P 8.97E+06 1.48E+04 1277 2 24088 20 1658 0.1 201.2 0.2
3V 8.89E+06 1.75E+04 1361 3 24409 30 1629 0.1 208.2 0.2
&N 9.75E+06 1.43E+04 1339 1 23537 17 167.7 0.1 1919 0.1
6P 8.98E+06 9.98E+03 1258 1 22602 12 165.1 0.1 187.3 0.1
&av 9.06E+06 1.09E+04 1369 1 23006 14 166.2 0.1 193.3 0.1
10N 9.38E+06 8.70E+03 1253 1 23014 10 168.0 0.1 189.0 0.1
10P 8.97E+06 6.42E403 1257 1 22447 8 167.0 0.1 186.3 0.1
1ov 9.01E+06 7.15E+03 1301 1 22705 9 168.9 0.1 189.5 0.1
Tri BT.N | 5.73E+06 4.10E+03 961 1 18517 156.2 0.1 169.4 0.1
Tri BT P | 8.94E+06 6.62E+03 1273 1 22687 10 176.1 0.1 187.5 0.1
Tri TB N | 5.42E+06 4.48E+03 945 1 18022 1532 0.1 165.5 0.0
Tri TBP | 9.10E+06 7.11E403 1270 1 22640 9 1744 0.1 186.1 0.1
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Figure 9-5: Effect of process control on thermal intensity; a) average thermal intensities for 3, 6 and 10 hatch walls, with no
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and velocity control; b) standard error of the thermal intensities in a)
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Melt pool width (Figure 9-6¢) again shows a similar trends to the maximum intensity, with the 3N
sample having the largest melt pool width. The remaining walls display a range of melt pool widths,
with the width of the velocity controlled melt pools increasing with sample width. Finally, the melt
pool length (Figure 9-6d) is longest for the 3 hatch samples, with shorter melt pools in wider walls.
In the previous melt pool dimensions, both power and velocity control have been closest to one
another, with no control having a larger melt pool. Figure 9-6d shows that for the melt pool length,
velocity control seems not to change the melt pool length from the no control scenario, whereas
power control does decrease melt pool length.
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Figure 9-6: Plots showing the effect of different control systems on thermal measures; a) average maximum intensity, b)
average melt pool area, c) average melt pool width, d) average melt pool length

9.3.3. Hardness Analysis

For hardness measurements, edge effects have been shown to occur (Chapter 8), so a row of
hardness indents was discarded from each sample edge. Average hardness values for the 9 walls
are summarised in Table 9-3 along with their associated standard errors. For 3 hatch walls, both
power and velocity control were found to increase hardness, and to slightly decrease the standard
error. For the 6 hatch walls, power control slightly decreased the hardness, whilst velocity control
slightly increased it; both showed decreased standard error when compared to the no control wall.
In the 10 hatch wall, there was minimal change in hardness when power/velocity control were
implemented, with standard errors increasing by a small amount.
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Table 9-3: Average hardness values for walls, standard errors included

Average Hardness, HV (Standard Error)
Hatches No Control Power Control | Velocity Control
3 254.4 (2.7) 263.1 (2.6) 265.5 (2.3)
6 271.5 (1.5) 268.5 (1.1) 283.5(1.4)
10 274.0 (0.8) 274.0 (0.8) 274.4 (0.9)

In the triangular prisms (Table 9-4), there is less hardness difference when power control is
introduced as compared to the walls, both in average hardness values and in their standard errors.
In the YZ sections, the hardness variance is slightly decreased, whereas in the XY sections it is
increased. Overall, the latter dominates, so the standard error of hardness increases slightly when
power control is introduced.

Table 9-4: Average hardness values for triangular prisms, standard errors included

Average Hardness, HV (Standard Error)
Component Section No Control Power Control

Tri_BT YZ Section 276.0 (0.8) 275.4 (0.7)
Tri_BT XY Section 267.9 (0.9) 265.3 (0.9)
Tri_BT Combined 272.3 (0.6) 271.2 (0.6)
Tri_TB YZ Section 276.1 (0.9) 276.8 (0.7)
Tri_TB XY Section 263.5(0.9) 262.7 (1.4)
Tri_TB Combined 269.9 (0.7) 270.2 (0.9)

Statistical tests were performed to quantify whether these changes were statistically significant.
Each controlled sample was compared against the equivalent sample manufactured without control
(Table 9-5), for each:

e atestof two variances was performed to determine whether the change in standard error
was significant

e atwo sample t-test was performed to determine whether the change in average hardness
was significant

Both of these tests used a=0.05 as the threshold significance value. Table 9-5 shows that despite
slight changes in standard error, these changes were not statistically significant for any sample. The
hardness however did change in a statistically significant manner in three cases, 3P, 3V and 6V.
This suggests that hardness in narrower walls is more sensitive to processing conditions. Since
velocity control causes a larger hardness change in the 3 hatch walls (Table 9-3) and causes a
significant hardness difference in the 6 hatch wall, it could be argued that velocity control has a
larger impact on hardness than power control.
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Table 9-5: Tests for statistical significance between no control hardness values and controlled hardness values. Changes in
the average value were tested for significance as well whether the variance has changed

Test for Statistical Significance
Sample A | Sample B | Subset? Control being Change in Change 11.1 H.ardness
tested Hardness Variation
3N 3P - Power Yes No
3N 3V - Velocity Yes No
6N 6P - Power No No
6N 6V - Velocity Yes No
10N 10P - Power No No
10N 10V - Velocity No No
, . YZ
Tri_BT_N Tri_BT_P ) Power No No
Section
. . XY
Tri_BT_N Tri_BT_P . Power No No
Section
Tri_BT_N Tri_BT_P | Combined Power No No
. . YZ
Tri_TB_N Tri_TB_P . Power No No
Section
) ) XY
Tri_TB_N Tri_TB_P . Power No No
Section
Tri_TB_N Tri_TB_P | Combined Power No No

9.3.4. EBSD Analysis

Orientation maps for the 9 walls are shown in Figure 9-7, with the full 12 x 1 mm region visible; the
samples were later split into 4 sections each, labelled A-D (bottom to top). The 3 hatch walls all
have small, randomly oriented grains at the bottom, near the baseplate, but with height, the grain
size increases. The 3N wall has some very large, red grains (<100> orientation) towards the top of
the sample; along the centre of the y direction, there are fine grains along the full height of the build
- these are where the centre of the laser scanned, similar to Section 7.1. The 3P and 3V orientation
maps show similar trends, but generally with smaller grains at the top. In these orientation maps,
there are more lenticular grains in the higher sections, which are angled diagonally away from the
centreline.

For the 6 and 10 hatch walls, the <111> orientation is dominant, causing the purple colour. In both
6N and 6P, tall elongated grains occur early on, again with small grains along the centrelines. In 6V,
there is less dominance by these tall elongated grains; instead, a large number of small, randomly
oriented grains are retained higher up the wall. A similar trend is seen in the 10 hatch walls, with
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10N and 10P both containing large, elongated grains near the top; some large grains are found in
10V, but there are larger regions of equiaxed grains along the full height.

Orientation maps for the rectangular YZ sections of the two triangular prisms are shown in Figure
9-8, the edges have been cropped, so only the central region is shown. This is a bulk sample and
<111> orientations dominate, as seen by the dark blue/purple background colours. In both samples
there are many clusters of small, randomly oriented grains. Tri_BT_N appears to have more of these
randomly oriented clusters, with a background oriented somewhere between <100> and <111>,
whilst Tri_BT_P seems to have fewer of these small grains and a background orientation closer to
<111>,

As described in Section 9.2, each of the walls shown in Figure 9-7 was split into 4 sections along the
z direction (build height), these are labelled A-D (bottom - top respectively). For each of these
sectors, an area weighted average grain area and anisotropy factor are shown in Figure 9-9. The
grain area tends to increase with build height, this being most pronounced in the narrowest walls.
The largest change in grain area occurs in no control walls, with both power and velocity control
decreasing the variance; velocity has the most consistent grain area along the height of the walls.

The trend in anisotropy factor is less pronounced. For a 3 hatch wall (Figure 9-9d), anisotropy
factor decreases with height; the largest change is seen in the no control wall, power and velocity
control experience a change of similar magnitude. For 6 and 10 hatch walls, the change in
anisotropy factor is smaller than for the 3 hatch walls, there is some change in anisotropy factor
with height, with the 10 hatch wall showing the least variance.
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Figure 9-9: Breakdown of EBSD with each wall split into quarters, comparing grain area (a-c) and anisotropy factor (d-f),
both weighted by area; a, d) 3 hatch walls, b, e) 6 hatch walls, c, f) 10 hatch walls. In each plot, no control is compared to
power and velocity control

Once the average value for each quarter was calculated (Figure 9-9), the variation with height can
be calculated by taking the standard deviation of these 4 values for each wall; these are
summarised in Figure 9-10. With no control, the narrowest walls have the largest variation with
height for grain area, anisotropy factor and maximum mud. These variations decrease as wall width
increases, but no control walls always experience higher variance in these measures than power
and velocity control. As concluded from Figure 9-9a-c, velocity control has the largest effect on
grain area, reducing the variation of grain area with height as well as reducing the variation in
aspect ratio (Figure 9-10c). Variation of anisotropy factor and maximum mud (Figure 9-10b and d)
both decrease with number of hatches, both power and velocity control reducing the amount of
variation when compared with no control. Both seem to have a similar effect, it could be argued
that power control yields the most consistent anisotropy factor (Figure 9-10b).

Since the changes occur over the full height of the walls (Figure 9-9a-c), it was decided to compare
region A with region D, as there would be the largest difference between these. Generally, the 3
hatch wall had more variation than the 6 and 10 hatch walls, with 10 having the least variation
(Figure 9-10). Sections A and D were selected within the 3 and 10 hatch walls, for all 3 control
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types; these grains were processed using k-means clustering, labelling each grain as either small,
medium or large. Examples of grain identification is shown in Figure 9-11 for 3N and 10N (A and D
for each). The clustering seems to have sensibly separated the grains into the 3 classes; the bottoms
of both samples (A) are dominated by small grains (blue), with some medium grains (green)
appearing near the top. The tops of both samples (D) have large regions of medium and large grains
(green and yellow respectively), with streaks of small grains along the centrelines.
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Figure 9-10: Standard deviation of EBSD measures; a) grain area, b) anisotropy factor, c) aspect ratio and d) maximum mud
with height. An average value was calculated for each quarter of the sample and the standard deviation of these averages is
shown

The area fraction of each grain type for each sample are shown in Figure 9-12. Typically, the small
grains account for the majority of the area. Comparing the bottom of each wall to the top (A and D
respectively), it can be seen that the area fraction of small grain decreases, being replaced with
medium and large grains. There are very few large grains overall, with a maximum of 3 large grains
within any region. Comparing 3 hatch walls to 10 hatch walls, 10 hatch walls have less variation
from the bottom to the top; 3 hatch walls typically have a bigger area fraction of small grains at the
bottom than 10 hatch walls, but by the top, the 10 hatch walls have a bigger area fraction of small
grains than 3 hatch walls.

The change in area fraction for each grain type was calculated and the maximum of these is shown
in Figure 9-13a; a large change in maximum area fraction change suggests that the grain size
distribution is changing. As seen in Figure 9-12, the 3 hatch wall experiences more change than the
10 hatch wall, and the power and velocity control experience less change with height than the no
control wall. Velocity control has the least variation with height for both the 3 and 10 hatch walls,
similarly to Figure 9-10a. Small grains typically have the largest area fraction, Figure 9-13b shows
the decrease in small grain area fraction with height. The same trend is seen in Figure 9-13a, the 3
hatch wall changes more than the 10 hatch wall and velocity control experiences the least variation
with height.
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comparing 3 and 10 hatch walls across all control types

There were so few large grains in the selected regions that they were discarded; even if we included
them, no conclusions can be drawn from 2 grains. Changes in height (between top and bottom) for
anisotropy factor, aspect ratio and maximum mud were calculated (Figure 9-14). For each measure,
there is more change in the medium grains than in the small grains; the small grains are typically
equiaxed in nature and randomly oriented, so the changes in the medium grains will be analysed.
Figure 9-14a and d shows that power control leads to the least change in anisotropy factor of the 3
control methods. The maximum mud is the other measure of texture and in the 3 hatch wall, power
control decreased mud variation, which is not the case in the 10 hatch wall (Figure 9-14f), where
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mud variation increased with both power and velocity control. Finally, the change in aspect ratio
decreased for the velocity control for both 3 and 10 hatch walls, for power control, there was no
consistent change.
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between A and D

The various measures of grain shape/orientation for the triangular prisms are summarised in
Figure 9-15 for the Tri_BT_N and Tri_BT_P samples. In the triangular prism, Figure 9-15a shows
that average grain area increases with height (z); the change is more pronounced in the sample
with power control than with no control. There is minimal variation in aspect ratio with height,
although the no control sample has more variation. Anisotropy factor increases with height, again,
more so when built with power control (Figure 9-15b); with no control, there is minimal change in
maximum mud, but some variation is introduced in the sample with power control.
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9.3.5. Optical Microscopy

For each wall, several melt pool dimensions were measured (only one for the 3 hatch, as the edge
melt pools were not representative). The depths and widths were averaged for each type of control,
Figure 9-16a and c show that the melt pool is both narrower and shallower when either form of
control is implemented. This is more significant for velocity control, despite the same target being
used for both power and velocity control. There is no visible trend of melt pool width with sample
width, however, the melt pool depth is shallower in the 10 hatch walls than in the narrower walls
(Figure 9-16d).
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Figure 9-16: Melt pool dimensions of 9 walls. a, b) melt pool width; ¢, d) melt pool depth; a, c) comparing different control
types; b, d) comparing wall widths. Standard errors shown
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9.4. Discussion

9.4.1. Process Control

Process control is widely researched in the field of AM due to the variability in the process
currently experienced. For a variety of reasons such as component geometry, powder size
distribution and heat accumulation, even if a component is printed many times with identical
processing parameters (power, velocity), there will be significant scatter in the final components
mechanical properties. The idea behind process control is as follows:

e consistent and predictable mechanical properties are desired
o these are (at least partially) controlled by the microstructure of the component
e component microstructure is dependent on the thermal conditions in the process e.g. G, V

It follows that if the thermal conditions are kept constant, then one would expect the
microstructure to be homogenous. This would in turn reduce the variability in the mechanical
properties of the component.

The difficulty then becomes defining “thermal conditions”, in a way that we can measure online (in-
situ) and allowing us to adjust the input parameters (power and velocity) to change the conditions
in a controlled manner. Provisional experiments show thermal intensity to be well correlated with
both maximum intensity and melt pool area (Figure 8-4). Melt pool area requires a contour to be
plotted at a threshold value which is computationally expensive; maximum intensity takes a single
value, so is prone to error if any sensor anomalies occur. For these reasons, thermal intensity was
used as the measure of “thermal conditions” to be controlled, similarly to Baraldo et al [171]. The
control script ran at ~6 Hz and averaged the thermal intensities of 5 images and MATLAB R2021b
(Mathworks Inc) was able to process this online.

The melt pool area and thermal intensity both vary with processing parameters in the expected
manner, however, we have no confirmation that we are actually observing the melt pool. It has
been reported that vaporised metal can cause a plume, which can obscure the coaxial view of the
melt pool [171]. As explained in Section 4.2.4, four builds were initially performed and these
showed that increasing power or decreasing velocity both increased thermal intensity. This
logically makes sense and these experiments give us confidence in being able to change thermal
intensity in a controlled manner. Even if the melt pool is being partially obscured by a plume, we
are getting sufficient variation in coaxial imagery to detect changes in material behaviour.
Simultaneous side-on monitoring and coaxial would allow for direct comparison of the melt pool
length; however, at the time Chapter 7 was performed, the coaxial Basler camera sensor was faulty
and so being replaced.

Figure 9-4 shows without control, thermal intensity started below the target, but quickly rose
above the target of 0.9x107. For the 3 hatch wall there was the greatest change in thermal intensity
with height, whereas the 10 hatch wall experienced the least change in thermal intensity. Both
power and velocity are shown to bring the thermal intensity close to the target from the very start
and maintain it; there is some variability, but significantly less than that in the no control wall. This
is shown in Table 9-2, where the average thermal intensities of the controlled walls is between
0.889x107-0.906x107 (maximum standard error in a sample is 0.2 %).

The standard error of thermal intensity was decreased by 45 % in the 3 hatch walls and by 25 % in
the 10 hatch walls (Figure 9-5b). This is definitive evidence that the process control achieved its
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desired function - the thermal intensity was brought to the target value of 0.9x107 and the
variation of thermal intensity was greatly reduced. Figure 9-5a shows how well the controlled walls
hit the target, irrespective of wall thickness; it is interesting to note that the natural variability in
the 3 hatch wall is much larger than that of the 10 hatch wall. Particularly, the thermal intensity
changes more with height in these narrower walls and the thermal intensity reaches greater values.
It takes much longer for the hotter 3N wall to reach a plateau than the cooler 10N wall, a similar
phenomenon to that seen in Chapter 7.

Figure 9-3 shows the required change in processing parameters to keep the intensity constant in
the walls. In all cases, without control, the thermal intensity was above the target, so when using
control, either the power was decreased or the velocity was increased. Since the 3 hatch wall had
the most fluctuation without control, it required the largest adjustment in parameters. The power
control decreased to 91 % by the end of the build, whereas velocity had to increase to 129 % to
counteract the increase in thermal intensity. The increase in velocity required is much larger than
the decrease in power required, this in itself casts doubts as to the accuracy of normalised energy

density (NED) as an overarching quantity, where the ratio % is widely used (Section 2.4).

Normalised enthalpy (NE), however, uses a ratio of —= [84], so for an equal change in process, one

P
NG
would expect to need a larger change in velocity than the change in power required. Chapter 6
found that NE resulted in a better fit to experimental results for L-PBF than NED. Testing the two

P 0.91 .
Nl 0.91 and for velocity

= (.88 (all process parameters are a ratio of the no control parameters).

sets of controlled parameters in the NE form, using power control:
rF__1
Voo V129
These values are 4x closer to one another than the values of 0.91 and 0.78 which would be

calculated using NED, so NE is much more representative of the process than NED. This has been

control, we get

shown for L-PBF in Chapter 6 and now for L-DED, so the % relationship is better at representing

the physical phenomena occurring in AM. This confirms that AM processes are much more sensitive
to power than velocity.

A greater percentage change in velocity is needed to control the thermal intensity (compared to
power change required) as seen in Figure 9-3. They yield similar thermal intensity variances as
process is less sensitive to velocity control. As a result of this increased sensitivity, even if the target
intensity is only slightly below target, this would yield to a large increase in velocity as seen in
Figure 9-3; the gradient of the response function for velocity is 10x larger than that for power
(Section 4.2.4).

The aim of process control in this case was to reduce melt pool variation, to create a homogenous
component. A thermal intensity target was used, and the variation of thermal intensity was greatly
reduced. However, maximum intensity and melt pool dimensions (area, width, length) could
equally be used to describe the melt pool. As such, to quantify the overall variability in melt pools,
the standard errors presented in Table 9-2 were recalculated as percentages of the average value.
For each type of control, there were 5 melt pool measures for 3 samples (3, 6, 10 hatches), all 15
standard errors were summed to give the combined standard error presented in Table 9-6.

Table 9-6 shows that both power and velocity control reduce the melt pool variation. Power control
is shown to have a greater total reduction of melt pool variability. Velocity control was shown to
reduce variability in thermal intensity (which was the original target) in Figure 9-5b. However, a
change in melt pool area/length was experienced in the velocity controlled sample (Figure 9-6b
and d), reducing its’ overall success at minimising melt pool variance. The melt pool length is
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always greater in velocity controlled walls than in power controlled walls. This can be rationalised,
as the velocity increases, so the laser heats a longer length of material per unit time.

Table 9-6: Combined standard error for each type of control; calculated by summing the standard error (as a percentage of
the average) of all five measures from Table 9-2, for all 3 sample widths

Combined Standard
Error (%)
No Control 1.40
Power Control 1.09
Velocity Control 1.38

9.4.2. Effect of Control on Microstructure and Mechanical Properties

Figure 9-7 shows the EBSD orientation maps for the walls, the 3N wall has a clear difference
between the bottom and the top. The bottom mainly consists of small, randomly orientated,
equiaxed grains, whilst the top is mainly made up of large <100> oriented grains, with some small
randomly oriented grains along the centreline. To quantify these changes, the EBSD maps were
split into 4 sections (vertically). Figure 9-9 shows that the narrow wall (3 hatch) experiences the
biggest changes with height, both in terms of grain area and in terms of anisotropy factor.

Both power and velocity control tend to decrease this variation in microstructure with height.
Figure 9-10a shows that velocity control leads to the greatest reduction in grain area variation with
height. It is difficult to know the accuracy of aspect ratio measurements, as the tall grains have the
largest aspect ratios, but due to the EBSD map being cut into 4 regions, these grains will likely be
cut off, reducing the measured aspect ratio. It seems like both power and velocity control reduce
the texture variation (anisotropy factor and maximum mud) for all walls (Figure 9-10b, d). There is
much more microstructural variation in the 3 hatch wall than in the 10 hatch wall, as was the case
with thermal intensity. The 10 hatch walls were shown to have shallower melt pools (Figure
9-16d), which is linked to a faster cooling rate, which could explain the columnar structure of the
component (Figure 9-7) using the G-V plotin Figure 2-17.

To analyse the change in grain size more closely, grains were clustered into 3 categories: small,
medium and large. k-means clustering was performed on regions A and D of the 3 and 10 hatch
walls; the final result is shown in Figure 9-11. Calculating the area fraction of each grain size yields
some interesting results (Figure 9-12). By calculating the change in each of the area fractions
between the bottom and top, we can see that both power and control reduce the variation of grain
size with height, with velocity control showing greatest reduction in variation (Figure 9-13a). The
most obvious trends is observed in the area fraction of small grains, Figure 9-13b shows the area of
small grains decreases with height for all samples (more small grains at the bottom than at the top).
Once again, velocity control yields for the most consistent grain size for both 3 and 10 hatch walls.
Additionally, Figure 9-10c and Figure 9-14b and d show that the variation in grain aspect ratio in
velocity control samples is equal to or less than that for the no control walls.

Power and velocity control both decrease the standard deviation of both anisotropy factor and

maximum mud for all 3 walls. It could be argued that power control results in the least variation in

anisotropy factor (Figure 9-10b), whilst velocity control has more effect on maximum mud (Figure

9-10d). When clustering the grains, there were very few large grains (maximum of 3 in a region), so
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these were not further analysed, as an increase from 1 grain to 3 grains cannot be said to be
conclusive. The small grains were described as being equiaxed and randomly oriented, so when
looking at variations in texture, only the medium grains were analysed (orange in Figure 9-14).
Power control has the smallest change in anisotropy factor (medium grains) for both 3 and 10
hatch walls (Figure 9-14 a and d) and the least change in maximum mud for the 3 hatch walls
(Figure 9-14c).

Overall, it seems both power and velocity control decrease the thermal and microstructural
variation of the walls. Power control was shown to yield the most consistent melt pool shape,
whilst velocity control elongated the melt pool. Velocity control appears to yield the most
consistent grain area/shape whilst power control appears to control the texture slightly better than
velocity control.

During velocity control, the velocity of the process is increased and is being adjusted. Figure 2-17
shows that as the interface velocity is increased, the propensity for equiaxed grains increases (from
columnar grains). So as we increase the velocity, we are pushing the process towards equiaxed
grains; this explains the increased retention of equiaxed grains at the top of the wall visible in 10V
when compared to 10N (Figure 9-7). Additionally, Farshidianfar et al. showed that an increased
velocity lead to a higher cooling rate [125]; a higher cooling rate naturally leads to a finer grain size.
Since the bottom regions of the walls naturally have a fine grain size due to the effect of the
baseplate, decreasing the grain size in the rest of the wall results in a more homogenous grain size
throughout the component.

As explained in Section 2.4.1, the crystal orientation of a grain is dependent upon the direction of
the thermal gradient. This is exemplified by the zig-zag grain pattern visible in bi-directional
hatching strategies [284,285,372]. As such, the shape and size of the melt pool can affect the texture
of the component. During power control, the smallest variation in melt pool area is experienced
(Table 9-2), but the power is decreased, which reduces the melt pool depth (Figure 9-16c). As we
change power and hence the melt pool depth, there will be a change in thermal gradient direction
and so a change in crystal orientation is expected. Velocity control reduces the melt pool depth
further(Figure 9-16c), however, the melt pool length is also elongated (Figure 9-6d). It seems like
the increased cooling rate due to increased velocity affected the grain morphology more than the
change in melt pool depth affected the grain orientation.

Even when the melt pool image looks comparable using coaxial monitoring, the melt pool depth can
be significantly different as shown in Figure 9-16. This causes the structure of the components to
differ, despite the melt pools being consistent in the XY plane. A similar observation was made after
modelling work by Raghavan et al, finding that a similar XY section could have a very different melt
pool depth [43]. It may be possible to gain an insight into the melt pool depth by analysing the
temperature distribution within the melt pool. Alternatively, using modelling to estimate the melt
pool dimensions could be used to improve input parameters.

Both power and velocity control decrease texture variation in the component (anisotropy factor
and maximum mud), but since power control resulted in the most consistent melt pool shape
(Figure 9-6), it is unsurprising that power control lead to the smallest variation in component
texture.

The concept of a 2D component is introduced in Equation 2-5, these are generally thin components

where conduction does not dominate as a heat flow mechanism [89]. Additionally, it has been noted

that with height, a 3D component can start behaving in a 2D manner, this is due to the distance

from the baseplate and hence the reduction in thermal condition to the baseplate [300]. The Peclet
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number, defined in Section 2.2.1, is a dimensionless number used to study various transport
. . . . L .
phenomena; in this case, we are using it to characterise the nature of the heat flow. Pe = %, which

effectively is a ratio of convection to conduction; Peclet number is proportional to the characteristic
length, for which we use the melt pool length, as this is the dimension which varies most between
walls whilst being calculable online. The melt pool in a 3 hatch wall (3N) is longer than the 10 hatch
wall (10N), this suggests that the narrower wall experiences less conduction and so is more 2D in
nature, which follows with literature [89]. Since our aim is to maintain constant thermal conditions
through the build, that should include maintaining a constant Peclet number and so constant melt
pool dimensions. Power control experienced least variation in melt pool area, so in terms of
thermal conduction, we would it expect component built with power control to show least
variation.

Essentially, the aim of process control is to reduce variation in mechanical properties, as required
for industrial certification. Hardness indentation maps were taken of each wall as a simple proxy
for mechanical properties. Chapter 8 showed that the edges of Inconel 718 samples are softer than
the bulk due to in-situ precipitation, to avoid this, only central hardness indents were considered (a
row of indents was removed from each edge). For both 3 and 6 hatch walls, the standard error of
hardness was reduced by both power and velocity control (Table 9-3). For the 10 hatch wall, the
initial variation was already low, and the control algorithms slightly increased the standard error.
Despite some decreases in standard error being observed, no change in hardness variation was
determined to be statistically significant using «a=0.05 (Table 9-5).

In terms of absolute hardness values, velocity control increased the hardness of the 3 hatch wall
more than power control. 3P, 3V and 6V were all found to have statistically significantly different
average hardness values compared to 3N, 3N, 6N respectively (Table 9-5). This suggests that
velocity control had a larger effect on the component hardness than power control.

It is interesting to find that despite a noticeable change in grain size and orientation, there is no
significant reduction in the hardness variation. It could be that the magnitude of microstructural
changes incurred was insufficient to cause a change in mechanical properties. Alternatively, it could
be although hardness is unchanged, the variability of other mechanical properties is reduced.
Tensile properties [373], crack growth behaviour [374], fatigue [375] and creep [67] have all been
shown to be dependent on the grain size and orientation. Hardness is typically correlated with the
youngs modulus which is known to be an intrinsic property (constant, independent of
microstructure), however, it could be that more in-depth mechanical characterisation is required to
determine the effect of process control.

9.4.3. Triangular Prisms

Triangular prisms were printed with no control and with power control to determine whether the
observations made on the walls hold true in more complex geometries. The thermal intensity of the
10 hatch wall had much less variation than narrower (3 hatch) walls, this was further reduced in
the triangular prisms (Table 9-2). Introducing power control brought the thermal intensity close to
the target (0.89x107 and 0.91x107), however it actually increased the standard error in thermal
intensity. This is likely due to the changing hatch length; e.g. at the end of a layer, the shortest
hatches are being scanned, so the laser power is accustomed to short hatches and the first hatch of
the next layer is long again, so the parameters are wrong.

Figure 9-15 shows the analysis of grain orientation and size for the Tri_BT_N and Tri_BT_P
components. Both triangular prisms follow similar trends, grain area increases with height, as does
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anisotropy factor; in both cases, the variation is slightly larger in the power controlled component.
Power control slightly increases the variation in aspect ratio and of maximum mud. It seems that
power control does not homogenise the grain size/orientation of larger components. It must be
noted that only the central regions of the triangular prisms were analysed, all edges were removed
due to the edge hardness effect. Roughly 3 mm of EBSD data is removed from both edges in the Y
direction and one of these edges is the tip of the triangle, a narrow section, equivalent to the
narrow walls. There was less effect of control visible in the 10 hatch walls than the narrower walls
and the triangular prism is larger than the 10 hatch walls, so it is not surprising that the bulk of the
triangular prism experiences no microstructural homogenisation.

In terms of hardness, no statistically significant change in either hardness or hardness variation
was seen in the triangular prisms (Table 9-5), similar to the 10 hatch walls. 2 sections were taken of
the triangular prism, a triangular XY section and a rectangular YZ section (of which the EBSD map is
taken). The hardness variation seems to reduce slightly in the rectangular YZ sections when power
control is introduced. However, the hardness variation in the triangular XY sections slightly
increases, so no overall trend is seen.

Thinner components appear to be more sensitive to process control, where the microstructural
variation is reduced. This effect was not observed in bulk components. Figure 9-10 shows that for 3
hatch walls, the grain size/orientation changes are most significant, whilst for the 10 hatch wall,
there is minimal change in microstructural measures. The 6 hatch wall (~3 mm wide) experiences
a more significant homogenisation than the 10 hatch wall, so it can be concluded that process
control is most effective in sections less than 3 mm wide.

9.4.4. Additional Sources of Uncertainty

There are various phenomena which could affect the accuracy of the process control algorithms. In
literature, the presence of oxides was reported as a potential impact factor on the emissivity; in this
work, the powder batch was kept constant and the Argon flow was kept constant at 12 I/min. By
controlling these factors, the likelihood of environmental changes was reduced. Additionally, in
literature, the oxide defects were visible to the naked eye; no such defects were noticeable in
components printed in this work. A variable work offset was mentioned as a secondary cause of
process control inaccuracy. In this work, the work offset was set to 3.5 mm and at the end of each
build, a similar work offset was observed. Further, by minimising the size of the aperture on the
coaxial camera, the depth of field was increased to over 1 mm, which would stop any defocussing in
the case of minor work offset fluctuations.

A very simple linear control function was used, however, Figure 9-4 shows that the target intensity
was reached very quickly and was maintained relatively well. In literature, PID algorithms are
typically used as controllers for process control, but these require many experiments to optimise
the gain parameters. In the creation of this system, it was decided that simplicity was key and so a
simpler control function was chosen. The linear control function only requires 4 components to be
built to calibrate both the power and the velocity components. As aforementioned, the fluctuation
in the velocity values used is quite large (Figure 9-3), this is due to the greater change in velocity
required for a change in thermal intensity. Using an optimised PID controller could dampen the
control and reduce the amount of overshooting; however, the linear control reduced the thermal
variation sufficiently for the microstructural properties to be homogenised. In more complex
geometries, a PID controller may be required for thermal intensity variation to be reduced.
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A constant mass flow was used irrespective of the control algorithm used. As velocity is increased,
the mass flow per unit length decreases; if less cold powder is entering the melt pool, this could

allow the melt pool size to increase. There is a balance, as increasing velocity has the following
effects:

e energy density decreased, so a smaller melt pool would be expected
e laser moves further per unit time, which could elongate the melt pool
e mass flow per unit length decreased, which could elongate the melt pool

It is not obvious which of these effects will dominate, and this could be dependent on the
component geometry. Power control could be used to avoid this uncertainty, but increasing power
will increase the melt pool size. Given that the powder capture efficiency is <100 %, a larger melt
pool will capture more powder. These phenomena are unavoidable, but by being aware of them, we
can comment on their potential effect rather than assuming that the mass flow is constant.
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9.5. Summary

In this chapter, process control was implemented using a cheap coaxial monitoring setup. It has
been shown that both power and velocity control can successfully regulate the thermal intensity,
even when using a simple control function, reducing the variation in thermal intensity in narrow
components. Narrow components experience significantly more thermal and microstructural
variation when printed with no control; this naturally means that the process control has more
effect on these. It was shown that the L-DED process is more sensitive to power than velocity; NE

(\/%) was found to be more accurate than NED [g ).

Coaxial monitoring was found to be easier to implement due to geometrical constraints. Power
control was shown to maintain the overall thermal signature of the component with the greatest
consistency, likely due to the melt pool elongation experienced in the case of velocity control. With
no control, 10 hatch walls experienced minimal microstructural variation, however, the
microstructural variation of 3 and 6 hatch walls was greatly reduced by using both power and
velocity control.

Velocity control is hypothesised to increase cooling rate by elongating the melt pool, leading to a
finer grain size. Power control was hypothesised to alter the melt pool shape and so the direction of
the thermal gradients, changing the grain orientation and altering the texture. Despite the fact that
the variation of grain size/orientation was reduced by power and velocity control, the variation of
hardness in these components was not significantly reduced. The grain structure was altered, and
this change in grain size/orientation would be expected to affect other mechanical properties such
as tensile properties and fatigue life.

The triangular prisms behaved much like the 10 hatch walls, showing minimal variation when
power control was applied. The results analysed suggest that process control does have an effect on
components of up to 3 mm width, but have no real effect in larger components. Real life
components, such as turbine blades, do have sections less than 3 mm wide, so being able to control
the component homogeneity in these extremities would be advantageous. Even with process
control implemented, the melt pool depth varied with sample width, which explains the
microstructural changes between samples of different widths. This could be improved by a detailed
analysis of the temperature distribution within the melt pool, which could lead to a more advanced
parameter being used as the input to the control algorithm.

Inconel 718 is known for being a very printable alloy with a wide processing window; if another
alloy was more susceptible to changes in thermal gradient and/or cooling rate, the effect of

power /velocity control may be more pronounced. Work has previously been done on Ti-6Al-4V
[376] and Fe-19Ni-5Ti [330] alloys, creating banded structures, either by allowing the material to
cool between layers [330], or by changing the energy density [376]. Since both of these alloys have
a strong microstructural response to a change in processing parameters, these alloys may be a good
choice for testing the capability of process control as they would better determine the feasibility of
reducing variability in mechanical properties of components by using process control.
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10. Analysis of Grain Size and Orientation
Distributions in Inconel 718 produced by L-
DED

10.1. Introduction

Additive manufacturing yields notoriously complex component microstructures. Much work has
been focussed on understanding grain orientation, in an attempt to achieve consistent structures,
specific structures or single crystal components [33,180,372,377-379].

10.1.1. Heat Flow in AM

Much work is focussed on modelling of AM, this is needed for a better understanding of the heat
flow during the process and hence the final component texture. In full component models,
conduction is found to account for around 90 % of cooling (conductionxT) [105,380]. Along the top
surface, convection is shown to be constant (convectionxT), radiation is of similar magnitude to
convection, but increases by a factor 3 in the melt pool (radiationxT#) [380]. It must be noted that
these models ignore heat flow from the front/back faces. As reported by Heigel, including
convection increases the accuracy of thermal models, Figure 10-1 shows the effect of varying the
convection coefficient; different coefficients fit better at different times in the process [381]. By
fitting the convection coefficient to the data and modelling forced convection (which increases
cooling), Heigel was able to reduce thermal error to 5 % [381]. This is a similar situation to
emissivity calibration for thermal monitoring, most work published in literature uses a single value
for simplicity, but this introduces error into the measurement.
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Figure 10-1: Effect of varying convection coefficients on the accuracy of thermal models for L-DED; b) shows the initial rise
from a). Reported by Heigel [381]

Vasinonta et al. created processing maps using both 2D (thin wall) and 3D (bulk) point heat source
models [89]; these allow for prediction of a normalised melt pool size from processing parameters.
Since conduction is restricted in the thin wall due to reduced volume, the melt pool is predicted to
be 65 % longer than in the bulk scenario when printing with the same parameters [89]. In reality,
due to the larger surface area and longer melt pool, radiative cooling would also become more
significant [381], so the cooling rate is likely underestimated. There is also a reduction in
conduction with build height, which leads to a temperature increase with height [105]; thermal
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monitoring and modelling both show the temperature rising over initial layers before plateauing, as
seen in Chapter 7 [89,300].

Heat flow conditions vary significantly depending on the geometry being printed and will vary
starkly in different parts of a component [95]. For repeatable, homogenous components to be

printed, the variation of the melt pool with part cross-section needs to be better understood, as this
directly influences the microstructure.

10.1.2. Grain Orientation in PBF

There is more work regarding the origin of grain orientation in L-PBF than in L-DED in the
literature. Sun et al. report that by increasing energy, density keyhole mode is reached (Figure
10-2d) [93], the increased roundness of the bottom of the melt pool means that grains
predominantly grow diagonally (as shown by the green arrows) and so no columnar grains occur.
In Figure 10-2c, large columnar grains are visible in the conduction mode melt pools, the authors
claim that a flatter melt pool allows for growth of the columnar grains, as the melt pool shape
dictates the thermal gradients and so the texture [93]. 316L steel has an FCC structure (as does
Inconel 718) and the materials properties are relatively similar to that of Inconel 718 (summarised
in Table 10-1, with Ti-6Al-4V included for comparison), hence similar microstructural phenomena
are expected as with Inconel 718.

Figure 10-2: Microstructure of L-PBF manufactured 316L steel. a', b') optical micrographs; c, d) inverse pole figure maps; a’,
c) low energy density; b', d) high energy density. Laser scans into/out of page; reported by Sun et al [93]

A similar transition was reported by Gokcekaya et al. [94], however, in this case, it was achieved by
increasing the velocity (which decreases energy density). They claim to perform a thermal diffusion
analysis and that the results of this predict a vertical maximal heat flow direction in the low velocity
case (Figure 10-3a’); unfortunately, no modelling details are given, so it is now known how well the
modelled melt pool shapes match those seen experimentally [94]. Jodi et al. manipulated the melt
pool shape using a top-hat laser profile, allowing for epitaxial growth of pure Nickel [379]; since the
melt pool was wide and flat, grains grew vertically, propagating in the <100> orientation. In EB-
PBF, Pistor et al. found that a low solidification angle (flat melt pool) lead to coarse columnar grains
[378]; this follows the hypothesis made by Sun et al. [93] that the melt pool shape can be taken as a
proxy for the maximal heat flow direction, as accurate modelling is difficult.
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Figure 10-3: Microstructure of L-PBF manufactured Inconel 718; a, b) optical micrographs; a’, b’) inverse pole figure maps; a,
a’) lower velocity; b, b’) higher velocity. As reported by Gokcekaya et al [94]

Table 10-1: Comparison of materials properties of 316L, Inconel 718 and Ti-6AI-4V

316L Inconel 718 Ti-6Al-4V
Crystal Structure FCC FCC HCP
p, Density, kgm-3 7800 [4] 8100 [4] 4000 [4]
k, Thermal Conductivity, Wm-1K-1 16.3 [95] 9.9 [273] 6.63 [4]
a, Thermal Diffusivity, m2?s-1 4.07x10-¢[95] 2.87x106 [273] 10.7x10-6 [382]
AT, Freezing Range, K 40 [4] 76 [4] 50 [4]
10.1.3. Grain Structure in L-DED

Generally, it has been shown that grains grow anti-parallel to the maximum heat flow direction
[377], as shown to be the case in L-PBF; for the y phase (FCC), the <100> orientation is the fastest
growing direction [285,377]. In L-DED, dendritic solidification is shown to occur, where heat flow is
not the only factor in the growth direction (Figure 2.4.1), as there is a high energy cost associated
with the nucleation of dendrites [159]. Figure 10-4a shows the direction of the beam movement
and how the maximum heat flow (perpendicular to melt pool boundary) leads to a solidification
velocity at an angle from the laser movement direction. In the example by Wei et al. (L-DED), this is
calculated to be 60 ° (Figure 10-4c) and so the dendrites are expected to grow at this angle (Figure
10-4 d, e); this is confirmed experimentally for Inconel 718 in Figure 10-5a.

Similarly, Guévenoux et al. hypothesised that the angle at the bottom of the melt pool determines
the observed crystal structure as shown in Figure 10-6 [95]. In this case, the grain orientation was
vertically aligned, however, when an inter-layer dwell was introduced, the zig-zag pattern was
observed. The extra cooling time was said to elongate the melt pool and hence create an angled
interface which results in diagonal grain growth (55 °). In L-DED, much EBSD is done XZ sections
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(e.g. Figure 10-5); if looking in the YZ plane (melt pool moving into/out of page, similarly to Figure
10-3), a vertical (columnar) grain would appear as <100> orientation, whilst a diagonal grain will
have an orientation far from <100> (towards <110> or <111>, depending on the 3 dimensional
orientation of the grain).

a) y(x)

f) pey

Tiiq

Vs

Maximum heat
flow direction

SRoRcLd Sis
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Figure 10-4: Grain growth direction explained through scan strategy and heat flow direction. a) Corner of a modelled melt
pool, with solid in the top left, Vi, shows the beam velocity and Vs shows the direction of the solidification velocity; b)
overlapping melt pools in a uniaxial scan strategy, showing multiple layers of the build; c) maximum heat direction overlaid
on b), resulting in d), the predicted dendrite solidification pattern; e) 60 ° dendrite angle shown for Inconel 718; f)
overlapping melt pools in a biaxial scan strategy, showing multiple layers of the build; g) maximum heat direction overlaid
on f), h) schematic showing a 45 ° grain growth; i) the predicted dendrite solidification pattern; j) 45 ° dendrite angle shown
for Inconel 718. Adapted from Hunziker et al [88] and Wei et al [159]

The case is more complex if the hatching direction is alternated (Figure 10-4f). If one grain grows at
60 °, then the next layer would grow at -60 °, 120 ° between them (Figure 10-4g); this is
energetically unfavourable. If dendrites grow at 45 ° from the laser movement direction, the
maximum heat flow remains at 60 °, so there is a 15 ° mismatch. However, in the next layer, if
dendrites grow at -45 °, then there is a 90 ° angle between layers (Figure 10-4h); this allows for
secondary dendrites in one layer to grow into primary dendrites in the subsequent layer [159].
This removes the need for nucleation of new dendrites and so reduces the overall energy required;
this reduction is sufficient for the dendrite growth to consistently grow at 15 ° from the maximum
heat flow direction (45 ° growth compared to a 60 ° heat flow). Figure 10-4j and Figure 10-5b show
that a 90 ° orientation change does occur between layers, confirming that the heat flow isn’t the
only factor in determining the dendrite orientation. This would lead to the appearance of tall,
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continuous grains (when looking in the YZ plane), although for different reasons than those that
occur in L-PBF; in L-PBF, vertical epitaxial growth occurs, in L-DED, zig-zag growth occurs, but from
the YZ plane, these appear to be of a constant orientation. Similar phenomena are occurring in both
processes, but due to the different melt pool scale and different solidification structures, direct
parallels cannot always be drawn.

Figure 10-6: Melt pool shapes and EBSD maps of Inconel 718; a) no interlayer dwell; b) 10 second interlayer dwell. Reported
by Guévenoux et al. [95]

Figure 10-7 shows the expected transition from columnar to equiaxed grains with G and V;
constructed for Inconel 718 by Dehoff et al (for EB-PBF) [102]. A black arrow has been overlaid,
using the laser velocity for these experiments as the interface velocity and showing a range of
cooling rates from 103-10% K/s. It has been reported that a small melt pool is associated with having
a faster cooling rate [104,105]; Figure 10-7 shows that this would in turn lead to a more columnar
structure [102].
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Figure 10-7: Plot of G vs V, with the black arrow showing the approximate range of conditions experienced, direction shows
increasing cooling rate. Reported by Dehoff et al. [102]

10.1.4. Effect of Grain Orientation on Mechanical Properties

As microstructure has a strong effect on the resulting mechanical properties of a component,
understanding the microstructure formation during AM is critical for predicting the mechanical
properties. In literature, both grain size and orientation have been reported to affect the
mechanical properties of components; summarised in Table 10-2. Overall, it is shown that changes
in processing conditions, sample orientation and scan strategy have a large effect on the mechanical
properties, and these effects are maintained post heat-treatment. As concluded in Chapter 9,
keeping consistent thermal conditions is critical for both microstructural and mechanical
homogeneity.

Alarge change in grain orientation was observed with sample thickness in Chapter 8 and Chapter 9,
what causes this change in grain structure? In-depth optical/EBSD analysis is performed in this
chapter and the cause of the orientation change is explored. If melt pool monitoring cannot capture
this change in grain structure, does this negate the use of coaxial monitoring for process control?
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Table 10-2: Summary of mechanical property dependence of Inconel 718 on the microstructure

Microstructural change
not quantified

Primary Author Process Change in Change in Mechanical
Microstructure Properties
Kirka [373] EB-PBF, HIP, Equiaxed vs Columnar Order of magnitude
Heat Treatment difference in low cycle
Parallel and fatigue. 20% difference in oy
Perpendicular to build
direction
Ghorbanpour L-PBF Small vs Large Grains 35 % difference in E
[374] (3.5x increase) ] ]
20 % difference in HV
Parallel and ] ]
Perpendicular to build 2.7.5x difference in crack
direction fatigue threshold
Gribbin [375] L-PBF (some Horizontal vs 45 © angle 15 % difference in high cycle
HIPed) fatigue stress threshold (at
which failure did not occur)
Sanchez [67] L-PBF, Heat 2x change in grain size 2.5x change in creep life
Treatment (changing scan strategy
. . . 4x change in elongation to
and orientation of tensile )
bar to baseplate) failure
Alhuzaim [383] | L-DED 4x change in grain 15 % change in micro-
dimensions by varying hardness
laser power. 4x change in
PDAS
Tabernero [384] | L-DED Change in scan strategy. 55 % change in UTS

10.2. Methods

Samples were printed in Inconel 718 on the BeAM Magic 2.0 DED machine on an Inconel 718
substrate, with the nozzle 3.5 mm above the substrate. Walls of six different thicknesses (controlled
by number of hatches) were built, ranging from 1 hatch (1.1 mm thickness) to 8 hatches (3.6 mm
thickness) all with consistent build parameters, as summarised in Table 10-3. These were originally
introduced in Section 8.2. Additionally, two walls were printed with power control, 3 and 10
hatches wide respectively (Section 9.2). Finally, one triangular prism was printed, hatching from
base to tip, as introduced in Section 8.2; the scan strategies and axes are defined consistently
throughout, as defined in Figure 8-3. During the process, coaxial monitoring was recorded as
described in Section 4.2.4, calculating average thermal intensities and melt pool measures for each

component.
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Table 10-3: Parameters used for both wall and triangular prism samples; all samples previously introduced in Chapter 8 and

Chapter 9
Sample Power Velocity Hatch Spacing | Z Step Mass flow
w) (mm/min) (nm) (nm) (g/min)
1 hatch Wall
2 hatch Wall
3 hatch Wall
300 2250 400 200 6-6.5
4 hatch Wall
6 hatch Wall
8 hatch Wall
3P (power control)
300 2000 400 200 6-7
10P (power control)
Base to Tip Triangular Prism 275 2000 350 225 6.5-7.5

EBSD was performed on all of the samples; the details of the various thickness walls and the
triangular prism EBSD capture are described in Section 8.3.3. EBSD of the power controlled walls
was performed using a Jeol 7900F with an Oxford Instruments Symmetry EBSD detector. A 3.5 pm
step size was chosen with a 13 mm work offset and a ~ 90 nA probe current. Walls were scanned
with the area covering 1 mm (Y axis) in the central section of the sample (Y axis) with a height of 12
mm from the baseplate (Z axis). The average grain area (weighted by area) was calculated for each
component.

All the grains from the 6 walls were combined to perform k-means clustering (as described in
Section 4.7) for further analysis. This involved clustering the grains into 6 clusters, by grain area
and aspect ratio; these were then combined into three grain types: small, medium and large. All the
grains from the two power controlled walls were also clustered, with each grain being assigned to
its nearest cluster centroid, as calculated above. The YZ section of the triangular prism is
rectangular, roughly 21 x 7 mm (Y and Z respectively); this was split into 21 slits, each 1 mm slits
along the Y direction, so the effect of the component thickness (in X) on microstructure could be
analysed. Each of these 21 slits has their grains clustered using the pre-calculated centroids. For
each set of grains within each component, area percentage, anisotropy factor, aspect ratio and
maximum mud were calculated.

Once polished, the walls of various thicknesses were etched with Kallings Reagent #2 to reveal the
underlying microstructure. Optical micrographs were then taken to measure the melt pool
dimensions and the primary dendrite arm spacing (PDAS). Since subsequent layers remelt
previously printed material, the top layer of melt pools is the only one which can be used to
measure an accurate melt pool depth. To analyse the melt pool shape, an outline was manually
drawn from the optical images and the line was fitted with a 6th order polynomial. This allowed for
calculation of the melt pool angle, so the fraction of “flat” melt pool could be calculated. In EBSD, a
grain threshold angle of 10° is typically used, a section of melt pool was defined as flat if the angle
was 5 ° from horizontal.
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10.3. Results

10.3.1. Thermal Monitoring

Coaxial monitoring was recorded throughout the builds, and this is shown for several components
in Figure 10-8. The thermal intensity for the 3P wall is shown in Figure 10-8a, b, raw data and with
intensities below 0.2x107 removed respectively. This reduces the noise due to the laser turning off
and makes it easier to compare the thermal intensity of walls. Figure 10-8c shows the variation in
thermal intensity throughout the 3 and 8 hatch walls. They start with a similar thermal intensity,
but the intensity of the 3 hatch wall increases rapidly, whilst the intensity of the 8 hatch wall only
slightly increases over a longer duration. Both 3 and 8 hatch walls have an increase in thermal
intensity variation with build height. The average thermal intensities for the walls of varying width
are summarised in Figure 8-9.
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Figure 10-8: Thermal intensities of walls; a) 3P wall, b) 3P wall (removing points with intensity below 0.2x107), c) 3 hatch
and 8 hatch walls (removing points below 0.2x107, moving average with window 10), d) 3P and 10P walls (removing points
below 0.2x107, moving average with window 10)

Figure 10-8d shows that with power control, both 3 and 10 hatch walls (3P and 10P) have a
consistent thermal intensity, centred around the target intensity (0.9x107). The average thermal
intensities of the 3P and 10P walls are summarised in Table 10-4 along with the other melt pool
measures. The average thermal intensities, maximum intensities, melt pool widths and melt pool
areas are very similar, with the difference between the two walls being less than the standard
deviations. The average melt pool length of the 3P wall is 15 px longer than the 10P wall, which is
less than the average standard deviation but is the largest difference between the melt pools.
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brackets

Table 10-4: Comparison between 5 coaxial monitoring measures for the 3P and 10P walls. Standard deviations are shown in

3P (14989 frames)

10P (49724 frames)

Thermal Intensity

8.97 (1.8) x 107

8.96 (1.43) x 107

Max Intensity 1277 (218) 1257 (172)
Melt Pool Width (px) 166 (9.7) 167 (13.4)
Melt Pool Length (px) 201 (20.5) 186 (12.8)
Melt Pool Area (px2) 24088 (2470) 24470 (1809)
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10.3.2. EBSD Analysis

Figure 10-9 is a duplicate of Figure 8-12, included for ease of reading, it shows the orientation maps
of the 6 walls of various thicknesses. Generally, it seems like narrow walls (1-3 hatches) are made
up of smaller, fairly equiaxed grains, along with some larger diagonal grains, which do not seem to
have a preferred crystallographic orientation. The 3 hatch wall has some larger grains and more of
a tendency for the larger grains to be oriented in the <100> orientation.

The wider walls (4-8 hatches) have regions of small, randomly oriented, equiaxed grains running
along the laser centrelines. Between these, there are large columnar grains, these have a strong
tendency to be somewhere between the <100> and <111> orientations; generally centred on
<112>.
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Figure 10-9: Inverse pole figure maps (IPFX) of yz section of walls from 1 - 8 hatches showing full thickness (y) and 1500 um
height (z) at the midpoint of the height. This is a duplication of Figure 8-12, reproduced for ease of reading

The equivalent figures for the 3P and 10P walls are shown in Figure 10-10; these are 1 mm wide,
but 12 mm high (from the baseplate). The orientation maps in Figure 10-9 are full sample width,
but only 1.5 mm tall - this height is shown in Figure 10-10 for reference. Similar trends are
observed, 3P having mainly small, randomly oriented, equiaxed grains; towards the top of the

220



sample, some larger <100> orientation grains appear. The 10P wall has centreline regions of fine
grain sizes, similar to the wider walls in Figure 10-9; with tall, columnar grains, again, oriented
around the <112> orientations.
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Figure 10-10: Inverse pole figure (IPFX) maps of 3P and 10P walls, showing axis direction. Black boxes show equivalent
region captured of the various thickness walls

The inverse pole figure map of the YZ section of the triangular prism is shown in Figure 10-11.
Three 1 mm strips are highlighted to show the notation used later; the tip of the triangular prism is
at y=0. The grain structure of this section is dominated by small, randomly oriented grains; the
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background is definitely a blue/purple colour. There is a preference toward grains oriented in the
<112> orientations; few large columnar grains are seen.
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Figure 10-11: Inverse pole figure (IPFX) map of triangular prism YZ section
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For each of the walls, the grain area was averaged (weighted by grain area), which is shown in
Figure 10-12. The narrower walls have significantly smaller grains than the wider walls, with a
sharp transition between 3 and 4 hatches. The 3P and 10P walls include the full height of the wall,
which includes some larger grains at the top, but are included for comparison. There is still an
increase in grain area with hatch number, but the 3P wall has a much larger grain area than the 3
hatch wall.
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Figure 10-12: Area weighted average grain areas for each wall, including 3P and 10P

The grains were clustered into small, medium and large grains, this is shown in Figure 10-13.
Visually, the clustering seems to have performed the desired function, there are few large grains,
but these are typically columnar. Medium grains are more prevalent in the narrow walls, being
diagonally oriented towards centrelines; small grains are typically along grain centrelines and are
present in all samples.

1 hatch 2 hatch

Build Direction

x

Scan Direction

Figure 10-13: Clustering of grains into small (blue), medium (green) and large (yellow) clusters, shown for 6 walls of varying
thicknesses
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Pole figures for the different grain sizes of the 1 hatch wall are shown in Figure 10-14. The small
grains are fairly randomly oriented, with a maximum mud of 1.8; the maximum mud of the medium
grains is 9.4; there are no large grains present.

3 (001)

i 1
0 0.5 1 1.5 2 2.5
Figure 10-14: Pole figures for 1 hatch wall; a) small grains, b) medium grains

Pole figures for the three different grain sizes of the 6 hatch wall are shown in Figure 10-15. The
small grains are fairly randomly oriented, with a maximum mud of 1.6; the maximum mud of the
medium grains is 5.1. Large grains have the largest mud of 22, which is representative of a strong
texture, the peaks on the <111> plot in Figure 10-15c are near the centre, so it can be determined
that the large grains in the 6 hatch wall are near the <111> orientation (i.e. <112>).
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Figure 10-15: Pole figures for 6 hatch wall; a) small grains, b) medium grains, c) large grains

The distribution of different grain types in each wall is summarised in Figure 10-16. For narrow
walls (1-3 hatches), there are roughly 50 % small grains and the rest are medium (with 1 large
grain in the 3 hatch wall). For the wider walls (4-8 hatches), small grains account for less than 50 %
of the area, with the rest slightly dominated by large grains. Comparing the 3P and 10P walls, the
10P has more, larger grains, so the grain size generally increases with wall width. Finally, in the
triangular prism, near the tip (Tri 1) the majority of grains are small, with some medium grains; in
the bulk (Tri 11), there is a greater number of smaller grains.
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Figure 10-16: Breakdown of grain area fractions for various thickness walls, 3P and 10 P walls and 2 sections of the
triangular prism

A detailed comparison of the different sized grains for the different walls is shown in Figure 10-17.
The anisotropy factor (Figure 10-17a) of all small grains is 0.15-0.2, irrespective of the wall. In the
narrow walls (and 3P), the anisotropy factor of large grains is smaller than that of medium grains,
which is itself smaller than small grains. This reduction in anisotropy factor tells us that the larger
grains in the narrow walls are the closer to the <100> orientation (as this has the minimum
anisotropy factor of 0). The opposite trend is seen in wider walls (and 10P), where the larger grains
experience a greater anisotropy factor (i.e. further from <100>).
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Figure 10-17: Analysis of grains, clustered by size; for various thickness, 3P and 10P walls; a) anisotropy factor; b) standard
deviation of anisotropy factor; c) aspect ratio; d) maximum mud
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The standard deviation of anisotropy factor is shown in Figure 10-17b; this is high for small grains,
which confirms that they have no preferential orientation. For medium grains, the deviation in
narrow walls is relatively high, which confirms the observation from Figure 10-9, that the medium
grains have random orientations. Whereas for wider walls, medium grains have a smaller
deviation, so are more textured; the large grains in all walls have little deviation in anisotropy
factor. The maximum mud is a measure of texture and shows that for all walls, the texture is greater
in large grains than in small grains (Figure 10-17d); in narrow walls, the large grains have the
greatest maximum mud, but this is due to the fact that there were only 1 or 2 grains of this type.

The aspect ratios of grains is shown in Figure 10-17c, all small grains have a relatively low aspect
ratio. In narrow walls, the aspect ratio increases in medium grains and they have very few large
grains. In wider walls, the aspect ratio of large grains is highest, but not by much, this could be
because the EBSD regions are limited to 1.5 mm in the Z direction, which is the direction in which
the grains are elongated. The EBSD map of the 10P wall was 15 mm high, so this allowed grains to
be captured in full height, hence the larger aspect ratio observed.

An analysis of the grain structures in the triangular prism is shown in Figure 10-18; there were
very few large grains, so these were excluded from the analysis. Figure 10-18a shows the
anisotropy factor variation with height; the lowest anisotropy factor was in the Tri 1 section
(nearest the tip as shown in Figure 10-11), after this, a plateau is reached, the medium grains
experiencing a higher anisotropy factor than the small grains. Maximum mud (Figure 10-18c)
shows a similar trend, the small grains exhibiting minimal texture through the full width, whilst the
medium grains have little texture in Tri 1, but with more texture in the rest of the triangular prism.
The aspect ratio of small grains is constantly small (Figure 10-18b), for medium grains, this is
slightly higher; for both grain sizes, in Tri 1 there is a greater aspect ratio than in the rest of the
component.
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Figure 10-18: Variation of grain structure in the triangular prisms, with distance from the tip; a) anisotropy factor; b) aspect
ratio; ¢) maximum mud

10.3.3. Optical Microscopy

The walls of various thicknesses were etched with Kallings Reagent #2 and optical micrographs
were taken. Since the top melt pool was never remelted, its dimensions could be measured (Figure
10-19), the melt pool width and depth for all 6 walls of varying thicknesses were measured and are
summarised in Table 10-5. The Peclet number was calculated for each wall (using the melt pool
length) and is included in Table 10-5. The melt pool dimensions are plotted in Figure 10-20; melt
pool width is shown to be relatively consistent, with widths between 840-961 um. The melt pool
depth, however, varies with number of hatches; the narrowest walls have the deepest melt pools
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(826 um). The melt pool depth decreases until 4 hatches wide, where a depth of 342 um is
recorded; in wider walls, little change in melt pool depth is experienced.

1 Hatch Wall

6 Hatch Wall

Figure 10-19: Optical micrographs of 1 and 6 hatch walls, etched with Kallings Reagent #2. Top melt pool outlines shown

Representative optical micrographs of the YZ section of the walls are shown in Figure 10-21; the
cellular/dendritic nature of the structure can be seen. If the cells/dendrites grew in the YZ plane,
they will appear as long rod-like structures, if they are perpendicular to the plane, then they appear
as dots, if they are angled from the plane, then they appear as short rods. In the 1 hatch wall, long
rod-like structures can be seen, throughout; in the 2 hatch wall, there are sections of long rods and
sections of shorter rods. The 3 hatch wall has a roughly 50-50 split of long rod-like sections and
end-on/short sections. In 4, 6 and 8 hatch walls, the most of the structures are seen end on, with
some small sections of elongated cells/dendrites. From these micrographs, PDAS were measured,
these are plotted in Figure 10-22; due to the dendrites in wider walls being end-on, the PDAS
measurements may be less representative of the bulk. Narrower walls were found to have a greater
PDAS, however, from 4 hatches upwards, there was little change in the scale of the microstructure.

Table 10-5: Dimensions of top melt pools measured from optical micrographs; Peclet number calculated using melt pool

length
1 Hatch | 2 Hatch | 3 Hatch | 4 Hatch | 6 Hatch | 8 Hatch
Wall Wall Wall Wwall Wall Wall
Top Melt Pool Depth (um) 826 665 441 342 330 316
Top Melt Pool Width (um) 927 836 961 922 946 840
Peclet Number 10.8 8.7 5.8 4.5 4.3 4.1
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Figure 10-20: Variation in the dimensions of the top melt pool with number of hatches
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Figure 10-21: High resolution optical micrographs of 6 walls of varying thickness
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Figure 10-22: Primary dendrite arm spacings (PDAS) for samples of varying width; measured from optical micrographs

10.4. Discussion

There is a clear step change in crystal orientation between 3 and 4 hatches, with narrow walls
being predominantly red (<100> orientation dominating), whilst wider walls are predominantly
purple (orientation closer to <111>; these grains are typically centred around the <112>
orientation), as seen in Figure 10-9. The same trend holds in Figure 10-10, where different
parameters are used; this sharp transition appears to occur at a width of roughly 2mm. The
narrower walls tend to be composed of small equiaxed grains along with some larger grains
running diagonally away from the laser centre, this is similar to the structure observed in 316L
steel in Chapter 7. The wider walls have large columnar grains running parallel to the build
direction, with small equiaxed grains visible at the laser centrelines; the average grain size is much
larger than in the narrow walls (Figure 10-12). The large grains have a very strong texture, which is
shown by the high maximum mud (Figure 10-15) and the low variation in anisotropy factor (Figure
10-17b). The pole figures (Figure 10-14 and Figure 10-15) clearly show that small grains have no
preferential orientation and that the texture of medium grains is stronger in the narrow wall than
the wide wall.

The power controlled walls (3P and 10P) follow a similar microstructural trend; the 3P wall has a
much larger average grain size than the 3 hatch wall. This can be explained as the 3P orientation
map covers the full height of the sample and the top of the walls have larger grains, whilst the
orientation map of the 3 hatch wall was taken at a central height. Since wider walls have long
columnar grains, they would be expected to have the maximum aspect ratio, however, this is not
the case (Figure 10-17c). This can be rationalised by the fact that the scans were only 1.5 mm along
the z direction (which is the long axis of the grains); these long grains are roughly 400 pm wide, so
even if they were the full height of the scan, this would only be an aspect ratio of 4. Figure 10-13
shows that every long grain detected was cut off on at least one end, without this measurement
artefact, the aspect ratios in wide walls would likely be much closer to that of the 10P wall.

To compare the grain orientations in the triangular prism, the a YZ section was taken
(perpendicular to laser movement); this rectangular section (Figure 10-11) went from narrow
(left) to wide (right) allowing for it to be compared with the walls. The comparison is not perfect, as
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in the walls, the width being varied was the number of hatches, whereas in the triangular prism, the
hatch length was the factor being varied. Either way, the surface area of the triangular prism is
much greater (per time) at the tip, similar to the narrow walls. Figure 10-18 shows the variation of
grain structure with distance from the tip of the triangular prism; there is a clear trend showing
that the edge 1 mm is consistently different to the bulk. The grain structure in the rest of the
component is relatively consistent, it is interesting to note that in the triangular prism, 1 mm on the
edge is different. The narrow walls, which have a different grain structure to the wider, bulk
structures, are up to 2 mm wide - 1 mm from the edge on each side.

For comparison of triangular prisms to the walls, Figure 10-17 was modified to include the
triangular prism (Figure 10-23); Tri 1 shows the structure within 1 mm of the tip, whilst Tri 11
shows the centre of the triangular prism, which is representative of the bulk. The behaviour of the
Tri 11 section is similar to the wide walls in terms of anisotropy factor and maximum mud. The Tri
1 section is similar to the narrow walls, however the anisotropy factor is higher (Figure 10-23a),
this is between the narrow and wide walls, potentially due to the narrow nature of the tip, but the
large heat sink being present in the form of the triangular prism. There are no large grains present
in the triangular prism, and the aspect ratios of the grains aren’t as high as expected. There is no
obvious reason for the lack of columnar grains, these could potentially be explained by the slightly
increased Z step (225 um compared to 200 um). If less material is remelted, it could be that the
previous layer melts less, so growth from the previous grains cannot occur; instead, new dendrites
must nucleate, forming new grains.
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Figure 10-23: Analysis of grains, clustered by size; replication of Figure 10-17, but with addition of 2 sections of the
triangular prism; a) anisotropy factor; b) standard deviation of anisotropy factor; c) aspect ratio; d) maximum mud

There is a variation of thermal intensities of the walls of varying thicknesses (Figure 10-8c), this
could be expected to control the microstructure of the component. Using power control, the
thermal intensity of 3 and 10 hatch walls was kept consistent (Figure 10-8d); this also had the
effect of keeping a constant the XY melt pool profile between the two walls (Table 10-4). The stark
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microstructural difference between the 3P and 10P walls (Figure 10-10) shows that even
controlling the XY shape intensity of the melt pool is insufficient for a constant microstructure.

YZ cross-sections were taken of the walls and examples of the 1 and 6 hatch walls are shown in
Figure 10-19; the final hatch is not remelted by subsequent layers, so melt pool dimensions of these
pools were taken, for wider walls, the central region was chosen. It is clear that the wider walls
have much shallower melt pools, despite the melt pool width remaining fairly constant (Figure
10-20) and it seems like there is little variation of melt pool dimensions in the walls wider than 4
hatches. This reinforces the trend seen in Figure 9-16, where the widest walls were found to be the
shallowest. The laser width is reported to be 0.7 mm and the melt pool widths are slightly wider
than this (0.9 mm), which seems reasonable.

Now that we know that narrow walls have much deeper melt pools, but similar XY sections, we can
conclude that the melt pool volume is much larger. Literature shows that the larger a melt pool, the
slower the cooling rate [104,105]; despite using constant processing parameters, it seems that the
geometry is greatly affecting the melt pool depth and so very different thermal conditions are being
experienced. These observations are in line with the calculations made by Vasinonta et al. [89], who
observed that melt pool dimensions were much larger in a thin walled component when compared
to a bulk component; in that case, it was the melt pool length which was being reported. Assuming
that the wide walls (shallow melt pools) have higher cooling rates, this would increase the thermal
gradient and move them along the arrow shown in Figure 10-7; this results in a more columnar
structure [102]. This theory lines up with the observations made from the EBSD analysis; wider
walls have a much higher tendency to have tall columnar grains, whilst narrow walls have more
small grains with no orientation preference.

The Peclet number represents the influence of convection in the process; this is shown in Table
10-5, using the melt pool depth as the characteristic length. In literature, melt pool width and
length are used as the characteristic length [17,43], but this is due to ease of measurement, using
the melt pool length is equally valid. In literature, Peclet number is shown to scale with energy
density [17] and it is reported that laser velocity is a key factor in determining the convection
behaviour is important [227]. The general approach is that we control how much heat enters the
component using processing parameters, this changes the melt pool morphology and the Peclet
number, which determines the heat leaving the component. However, we show that we can change
the heat flow properties of the component by changing the geometry. This means that whilst using
constant parameters, we observe a 2.5x change in Peclet number simply by altering the component
thickness. As well as being able to change the Peclet number by altering the heat input, we can
change it by altering the geometry, which affects the cooling of the component.

The high Peclet numbers suggest that convection is the dominant heat flow mechanism, with the
narrow walls experiencing more convection than wider walls. In reality, radiation is also present
and significant in thin components; it might be better to think of the Peclet number as the ratio of
radiative and convective cooling to the conductive cooling. Looking at Figure 10-24, which is the
output of a simple heat flow model for these walls (explained and discussed in Appendix B), it can
be seen that convection and radiation combined make up a large proportion of the overall heat loss
in narrow components. At these narrow widths, less conduction is possible and so heat
accumulates in the part, because as convection/radiation struggle to dissipate the heat. This high
Peclet number is indicative of a low Fourier number (Section 2.2.1), confirming that more heat is
being stored than is being diffused away; this explains the longer duration taken for a temperature
plateau to be reached. As the width of the wall exceeds 2 mm, conduction dominates and a bulk
steady-state is reached as sufficient heat can be dissipated.
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There is a thin layer of fine grains visible on the outer edges of the components; this is best visible
on the left hand side of the walls in Figure 10-9. At these points, conduction is minimal, and so
convection and radiation dominate, resulting in the different grain structure at the edges. This layer
is roughly 100 um wide, so will affect the surface properties of as-built components.
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Figure 10-24: Breakdown of calculated heat flows, workings explained in Appendix B

In L-PBF, Sun et al. claim that the melt pool shape “largely determines the thermal gradient
direction” [93], and use this to explain the tall columnar grains. An outline of the melt pools
reported was drawn and the horizontal fraction was calculated (+5° from flat); Table 10-6 shows
that the lower energy density wall contained flatter melt pools (larger horizontal component) and
that this had the columnar structure reported. The same conclusion could be reached for the
micrographs in this work, the 6 hatch wall contains 30.7 % horizontal melt pool and a columnar
structure, compared to 8.6 % in the one hatch wall, which showed a more equiaxed structure.
Gokcekaya report a similar phenomenon and perform thermal heat flow calculations to show that
they would expect columnar growth in the slower velocity [94]. The melt pool shape in this case
does not follow the hypothesis above, as the less horizontal melt pool yields the columnar structure
(5.7 % compared to 4.4 %).

It seems like the melt pool shape correlates with the columnar nature of these L-DED components,
but this may not in itself be sufficient to explain the columnar structure. In L-DED, the larger melt
pools result in a centreline, which contains small grains, and the large columnar grains are found
between the laser hatches (unlike L-PBF where they follow the centreline). The melt pools in the
wide walls (Figure 10-19), are sufficiently wide that the columnar regions are still partially found
below the section of melt pool. Generally, dendrites are less affected by the heat flow direction
when compared to cells (Section 2.4.1), and as discussed in Section 10.1.3, there is a tendency to
reduce energy by reducing the need for nucleation. Dendrites will grow at an angle away from the
maximum heat flow if this is energetically preferential. This could help explain the large columnar
grains seen in the wider walls, as the grains could grow epitaxially despite thermal gradients being
slightly misaligned. Due to 90 ° rotation in the zig-zag structure shown in Figure 10-5b, this could
appear as a single columnar grain if sectioned in the YZ plane.

The EBSD maps (Figure 10-9) are taken in the YZ plane, perpendicular to those shown in Figure
10-6. A zig-zag structure would result in dendrites growing diagonally out of the page in the YZ
plane, which was observed in the optical micrographs of wide walls (Figure 10-21). The narrow
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walls experience more vertical growth and so the grains are aligned with the Z axis, resulting in
dendrites visible along their length in Figure 10-21. This in turn results in a <100> structure when
looking at the YZ orientation maps, hence the red dominance in narrow walls. By contrast, grains
growing at an angle will be somewhere around <112>, resulting in a purple dominance in wider
walls.

Table 10-6: Summary of melt pool flatness from literature compared to this work

Authors Material Mode Horizontal Columnar
Melt Pool (%) | structure?

Sun et al. [93] 316L Steel Low energy density | 10.9 Yes

Sun et al. [93] 316L Steel High energy density | 7.5 No

Gokcekaya et al. [94] | Inconel 718 1000 mm/min 4.4 Yes

Gokcekaya et al. [94] | Inconel 718 1400 mm/min 5.7 No

This work Inconel 718 6 hatch (wide) 30.7 Yes

This work Inconel 718 1 hatch (narrow) 8.6 No

In wider walls, there is a much longer return time to the same point (due to a longer scan length
within the layer), this is similar to the 10 second hold sample (Figure 10-21). The longer return
time allows for more cooling and so a cooler sample is expected. The cooler a sample, the smaller
the melt pool, which is what was observed in Figure 10-19. A longer return time would lead to a
higher cooling rate, using the G-V plot (Figure 10-7), a more columnar structure would be expected
in the wider walls. The grain orientation is a result of many factors, but in this case, it seems that
both the thermal gradients and the melt pool shapes explain the grain structure, both in terms of
grain orientation (<112> for wide walls) and in terms of the columnar structure experienced in the
wide walls. The average PDAS (Figure 10-22) are larger in the narrow walls, which have a deeper
melt pool and a slower cooling rate, which follows the expected trends [27,98]. Walls which have 4
hatches (~2 mm) or more have a consistent PDAS, so it can be concluded that in wider walls, the
cooling rate no longer changes significantly, this aligns with the point at which the grain orientation
changes. It can be concluded that at this width, the sample structure is no longer dependent on the
width, so the sample can be considered bulk.

It is very interesting to see that despite having very similar XY melt pool profiles, the grain
structures of the 3P and 10P walls were not similar. This is explained by the melt pool depths
varying despite being comparable coaxially [43], which could also explain why power and velocity
control struggled to tightly control the microstructure (Chapter 9). The stark microstructural
change at 2 mm seems to be due to an increase in conductive cooling with width. Figure 10-25
shows the trends in thermal intensity with width for both L-DED (BeAM) and L-PBF (Aconity)
processes, these are from taken from Figure 6-16 and Figure 8-9 respectively. The pyrometer in L-
PBF captures a single value, which represents the signal incident on the sensor, for L-DED, the
thermal intensity is calculated by summing all the pixels in the image - fundamentally replicating
the pyrometer. In both processes, there appears to be a peak in thermal intensity (and pyrometry)
in samples of 2-3 mm width; in both cases, samples above 5 mm seems to experience minimum
fairly constant bulk conditions, with minimal change in wider samples. The L-PBF process appears

to be more stable in terms of thermal signal once a width of 2 mm is surpassed.
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Narrower samples can be referred to as 2D in nature, with conduction not necessarily being the
dominant heat flow mechanism. In L-PBF (Ti-6Al-4V), it was reported that thinner samples
experience the highest cooling rates [52], which would explain why they show the lower pyrometry
signal. It is interesting that both L-PBF and L-DED seem to show a similar overall trend in thermal
signature, despite the melt pool dimensions being different by an order of magnitude. It seems,
however, that the transition from thin component to bulk component may be process agnostic,
although this may be a coincidental observation.
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Figure 10-25: Comparison of BeAM thermal intensity with wall thickness against Aconity pyrometry signal variation with
sample width

At the peak of the thermal intensity (Figure 10-25), the heat flow mechanisms are changing, with
wider walls experiencing more conductive cooling. This leads to a change in melt pool shape and
the heat flow, resulting in very different microstructures either side of this thickness. These
microstructural differences can have a profound influence on the mechanical properties of the
component; creep life, crack propagation and tensile properties can all be affected by grain
orientation/size, as summarised in Table 10-2 [67,373,374].

Since this microstructural change could cause the mechanical properties to be insufficient for
industrial requirements, this change in structure with thickness must either be accepted or
combatted. This could include adapting the geometry to reduce thin sections, or to thicken the
geometry and require more machining post-process. It could be possible to create thermal models
which output carefully designed scan strategies, which adjust the processing parameters in a
location-sensitive manner. In order for process monitoring to be more representative, coaxial
monitoring has been shown to be insufficient. However, side-on monitoring can be obscured by the
newly build material, so this solution is not better; a combination of cameras around the L-DED
chamber could triangulate the melt pool, but this is extremely complex.

It may be possible to extract a measure of melt pool depth from the coaxial imagery. This would
likely require monitoring the same build both side-on (where depth is visible) and coaxially. A
thorough analysis may be able to extract thermal gradient trends in the coaxial monitoring which
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can be related to melt pool depth. Alternatively, a secondary technique, such as laser-induced
spectroscopy could be used and it may be possible to use the combination of these signals to
predict the melt pool depth. Coaxial melt pool analysis can still be used for general melt pool
monitoring, but the fact that it cannot determine the melt pool depth is something which must be
kept under consideration. Despite the limitations of coaxial monitoring, the process control
demonstrated in Chapter 9 improves thermal homogeneity, so it would be beneficial to use this
control algorithm over a process with no control.

10.5. Summary

There seems to be a step change in microstructure occurring when the thickness of components is
increased; this change occurs at roughly 2 mm (4 hatches) as observed in Chapter 8 and Chapter 9.
We have shown that this change correlates with a decrease in melt pool depth; the depth decreases
with increasing wall width, until a plateau is reached at a wall width of 2 mm. This change in melt
pool depth will affect the overall melt pool morphology and so the direction of the thermal
gradients will also change. The PDAS plateaus at this point as well, likely due to the thermal
gradient change. This change in melt pool shape and thermal gradient direction are sufficient to
cause the change in grain structure observed.

Generally, the narrow walls tend to experience deeper melt pools, these have a slower cooling rate,
so small equiaxed grains are formed. A higher Peclet number is experienced, so convection and
radiation are significant within the process. Grains are typically oriented around the <100>
direction, likely due to the very steep trailing edge of the melt pool. The wider walls have shallower
melt pools, with grains growing in the <112> orientation, as a result of a more angled melt pool
trailing edge. The grains are tall and columnar, growing through many layers, because of the flat
melt pool and the higher cooling rates experienced; these walls represent bulk 3D components,
where conduction is the dominant heat flow mechanism.

A similar grain orientation trend is seen in more realistic geometries such as the triangular prism.
The narrow tip section has a different grain structure to the rest of the bulk component. These
differences in microstructure have been shown to hold, even if the coaxial monitoring determines
the melt pool shape to be nearly identical. These changes in grain orientation and size are sufficient
to create noticeable differences in mechanical properties, so must be considered when designing
components. Since coaxial monitoring is insufficient to detect these changes, either more complex,
multi-perspective monitoring is needed, or complex modelling is needed to predict these melt pool
changes and so adapt the process parameters in advance.
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11. Comparison Between Microstructure and
Hardness in Inconel 718 produced by L-PBF
and L-DED

11.1. Introduction

The microstructure of Inconel 718 produced by L-DED has been summarised in Chapter 9 and
Chapter 10. The wide range of grain structures possible was explored and it was shown that both
the grain size and the texture can be greatly varied, simply by changing the component size. A
similar range of grain structure has been shown for L-PBF for Inconel 718 by Gokcekaya et al. by
varying laser velocity (Figure 10-3) [94] and by Serrano-Munoz et al. by varying the scan strategy
(Figure 11-1) [385].

1.—200& CiE e ﬂ“\ »' P

Figure 11-1: Range of grain structures possible
Reported by Serrano-Munoz et al [385].

As explained in Section 10.1.2, 316L steel forms an FCC matrix, similarly to that of Inconel 718, so
fundamentally, we would expect the two materials to exhibit similar structures. Heiden et al. show
the range of crystal structures possible by varying the processing parameters (Figure 11-2) [280].
This covers the range of parameters from lack of fusion porosity with small, randomly oriented
grains, to fully dense components, with large columnar grains and a dominant <100> orientation.
Such a comprehensive study has not been published for Inconel 718, but it is assumed that a similar
range of structures must be possible.

What range of grain structures is possible in AM and do these overlap for the two processes? By
analysing the grain structures and hardness in L-PBF and L-DED, the feasibility of knowledge
transfer between the two processes is explored.
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Figure 11-2: Processing map for L-PBF of 316L steel showing the possible grain structures. Reported by Heiden et al [280].

11.2. Methods

In this chapter, samples were made in Inconel 718 using both the Aconity3D Mini (L-PBF) and the
BeAM Magic 2.0 (L-DED). The L-DED samples were made using the hatch strategy showed in Figure
8-3, 3 hatches wide (20 mm long, 9.8 mm tall). The L-PBF samples were printed to replicate these,
with hatching along the length of the wall and dimensions of 2.95 x 20 x 9.8 mm (width, length,
height respectively). The processing parameters for both processes are summarised in Table 11-1.

Table 11-1: Summary of processing parameters used for both L-PBF and L-DED samples

P P
Process Power | Velocity | Hatch Spacing | Z Step | Mass 1?ow v NG Name
(W) | (mm/s) (um) (um) | (g/min)
(Jm?) | (gs1/2m1/2)
95 95 95 -
1000
L-PBF 130 130 130 Aconity_H
Aconi 45 30 -
(Aconity) ™95 63 78 Aconity L
1500
130 87 106 -
223 6690 1221 -
33.3
359 10770 1966 BeAM_H
]-]‘3DAEI\]Z 400 200 5.5-6.5
(BeAM) 523 4460 997 BeAM_L
50
359 7180 1605 -
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The range of processing parameters was purposefully extended to see the variety of possible

: . P . P
outcome grain structures. For L-PBF, there was a 1.7x spread in NG values (2.1x spread in > values );

for L-DED, there was a 2.0x spread in % values (2.4x spread in g).

For each printed sample, thermal monitoring was recorded. For L-PBF, this was the pyrometry
signal through the component, to remove background noise, any signal below 850 mV was
removed; these were averaged for the second half of the build to give an average signal per
component (as this removed the heat build-up). For L-DED, coaxial monitoring was performed,
calculating the thermal intensity from the Basler camera. These were plotted with a moving
average (window width of 100) to show the change in intensity with component height; again, the
second half was averaged to get an average thermal intensity per component.

The extreme set of parameters were defined as Aconity_L and BeAM_L for low heat input and
Aconity_H and BeAM_H for high heat input. These 4 samples were further analysed. Hardness maps
were taken of the YZ sections with a 0.5 mm step size in both directions. These allowed for both a
measure of hardness variation within each component and a comparison of the average hardness
values. 2 sample t-tests were performed (x=0.05) to determine whether or not the average
hardness values were significantly different from one another.

EBSD analysis was performed using a Jeol 7900F with an Oxford Instruments Symmetry EBSD
detector and a 13 mm work offset, with an accelerating voltage of 20 kV. Different step sizes were
used for each sample, depending on the time available for each scan, these are summarised in Table
11-2. For each sample, a region of 750x5000 um (Y and Z respectively) was extracted and was
further analysed for grain size, aspect ratio, anisotropy factor and maximum mud. Additionally, the
grain average misorientation (GAM, which is an average of the kernel average misorientation, KAM)
was calculated to get an estimate of dislocation density, as introduced in Chapter 8.

Table 11-2: Step sizes of EBSD scans

Name Step Size
(um)
Aconity_L 1.66
Aconity_H 1.20
BeAM_L 1.00
BeAM_H 1.20

Aconity_L and Aconity_H samples were polished and etched with Glyceregia; BeAM_L and BeAM_H
samples were polished and etched with Kallings Reagent #2. Both low and high resolution optical
micrographs were taken of all 4 samples, allowing for melt pool dimensions and cell/dendrite
spacings (these will jointly be referred to as PDAS) to be measured. Melt pool dimensions were
measured from the top row of melt pools, as these were not remelted by subsequent layers; for L-
PBF several melt pools were measured and so could be averaged; for L-DED, since only 3 hatches
were printed, the dimensions of the central melt pool were taken. PDAS was manually measured in
a variety of locations within each sample and averaged.
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11.3. Results

11.3.1. Thermal Monitoring

Pyrometry signal is used as the thermal monitoring technique in L-PBF, for each layer, all signals
below 850 mV were assumed to be background noise and were removed. The rest were averaged,
showing the variation of pyrometry signal with height (Figure 11-3). It can be clearly seen that the
samples built with higher power have higher pyrometry signals and that increasing velocity
decreases the pyrometry signal. All four samples reach a temperature plateau within 2 mm of
height, but the samples with lower pyrometry signals reach their plateau more quickly.

a) 1040 1000 mm/s b) 1040 1500 mm/s
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Figure 11-3: Variation in pyrometry signal with component height for samples built using L-PBF; a) 1000 mm/s; b) 1500
mm/s

To get an average pyrometry signal for each component, the average layer signals were averaged
for the top half of the build; by this point, the plateau was reached and so the pyrometry signal was

representative. To compare the accuracy of NED (g) and NE (%), both of these were plotted against

the average pyrometry signal as seen in Figure 11-4. Both g and % show strong positive

correlations, but the latter has a stronger (R?2=0.996).
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Figure 11-4: Correlation of the average pyrometry signal with P/v and P/\/v, for the second half of the build. R? values
included
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Thermal intensity is used as the thermal monitoring technique in L-DED, which is a measure of the
total signal over an area; this is effectively the same as a spot pyrometer. All thermal intensity
values below 0.2x107 were removed and the rest were plotted against the frame number (which
increases with build height) as seen in Figure 11-5. It can be seen that the samples built with higher
power have higher thermal intensities and that increasing velocity decreases the thermal intensity.
[t is hard to determine whether any of the L-DED samples reached a thermal plateau.
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Figure 11-5: Variation in thermal intensity with component height for samples built using L-DED; a) 2000 mm/min; b) 3000
mm/min. A moving mean with a 100-point window was applied

To get an average thermal intensity for each component, the average layer intensities were

averaged for the top half of the build to be consistent with the L-PBF analysis. g and % were plotted

W

against the average thermal intensity (Figure 11-6). Both % and % show strong positive

N

correlations, but the latter has a stronger correlation (R?=0.959).

14000
13000
12000
11000
10000
9000
8000
7000
6000
5000

4000

0.00E+00 5.00

E+06

1.00E+07

-~ A
R®=0.9588 .=~

-

—R2-0:9162

1.50E+07 2.00E+07

Average Thermal Intensity

®P/v APN(V)

2200
2000
1800
1600
1400
1200
1000
800

600
2.50E+07

P/V(v)

Figure 11-6: Correlation of the average thermal intensity with P/v and P/\/v, for the second half of the build . R? values
included to show the strength of the correlation
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11.3.2. Hardness Analysis

Chapter 8 showed that a significant hardness variation is found within L-DED components. The
bulk was found to be significantly harder than the edges; there was no such variation found in the
L-PBF samples. BeAM_L was the smallest sample, as the low heat input resulted in a thinner
component, the hardness map contained 18 indents. The Aconity samples were largest, so 45
indents were performed on each of these. The average hardness and variation of this are shown in
Table 11-3; the hardness of Aconity samples is much greater than that of BeAM samples. Aconity_H
was found to be harder than Aconity_L, whilst BeAM_L was found to be harder than BeAM_H.

Table 11-3: Comparison of hardness values between L-PBF and L-DED

Sample | Average Hardness (HV) | Standard Error
Aconity_L 323.4 31
Aconity_H 342.6 0.9

BeAM_L 276.4 3.6

BeAM_H 246.4 3.0

The standard deviation of both BeAM samples was constant at around 16 HV, whilst the Aconity_L
sample experiences a much larger hardness variation than the Aconity_H sample. Pairwise 2
sample t-tests were performed and each sample hardness was found to be significantly different
from each other sample (using a=0.05).

11.3.3. EBSD Analysis

EBSD orientation maps are shown in Figure 11-7 for both low and high heat input samples for both
L-PBF and L-DED. Figure 11-7a, b are L-PBF samples and both appear to be predominantly <100>
orientated. Aconity_H has large columnar grains with a strong texture; Aconity_L appears to have
much smaller grains than Aconity_H, with clusters of small, randomly oriented grains. In L-PBF,
discrete columns of melt pools can be seen, with some epitaxial growth through multiple layers
resulting in some larger grains (these are dominant in Aconity_H). These can be explained by the
vertical heat flow and the preference of cells to grow anti-parallel to the heat flow, as discussed in
Chapter 10. In BeAM_L (Figure 11-7c), there are large clusters of small grains located at roughly the
z-step interval (200 um), due to the large melt pool size (~ 800 um wide), we can likely see only the
width of one melt pool. Different step sizes in the range 1.0-1.6 um were used for different EBSD
scans (Table 11-2); this is significantly smaller than the typical grain size, so this variation in step
size is not expected to have any effect on the final results.

The grain orientations in BeAM_L are free of any texture, whilst those in BeAM_H seems to have a
tendency towards the <100> orientation; the grains in BeAM_H are the largest of any of the 4
samples. The GAM for each grain is plotted in Figure 11-8; the Aconity (L-PBF) samples both have
higher GAM than the BeAM (L-DED) samples. The Aconity_L sample has some grains of high
misorientation, whilst in Aconity_H, the larger grains generally have higher GAM values. In the
BeAM_L sample, some small grains have high GAM, but the majority of the sample has a low GAM
value; in BeAM_H, there are few grains, but these are larger and have greater GAM values, taking up
the majority of the area.
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Figure 11-7: EBSD orientation maps (IPFX) of the YZ sections. a) Aconity_L; b) Aconity_H; BeAM_L; BeAM_H

Overall, of the L-DED samples, BeAM_H has a noticeably higher average GAM than BeAM_L.
Additionally, in Aconity_H, there are large grains with misorientations of 1.5-2 °, whilst in
Aconity_L, there are some grains with very large GAM values, but the majority of the sample has a
GAM of around 1 °. Figure 11-9 shows the comparison between average GAM values and area-
weighted average GAM values (calculation details covered in Section 4.7). Area weighted GAM
values line up with the trend explained above, as the Aconity_H has a larger GAM than Aconity_L,
but by a smaller margin than when using a simple average. Additionally, using area weighted GAM
leads to a larger difference in GAM between BeAM_L and BeAM_H. As such, area weighted averages
will be used, by similar logic to that for grain areas in Section 8.4.
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Figure 11-8: Maps of the grain average misorientation (GAM) in the YZ sections. a) Aconity_L; b) Aconity_H; BeAM_L;
BeAM_H

A comparison of various grain properties between L-PBF and L-DED is summarised in Figure
11-10; for both processes, the range of measured values is shown. For each parameter, the area
weighted average is calculated. In the high heat input samples, the average grain area is found to be
much smaller for L-PBF than for L-DED, however in low heat input samples, the L-DED samples
showed a smaller average grain size. The aspect ratio of L-PBF samples is generally larger although
both processes can experience columnar grains. The anisotropy factor is a measure of the average
orientation of the sample, this is lower for L-PBF, so the L-PBF process has a tendency towards

244



grains near the <100> orientation. The range of anisotropy factor values is however larger for L-
PBF so there is a larger possible spread in grain orientations.

Within a sample, L-PBF has a larger maximum mud, which suggests than L-PBF samples experience
stronger texture than L-DED samples. As seen in Figure 11-8 and summarised in Figure 11-10, L-
PBF samples experience a larger grain average misorientation than L-DED samples; this can be
linked to a higher dislocation density (Chapter 8).
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Figure 11-10: Comparison of the ranges of grain properties between the L-PBF and L-DED processes
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11.3.4. Optical Microscopy

Example optical micrographs of L-PBF and L-DED samples are shown in Figure 11-11, with melt
pools highlighted. The top layer of the build shows the full depth of the melt pool, which is not
visible in lower layers due to remelting. The melt pool width in L-PBF is on the order of 100 um,
whilst those in L-DED are of the order of 1000 um.

High resolution micrographs (Figure 11-12) show regions with striped patterns, these are regions
where the cells/dendrites are oriented in the plane of the page and so the PCAS/PDAS (which will
jointly be referred to as PDAS) can be measured. This is typically done by measuring the width of a
larger number of cells/dendrites e.g. 15 and calculating the average width. In the L-PBF samples
(e.g. Figure 11-12a), the cells are typically linear with no perturbations; however, in L-DED samples
(e.g. Figure 11-12b), some perturbations of dendritic nature (perpendicular to the primary growth
direction) can be seen.

a) b)

Figure 11-11: Low resolution optical micrographs of etched samples, with example melt pools outlined; a) L-PBF; b) L-DED

a)

Figure 11-12: High resolution optical micrographs of etched samples, with the microstructure visible; a) L-PBF; b) L-DED
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A summary of melt pool dimensions is shown in Table 11-4, with standard deviations in brackets.
The melt pools in L-DED are both wider and deeper than in L-PBF and in both cases, the high heat
input samples experience larger melt pools. Since only the central melt pool could be measured for
the BeAM samples, the error is the measurement resolution rather than the standard deviation.

Table 11-4: Comparison of melt pool dimensions and PDAS between L-PBF and L-DED. Standard deviations in brackets, for
BeAM samples, melt pool dimension errors are the measurement resolution

Sample Melt Pool Width (um) Melt Pool Depth (um) A1 (um)
Aconity_L 73.1 (14.0) 48.1 (12.5) 1.1 (0.1)
Aconity_H 78.7 (7.0) 112.1 (14.0) 1.0 (0.2)

BeAM_L 780 (1) 274 (1) 1.8 (0.5)

BeAM_H 973 (1) 406 (1) 3.0 (0.5)

The finer microstructure was revealed by etching, as seen in Figure 11-12; Table 11-4 shows that in
L-PBF, the PDAS is much smaller than in L-DED and that there is little variation in PDAS with
processing parameters. In L-DED, PDAS varies by 1.7x depending on the processing parameters
with low heat input leading to a finer microstructural scale (but still larger than L-PBF).

11.4. Discussion

On the Aconity3D Mini, thermal monitoring is performed using a spot pyrometer, this effectively is
a sensor which absorbs photons of a set wavelength range and the output signal (mV) is
proportional to the intensity of the light hitting the sensor. The thermal intensity from the Basler
camera on the BeAM Magic 2.0 is a sum of all the pixels in the image; effectively, this is what a spot
pyrometer does. As such, the monitoring methods between the two processes are comparable.
Their sensitivities may be different, but the measurement methodology is the same.

As already discussed in Chapter 6 and Chapter 9, the NE calculation (%) appears to be more
accurately match experimental results than NED (g). This was further emphasised by the
experiments in this chapter, for both L-PBF (Figure 11-4) and L-DED (Figure 11-6), % was shown

to more accurately correlate with the thermal signatures than g. Interestingly, in L-PBF, the lower

heat input samples were found to reach a temperature plateau quicker than the high heat input
samples; in L-DED there were no clear patterns in temperature plateau. This could potentially be
explained by the relatively large heat source and the small number of hatches actually printed - in
the full part, only 150 hatches are printed in L-DED, compared to over 20,000 hatches in L-PBF,
allowing much more opportunity for steady state to be reached.

Both processes appear to show a similar response to both power and velocity despite, their melt
pool sizes being almost an order of magnitude different (Table 11-4). Similar thermal trends are
seen in both L-PBF and L-DED (Figure 10-25); the thermal signal increases with thickness for very
thin components until a maximum which occurs at a width of 2-3 mm. From here, the thermal

signal appears to drop and plateau, with any samples above 5 mm experiencing similar thermal
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signals; at this point, the components can be considered bulk, so conduction is the dominant heat
flow mechanism and sufficient conduction occurs that the component is no longer saturated with
heat.

The melt pool dimensions in both processes follow the expected trends, being larger in the high
heat input samples (Table 11-4). The large increase in melt pool depth in the Aconity_H sample is
due to the keyholing regime being active; there was a bigger increase in the melt pool depth than
width for the L-DED process as well. In terms of the microstructure, it is widely disputed whether
cells or dendrites are seen in AM. In L-DED micrographs (Figure 10-19), dendritic perturbations
can be seen, so these will be referred to as cellular dendrites; in L-PBF, no perturbations can be
seen, so these will be referred to as cells. As shown in Section 2.4.1, increasing the thermal gradient
leads to a transition from columnar dendritic structures to cellular structures [386]; this is a
complex relationship, as cellular structures are possible at both low and high cooling rates [96,97].
The high cooling rates in L-PBF could explain why the microstructure in these samples is of a more
cellular nature [386].

The exact relationship between microstructure, G, V and cooling rate (T) is complex. There are
many calculations for the PDAS (which should also hold for PCAS), but the general relation is 4; «

G_% [98,387]. This may not hold for all temperatures, but seems to be applicable in Inconel 718
under similar conditions [99,295,388]. Fang et al. show that in their conditions, 1; « T [389],
however, their PDAS is 5x larger than that measured in this work (which is a larger difference than
that between L-PBF and L-DED in this work) and this has not been shown to hold under the
conditions used in this work.

Using the measured PDAS, a cooling rate can be calculated using equations by Trivedi and Hunt
[98,387], as summarised by Raghavan et al. for Inconel 718 [99]. Using both equations, a range of
cooling rates of 9x104-7x105 K/s are calculated for L-DED, with a range of 5x10¢-1x107 K/s for L-
PBF. These are higher than those predicted in literature [4], but given the simple nature of the
calculations, they are as close to reported values as could be reasonably expected.

Despite similar increases in energy density, the PDAS range in L-DED is bigger than in L-PBF, this is
due to the greater cooling rates in L-PBF - at high cooling rates, a bigger change in cooling rate is
required for a specified change in PDAS. To increase the PDAS in L-PBF samples by 0.2 um, a 30 %
decrease in thermal gradient would be required; for L-DED, it was found that only a 16 % decrease
in thermal gradient would be required for the same 0.2 pum increase in PDAS.

This explains the trend in PDAS summarised in Table 11-4; the structure size is larger in L-DED as
the cooling rate and thermal gradient are much lower. The PDAS (Figure 10-22) decreased from 4.8
pum to 2.3 um as sample width increased; this suggests that by increasing the width, the thermal
gradient (and so the cooling rate) was increased. Additionally, this relationship explains why there
is no change in structure size in L-PBF despite NE changing by 1.7x - at this PDAS, an enormous
change in thermal gradient would be required to change the PDAS. The structure size in L-DED is
slightly larger, so a 2x change in NE led to a 1.7x change in PDAS, the thermal gradients are lower
and a smaller change in thermal gradient is required to change the PDAS.

There is a large range of grain structures possible within both processes as summarised in Figure
11-7. The range of structures shown for L-PBF ranges from small grains with weak texture to larger
columnar grains of strong <100> texture; this is similar to the range of structures reported for 316L
by Heiden et al. (Figure 11-2) [280]. In terms of L-DED structures, Chapter 10 shows the range of
grain structures available with constant parameters, Figure 11-7 shows that a much finer grain
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structure is also possible; the range of structures experienced is comparable to those reported in
literature [180,285]. Neither of the L-DED samples in Figure 11-7 show a <112> (seen in Chapter
10); as only thin components are being compared in this chapter. We believe this not to be a factor
in L-PBF, as the range of grain structures seen in this chapter is comparable to those reported in
literature [94,390].

In both processes, a lower heat input resulted in a finer grain size; conventionally, this would be
expected to result in a higher yield strength and so a harder material. This is the case in L-DED,
however, in the case of L-PBF, the higher heat input results the harder sample (Table 11-3).
Chapter 8 shows that there is a hardness variation between the centre and the edges of L-DED
components. No trend was seen in the L-PBF maps; Choi et al. also found their hardness in L-PBF
produced Inconel 718 to be homogenous [391]. This could be due to the much smaller melt pool
size, potentially there is a hardness change at the very edges, but this could be only the outer 100
pum, which is below the spatial resolution of the hardness indenter.

Section 8.4 and Section 11.3.3 show that using area weighted grain average is more representative
when analysing AM samples with complex, anisotropic structures than using a simple average. As
such, ranges of area weighted average grain properties are shown in Figure 11-10, comparing the
structures of L-PBF with those of L-DED. The average grain area in L-DED samples can be much
greater than in L-PBF due to the larger melt pool, however, at low heat inputs, the L-DED sample
had a smaller average grain area, this is likely due to the fact that the L-PBF parameters were not
pushed to the lower limit of their processing window.

The Hall-Petch effect can be used to correlate yield strength to the grain size using o, « dg_ 1/2
where dg is the grain diameter [354,355]. We have previously shown that the hardness is

proportional to the yield strength [348,349], so HV « d;l/z

even a small change in grain diameter is sufficient to affect the hardness, as hardness is more
sensitive to grain size changes in smaller grains. As such, we would expect changes in grain size in
L-PBF to have a greater effect on the hardness values than changes in L-DED grain size. However,
the increase in grain size in L-DED is so much larger than that in L-PBF, that we would expect this
increase in grain sizes to lead to the increase in L-DED hardness to be 35 % greater than the
hardness increase in L-PBF. The aspect ratios of both processes are relatively high, with the L-PBF
having a much larger maximum aspect ratio, which is explained by the very columnar structure
seen in Figure 11-7, similar structures have been reported in literature [93,94]. This was predicted
by the location of the L-PBF process on the G-V plot (Figure 2-17), with L-PBF covering the mixed
and columnar areas, whilst L-DED is closer to the equiaxed region.

. If the grain diameter is small, then

The orientation maps in Figure 11-7 show that L-PBF has a strong tendency towards the <100>,
this leads to the low anisotropy factor seen in Figure 11-10. The grain orientations in L-DED are
seen to stray much further away from <100>, resulting in a higher anisotropy factor. For both
processes, the low heat input samples had weak texture and so low maximum mud values; the
Aconity_H sample had by far the strongest texture (<100> orientation) and so had the highest
maximum mud. The average grain average misorientation (GAM) in the L-PBF samples was much
greater than that in L-DED samples (Figure 11-10); this is an interesting observation, as within
each sample (Figure 11-8), the larger grains had higher GAM values, so one might expect the larger
grains in L-DED to have higher GAM values than in L-PBF.

Since the cooling rates in L-PBF are much higher than in L-DED, the structure is cellular rather than
dendritic. Each grain contains many cells, which are misorientated with respect to one another, and
importantly, the cell walls are made up of dislocations. This is demonstrated for 316L in Figure
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11-13 [60], the high dislocation density at cell walls visible, the same phenomena are reported for
Hastelloy X [392] and would be expected in Inconel 718. Given that L-PBF contains cells (unlike L-
DED), this explains the higher GAM values measured when compared to L-DED.

As explained in Section 8.1, GAM can be used as an indicator of the dislocation density [336-339].
Since a grain boundary is a discontinuity in lattice orientations, grain boundaries are essentially
areas of high dislocation density. If a grain is large and there is a variation in orientation within it,
this means there are lattice imperfections such as dislocations present to accommodate this
misorientation. Conversely, in small grains, only small regions of “perfect” lattice are needed, so
small grains are much more likely to have low GAM values. This explains the trends seen in L-DED,
with small grains having lower GAM values.

a Grain length Cell diameter Cell wall thickness Impurities (N, H)
up to 0.2 mm <Tum <160 nm <lnm
Fusion boundary spacing Local misorientation Precipitates

up to 0.1 mm (£1°/cell) 10-150 nm
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Figure 11-13: Multiscale microstructure of a 316L sample produced by L-PBF. a) schematic of length-scales; b) EBSD
orientation map; c¢) SEM showing grain boundaries and cells; d) TEM of solidification cells; e) HAADF STEM image of a
solidification cell. Reported by Morris Wang et al. [60]
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This can be formalised by calculating the energy stored due to dislocations, E;;5 « Dﬁ, where 0 is
sub

the misorientation angle (which is proportional to GAM), pq4 is the dislocation density (also
proportional to GAM) and Dsyp is the subgrain diameter [393]. In the L-PBF samples, Dsu is the cell
size, which is comparable between the two samples, 50 Ejisiocations X GAM?; since Aconity_H has a
higher GAM than Aconity_L, it is expected to have a stored energy which is 34 % greater than
Aconity_L. The high heat input sample also has larger grains, so in this case, the larger grains have
higher misorientation and so a greater stored energy (which is essentially a higher strain). For the
L-DED samples, PDAS changes mean that the energy stored remains within 2 % of one another for
the high and low heat input samples, which is surprising, as large grains seem to show more
misorientation (Figure 11-8d).

_BAT t_ p;3/2
EI Ffp !
processing parameters to the strain in the final component [41]. Given than the geometry and
3/2

The thermal strain parameter, introduced in Section 5.1.7, £* can be used to relate

material are the same throughout these samples, this can be simplified to £* « %Hl- , where

F = i—zt; simplifying further to £* « LZHL-3/2. As heat input increases, the melt pool size also

increases, so for a high input sample, one would expect there to be a higher thermal strain. For L-
PBF, where the dislocation density is higher, a higher thermal strain would be expected, which
explains the higher stored energy calculated previously - that as dislocation density increases,
thermal strain increases.

In L-DED, it is harder to calculate the stored energy due to dislocations, as it is hard to determine
what the subgrain size is. Cells are surrounded by bunches of dislocation, whereas dendrites
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generally form due to a compositional difference. However, the same thermal strain parameter
calculations follow, so the higher heat input samples experience more thermal strain. Since these
samples also have larger grains, it is not surprising that the larger grains have a higher GAM value
as was initially observed in Chapter 8.

The GAM value for the Aconity_H sample is 11 % higher than for the Aconity_L sample, this suggests
that the Aconity_H sample contains a significantly higher dislocation density than the Aconity_L
sample. The principal behind work hardening is that as dislocation density increases, the
dislocations repel one another, so the material is harder to deform [394]. The relationship

gy & \/E has been widely reported [334,335]; since HV ~ oy /3 [348,349], HV « \/p—; Zhang et al.
show that a hardness increase of 28 HV is possible in L-PBF [334], so it is concluded that the
hardness increase measured in the Aconity3D L-PBF samples (19 HV) could be explained by the
change in dislocation density (approximated using GAM).

Additionally, if precipitates are present, the higher the dislocation density, the more dislocations
will interact with the precipitates and the hardness will further increase. The higher heat input
would likely promote the nucleation/growth of y” precipitates, so as well as there being more
dislocations, there are likely to be more precipitates to interact with dislocations in Aconity_H. As
such, the increased dislocation density in Aconity_H could explain the increased hardness exhibited
when compared to Aconity_L.

Aconity_L has smaller grains than Aconity_H, which would increase the hardness, but also has a
lower dislocation density, which would decrease the hardness. It's impossible to know which of
these phenomena would dominate, but the increased precipitation potential and higher dislocation
density in Aconity_H could explain the higher hardness measured. Overall, the Aconity (L-PBF)
samples have both smaller grains and higher GAM values than the BeAM (L-DED) samples, which
explains why the hardness values in the L-PBF samples are significantly higher than in the L-DED
samples.

We have shown that the grain structures between L-PBF and L-DED are different, although there
does seem to be some overlap where similar grain areas and textures can be achieved (Figure
11-10). Despite the fact that some of the properties overlap, it is likely to be impossible to create a
sample with the same grain properties using both processes, as the grain properties are interlinked
and so the combinations required may be mutually exclusive.

Table 11-3 shows that the mechanical properties of components made by the two processes are
significantly different, with L-PBF samples being at least 17 % harder than L-DED samples. This
difference relatively small, especially compared to the change in cooling rates, which are ~103x
different; however, the hardness values are not comparable (Table 11-3). Even if most grain
properties could be kept consistent between the processes, the difference in melt pool size and
cooling rate completely changes the nature of the microstructure (cells vs dendrites) which in turn
causes changes in the dislocation structure (related to GAM), which are not comparable between
the processes. This conclusively shows that the properties of an additively manufactured
component are strongly affected by the process used and casts doubts upon the idea of a process-
agnostic alloy being developed (as discussed in Chapter 5).
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The resultant microstructure and mechanical properties of a component are dependent on a
combination of complex factors including:

e Laser power

e Laser beam size

e Laser velocity

e Powder size/composition

e Powder mass flow

e Component geometry

e Heat flow mechanisms

e Scan strategy and subsequent reheats

The combination in laser power and velocity lead to the NED in L-DED being ~75x larger than that
in L-PBF (Table 11-1). This is equivalent to a ~15x increase in NE; either way, it is unsurprising
that such a large difference in heat input results in a change in component properties. If the NED
was comparable between the processes, then it may be possible to match melt pool sizes and
cooling rates.

As discussed in Chapter 5 (initially introduced in Section 2.1.3), L-PBF is expected to experience
rapid solidification and potentially solute trapping. If complete solute trapping were occurring, a
planar interface would be expected [395], however, in L-PBF, cellular structures can be seen, so
some solute trapping is occurring, but not complete solute trapping. Since regions of dendritic
growth can be seen in L-DED, this is evidence of local segregation, which shows that no solute
trapping occurs, however, rapid solidification is still occurring, as predicted in Chapter 5.

These factors are different between the two processes, so unfortunately, the final component
properties are highly unlikely to be comparable. It has been shown that even if an AM component is
heat treated, the mechanical properties are still dependent on the as-built microstructure (as
discussed in Section 10.1.4) [67]. Even with heat-treatment, L-PBF components will behave
differently to L-DED components, so the process must be selected with a specific application in
mind. Finally, it much be concluded that even if process control is not perfect, any homogenisation
of the as-built structure is beneficial, as it will result in a more homogenous final component; this is
the case for both processes.

252



11.5. Summary

In this chapter, L-PBF and L-DED were compared, both in terms of thermal signatures, the resultant
microstructures and the final mechanical properties. It was confirmed that for both processes, the

. P , . P . .. ,
relation 7isa better fit to experimental results than 5 as initially calculated in both Chapter 6 and

in Chapter 9. In L-DED, the structure consists of columnar dendrites and the hardness is inversely
proportional to grain area, as expected by the Hall-Petch effect; in both processes, the grain area
decreases with increasing cooling rate. The microstructure is more complex in L-PBF, with each
grain containing cells, which are surrounded by dislocations. In L-PBF, larger grains allow for more
cells and so greater misorientation within a grain and a higher overall dislocation density.
Additionally, Aconity_H experiences a higher heat input providing more opportunity for
precipitation; the combination of these two factors is used to explain the higher hardness in the
Aconity_H sample despite its’ larger grain size.

The dendritic nature of the L-DED samples shows that local segregation occurs and so despite rapid
solidification occurring, solute trapping does not occur. In L-DED, a higher heat input led to slower
cooling and an increased PDAS. A similar effect was achieved in Chapter 11 by decreasing the
sample width, which increased melt pool depth and decreased the cooling rate.

In L-PBF, we confirm that solute trapping occurs, as predicted in Chapter 5, resulting in a cellular
microstructure. The higher heat input in Aconity_H allowed for more thermal strain to be
developed, which was related to the energy stored due to dislocations (calculated using GAM). In L-
DED, it is shown that higher heat input leads to larger grains, which experience more thermal strain
- as shown by the higher GAM values; this explains the GAM trends seen in Chapter 8.

Despite the fact that the grain sizes seem to overlap between the processes, the two processes are
still sufficiently different that the final components cannot be easily compared. The different
thermal conditions during the process, which originate from the vastly different energy inputs, lead
to very different thermal conditions and so microstructures. These changes are retained post heat-
treatment, with differences in mechanical properties persisting. For a specific application, the
desired properties must be specified and both the process and alloy must be selected specifically to
match this. It is insufficient to select an alloy and assume that however it is produced, the final
component will meet the required specifications (as explored in Chapter 5). The component must
be built with homogeneity in mind, as heat treatment cannot completely remove anisotropy, so
process control must continue to be improved until it is reliable enough to achieve industrial
certification.
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12. Conclusions and Future Work

12.1. Conclusions

At the start of this thesis, the scope of this project was defined as:

o What determines if an alloy will be easy to manufacture using AM? Does this depend on the
process used? Can this be used to help develop new alloys?

e  What can simple in-situ monitoring techniques tell us? Do the signals relate to the
processing parameters?

e What advantage do advanced monitoring techniques give? Can cooling rates be accurately
calculated? Can mechanical variations be explained by the thermal measurements?

e How do other factors, such as geometry, affect mechanical properties?

e (Can thermal measurements be simplified? What are the key parameters which matter? By
controlling these, is component homogeneity improved?

e How do the structures created by L-PBF and L-DED compare - do trends from one process
follow in the other?

Throughout this thesis, the following conclusions were made:

1. Asimple, yet comprehensive methodology was developed in Chapter 5 to predict the
susceptibility of Nickel superalloys to various failure modes; these aligned with literature
despite being significantly simpler. The differences between L-PBF and L-DED were
interrogated, validating the advanced Thermo-Calc Scheil simulations. A quantitative
comparison of the grain structures produced by both processes was shown in Chapter 11,

which has not previously been reported. Fundamentally, the processes are shown to be
P

= however the mechanical

similar, with melt pool sizes and thermal signals scaling with

properties are not comparable due to an order of magnitude change in melt pool sizes and 3
orders of magnitude difference in cooling rates. Hence alloys must be developed with a
process in mind.

2. The L-PBF process is analysed in Chapter 6, validating the moving heat source models by
correlating the predicted melt pool dimensions with experimental results; this allows for
estimation of processing windows for new alloys. The observed swelling in L-PBF was
investigated and a new swelling mechanism was hypothesised, originating from the divots
caused by rapid solidification at the ends of laser hatches.

3. Thermal monitoring was explored in Chapter 7, comparing various cameras data
acquisition rates and resolutions; greater detail was shown than that typically reported for
L-DED. From side-on imaging, cooling rates were measured and correlated with melt pool
length; this was shown to influence the microstructure and hardness, demonstrating that
sufficient data can be acquired using low resolution monitoring of the melt pool for control
of mechanical properties.

4. A new process control system was developed and integrated using coaxial monitoring as
shown in Chapter 9, with both power and velocity controlled to keep the thermal intensity
constant. Relatively low resolution monitoring was shown to contain sufficient data for
measuring melt pool dimensions which can be used as a proxy for cooling rate. Process
control is quantitatively shown to homogenise the grain structure, although the hardness
was not found to be homogenised. A large disparity in melt pool depth was found despite

254



the coaxial melt pool image being consistent, this has not been previously reported and
raises fundamental questions about using coaxial monitoring for process control.

5. Hardness is shown to vary when using constant processing parameters, with the hardness
significantly reduced at the edges of the component. In Chapter 8, a moving heat source
model was developed to show that the hardness variation stems from a change in y”
precipitation. Component thickness is shown to change the melt pool depth by 2.5x, which
has not been previously reported and cannot be detected using coaxial monitoring. Chapter
10 explains how this change in melt pool shape leads to the different grain structures
observed.

12.2. Future Work

The effect of melt pool shape in L-DED on the microstructure of the final component has been
explored in this thesis. Industrial interest in L-DED is currently substantial and this study
demonstrates that the process is controllable, paving the way for reliable turbine blade repair using
Nickel superalloys. For this process control, it is likely that coaxial cameras will be used to achieve
component homogeneity, which is likely to reach industrial certification within the next decade.
Process control using dual wavelength cameras, which allow for temperature measurement, would
enable better estimation of phase transitions and precipitate content - further improving process
homogeneity.

New alloys will continue being developed and with time, higher temperature alloys with similar
mechanical properties to CM247LC will be developed and manufactured using AM. These higher
temperature alloys will extend applications of AM into higher temperature areas of aerospace
engines, both in component repair and manufacturing of new components.

Further research in this area could focus on expanding the work from this thesis in the following
areas:

Coaxial monitoring was determined to be the most applicable monitoring technique, however, only
simple image analysis was performed, extracting the image sum and the melt pool dimensions.
Chapter 9 and Chapter 10 showed that the melt pool depth varied greatly, even when the coaxial
image was comparable. Further image analysis could be done to see whether the intensity
gradients are different between shallow and deep melt pools. If they are, this would allow for much
tighter process control, as the melt pool depth affects the grain orientation and is currently not
measured in-situ. This could be investigated by concurrently monitoring the process from side-on
and coaxially and correlating the signals; to determine whether or not the melt pool depth
(measured side-on) can be predicted from the coaxial imagery. This would have the further
advantage of validating coaxial monitoring, as the melt pool lengths could be compared between
the two monitoring techniques. Alternatively, another monitoring technique such as laser-induced
spectroscopy could be used to see if this would provide a greater insight into the melt pool depth.

In Chapter 8, the hardness of L-DED produced Inconel 718 was deduced to be dependent on the y”
precipitation, with more precipitation in the bulk of the component due to more reheating cycles. It
was hypothesised that by rescanning the component edges with a lower power laser pass,
precipitation at the component edges could be facilitated. This would theoretically allow for the
components’ hardness to be homogenised. The required rescan could be calculated using a moving
heat source model and this could be tested to show that the additional precipitation potential due

255



to the rescan would result in a homogenous component hardness. Additionally, TEM analysis of the
samples would allow for a definitive conclusion of the size and distribution of y” precipitates.

Process control in L-DED was shown to be successful in terms of achieving a target thermal
intensity (Chapter 9). Industrial applications could require different mechanical properties in
different regions of a component. The control algorithm could easily be adapted to aim for different
thermal intensity targets in different parts of the component. For example, a gear could be printed,
with the central region being softer and the teeth being harder. Investigation of the effect of the
control target on mechanical properties would be required, but overall, this would be an interesting
extension as it would result in a proof of concept of a functionally graded component.

The control algorithm is alloy-agnostic, with only 4 small samples required for calibration of
control parameters. Since Inconel 718 was shown to be relatively insensitive to changes in thermal
intensity, It would be interesting to use process control on a more sensitive alloy, such as an Fe-Ni-
Ti alloy, as used by Kirnsteiner et al [330]. Alternatively, alloys such as Ti-6Al-4V could be tested,
as its structure has been shown to be controllable by adjusting processing parameters [376]. If an
alloy is very sensitive to thermal conditions, process control would have a stronger homogenisation
effect on it; this would be a rich seam of research to pursue.
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Appendix A: Individual Susceptibility Values

Table A-1: Raw susceptibilities for the 10 susceptibilities for each of the 21 alloys

Alloy HT1 | HT2 | HT3 | HT4 | TCP1 | TCP2 | TCP3 | SAC1 | SAC2 | LC1
Inconel 718 | 0.30 | 173.0 | 1302 | 586 | 2.28 0.88 0.92 1.26 248 | 5.32
Inconel 625 | 091 | 201.8 | 1444 | 570 | 2.06 0.89 0.91 0.37 1.38 | 6.02
Hastelloy X | 1.04 | 77.6 478 | 5.70 | 2.52 0.93 0.94 2.00 2.00 | 6.22
CM247LC 195 | 2255 | 1037 | 548 | 2.06 0.90 0.98 6.19 6.43 | 2.63
CMSX-4 1.20 | 176.4 | 1090 | 553 | 1.95 0.87 0.97 6.44 7.08 | 2.21
Waspaloy | 1.40 | 275.3 | 1499 | 549 | 2.21 0.89 0.94 3.92 3.13 | 6.04
ABD-850AM | 1.16 | 334.4 | 2530 | 5.25 | 2.14 0.88 0.92 3.15 2.65 | 5.99
ABD-900AM | 0.63 | 2989 | 2177 | 547 | 2.29 0.89 0.95 412 4.05 | 5.61
AlloyDLD 1.30 | 2539 | 1611 | 546 | 2.11 0.89 0.94 2.90 3.80 | 549
Rene41 0.88 | 1989 | 1102 | 585 | 2.29 0.92 0.96 4.10 3.05 | 5.79
In738 1.70 | 279.5 | 1728 | 535 | 2.26 0.90 0.98 6.26 5.70 | 4.85
In713LC 1.74 | 2059 | 1017 | 587 | 2.10 0.90 0.97 6.50 6.90 | 3.36
Udimet700 | 0.94 | 230.3 | 1930 | 5.71 | 2.55 0.92 0.99 7.19 6.00 | 5.00
RR1000 1.64 | 4414 | 1754 | 585 | 245 0.91 0.98 6.02 5.10 | 5.00
Inconel939 | 1.26 | 334.8 | 1509 | 5.59 | 2.46 0.90 0.96 5.01 4.05 | 7.09
Haynes282 | 1.24 | 216.1 | 869 | 5.56 | 2.22 0.90 0.94 3.26 2.55 | 6.03
Udimet720 | 0.89 | 249.1 | 735 | 5.72 | 2.46 0.91 1.01 6.70 5.00 | 5.64

718+ 0.39 | 2163 | 645 | 593 | 251 0.88 091 2.92 398 | 571
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Table A-2: Normalised susceptibilities for the 10 susceptibilities for each of the 21 alloys

Alloy HT1 | HT2 | HT3 | HT4 | TCP1 | TCP2 | TCP3 | SAC1 | SAC2 | LC1
Inconel 718 | 0.00 | 0.26 | 0.40 | 0.10 | 0.56 0.14 0.18 0.13 0.19 | 0.64
Inconel 625 | 0.37 | 0.34 | 047 | 0.34 | 0.19 0.34 0.08 0.00 0.00 | 0.78
Hastelloy X | 0.45 | 0.00 0.00 | 033 | 0.94 1.00 0.35 0.24 0.11 | 0.82
CM247LC 1.00 | 0.41 0.27 | 0.66 | 0.18 0.42 0.77 0.85 0.89 | 0.09
CMSX-4 0.55 | 0.27 | 0.30 | 0.59 | 0.00 0.00 0.66 0.89 1.00 | 0.00
Waspaloy | 0.66 | 0.54 | 0.50 | 0.65 | 0.44 0.21 0.35 0.52 0.31 | 0.79
ABD-850AM | 0.52 | 0.71 1.00 | 1.00 | 0.32 0.11 0.18 0.41 0.22 | 0.77
ABD-900AM | 0.20 | 0.61 0.83 | 0.67 | 0.56 0.27 0.45 0.55 0.47 | 0.70
AlloyDLD 0.60 | 0.48 0.55 | 0.69 | 0.28 0.31 0.31 0.37 0.42 | 0.67
Rene41 0.35 | 0.33 0.30 | 0.11 | 0.57 0.81 0.54 0.55 0.29 | 0.73
In738 0.85 | 0.55 0.61 | 0.85 | 0.52 0.42 0.71 0.86 0.76 | 0.54
In713LC 0.87 | 0.35 0.26 | 0.09 | 0.25 0.48 0.67 0.90 097 | 0.24
Udimet700 | 0.39 | 0.42 0.71 | 032 | 1.00 0.90 0.80 1.00 0.81 | 0.57
RR1000 0.81 | 1.00 0.62 | 0.12 | 0.83 0.72 0.72 0.83 0.65 | 0.57
Inconel939 | 0.58 | 0.71 0.50 | 0.50 | 0.86 0.49 0.55 0.68 0.47 | 1.00
Haynes282 | 0.57 | 0.38 0.19 | 0.54 | 0.46 0.55 0.33 0.42 0.21 | 0.78
Udimet720 | 0.36 | 0.47 | 0.12 | 0.30 | 0.85 0.64 1.00 0.93 0.64 | 0.70

718+ 0.05 | 0.38 0.08 | 0.00 | 094 0.01 0.00 0.37 046 | 0.72
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Table A-3: Comparison of different Thermo-Calc Scheil calculations for the main alloys being analysed. Shown are the results
of the classic Scheil calculation along with Back Diffusion calculations and the Solute Trapping calculation - for both L-PBF
and L-DED. The percentage differences compared to the classic Scheil calculation are shown

Deviation from Scheil Calculation

il | Colaaion | Pt | GG Seep iy | ion ke | P | G e | o
Inconel 718 Scheil 173.0 0.30 1301.9 N/A N/A N/A
Inconel 625 Scheil 201.8 091 14441 N/A N/A N/A
Hastelloy X Scheil 77.6 1.04 478.4 N/A N/A N/A

CM247LC Scheil 225.5 1.95 1036.6 N/A N/A N/A
CMSX-4 Scheil 176.4 1.20 1090.5 N/A N/A N/A
Waspaloy Scheil 275.3 1.40 1499.1 N/A N/A N/A
ABD-850AM Scheil 3344 1.16 2529.8 N/A N/A N/A
ABD-900AM Scheil 298.9 0.63 21771 N/A N/A N/A
AlloyDLD Scheil 253.9 1.30 1610.9 N/A N/A N/A
Inconel 718 BD PBF 173.0 0.30 1301.5 0.00 0.00 0.00
Inconel 625 BD PBF 201.8 0.90 1446.6 0.00 -0.01 0.00
Hastelloy X BD PBF 68.4 0.79 442.6 -0.12 -0.23 -0.07
CM247LC BD PBF 222.8 1.91 1034.1 -0.01 -0.02 0.00
CMSX-4 BD PBF 175.1 1.19 1079.3 -0.01 -0.01 -0.01
Waspaloy BD PBF 275.1 1.38 1491.8 0.00 -0.01 0.00
ABD-850AM BD PBF 3333 1.16 2547.2 0.00 0.00 0.01
ABD-900AM BD PBF 298.8 0.62 2173.4 0.00 0.00 0.00
AlloyDLD BD PBF 254.0 1.29 1619.6 0.00 0.00 0.01
Inconel 718 ST PBF 164.9 0.91 1374.0 -0.05 2.02 0.06
Inconel 625 ST PBF 201.4 0.92 1412.7 0.00 0.02 -0.02
Hastelloy X ST PBF 69.2 1.43 350.0 -0.11 0.38 -0.27
CM247LC ST PBF 182.0 1.73 929.1 -0.19 -0.11 -0.10
CMSX-4 ST PBF 162.4 1.36 953.5 -0.08 0.13 -0.13
Waspaloy ST PBF 2253 1.36 1074.3 -0.18 -0.02 -0.28
ABD-850AM ST PBF 296.5 1.65 1981.7 -0.11 0.42 -0.22
ABD-900AM ST PBF 298.8 0.62 2173.4 0.00 0.00 0.00

AlloyDLD ST PBF 237.6 1.64 1356.7 -0.06 0.26 -0.16
Inconel 718 BD DED 173.0 0.30 1301.1 0.00 0.01 0.00
Inconel 625 BD DED 201.9 0.87 1460.4 0.00 -0.04 0.01
Hastelloy X BD DED 63.8 0.74 388.4 -0.18 -0.29 -0.19

CM247LC BD DED 213.6 1.76 1024.7 -0.05 -0.10 -0.01

CMSX-4 BD DED 169.0 1.13 1025.9 -0.04 -0.06 -0.06

Waspaloy BD DED 274.0 1.33 1466.8 0.00 -0.05 -0.02
ABD-850AM BD DED 333.1 1.17 2561.0 0.00 0.01 0.01
ABD-900AM BD DED 298.5 0.62 2164.9 0.00 -0.01 -0.01

AlloyDLD BD DED 254.0 1.26 1626.9 0.00 -0.03 0.01
Inconel 718 ST DED 172.0 0.32 1326.2 -0.01 0.07 0.02
Inconel 625 ST DED 196.6 1.26 971.2 -0.03 0.39 -0.33
Hastelloy X ST DED 77.6 1.07 470.6 0.00 0.03 -0.02
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CM247LC ST DED 222.4 1.93 1029.9 -0.01 -0.01 -0.01
CMSX-4 ST DED 176.0 1.21 1084.6 0.00 0.01 -0.01
Waspaloy ST DED 272.7 1.40 1510.7 -0.01 0.00 0.01
ABD-850AM ST DED 326.5 1.15 2551.6 -0.02 -0.01 0.01
ABD-900AM ST DED 296.9 0.64 2237.5 -0.01 0.02 0.03
AlloyDLD ST DED 253.5 1.33 1594.9 0.00 0.03 -0.01
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Appendix B: L-DED Heat Flow Model

In addition to the samples mentioned in Chapter 8, several wider walls were also printed with
the same parameters; these are listed in Table B-1. For each of these, the thermal intensities
are plotted in Figure B-1a (moving average with 100 frame window); the average thermal
intensity in the top 1 mm of the wall is show in Figure B-1b.

To capture the cooling experienced in the walls the part was split into three temperature
regions: molten, hot and cool. The laser scan strategy was followed for the top layer of each
wall. The surface area for each temperature range was calculated. Dimensions and average
temperatures for each category were taken from literature [295,396]. For simplicity, the
molten region was modelled as a cuboid of dimensions 0.5 x 1.1 x 1.5 mm

(depth x width x length) with a temperature range of 1600 - 3500 K. The melt pool extended
1 mm behind and 0.5 mm in front of the laser centre (Figure B-2). 1.1 mm was measured as
single hatch wall width and was used as the melt pool width throughout; constant melt pool
size was used for simplicity for all parameter sets.

Table B-1: Dimensions of additional walls

Number of hatches | Measured sample width (mm)
1 1.1+ 0.05
2 1.3+0.05
3 1.7 £ 0.05
4 2.1+0.05
6 2.8+0.05
8 3.6+0.05
12 5.1+0.05
16 6.6 +0.05
22 9.1 £0.05

The hot region was centred on the molten zone, extending 0.5 mm in front of the laser centre.
Dimensions used were 2 x 3 x 5 mm (depth x width x length) and a temperature range of
700 - 1600 K (Figure B-2). The rest of the wall was modelled as cool, which covered
temperatures of 350 - 700 K, 350 K being the assumed baseplate temperature.
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The three main heat flow mechanisms were modelled as follows:

e Radiation from the exposed surfaces to the surrounding environment is frequently not
modelled. Heat flow per unit time (W), qraa = Aeo(T*-Troom?), was calculated; where A is
surface area (m?), € is emissivity, o is the Stefan Boltzmann constant
(5.67x10-8 Wm-2K-), T and Troom are the surface temperature and the room
temperature (298 K) respectively (in Kelvin). € = 0.85 was selected, which is the
emissivity of oxidised 718 [397] (in the local argon shielding, samples are still slightly
oxidised).

e Conduction occurs from the outer surface to the surrounding Argon, where the heat is
spread by convection. This will be referred to as convection. Heat flow per unit time
(W); qeonv = hAAT, where h is the heat transfer coefficient (Wm-2K-1), A is the surface
area (m2) and AT is the temperature difference between the surface and the
atmosphere (298 K). h = 100 Wm-2K-1 [295]. Convection within the melt pool (due to
Marangoni flow) was ignored because by averaging the melt pool temperature, the
temperature variations are removed.

e Conduction through the part into the baseplate, which in this case will only be
considered vertically. Heat flow per unit time (W); qcond = KAAT/L, where k is the
thermal conductivity (Wm-1K-1), A is cross-sectional area (m2), AT is the temperature
difference between the elevated temperature area and the baseplate (baseplate
temperature taken as 350 K) and L is the conduction distance. Room temperature
thermal conductivity, k = 9.94 Wm-1K-1 was used [273]. 10 mm walls were builtona 5
mm thick baseplate which was clamped to a 40 mm steel table, the bottom of which
was assumed to be at 298 K. So for conduction of the molten zone, conduction from
3500 K was calculated at 54 mm (hottest at top surface) and averaged with the
conduction from 1600 K at 53.5 mm. This was repeated for all three regions as
summarised in Table B-2.

For each temperature range, a heat flow per unit area was calculated as described for both the
top and bottom of the temperature range (Table B-2). These were averaged to give a heat flow
per unit area for each mechanism, summarised in Table B-3. This is a major simplification, but
if done consistently, allows for a direct comparison between the different heat flow
mechanisms. The surface areas of each region (per hatch) were divided by the scanning
duration to give heat loss per unit time (W), shown in Table B-4. This allowed for 3 different
heat flows (conduction, radiation and convection) to be calculated at each temperature range
for each wall, which could be summed to give the total heat flow (Table B-4).

Cooling rates (Ks1) were also calculated, T = q/(Vpc,) where V is volume (m3), p is density
(8100 kgm- [396]) and c,, is specific heat capacity (425 Jkg1K-1[273]). Volume per second was
calculated using a hatch volume (width 1.1 mm, depth 0.5 mm, length 20 mm) and dividing by
hatch duration (0.6 s).
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Figure B-1: Changes in thermal intensity for 9 wall thicknesses; a) variation with time; b) Average image intensity of
top 1 mm plotted against sample width (standard error shown)

The various heat flow contributions are shown in Figure 10-24. Given that most thermal
intensities hadn’t reached a plateau, the heat flow must be lower than the input laser power
(300 W). The calculated cooling is around 90 W, which is lower than expected. However, only
conduction in the build direction is considered; in larger parts, lateral conduction in the other
two axes will also be significant. This won’t be as large as the build direction, but in
combination could be expected to be of a similar magnitude. In addition, a flat melt pool
surface is modelled, the addition of material actually leads to a semi cylindrical surface, which
is around a factor of 2 larger when considering the melt pool shape due to laser recoil. Finally,

radiation o T4, so by averaging the heat flow due to radiation across regions of varying

temperature, the increased cooling from the hottest regions will be ignored.
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Figure B-2: Diagram showing dimensions of molten and hot zones

Table B-2: Breakdown of heat flow contributions at region limits. For conduction, different temperatures were
experienced at different conduction distances; the pairs of values at limits of the same region are marked with the same

symbol (* " “)

Temperature | Heat flow due | Heat flow due Heat flow due to Heat flow due to Secondary
(K) to Radiation | to Convection Conduction at Conduction at Secondary | Distance
(W/m?) (W/m?2) 54 mm (W/m?2) Distance (W/m?) (mm)
350 343.2 5200 *11747.3 44
700 111921 40200 *73997.8 " 76843.8 52
1600 315487.4 130200 A 239664.4 “44523665.0 53.5
3500 7232264.8 320200 “589405.2

These model simplifications explain the low cooling values calculated and would bring them in
line with the heat input. Both radiation and conduction areas are underestimated by a similar
magnitude and both scale linearly with area, so the ratio of these isn’t expected to change

significantly. Radiation is dominant in thin walls as the sides of the wall are hotter due to their

proximity to the laser position, but this effect decays quickly with width. Temperature is

expected to have an inverse relationship with cooling; this is seen when comparing Figure
B-2b with total cooling from Figure 10-24, increasing confidence in the model.

Most models assume that conduction is the sole heat flow mechanism, in bulk parts this is
assumption works, as conduction is dominant. However, Figure 10-24 suggests that in thin

components, the other flow mechanisms are no longer insignificant, radiation adding a
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significant heat loss contribution. The model predicts conduction to keep increasing with
component size, which doesn’t occur above 6 mm width. At this point, the width is sufficient
that conduction could occur both laterally and vertically, so the effect of increasing the vertical
conduction area becomes negligible.

Table B-3: Summary of final heat flows used for each region (averaged from Table B-2)

Zone | Temperature | Heat flow due to Heat flow due to Heat flow due to
Range (K) Radiation (W/m2) | Convection (W/m2) | Conduction (W/m?2)
Cool 350-700 5767.655 22700 42872.5
Hot 700 - 1600 163339.8 85200 158254.1
Molten | 1600 - 3500 3773876 225200 22556535.1

Cooling rates were calculated to be of the order 103 Ks-1 which is in line with literature
[104,105]. Cooling rate decreases monotonically with increasing thermal intensity (Figure
B-3). The image sums are shown to be proportional to both melt pool area and maximum
intensity. The relationship in Figure B-3 confirms the monotonic trend between melt pool size
and cooling rate as seen in literature.
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Figure B-3: Calculated cooling rates of walls plotted against the average image sums
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