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Abstract

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

This work explores the range of microstructures possible that may be delaped during AM of

Inconel 718, a common alloy used in aerospacand 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 depositio{L-DED). Printability is discussed with reference to
nickel alloy design and the imposed conditions in both-PBF and EDED, concluding thathere 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 fundamentasiynilar.

Various in-situ monitoring techniques are tested in the EDED process, withcoaxial monitoring

chosen for development of a simple feedback contrédop. This improves both the thermal

signature of the process and the microstructural homogeneity of the components. A level of

intrinsic microstructural and mechanicahomogeneity 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 gitu heat
treatment is proposed as a mechanism to explain the measurggometric hardness variation.

Using advanced coaxial monitoring and harnessing th@wer of in-situ heat treatment, it is
hypothesised that it would be possible to remove or reduce thigrocessinduced variation in
mechanical perfomance. This wouldbring the process closer to industrial certification.
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1. Introduction
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stereo-lithography [2], followed by fused deposition meltirg 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 focots two main
processing methods

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

AM generaly has applcations in biomedical, dental, auto, energy and aerospace industripkz 7],

with aerospace being the focus here. Both-BBF and EDED 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 nozf@¢), becaise of the light weighting benefitd6,8]. DED is
mainly used for repair of components because of its ability to deposit on a previdysxisting part

e.g. repairing turbine blisks[6,9].

There are, however, several issues witAM, these include residual stresses, anisotropy and internal
defects such pores and crackgl,6]. One of the critical challenges for AM components prior to
application in aerospace is gethg 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 thj8z11].



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. Irsitu thermal monitoring is used to analyse the thermal
signature, simplifying thedata processing methodolog, 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 andto understand what effect this would have on component properties.

Chapter5 looks at the definition and different ways of assessing alloy printability. Different failure
mechanisms are explored and the susceptibilitiesf alloys to these is calculated, comparing-PBF
and L-DED. The focus of Chapté¥is on L-PBF, looking at the thermal signals using pyrometry and
analysing defects in the form of swelling.

Chapter7 introduces the L-DED process an@xplores 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 théinal component. Coaxial monitoring is selected as the most
applicable monitoring technique for L.DED and is used going forward. In Chapt&; thermal
monitoring is shown to be insufficient on its own to explam 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 geometricvariation of hardness.

A process control algorithm was developed for IDED using coaxial monitoring, this is covered in
Chapter9. The effect of controlling the thermal signal on both microstructural and mechanical
homogeneityis explored. The changes in grain structure found in Chaptérare covered in Chapter
10, explaining how the melt pool morphology affects the final grain structure.

Finally, Chapterl1 brings together the work done in both PBF and EDED, showing the range of
grain structures and mechanical properties possiblesing both processes. The ranges of the
conditions present within both processe are compared and it is demonstrated that properties
obtained using L-PBF cannot necessarily be obtained usingRED, finally linking thisbackto the
printability discussion initiated in Chapter5.



2. Literature Review

Partsof this chapterare taken from the review paper published in the Journal of Materials Processing
Technology by Clare et dlL2]. 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 apeth laser and powder
based;L-PBF and EDED. The differences between the main parameters can be seerfliable 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, lowr power laser than L-DED, but with much faster scanning
speeds. Overall, this results in slower production times, but the smaller laser spot allg\fior
production of more complex components.

Table2-1: Compaison of pocess parameters for DED vs PReported by DebRoy et ]

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 pta (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 inFigure 2-1. The CAD fe 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 regionsbonding 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 manufacturingAlso,because othe nearnet shape
component which is removed from the printer, little or no machining is necessary significantly
reducing the amount of wastematerial.
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Figure 2-1: Schematic of thedPBFproces, reported by Thompson et 4lL3]
2.1.2. Laser Direct Energy De position (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 (whth is controlled using a CNC system) and focussed at the
same point as seen ifrigure 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 movenent 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 powded e.g.
overhangs and very large components. This se&ip lends itself to repairs since the deposition head
can build in any direction unlike the vertical restriction ofL-PBF. Repairing metallic components is
an enormous industry, with many turbine enghe components being very expensive to replace.
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Figure 2-2: Schematic of theIDED processeported by Thompson et §13]
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2.1.3. Imposed Conditions

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

Heating of billetto 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 nearsurface region due to maciming

aprwbhPE

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 umelted material causes the melted region
to sdlidify rapidly

4. The subsequent layers ranelt 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 belofl4z16]. 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 laseflocity. In directional solidification

(which is frequently the case in AM) the cooling rate can be written 8¢ — "O¢j17]. Cooling

rates for different AM techniques aresummarisedin Table 2-2; with L-PBF being reported as
~105-10% and L-DED as ~16-104. Both aremuch quicker than common manufacturing processes
e.g. casting Table 2-2).

Table2-2: Comparison of cooling rates betwedM and conventional manufacturing method€Reported by DebRoy et[d]

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% 104

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. TGéV 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 Sectio.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 tie solidification front moves quicker than the solute atoms
can diffuse in the liquid stated — where Dy, diffusivity of the solute in the liquid;a, interatomic
spacing.

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

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

Qw i
W
o P

Equation2-1

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 ke, so the interface

is in equilibrium; at highV,k® p h O Eik&©fdr diffuéon arid heBiceGs= G (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 ofpwas

performed using pulsed laser melting andhe 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 adhwe 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-PBFvelocities are on the order of 1 m&t, so are on the boundary of solute trapping, but
are frequently assumed to occur under rapid solidification conditions. SinceRED is a slower
process, with typicalvelocities of ~ 1 cm/s, the process is on the cuspfaapid solidification. This
suggests that significant diffusion may occur indDED, which is not present in tPBF due to the
higher processing speeds. Despite-BBF being under rapid solidification, steadystate growth
theory applies if[22]:

01 w

W] @ p

(b -
Equation2-2

Harrison performs an approximation and gets a left hand side of order ¥®o 10™[23]. This uses
10 sMto 10™ sMas a value fo—— which originates from Zmmermann with no prior justification
[22].

The numerical value of the cooling rate™Yy is also under great debate, with suggested values
varying between 13 Ks"to 106 Ks' (for both L-PBF and EDED) although LPBF typically seems to
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be towards the higher end as summarised iffable 2-2 [4,17,24z26]. Using dendrite arm spacing
(DAS), the cooling rate can be calculated and this was found to b& 30° Ks™, within the values
stated in literature [23]. Using relations between DAS and cooling raj27,28] the cooling rates can
be further validated.

Reheating Cycles

The AM process is further complicated by the sigequent 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].
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Figure 2-3: Variation of temperature with subsequent laser passegported by Mukherjee et 0]

These multiple reheating cycles cause the total heat to increase and therefore the strain
experienced by the part increases with build height, this buildip of strain canbe 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 hee 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 steadtate
temperature field surrounding a moving heat source (in this case, a laser). In an infinite 3D
material, the equation takes the form of:

oy 0 2B A@db_0'Y

Equation2-3

where T, final temperature; To, initial temperature; P, laser power;{, thermal conductivity;

1/2Y = ¥ p¥H, thermal diffusivity; 1 defined for convenience m density; G, specific heat capacity;
v, laser velocity;u=x Mvt, x displacement relative to laser position;’Y , ) a , distance
from point source [31] . However, manyassumptions are made when deriving this equation:

1 Jandl are assumed to be temperature independent
1 Power and velocity are taken to be constant

1 The laser is assumed to be a point source
7



1 There are no surface losses (no radiation)
1 The latent heat of fusion is ignored
1 No loss of materialis 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 guation, a kinetic strength for each heat cycle was calculated and hence a percentage
martensite extracted; this method was shown to be accurate using hardness testifi2] .

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 teat. Equation 2-4
was adapted to have a Gaussian profile, making the calculation more complex but the results more
accurate[33,34]:

Quofco b0 & &
o1 b 0 go 10

—— Qo
[~ M 60 |y o

Equation2-4
where A, absorptivity; t, 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, as these should be equal in steadstate. This allows
for calculation of melt pool dimensions and prediction of microstructure in EPBF usingprocessing
maps (Figure 2-13).

In L-DED, the situation is different as mre material is deposited with each pass and often, thin
sections are created. This is closer to a 2D situation, so the 2D Rosenthal equation applggiétion
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 iRigure 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.

Y Y — [AQE):UU:UY
¢ |
Equation2-5

wherei , & , distance from point sourceKo, the modified Bessel function of the 2 kind
and the COhorder.

As aforementioned, alorptivity ( A) 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), thiarc 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 bulkmaterials [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.

8



Laser beam
Gas—powder ——

jet

Area not illuminated
by the laser beam
Figure 2-4: The shadowing effectfdhe powder, taken into account in the Picasso modeéported by Picasso et[89]

2.2.1. Dimensionless Numbers

Dimensionless numbers can be used to compare processes withrying conditions and see their
effect on the overall process. The main numbers applicable to AM d49]:

9 Fourier Number : the ratio of diffusive heat rate to storage ratéO —

1 Peclet Number: the ratio of convection to conductionp 'Q —

xEAOA 4, EO OEA OEAOI Al AEEEOOGEOEOUN O EO A AEAOA,
characteristic velocity.

A higher Fourier number shows that heat dfuses away quicker than it can accumulat@tl], this

can have advantages e.g. less potential for distortigh7], however it can also lead to drawbacks

e.g. lack of fusion in tPBF[42]. Different characteristic parameters have been used, melt pool

length was used as the characteristic length for both the Fourier andeBlet numbers by Mukherjee

et al[17]. In this case, characteristic time can be defined as characteristic lengthéracteristic

velocity z resulting in,"O —, 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 desirable[17].

In other literature, the melt pool width has been used to calculate the Peclet numb#3]. It is
shown that the Peclet number for high density conditions is much larger than that for lowethsity
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 pddB].



2.2.2. Further Modelling

The models described above are simple and only consider heat flow, so are of limited use; more
complex modelsdo exist, but are outside the scope of this project. The current work in this field is
reviewed in [44746]. There is a common goal of being able to model the entire process on a range
ofsizeOAAT AOG AT A EAO AAAT[44] évAnkahiAgfubresdt$ dArChE Gaikéd 4 x ET 8
without the need for many expensive experiments. The interlinking of the main components is

shown in Figure 2-5 and are:

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

Solidification model including nucleation and segregation
Development of microstructure andpropensity to hot tearing
Mechanical properties (residual stresses) of final part

= =4 =4 =4

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

o L N ~ ~ . L Effecti\\/emgdiuAmmofde’! o . B o A
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al [45]

2.3. Alloy Selection for Additive Manufacturing

Many different materials have been tested iAM. 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. Foptotyping tools
and moulds for the automotive industry, tool steels are normally most applicablg,9].

For each of these families of alloys, the printability of some key alloys are summarisedliable 2-3
for L-PBF, LDED and for electron beam PBF (EBBF)[12]. These are ciegorised into 3 levels:

9 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)

1 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).

1 Not printable ; unsuccessful building r@orted in the literature, or no reports. If printing is
possible, many defects present throughout sample e.g. cracks.
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L-PBF is the most widely published form of additive manufacturing, ahead of HEBF and EDED
[47] as seen inTable 2-3. This is especially the case for steel and aluniiimm components as these
typically require complex shapes, which tPBF is suited to due to its small laser spot size. Since
aerospace repair is a major application of Titanium components;DED is best suited to this, so
Titanium AM seems to be done predomiantly using L-DEDI[4,6].

EB-PBF is not used in this thesis, s 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 electranagnetic coil, which allows for a much quicker beam
movement due tothe 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 thedding rate. Both G and V can
be controlled closely, giving the ability to select a certain grain orientatiof48] . In addition, the
powder bed can be preheated, reducing the thermal gradients and allowing for further control.

AEEO All1T1 xO0 A O A xEAAO OATCA T £ OEAOA OdgherbOET 06
rd AT 1T OAT 68 4EEO EO OEI x1 AUin EBPAF ak tomiedtddA D OET O.
PBF Table2-3). CM241CEAO A EECE 8 Ai 1T OAT O AT A T1 01 AITTU OC

Section5.1.5); by using EBPBF, the solidification rate can be controlled, reducing the driving force
for cracking. This increased thermal control allows for epitaxial growth of single crysta[€49,50].

However, EBPBF dso experiences some issues due to its method as well as the largefugnt cost
[51]. Since the powder is preheated and partially sintered[4], complex internal geometries cannot
be achieved as the internal powder cannot be removed, also this causes B to generally have a
rougher surface finish[52]. This is not helped by the larger powder size range for EBBF

compared to -PBF[53] meaning that the geometrc accuracy is likely inferior to .PBF. In addition,
due to the vacuum during EBPBF, certain elements evaporate, meaning that the final composition
can bedifferent to that of the initial alloy [51]. Interestingly, despite the controlof 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 ttest pre-existing alloys using AM, despite the fact tha many

of these alloys were created with a specific manufacturing method in mind. E.g. CM247LC and

CMSX4 were designed for directional solidification in investment casting49,54]. These are

typically heat treated postcasting 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 ABDwntmt! - j A | AAEOI 8 AOAAOEI
superalloy) [56] .

2.3.1. 316L Stainless Steel

316L is awidely used stainless steel, frequently found in marine, chemical and food processing
ET AOOOOEAO8 ) 06 O Tabld2mwircariioh dontdatQed@éd itoxhindertcérbide
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 cd4t57].
The alloy is generally regarded as being printablpt,12] so is widely studied due b the broad range

of comparabledata available[58]. This allows for efficient process development.
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316L produced by AM is predominantly inthe FCE A OOOAT EOA PEAOAh xEOE Ol
1 ZA O edat/A9].8nQ@-AED, columnar dendrites form around the bottom edges of the melt

pool, with some regions of equiaxed grains at the top as seenkigure 2-6a. Grains grow in a

columnar manner, through multiple melt pools, following the direction of maximum healow (into

the baseplate). In literature, some dendritic areas are seen, but the majority is of cellular nature,

with a cell spacing o the order of 1-10 um|[4,59,60].

Table2-3: Overview of printability of materials commonly pduced by AM; key belovCreated 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

CMSX4

Waspaloy

Aluminium

Al SilOMg

Al-Cu-Mg

4047

Scalmalloy

7075

6061

Titanium

Ti64




CP

6242

5553

2448

Ti-6.5AF3.5Mo
-1.5Zr-0.3Si

55511

Equiaxed
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Figure 2-6: Microstructure of 316L produced by-DED a,b) showing structure of melt pools at different heights.dge) SEM
micrographs of cellular structure. Reported by Saboori ef39]

2.3.2. Nickel Superalloys

A superalloy is defined as a mat&l with exceptional mechanical properties, allowing it to be used
above 540 °C or 0.7 of its absolute melting poitj61,62]. 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, (over 1000°C). All superalloys have a face centered cubic
(FCC) matrix as this increases creep resistanf@3]. 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 raisgtemperatures. Fe and Co alloys are stabilised with FCC stabilisers
(Co, Cr, Mo, W) in order to retain FCC structure at low temperatures and stabilise FR€Cr 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. Thesstabilisers 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 temperaes; additions of Al and
Ti can further increase the oxidation resistancé63].

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 canponents 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. Inconed 71
and CM247L(362,64]. Inconel 718 is very widely used in the industry and is widely regarded as the
Ox1 OEET OOA-Al &E 0O R Ae5A Th@dorapdsitions of the 6 nickel superalloys reviewed
in Table 2-3 can be found inTable 2-4 alongside that of 316L steel. The most common phases in
Nickel superalloys are covered in Sectioh.1.2

Table2-4: Comparison of compositions (wt%) of 316L steel and some comiiokel superalloy$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 12;\?”

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
CMSX4 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 asuilt nickel alloys are summarised inTable 2-5. Asbuilt 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 Bygure 2-7, exceeding
the properties of the wrought/cast components. However, in EDED, 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 ofRBF 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 stat¢$7]. 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{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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Table2-5: Mechanical Properties of Ni Alloys produced by AM-§agit) 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 | 7727 924 [71,72] 31.5740.4 [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 | 460z 670 [76] 19 - 41 [76]
Wrought Hastelloy X | 367 [77] 40 [77]

L-PBF Hastelloy X | 470z 490 [78] 39741([78]
L-EB-PBF Hastelloy X | 2557 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

8
o

tan 2] 162 160

Ll
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 ofDED manufactured Inconel 718&ith different heat treatments, as
compared with cast/wrought properties. (STA = Solution treatment and aging). Reported by Qi[@3&l
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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 parametersmto an energy density The simplest form isEquation 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, [15]. However, his 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.

o 0
U
Equation2-6
where E,, Volumetric Energy Desity [15].
o 0
LO
Equation2-7

In an attempt to overcome thisFigure 2-8 plots a normalised heat input against the reciprocal of
the hatch spacing. AlthoughE EO AT AOT1 6 O A@bPi EAEOI Uy aphiristd, albties j OOE
lengths are normalised by being divided by, so this value is included.

The maths behindFigure 2-8 is shown inEquation 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 densitfNED) throughout. Lines of constant NEDJ ) 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 heatgat and porosity occurs due to lack of
fusion, too high a heat input angwelling 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 san an ideal situation,E = 1 would lead to full melting

(assuming that absorptivity, A= 05). In addition, if— ph "Q so full melting should occur; it

can be clearly seen that melting can occur below this threshold, but only at high&rvalues, as this
has to @mpensate for the lack of lateral melting.

5z w5

: v ouv p v

0 — ;= Y Y
o’'d cvix "0

Equation2-8

where * denotes anormalised quantity; E*, normalised heat input pe unit volume; I, layer
thickness;i —, laser beam radiusTm, melting point

z w5
0 0 p

= — — Y Y
V'd0 b O

Equation2-9

where 'O, normalised volumetric energy densityNED); h, hatch spacing.
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fully bond to the new one. This can be predicted using melt pool dimensions frdaquation 2-4.
Figure 2-9 shows that a reduction in energy density can lead to lack of fusion paity, however,
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which occur under different conditions, with apotentially narrow processing window.

A DBl Ol OE!

Keyholing is a mode of laser welding, where part of theelt pool vaporises and forms a plasma
bubble. This can entrap the photons which internally reflect, leading to near 10\ laser
absorption; Marangoni flow forces this bubble deeper and so a very deep melt pool can occur
despite only a small increase of peer. The bubble can be trapped during solidification, increasing
porosity as seen inFigure 2-9, so process parameters are typically selected to avoid keyholif@g] .
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 fdre heat

can diffuse, so the volume raised abovE., can be calculated using the energy input; this leads to the
key parameters beingDpand 4 . This is termed the normalised enthalpy (NE) and was first reported

by Hann et al[84] before being extended by King et 4B3]:

G

¢

N

©

ov

I 6 0 aORIDEK m—ﬁayo

Equation2-10

x E A CHAchahge in total specific enthalpyhs=m #Tm, enthalpy at melting; T, boiling point. This is

“ "Y
— v ¢
| O

known at the phase transition number, which itself is the inverse of the Stefan number and is

frequently used in heat transfer calculationg85].
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Figure 2-9: Porosity dependence on velocity, showing both keyholing and lack of fuReported by Tang et §6]

NED and NE Equation 2-9 and Equation 2-10) are calculating a similar quantity. NED uses process
parameters (hatth 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. hormalised enthalpy can be used to characterisack 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 inFigure 2-10a; there is a distinctgradient change at around 70 W. This point also
coincides with the sudden rise in absorptivity (black line) as explained aboV&8].

This step change in deptltan also be clearly seen in other workg3], 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 previously38,83,84], but can likely start belowTy, as there is a
partial pressure above the surface of the melt pool.

Figure 2-11 calculates the VED usingquation 2-7, since there is no hatch spacingghen 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 AAPOE OAOEAOQEIT 1T &£ Ob O1 poh bhingpeotessing OT 8O T AAA
parameters[81]. The Rosenthal equationEquation 2-4) canbe 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 ad 30[83,84], so there

is no widely-accepted keyhole threshold.

It has been determined that for each material there is a processability windogwoften with porosity

if insufficient energy is present. Keyholes can occuf 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 segregati@ection5.1.4) [87,88].

A different form of processing map has been created for 2D situations (typicallyDED).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 twi
both Gand Y both of these can be calculated usingquation 2-5[91,92].
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Figure 2-11: Variation of melt pool depth with VECReported by Scipioni Bertoli et [81]
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Figure 2-12: Processing map relating the melting point, deposit height and the melt pool length f@HD Reported by
Vasinonta et a[89]

2.4.1. Solidification Structure

The solidification microstructure is directly related to the speed and stability of thesolidification
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 interfacehe interface
breaksdown, first into cells and then into dendrites[18] , if:

nO S’,uY
w ©
Equation2-11

x E A Or4 Ed¥ilibrium solidification interval; Dy, 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 sidebranching 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[88,93z95]. 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 oEquation 2-11 is typically significantly higher than the right, so cellular
and dendritic microstructures dominate [29]. As the velocity is futher increased, solute trapping
may occur and mayproduce a planar interface (right side ofigure 2-13a).
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Figure 2-13: Plots of G vs V, showing the relationship besén processing parameters and microstructure
a) Different microstructures possible over wide range of solidification parameters; P, plangrgd@ndrites (solutal); B
dendrites (thermal); B, banded microstructure (alternate planar and cellular); blagtgion, cellular. Reported by Kurz and
Trivedi [18]

b) A microstructure selection plot for CMSX with the rectangle showing typical laser process conditions. A and B show the
melt pool solidfication curves for initial substrate temperatures of 20°C and 500°C respectively. Reported by Kurfoéf al
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Figure 2-14: Summary of possible solidification structures) Cells, b) dendritic cells, ¢) dendrites. Directional growth can
lead to all 3 formations; cells during stable growth, with perturbations/instability in the thermaéfd 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 Fis[9&1

Dendrite Arm Spacing (DAS)

Solidification occurs in a cellular and/or dendritic manner, typically antiparallel to the heat flow,
with regions of the similar growth direction forming grains. It has been shown that the primary
dendrite arm spacing (PDAS),1) 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]:

§0 0 ° YYO @
< &
Equation2-12
& yYY® oe @

s o®y

Equation2-13
x E A OT4 YTY equilibium andnonANOET EAOEOI O1T 1 EAEAEAAOQEIT T OAT CAC
GibbsThompson coefficient;Ls, quadratic function of harmonic perturbation[99].
For high laser velocitiesboth take the form[27,100]:

_ 5 "O 80’0 8
Equation2-14

The results are compared irFigure 2-15, which shows that the two criteria follow a similar trend,
displaced by a factor of I5x and seem to act as lower and upper bounds respectively.

For the secondary DASL6), it was shown that:
_ %Y

Equation2-15
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where nis materials dependant, taken to be in the range of20.4 [28,29]. The same relation has
been successfully used with PDAS, but with a differenbnstant of proportionality with n= 0.36
[23].

In 316L steel, cells are typically formed during AM rather than derrides, this is also the case indL
PBF, as shown in Chapted 1. In these cases, primary cell arm spacing (PCAS) can be measured,
being equivalent to the PDASwith higher cooling rates reducing PCA$9].
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Figure 2-15: Comparison of two PDAS calculations with experimental values for varying energy ifpeported by Raghavan
et al[99]

Columnar-Equiaxed Transition (CET)

As explained in Sectiorb.1, modern superalloys are devealped 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 EBBF)[49,50] or building equiaxed
structures, reducing likelihood of cracking. For an equiaxed microstructure, largecale 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 nucléan rate [33,101].
Assuming steady state growth, the columnaequiaxed transition can be shown to occur when:

0

— 0
w

Equation2-16

where n and K are materials specific (3.4 and Z x 1?4 K34 m™-4sM respectively for CMSX4, a
single-crystal Nickel superalloy)[33,96]. Figure 2-13b shows the conditions experienced in laser
processing (in the rectangle), crossingpetween equiaxed and columnar dendritic regions. The DAS
can also be calculated using the cooling conditions as explained in Secti#h.1

Since laser processing occurs across the transition, it should be possible to tailoetmicrostructure
by altering process parameters. This has been done by selecting 3 scan strategies (ifFBF) and
spatial variation of microstructure has been achievedRigure 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 rangeof parametersis experienced as marked inFigure 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 renelted by successive layers, epitaxial
growth of previous grains can occur. This can be used ¢arefully grow a single crystal[33]. This is
a complex nterplay, for example, a larger melt pool is typically associated with reducing thermal
gradient [104,105], which would push the process towards the equiaxed regiorrigure 2-16).
However, the melt pool is also likely to be deeper, so more likely to-raelt sufficient material to
reach the larger grains below, which would encourage epitaxial growth.

a)

(G) Thermal Gradient / (K/m)

10° 10" 10° 10? 10" 10° 10'

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

Figure 2-16: Control of the microstructure from columnar to mixed by changing scan strategizB-PBF. Reported by Dehoff
et al[102]

a) G vsV plot for Inconel 718, with the ranges of 3 &lmt beam scan strategies shown

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

The rough range of G and ¥6r both L-PBF and EDED are shown irFigure 2-17 for Inconel 718,
although similar could be plotted for other alloys. This shows that when usingDED, both
columnar and equiaxed can be achieved, whereas ifFABF, columnar structures are more likely.
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Figure2-17: G vs V plot showing the approximate ranges covered by be®BE and EDED for Inconel 718 Adapted from
Dehoff et a[102]

2.5.  Comparison to Other Processes

2.5.1. Welding

The forms of failure frequently found in Nickel superalloys (Sectiob.1.4) were known before the
advance of AM. Much of the prior knowledge had been gaine@in 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-BBF, the laser velocities are
significantly faster and that the feedstocks in powder form. When comparing to EDED, these are
even more similar, as EDED has similar laser velocities to welding, but as it is used to build, it can
create much larger components, as welding simply joins pbuilt parts [4].

Analytical models (Sectior2.2) were developed for welding and are now used in AM. Similar
models can be found for laser transformatin hardening and laser cladding.

2.5.2. Thixoforming

Thixoforming is a semisolid processing method, where a metal is heated to the point whefeb
50% and then forged in this state making the deformation require much less force. Initially, this
process was devioped for A-SFCu-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 wes said to be[106]:

1 Temperature atf.= 50%; Tr=0s
Gradient of the curve atY gl—

1

8
1 4A1 DPAOAOOOA T £ EEGEAOO OET AA6 ET AOOOAN
1 Gradient of the curve at the solidus temperature;—
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Since then, the materials selectivin steels has been investigated using D$17,108] and more
research has been conducted into Avased alloys [42,43]— curves (both theoretical and

experimental) have been plotted, analysing the thixoforming behaviourHigure 2-18 shows a

typical curve). The resulting criteria were similar, but the critical region wa said to be where_ =
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 af.= 04 and a sensitivity limit of 003 KM 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 Scheillcalations (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 thee 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 (@ < 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 typicalSiCu alloyn OET xEI ¢ A OET AAd§ 8
[109]
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2.6. Monitoring of Additive Manufact ure

2.6.1. Introduction to thermography

Contrary to popular belief, there is no such thing as an accurate mufiurpose thermal camera.
There exists a variety of different cameras with different sensors. Most everyday use cameras
(DSLR or phone camera) use a Sitin sensor which are sensitive over a range of approx. 44@00
nm [110]; these caruse 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 (QBEixample QEcurve 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 cuevis 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 detBejorted by
Hamamatsu Photonic§l11]

As objects are heated above 825 012]lh OEAU OOAOO Ai EOOEI C 1 ECEO
black body is an idealisedtoncept defined as not transmitting or reflecting any light, for this type of
body, the intensity of radiation varies with both on wavelength and temperatureKigure 2-20). It

can be seen that as temperature increas, 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 whita h
appearance.

Since the melting point of most metals of interest are in the range of 1000 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 infrared (NIR) wavelengths. In reality, a silicon sensor is limited
to detecting temperatures above 700 K113]. The QE of silicon chips in the NIR range is both low
and variable. We receive a single intensity valuger 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 interestcan 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. Indi@allium-Arsenide
sensors have a range of 950700 nm so can detect cooler temperature$104]. However, due to
the sensitivity of sensors, they can only detect a certain temperature range; so if measuring the
coolingrate, 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 theamera to a temperature value. Often the
SakumaHattori equation is used for calculating a temperature once the calibration values are
determined [104,114]. Using a black bodyurnace, 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 Technologjl14]. 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 succes$10,115].

In reality, emissivity varies with temperature, material, phase and wavelengtfi16]. In the
calculations described above, a constant emissivity was selected, this is a flawed asstiomp 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 authorg4]. Dual wavelength pyrometers are an
exception to this and are further discusseghortly .
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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
xEAOA OEAOA EO A OEICI A PE@GAI 06 x1 OOE | £ EECE OA]
have a large count on oneixel and no count on the rest. In reality, due telectronic 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 appdasth larger and

cooler than itis 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 $izer].
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temperature of the small melt pools.

Movementblur can create further difficulties. If a 200 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 morritog 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 areopaque, Emissivity + Reflectivity = 1112]. A shiny metal would be more
reflective, so would have a lower emissivity. This explains why a black body (which has
reflectivity of 0) has an emissivity of 1. For some alloys e.g. S235 steel, emissivity has been
measured and shown to be decreassith 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 Roadm#p21], many in-situ monitoring techniques are being

investigated, these are reviewd in [11]. The simplest method of observing the process is optically
(Figue2-21qh OEEO AT AOG1 60O DOI OEAA AT U OEAOI Al ET &£ Oi A
Figure 2-21a, the denudation (lack of powder) around the printed region can be seen; this process

is shown inFigure 2-21b, where both ejection and entrainment take place, in this case the ejection

dominates due to a large gas plumg.22].

’ Denuded region .

)
\

Entrained particles Ejected particles

[

Figure 2-21: High-speed optical images showing the powder movemient-PBF Reported by Bidare et §122]

More information can begained 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 camer§,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 Secti@6.1

As previously mentioned, one way to eliminate thealibration issues due to emissivity is to detect
radiance at two wavelengths concurrently andctalculate theratio of these. Assuming that the
emissivity at the two slected wavelengths is similar, an accurate temperature can be calculated

[118,119]18 51 &£ 0001 AOAT Uh OEAOA AOOOI POET 1 OesitisAT 68 O Al

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 nmepool dimensions with processing parameters, measured using an IR canfi®eported by Heigel
and Lane[124]

From these, values for bothGand/or “Ycan be measured104,105,118,125]and the impact of scan
strategies onGand “Yhas been investigated126] . Historically, much work has calculated expected
temperatures and cooling rates (using Rosenthelype calculations) and hence predicting the
microstructures [127]. A recent extension of this printed different regions, some with columnar
microstructures, others with equiaxed as seen ifrigure 2-16b. In this case, both G and 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 hotspots can be foundand hence defects repaired during the build
process byintegrating a feedback control systenj128], this would howewer 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 npzle[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 theiple will

absorb some laser power, effectively reducing the absorptivitjl22] .

Various spectroscopic techniques have been used to monitor the gas plume it4&lf3]. 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 plasmg130,131]. 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 voidgL13]. These have been extended by using
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surface acoustic waves for crystallographic measurement of surfaces, this has béested using AM
parts, but cannot be perbrmed 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{PBF is through noticing unevenness
in the recoated powder layer. Optical metrology in combination with comgter vision has been
shown to be able to detect and identify various types of process failuf#34].

Fe vapour

Figure2-23: Changes in gas plume behaviour captured using Schlieren imadgReported by Bidare et §122]

The final technique is potentiallyvery useful. High powered Xrays can penetrate thin metallic
regions, so by creating a thin {PBFlike system, the process can be monitored through thickness.
By taking mutiple radiographs in quick succession, the development of the melt pool can be
analysed. This is used to investigate the mechanism behind keyholifi$5,136] and the formation
of the pore was clearly demonstratedFigure 2-24 shows how multiple radiographs can be used to
give information about how a melt pool develops over time. Leng et al. used this process to
investigate many features in EPBF including Marangoni flow, particle spatter and melt pool
development in the overhang condition137]. Unfortunately, since a specific satip was made for
these measurements, it is unknown how representative theseesults are of an actual {PBF
process Similar experiments have been repeated for-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 mears 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 temperaturg4]. Commercial systems have
started incorporating process control since around 2014, this is simpler in-DED systems than in
L-PBF systems due to the slower nature of the DED procesg140]. The difficulties with

determining temperature accurately have been covered in Sectigh6.1, with the added clallenge

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 timegrated melt poolimage. Reported by Leung et
al [137]

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

In L-DED, process control can be both laydyy-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, cameas 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 valu¢149,150]. Since the microstructure is closely linked
to the cooling rate, this has recently been used as the control variable by Farshidianfar efah1].
Finally, other features such as the component height can be used to control the process to stop
overbuilding and keeping the laser focussd on the melt pool[147,152].

2.6.4. Avoiding Cracking

Several ideas have been explored in order to reduce tiseacking susceptibilityl £ OOT x A1 AAAIT AS
alloys. As explained in Sectiob.1.6, the amount of residual stress between adseplate and

component can be reduced by préeating the baseplate, which makes alloys easier to print

[16,153]. In EB PBF, due to the electromagnetic maniputen of the beam,the beamcan be
AEcrRAAOEOAT U OPI EO8 4EEO EAO AAAT OOAA OF AOAAOGA .
reduce the values of botltGand”Y hence reducing the residual stresgl54].

Another way to control the residual stress (by reducing is to shorten the length of the scan

vectors by designing a smaller scale scan strate@/55]. 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 printegjions,
however cracks are concentrated at interfaces between islands, or at specific high stress sites in the
case of fractald155,156].

By altering the laser parameters within the processing windows, the exact microstructure can be
controlled. This has been shown in both T6AIl-4V and Inconel 8, where the lath spacing and
columnar nature can be selected respectivelpd57,158]. In Inconel 718, it has also been shown that
the texture can be modelledrom the heat flow and hence controlled159]. 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 supelloys (not necessarily in AM); the main methods are by
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applying an oscillating magnetic field160,161], by addinginoculants [162,163] and by applying
ultrasonic vibration [164].

Figure 2-25: Examples of fractal scan strategies chosen to reduce residual stReysorted by Catchpol®mith 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 shedp(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 surfacgl65], but has since been further incorporatedn

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
surfaceto a compressive one, several mm dedfh66].

Treated surface .
Residual stresses

Compressive . Tensile

Sp SLM

D LSP

Figure 2-26: Thereduction of surface tensile stress achieved by laser peeriReported by Kalentics et f166]
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2.7. Summary

Much work has been done to develop and understand a range of AM processeBBEF and EDED
have been widely used both in research and commercial applications. Their reach is currently
limited due to concerns over repeatability, especially in sectors such agrospace, 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 thesda@}s 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 z similar forms of cracking thesegregation 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, &M 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.

34



3.

Project Scope and Obijective

The aim of this thesis is to analyse the root causes of microstructurahd mechanicalariation in
components and determine if these are detectable by analysing the thermal signaturesitu. The
thermal trends will be interrogated to confirm that they arerepresentative 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 projet has been defined by the following:

T

T

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?

What can simple insitu monitoring techniques tell us? Do the signaleelate to the

processing parameters?

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

How do other factors, such as geometry, affect meshical properties?

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

How do the structures created by EPBF and EDED comparez do trends from one process
follow in the other?

Both L-PBF and EDED will be used to answer these questions. Inconel 718tiee 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 stainlessteel due to the reduced cost, the
printability of this alloy and its prevalence in literature.

35



4. Experimental Methods

This chapter covers the main equipment used for this work; for each machine, a general overview
of the components and operating principlsis given. Detailed parameters for various experiments
will be given in the individual chapters. Where a technique is only used in a single chapterisit
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-PBFmachine. The main components of the machine
are labelled inFigure 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 chamberis 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 blow
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

Figure4-1: Aconity3D Mini with main components labelleddapted from[167]

The machine contains a Gaugn IPG photonic 200 W YLR laser (1070 nm wavelength). This is a
continuous Ytterbium laser with a 70 um beamdiameter. 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
Axialscan30, using a SFCE3 control card. TwoKleiber KG 740 LO spot pyrometey(1580-
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1800 nm) are connected to the laser fibre, recording at 100 kHz; t'se provides a radiance value
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 thfar 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 machie, 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 tie 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 beealed The lid is placed on top of the rubber seals, clamped
in place and the safety intdocks are connected. The chamber must now be purged with Argon to
remove any oxygen. This is done until the chamber ha2000 ppm oxygen; at this point, the
recirculating gas flow is stared. Once an oxygen leveb00 ppm is reached, the build can be staet.
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An example baseplate is shown iRigure 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 successfullythough some have smoother, more reflective surfaces.

- Figure4—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 proprietaryto
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 batse can be built with different
settings.

4.1.3. Powder

The recommended powder size range for the Aconity3D Mini is 385 um, although larger sizes can
also be used. The powder used throughout this work was Inconel 718, produced by the gas
atomisation (GA) mehod by LPW GAresults in powders with satellites (smaller particles) attached
to them, so arenot very spherical. Figure 4-4 shows a representative sample of the Inconel 718
powder used, a range of particle sizesan be seen, with some very spherical particles, but also
some agglomerates of smaller powder particles.
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10.00 kV|ETD|9.1 mm | 1200x | SE | 4.0
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-DEDsystem. A key use of {DED systems is for repair
applications, so the laser and bed need many degrees of freedonthieir movement. Since the
requirements are similar to a CNC machine, oftenrRED machines are bsed on similar
hardware/firmware. In the case of the BeAM, the machine is run using a Siemens Sinumerik 840D
CNC automation systentFigure 4-5 shows the main components of the machine, with the electrical
cabinet housing the Sinumeriksystemand the control panel being identical to that used for CNC
machines.

AEAOA AOA Oxi OO6I 11066 EIT OEA 1 AAEET AR A O AlTAO
a laser diameter of 0.7 mm, with a maximum power of 1 kW aral3.5mm 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 prdsion of £0.1 mm.

The laser unitis an IPG Y1-3000 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 | in volune and manufacturedby 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 inFigure 4-6b. The volume of pavder 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 lteédotted
orange inFigure 4-7). This contains both the 10Vx nozzland 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 componentady 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

v ol o 2

J AL, ¥ _\,K W ! Control Panel

Powder Hoppers

Build Chamber

Side Door with
Gloved Access

Front Door

Build Chamber

Control Panel

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

The details of the nozzle are showschematically inFigure 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 detidt argon gas flows were given by the manufacturer

as central: 3 I/min, secondary: 6l/min, carrier: 3 I/min; totalling 12 I/min of argon exiting the

nozzle. Additionally, there is a beam splitter on the machine hea&i@ure 4-7), allowing for a
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coaxial cameral to be mounted and view the melt pool igitu. In Chapter7, the process was
monitored side-in; the camera angle for this is shown ifrigure 4-7.

Laser + Secondary  Powder +
a Central Gas Gas Carrier Gas

Powder
Restriction
Stirrer
Perspex Lid

Polymer Scraper

Powder +
Gas Outlet

Gas Inlet
Steel Powder

Turntable Track

Figure 4-6: Diagram showingpowder and gas flown L-DED through a) the nozzle, b) the powder hopper. Reported by
Freeman et a[168]

Machine Head,
able to move
inX,Y,Z

Coaxial \
Camera \(

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 @ith the main components labelled. All 5 axes of movement are
labelled, with the large frame (surrounded by dotted orange line) movingdnY and Z (labelled iRigure 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 I/min) is considered sufficient to
minimise oxidation and so the build chamber itself containatmosphericair. The full chamber can
be filled with inert gas (argon) for printing materials which arehighly susceptible to oxidation.

Once a baseplate is clamped on the table, the machine doorsst 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 &s 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 laserswitches 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.qg.
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at the end of the hatch), the laser power decreases linearly with the velocity. Once thédltunas
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 thextractor to removethe
fine particles, before the doors can be openedRecordings of cylindrical builds can be seen here
[169]: https://doi.org/10.5281/zen0d0.6760037 .

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 ¥lo
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 increaing Z). Alternatively, the nozzle can be placed just edentre 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 viddwse [169]. The latter is especially
useful for side-on monitoring, as the melt pool remains almost stationary (onlynoving 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. Thesaplit CAD filesinto short linear hatchesand are written

in very long, simple G code programs. Unfortunately, different machines have different line
smoothing settings and interpret some commands dissimilarly, so prograrareated G code is hard

to test and near impossible to debug.

Despite G code being a simple progmming language, it does have looping functionality and can
read machine variables. Using this, short programs can be easily written to crease simple shapes,
suchas cuboids and cylindersSome commented examples of G code programs can be folede
[170]: https://doi.org/10.5281/zen0d0.6760054 .

4.2.3. Powder

The recommended powder size range for the BeAM Magic 2.0 is-185 um, although narrower
ranges can also be used. Two powders were used in this work:

1 Inconel 718, produced by the plasma rotating electrode proce4PREP), provided by LPW.
This powder was of a 45150 um distribution and is shown inFigure 4-8; PREP powder can
be seen to be much more spherical and to have fewer satellites th&#®powder.
Composition inTable 4-1

9 316L stainless steel, produced bA provided by TLS Technik. This powder was of a 48
pm distribution. GAis typically less spherical than PREP powder, with powders typically
containing more satellites. Composition inrable 4-1
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Figure4-8: SEM image of PREP manufactured Inconel 718 powder

Table4-1: Composition of Inconel 718 and 31@bwders(wt %)

Cr Ni Co Mo |[Nb+ Ta| Ti Al Fe Mn Si C B
Inconel 718| 18.72 | 51.85 | 0.03 3.0 5.12 |0.80| 0.52 | 19.91 - - 0.05 |<0.005
316L Steel | 16.9 | 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 sfir 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 BasleracA1440-73gm camera was chosen and set up, monitoring the melt pool coaxially; this
connects to the beam splitter shown irFigure 4-7. This is a grayscale camera with a silicon
detector, the region of interest is set as 8Ix500 px (1px = 5.4um, so 2700x2700um). A 4000us
exposure is used and recorded at 75 fps. The images were recorded ashityyreyscale, 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 g1 70]. 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, wttia 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 showhe 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, adarger area would be expected. As well as
thermal intensity, 4 other measures of the melt pool were calculated pogtrocess (offline), these
were:

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

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

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

1 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
b) d) 1500
1000
500
0

Figure 4-9: Representativeoaxial images from an early layefa, ¢) and from a late layer (b, d) in the 6 hatch wall.kg,
show a lower intensity than af), but with the same images. The sum (thermal intensity) and maximum intgnsiteach
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.

Sum: 1.17x107
Max Intensity: 1915

The BeAM machinavas purchasedwith a low resolution camera installed this was upgraded to the
Baslercameradescribed above; resultasing this monitoring system werepublished by Freeman

et al[168]. Process control was not implemented on this machine upon instation, 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) 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/po wer 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:

1 MATLABwaits for a BeAM program to start running
1 When the program starts
A Basler camera records melt pool imagery at 75 fps
A MATLAB starts logging the machine position/power data at 10Hz
A If control loop is selected every 0.15 s the last X image intensities are eaged and
compared to a target intendly (X = 5 for walls, X = 3 forrtangular prisms)
1 Depending on the intensityas compared to the target, the gwer/v elocity is
adjusted
1 A control log is saved, writing the averge intensity and the new
powerl/v elocity

This logic is shown diagrammatically in a flow chartgigure 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 systBragram produced by
Felicity Freeman

Simple linear relationships were used to control the feedbackop. Four successful builds were
made (2 powers, 2 velocitie}, recording coaxial monitoring A target thermal intensity (sum of the
image) of 0.9x10 was used as this waghe 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: SFmtratio+c. m was
found to be 0.063 and 0.68 (power and velocity control respectively) where SF is the scaling factor.
¢ was found to be 1.06 and 0.32 (power and velocity control respectively). These were calculated
from the four builds aforementioned. The dirther from the target the thermal intensity, the larger

the correction. Forpower control, the scaling factor is limited between 0.8L.5, for velocity control,

it is limited between 0.2-2.
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The MATLAB code for this is available her§l70], with Camera_Recording_and_Control
\0_Read_Me.docx containing finer detaitsf 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

Figure4-11: Flow chart showing logic behind monitoring/control system

4.3. Metallography

Samples weresectionedusing a Struers Secotorb0 cutting machinewith a Buehler AuThin blade.
They were then mounted into conductiveBakelite 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 Tegrar2it machine using P240, P60@nd

P1200 grades (2 minutes at each). Polishing was done on the same machine, wifin®and then

1 um diamond suspension (5 minutes each). Before EBSD and etching, samples were also polished
using a 0.25um 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 0.25m using colloidal silica, which also has a sligh
etching effect.

1 Aqua Regia: 15 ml HCI, 10 ml distilled water, 5 ml HN®
9 Used on 316L stainless steel samples to reveal cell/dendrite boundaries and melt
pool boundaries
1 Glyceregia: 15 ml HCI, 10 ml Glycerol, 5 ml HNO
1 Used on LPBF Inconel 718 sampleto reveal cellboundaries and melt pool
boundaries
1 Kallings Reagent #2: 100 ml methanol, 100 ml HCI, 5g Cu£l
1 Used on EDED Inconel 718 samples to reveal cell/dendrite boundaries and melt
pool boundaries

Aqua Regia

1 Pour 10 ml of distilled water into a glasseaker.

1 Slowly add 15 ml HCI to the water, stirring continuously. Once added, slowly add 5 ml H\NO
continuously stirring.

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

1 Angle sample to a light, a bright reflection should be visible, keep s&ding etchant to get
consistent etching over the surface. After 2@0 s, should see the surface start to dull; place
sample into pre-prepared water bath to stop reaction.

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

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

Glyceregia
1 Pour 10 ml of glycerol into a glass beaker.

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

Once added, slowly add 5 ml HNOcontinuously 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 2B0 s, should see the surface start to dull; place

sample into pre-prepared water bath to stop reaction.

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

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

= =4 =4 =

Kallings Reagent #2

1 Pour 100 ml of methanol into a glass beaker.
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1 Slowly add 100 ml HCI tolte methanol, stirring continuously.

Once added, slowly add 5 g CuCtontinuously stirring.

1 Once the mixture is ready, dip the sample in using tongs. Submerge forsl@hen rinse in
water bath; angle to the light and see if surface is dulle if not, dipfor a further 5 sat a time.

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

1 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 regionseacted. 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 measuremats were made using the EMCOest Durascan 70 hardness indenterHigure

4-12). The main head has a swivelling adapter, allowing for quick switching between optical lenses

and the Vickers hardness indenter. Theoretally, this means that after each indent, the optical lens

AAT Ei AcCA OEA ET AAT Oh AOOT T AGEAATT U 1T AAOGOOA EOOS
poor calibration, some indents required remeasuring manually, as the indent was not visible ihd

field of view. Maps of indents could be made, with maps of 120 indents taking roughhh&urs to

measure, correct andexport accurate hardness values.

Analysis

Optical Computer

Lenses

Indenter Sample Stage

Figure4-12: Durascan 70 Vickers hardness indenterAld 1 1 AAh  OET x ET C ; &d@pfed fromAR]l AT | BT T Al
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For this work, a 1 kg (9.8 N) load wasised for each indent, an awmatically 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 wesaved The following equation
can be used to calculatehie hardness from the indent diagonal.

8

Ow [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 1I70.

4.6. Differential Scanning Calorimetry (DSC)

DSC was performed using a TA Instruments SIBI600 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 baselinedtdlow was calculated and
subtracted from the measured heat flows, so when differentiated with respect to temperatuize
negative values represent a drop of the heat flow from the baseline.

4.7. Electron Backscatter Diffraction (EBSD)
Analysis

Various SEM machies were used to capture EBSD data, the details of each machine will be covered
ET OEA OPAAEZEA AEADPOAOOS I AOET AO OAAOQEIT T8 !
detail can be found in the literature. Once the sample is placed in a scamelectron detector, it

must be tilted to 70°. The electron beam is moved to a spot, thiecoming 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. tlie 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 kikuahi 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 cdculated using a 1@ 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 datase8 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 smalkt expected feature size andequiring 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 um.

Analysis was performed using MTEX 5.7.0, an open source MATLRd®Ibox [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. Th@rain 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 areaeighted averages. The Idg 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 1umz, the other 99umz2, then 99% of the area is taken up by the large grain, so their
properties will not contribu te equally, hence a grain size (area) weighting was chosen. Converting
the grain areas into volumes (e.g. assuming spherical grains) could be ddgh&5], 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 calculateding:

. B 00
L ~
B o

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

The anisotropy factor is a way of simplifying the crystal orientation of a graimio a single value.
This varies between 0 for <100> directions to 1/3 for <111> directiong177]:
N0 Qa aQ

N QO «a

Equation4-1

This factor is sometimes scaled to be betweenD, but the same trends are seefi78,179]. An
anisotropy factor can be calculated for each grai An example MTEX script, creating basic plots and
performing basic calculations can be fountiere [170]. Anisotropy factors for 4 example points
shown in Figure 4-13 are tabulated inTable4-2. An example calculation is performeddr point C:

o pp PO O P P W W p W
o] — TP LU X TP @e¢i "BQWQQ
p p O p P @ pp
To calculate the average anisotropy factor for a sample, grains were calculated from the EBSD data
wit h 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]

4l

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

[111]

Figure4-13: Inverse Pole Figures of 6 hatch wall, with 4 crystallographic orientations labelled
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Table4-2: Anisotropy factors calculated for key orientation arorientations marked inFigure 4-13

h k I Anisotropy Factor
[100] 1 0 0 0.00
0] | 1 [ 1] o0 0.25
iy [ 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 pole figure could be plotted, two example of these are shown Figure
4-14. One is of weak texture, the second exhibits a strong texturgigure 4-14a and b respectivéy).
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 equallydistributed . A large mud shows a
strong texture, as a certain orientation is much more prevald. 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 irFigure 4-14, the maximum mud were found to be 1.8 and 27 (for a and b
respectively), so a higher maximum mud value is representative of a stronger texture, this is similar
to the analysis performed by Yeoh et 4l.80].

The Kerrel Average Misorientation (KAM) is a measure of misorientation within a grairthis can be
calculated for each grain byneasuringthe 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 asi¢ Grain Average Misorientation (GAM[181]. To get
an average misorientation of each sample, an araeeighted 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,ea&c COAET EAA EOO6 AOAA AimdansAODPAAO OA
analysis was performed using these. ¥neans clustering is a technique, were X random cluster

centres are chosen ($electedby the user) and the sum of the Euclidian distances (in 2 dimension

in this case) is minimised iteratively[182] . As the numler of clusters is increased, each point is

more likely to have a cluster centre near it, decreasing thetal distancei.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, thenOEAOA xEI 1 AA A O OA1 AEOOAT AA T &£ nh AO A
minimise the distance (which is akin to an error), whilst having the minimum number of clusters.

An example of this is shown irFigure 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 increaségufe

4-15a). Selecting the optimal number of clusters i E £#£E AO1 Oh OEA AEI EO Ol [E
ABOOAS8 " U OAEET C Ot-dentdhié dE@ASsFigukol-15byEt cArEbd seeni ET O

that increasing above 6 clusters seems tgeld 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 4-14: Example pole figuresa) region with weak texture; b) region with strong texture
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Figure 4-15: k-means distances for an example EBSD dataagsum of distances between the centroid and the points; b)
derivative of plot in a, showing difference in sums. Dotted black line shows 6 clusters, teerchamber of centroids for this

analysis

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

9 Large columnar grains whichtypically extend a long way along the height of the map
1 Small, mndomly oriented grains, typically between the large columnar grains
1 Remnant grains d a medium size, not equiaxed, but not columnar
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The 6clusters were manually combined into 3 sets to achieve the desired grain distributions. The
cluster with the smalled 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 Figure 4-16b, with the three sizes of grain
eachrepresentedby E OO 8 | x FigurA4-16d sBoW$)the original EBSD orientation map for
comparison. The grains were split in the desired manner, ghis methodologywas used throughout
this work.

y (um)

Scan direction

WA s A NN AT 4

Figure 4-16: Example of grain clustering using-kneans a) IPFXmap of a representative sample; b) output of grain
clustering. Small, medium and large grairge shownin different colours
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5. Comparison of Printability and Weldability in
Additive Manufacturing

5.1. Introduction

5.1.1. History of Nickel Superalloys

Since this thesis is mainly focussed on AM of Nickel superalloys, especially Inconel 718, a
background of nické superalloy metallurgy is included. The manufacturing processes progressed
from wrought alloys to directional solidification as the temperature requirements increased
(Figure5-1) [183].
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Figure 5-1: Different supealloy manufacturing processes used through the agsisowing the introduction of various new
alloys. Reported by Reg#i83]

Nickel superalloys have improved mechanical properties compared to thaw element, initially

this was due to solution strengthening achievetty addingcomponents[62]. After this, carbon (and

later boron) was added for carbide formation, which adds further strengttin the form of grain

boundary pinning [62,63]. At this point, components were wrought, so excessiv® x | &tboA A A

hard for hot workingandrd xAO AOT EAAA8 &OT i OEA pwemOAl T OADAHO
increased rapidlybecause othe improved precipitation strengthening effects[184].

In the 1970s, engines were operating at higher temperatures and creep was becomangissue.
Investment casting took ove due to the resultant columnar microstructure, the grains were
oriented with the main stressdirection, soweak 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 &e now being avoided
[183]. More recently, singt crystal superalloys were developed with rhenium and hafnium
additions significantly improving creep life[183]. A range of Nickel superalloy compositions are
shown in Table5-1. The first 6 of these are alloys from the review by Clare et §l2], the following
3 are alloys developed specifically for ANB6,185]. The remaining alloys are a range of Nickel
superalloys, both new and old, with a range of compositionghe aim was to select a broad variety
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of alloys, with different strengthening mechanisms andlesignedfor different manufacturing

processesHaving a wide range of alloys improves the likelihood of there being alloys which cover
the full range of crack susceptibility for each cracking mechasin, making the analysis more

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

Table5-1: Compositions of common Nickel superallaysed in aerospace applicatics (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 strengthengd (sol
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5.1.2. Nickel Superalloy Phases

r & A PrAcipitates

In precipitation strengthened alloys, the main strengthening precipitate isypically ré 8 rglade

is an ordered LL FCC phase, of composition B{AIl, Ti). At small sizes these are spherical, but as they
grow, they become cubic tanaintain coherency; some alloys containupto 60 at¥® 8 4 E&® | AET
stabilisers are Al, Ti, Ta, Nb, which typically have a larger atomic misfit to NicK6lIL,62]. Uniquely,

the rGohase increases flow stress with increasing temperature due to Kedilsdorf locks which

form due to themovementof anti-phase boundaries (APBs) through the ordered structur§l89].

Some alloys (including Inconel 718) contaim precipitates (NisNb), which have a body centered
tetragonal (BCT) structure. These experienca larger strain, however these precipitates are less
stable at high temperature. Identification and analysis of these phases often requires TEM, but can
be dore using SEM190].

Carbides and Grain Boundary Strengthening

Many alloys also have additions which form carbides at the grain boundaries. These are typically of
the form MsC or MisGs, where M can be Cr, Mo, W, Nb; Ta and Ti form TaC and TiC rather than the
more complexcarbides. 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 bouraty strength

[61,62].

Delta, Sigma and Other Deleterious Phases

Topologically close packed (TCP) stictures are universally avoided ashey form brittle phases e.g.
A, nand Laves which typically form platesf appears to be the worst offender and hence
computational methods have beemleveloped to predict its occurrence (PHACOMP and SigfBafe
Section5.1.7).

5.1.3. Nickel Superalloy Weldability

Weldability is defined as the capacity of a metal to be welded under fabrication conditions into a

spedfic structure and for it to subsequently perform in its intended servicd191]. The main foms

I £ FAEI OOA xEEAE OUPEAAI T U AAAT . EAEAISIGAGDAOAITIT T
easily weldable alloy must be resistant to the main forms of failure.

Many different composition relationshipshave been plotted to describe weldability, but the main

factor is the r dvolume 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 ifable

2-3 being more weldale as seen irFigure 5-2.

Figure5-2A D1 1T 00 A AT i bi OEOETT Al 1 AAOGOOA T &£ 86 ATIPI O
carbide content on the x axis.@ne alloys areclasE £ZEAA AO EAOET ¢ O&AEO 7A1 AA
that they can be welded in certain conditionsin reality, for a certain alloys, different processing

parameters will lead to different sources of failure as seen iRigure 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 (8&on 5.1.4)
stem from excessive segregatiof87,88].
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Figure5-2: The dependence of weldability on composition for some Nickel superal&yfhe depndence of weldability on Al

AT A 4 E /eiredgthéried sBperalidys. Reported by llistfid3] b) A different method of calculating weldability using

composition. Reported biaafkens and Matthey194] . Printability of alloys to be analysed is cologoded, with green being
easily printable red beingnot printable, and orange beingomewhat printable (defined iTable 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 smdl 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 differenthe 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 718howing differentcauses ofailures. Reported by Dye et fl95]

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 tearing196]. A lot of work is being undertaken taeduce
the amount of various forms of cracking.

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

9 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

9 Liguation Cracking occursupon reheating of the saldified regions; where low melting
point phases remelt and cannot withstand the local residual stresses, resulting in failure

 Strain-Age Cracking typically occurs upon heat treatmentx EAOA r 8% r 6 DOAAEDE
occurs, increasing the strength of componest but reducing ther ductility. If residual
stresses remain in the componenbut the ductility is reduced, failure can occur

9 Ductility Dip Cracking occurs in a similar manner to strainage cracking, but in this case,
heat treatment allows carbides to growat grain boundaries. These act as stress
concentrators and can initiate failure along grain boundaries

1 Temperature Gradient Mechanism occursas a result ofstressduring solidification. This
can cause cracking during the process, which manifests itself @slamination; alternatively,
iffonce 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 mcessing 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 solidificationfiaction solid, fs>0.9) the final liquid to
solidify contains all of the segregated trace elemen{d98]. 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 solidificatiorshrinkage [199] . Due to the mechanism, hot tearing is frequently
called solidification cracking and itcan bedistinguished as it is intergranular and dendrites can
often be seen on the crack fadd 98]; the crack faces have been shown not to matgierfectly,
proving that the process occurs above the solidus temperatuf@00]. Compgitional 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 bett 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 crack@7,196]. This complex
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process is dependent on both the compdtion 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 tearifg01]:

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

i Thermo-mechanical models, which look at the solidification in terms oftmains, strain rates and
stresses associated with the shrinkagg00,201]

The former is a simpler analysis, which was developed in the 19702801], looking at the
solidification from a global perspective, as exemplified the crack susceptibility coefficient,
developed by Clyne and Davig02]. The latter focussed more on the mechanism during the final

stagel £ OT 1 EAEAZEAAQETT AT A xAOT 80 POI PAOI U Agbi i OAA

involved, e.g. the RDG critical strain rate developed by Rappaz, Drezet and Greni208].

Clyne and Davies Model

Historically, it was assumed that simply the width of the freezing range was an iraditor 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, 06 >f_>0.1. The dendritic network is formed, so ho more solid movement
can occur

2. Dendrites interconnected, OL > 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 thisregiont, EOQ ET T x1 AO OEA OAlI AGAOGEI 1T OEI As8
4AT DAOAOOOA 2AT CAB3 j " 4theritidal rédgiof204] ;DerdtieAdndriteslareO A A1
interconnected, so the dendries have to take up any solidification strains. The timspentin this
region is known as the vulnerable timet,; 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 timeq202]:

. wyx O

0 YO —

0
Equation5-1

so the longer spent in the BTR, #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:

6 07
Equation5-2
where G .and G, liquid and original compositions respectivelyk, 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 agquation in terms of time [108].
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The final form of this equation becomes:

(O] Y

-— p Q Y Y Q p
) 0
o]

O uY Y

Equation5-3

where Ts, TLand Tg, solidus, liquidus and eutetic temperatures respectively;H;, latent heat of

fusion; C specific heat.

7EAT #3# EO Dbil1 OOAA ACAET OO0 Al Ai AT OA1 Hghd EOET T |
5-5). This model was further improved by catulating the limits rather than taking the ranges of

001<1<0.1 and 01 < .<0.6 and the accuracy was improve206]. The calculations involved in

this model are relatively simple, in the 1970s, computation power was limited and a thorough
understanding of the fnal stages of solidification wadacking.

Rappaz Drezet and Gremaud (RDG) Model

The second method of predicting hot tearing calculates a Hot CraSkisceptibility (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 vulnerabé time by Clyne and DavieR02].

P
T h

Equation5-4

00 Y

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 solidifid@gon 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 [R03]:

S B B
ooy 1 P
Equation5-5

where 1, secondary dendrite arm spacing; =mf aM1, shrinkage factoruh O E O Ad céiigaD U n ¥
cavitation pressure;V, isotherm velocity (assumed to be laser velocity)O &= ——Q%Y

w o 0

4EA OAOOI OO0 Al Gigurel-A)Owherdiie AICSris ofEh $84ddé Ojto 1. The maximum at

1.4 wt% Cufor 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 Hquation 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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Figure5-5: HCS values against elemental additi comparing the RDG model with the Clyne Davies madeélexperimental
results. Reported by Rappaz et[@03]

Kou Cracking Criterion

Kou approached this problem in an alternative manner; the maximum length of an interdendritic
channel for filling to occur was calculated207]. 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 boudary, 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 RDG203], columnar dendrite growth is assumed, sQ® w [207]; a critical strain rate
can be calculated Equation 5-6). For equiaxed structures, a cubic relationship has been usgD8],
but in AM, columnar growth is typically more representative. Looking at the driving force facrack

initiation, — € Q fweld p increases as the interdendritic channel length increases. The

longer the channel, the more difficult for feeding to occur, so cracks are more proming207].
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.

o sy a o o gy
Qo P I ovge qaP P
i QR Oi GO QEB £B O goloRoXoNoTINe)
)
Equation5-6
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So a larger value of—— ¢ Q an” p is indicative of a higher susceptibility to hot tearing.

Various values of fcan be used, but a range of 0.87 < 0.94 was used and shown to correlate well

with other models for Aluminium alloys[207]8 ) O8O 11 OAA Ok AO BgkE-5)i AAOET
varies depending on the frange used, but this is also the case in the RDG mof#f7]. The range

used(0.87 < £< 0.94) gives a peak at 3.5 Wb, 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 craking [207].

If this was repeated for an equiaxed structuréQ®  ,the final result would come out as 7

Numerically, this would be significanty different, but since the range ofsfis set and kept constant
over all samples, this would lead to a systematic error. This cracking sugtiility 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, thereare 2 modes for each model. These refer to the conditions of constant

cooling rate (dQ/dt ® tM22) and constant rate of heat extractiondQ/dt constani 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 ROESHalues correlate well

with experimental results, however, as pointed out by the author, the HCS is for crack initiation,
xEAOAAO AobAOEI AT OAT OAOOI 6O OOA AOAAE 1 AT COETAO,
necessarily expect these to matcf200,209]. One of the most important flaws in these models is

that they are based on binary systems e.g. Scheil solidificatiogmgu 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 allagsorrect [198,210], but
these equations should give a better predictor. It seems like grainrgtture can also affect HCS;
having small (equiaxed) grains increases contact area $iat coherency is higher and so HCS is
decreased[211]. It has been further proposed that Al, Ti and Nb are detrimental to H@S they
form r@r phases; they do however increase susceptibility to straiage cracking[192].

Additions of grain boundary formers (C, B, Zr) are frequently argued over, some say that they soak
up solutes so reduce the HC[212]; whereas others agree about carbon, but say that if too much is
added (>0.05% B or Zr), they can be very detrimenta]213,214]. Classic hot tearing models do not
capture these trends, although they may be giificant. 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

Liguation cracking is similarto hot tearing, but occurs once the bulk has already solidified. Low
melting point phases e.g. grain boundary carbides aor 7 eui@ctic remelt despite being belowT, 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 dueto the weld can be enough to pull the grain boundary apart, creating a liquation
crack, also known as a HAZ fissul@97]. There is a fine composition balancegarbides 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 tempature (0.4-0.9 Ty) in precipitate
strengthened superalloys. Post solidification, components are heat treated to relieve residual
stress, this however has the sideffect of allowingr Gorecipitates 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 straage 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 latzures and often
connect carbides as these are where the cracks initiaf217]. Both these types of crack are
fundamentally caused by precipitation; if an alloy is overaged before pressing, the ductility is
increased and so strairage cracking can be reducef63,197].

Temperature Grad ient 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 compraes/e 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 format 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 itself218]. 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 thielihood 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]8 4 EET EET C AAI 0O xEAO EO OANGEOAA 1 &£ A [ A0,
long way. Logically, we want to maximise the yield stres4,,in order to have a strong material. We

want to maximise thermal conductivity, [, and minimise thermal expansionj creto increase the

AEATAA T &£ A I AOGAOEAT OAOEOOET ¢ ZAEI OOA8 4EAOGA PA
) T A A@uatiorj5-7), which needs to be maximised in order to select a good materf@l19,220].
Stress Performance Index, ——
Equation5-7

whereEh 91 O1 C 8 Qcre-therAé exfaddipn coefficientsth 01T EOOT 1 68 0 OAOQOET 8
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Similarly, Mukherjee et al. developed a thermal strain parameter during AM1]:

Thermal Strain Parameter;* Y o7
xEAOA 1 EO OEA O1I1 O0i AOOEA OEAOI Al A@bAT OETT AT AAE
to surroundings); I, the second moment of inertiat, the interaction time; F, theFourier number; ",
the density and H the heat input per unit length ) [41]. This coefficient is

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 relatedtothed AT T OAT Oh OEA Al | Bis&rBOET 1
volume fraction can be estimated. Al and Ti are the mam® &£l Of AOOh xEOE . A A
contributing [62,183], various equations exist to calculate a susceptibility to strablage cracking

from the alloy composition (Section5.2.4) [56,221]. Increased carbide content can increase
propensity of liquation cracking[64,221], so ssceptibilities can also be calculated based on the
compositions of the alloys.

O(!#/-0 jO(!OA #/-000A0ETTq EO A POT AAOGO xEEAE x,
phases formed in Nickel superalloys. By assuming that any carbon will be eaten up bybide

£l O AOO AT A OEAO 1 /foiedipitateh xCEHA ANA BOAFEAGETGD TEA QE
can be approximated222]. From this, using the electron vacancy numbers of each element, the
OOOAADPOEAE]I EOU OI veglic)dan ke #aculdef2 23D Avias ¢rigirfally prédposed

that a total electron vacancy number over 240 would suggest presence of TCP phases. Other

systems were used to estimate similar properties e.g. SigmaS§24], however PHACOMP

prevailed and is used in the aerospace industry to check that alloys are within specificatif@225] .

The presence of TCP phases has been reported to be undesirable for both hot teaf2@6] 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 aligs, this considered factors such
as cooling rate, crack susceptibility coefficient and the stress across the mushy z¢220]. Their
final index is created by calculating the contribution of various factors using a machine learning
regression. Thecooling rates and solidification gradients were calculated using heat transfer
models, for set processing parameterf230]. The resulting crack susceptibility index is shown to
accurately predict cracking for the tested alloys, but this is not adly 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 r @ increased, this reduces the susceptibility to straiage cracking, but increases the likelihood
of hot tearing and liquation cracking[192]. For EBPBF, alloy compositions have been altered to
allow better control of the columnar to equiaxed transition. This was successful, banly for a
certain geometry and only in the EBPBF procesg$231]

Two further publications have investigated the design of new alloys, specifically for AM; these are
Tang et al. (OxMet, now owned by Alloyedb6] and Conduit et a[185]. Both of these used complex
computational methods to calculate properties of larg@umbers of alloy compositions. As well as
printability factors, mechanical properties, cost and weight had to be considered.
4AT ¢ AO A8 AAOEGCT AA A T AAEOI 6 Al 1 T,t0beQdstedAA AT | |
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 (Section5.2.1) [207] selected ahead ofhe RDG model. However, the Kou

methodology was used over a range of regions, includingdd < f. <0.10, compared to that used by

Kou of 006 < f <0.13[56,207]. Additionally, both creep life and strairA CA AOAAEET ¢ OAAIl A
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 parameteas and created a neurahetwork to extrapolate factors such as
Further, many CALPHAD (CALculation of PHAse Diagrams) calculations were performed
using Thermo-Calc[232],01 AOOEIi AOA AT OE OEA 38 AT1T OAT O Al
Their final alloy was gas atomised185] 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 unctinty.

In this chapter, we explore the various measures of crack susceptibility and printabilityis it
possible to predict which compositions are likely to experience which forms of failurePhis is
explored with regards to both -PBF and EDED, using fiermo-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 tB& alloy
compositions listed inTable 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 diffugin

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 inpux. Laser scanning velocities were used as the
solidification speeds[41]. TCNI8 and MOBNI4 databases were used for thermaymic properties

For L-DED, a cooling rate of 5x10K/s was used and a scanning speed of 0.04 m/2400 mm/ min).
For L-PBF, a cooling rate of 1x14K/s was used with a scanning speed of 1 m/s. Furén Scheil
calculations were performed for the first 9 alloys inTable5-1 (the first 6 being commonly used in
AM as reviewed by Clare et g]12], the last 3 being alloys specifically designed for A[86,185]);
for each of these, both back diffusion and solute trapping calculations were performeding both
L-DED and EPBF conditions.
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From the solidification curves, several values were extracted and calculated:

9 Liquidus temperature (used for viscosity calculation$

1 Freezing range (001 < f.<0.99 used)

1 Crack Susceptibility Coefficient, calculating the ratio of the vulnerable time @ < f.<0.1)
to the relaxation time (0.1 < 1.<0.6) [202], assuming a costant cooling rate, so times can be
replaced with temperature ranges

1 Kou Cracking Susceptibility207], |dT/d(f .2/2)| for the range 006 < f.<0.13

Finally, equiibrium compositions were calculated at 7000# h 01 A OOEI AOA OEA A@DAL
fraction.

I Viscosity

For each alloy, a viscosity was calculated #te liquidus temperature (as calculated by
Thermo-Calc), this was done by combining viscosities of various binary Nickel alloys as published
by Sato[233]. Sincethe 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:

it 66 66 EY
Aco=-0.6072 0.06 G Beo= 2.207 0.20 G
Acr=-0.6167 0.44 Gy Ber = 2.237 0.55 G
An=-0.6097 0.11 G Ba = 2.227 0.75 Gy
Aw=-0.58372.28 Gy Buw=2.1777.00 Gy
Ara=-0.5987 3.04 Ga Bra= 2.177 8.98 Ga

where T is the liquidus temperature (K) and Cis the atomic fraction of the element when excluding
Nickel, G= G/ (1 - Gu) [233].Where there were elements present which were not in this list,
coefficients of the element with the nearest melting point were used233]. 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 fanth
Mo.

PHACOMP

4#0 DPEAOAO AOA AOT EAARAA xEAOA PI OOEAT A ET . EAEAIT «
was developed by General Electric in 1966 to avoid the$&2] . Using atomic compositionsthe

carbon is allocated to form MC and MGs equally, the boron to form MB, AT A r & Q). &£ Oi j .
4EA OAT AETET ¢ Al Ai AT OO & Ooi OEA AOT T EA Aii bi OEQE]
calculate an average electron vacancy number.
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