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Figure 5.35 - Comparison of EOS M270 (data points on the right) and DMD505 (data points on

the left) solidification conditions
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6 Materials issues and theme
development for Additive Layer
Manufacturing

As mentioned at the beginning of Chapter 4, it has been necessary to develop the
processing parameters for a new material (Inconel 718) for use on the EOS M270, and
that initial experiments were performed after consideration of the material properties
and known processing theme of a commonly used material on the same machine
(CoCrMo). This procedure is described in more detail in the current chapter and is
expended to consider many other materials by plotting performance indicators of
alloys and alloy groups on material selection charts. This will aid the development of
new materials for the process and show how consideration of candidate alloys for
ALM can be undertaken in a more efficient way by considering an alloys thermo-
physical properties and how problem alloys can be identified in advance and what
might be done in terms of process, equipment and alloy modification to accommodate
these issues rather than discovering problems through costly or ineffective
experimentation. Emphasis is placed on considering and identifying trends and
tendencies in material properties of alloys not absolute values.

Powder-bed type systems are given more emphasis since these are more commonly
used to manufacturing components directly, compared to blown-powder systems
which are mostly used for cladding and repair.
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6.1 Issues in additive layer manufacturing

Additive Layer Manufacturing is not widespread as a manufacturing process
compared to standard techniques such as casting and machining, this is due to several
factors;

e It is a relatively new technology.

e Poor knowledge of the process by organisations that could utilise it. This
means that ALM requires continued promotion throughout the engineering and
manufacturing world.

e It is associated with Rapid Prototyping and other such applications which do
not extend into structural part production.

e There are relatively few alloys which can be processed at present, i.e. alloys
which have tried and tested processing themes to produce fully dense parts
consistently.

e It is not currently suitable for production of very large parts.

The latter is discussed in this section with a view to identifying ways to expedite
the development of new materials through consideration of material properties and
their expected response to processing conditions.

Due to the high production costs associated with additive manufacturing methods
(which arise due to the high cost of machines and raw materials) its applications to
date have centred around products with high added value, i.e. products made from
materials which cannot be easily cast or machined, or products which can benefit
from the design freedoms associated with ALM. Examples of these are; the cobalt-
chrome-molybdenum alloys which work-harden during machining and have long
freezing ranges making them inappropriate for casting, or tool/maraging steels used
for injection moulding and die-casting tools which can take full advantage of
conformal cooling channels to improve productivity and justify higher manufacturing
costs.

The benefits of ALM will only be fully exploited when it has been accepted as a
manufacturing route and is considered in the design of a component and when alloys
exist which are specifically tailored for additive processing. Until such time, ALM
processes will have to process existing alloys and build existing components which
are not necessarily optimised for the process.

To minimise the risks taken when developing a parameter theme for a new alloy
and establish starting parameters for experimentation it is useful to consider materials
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which are already successfully in ALM processes (such as CoCr, stainless steels and
maraging steel), their tried and tested processing parameters and their thermo-physical
properties. This is attempted in this chapter using Cambridge Engineering Selector
2008 (CES Selector 2008 Software, Granta Design Ltd., Cambridge, UK 2008) to plot
charts comparing some properties of different alloys and alloy classes making it
possible to reverse engineer the themes used to process existing ALM materials.

6.2 Theme development rationale based on material properties

6.2.1 Consideration of melting

It was shown in Chapters 4 that the basis for a material theme for powder-bed ALM
systems can, in part, be developed using efficient experimentation and process
modelling in order to minimise effort. Before starting costly experiments it is useful to
consider the material properties of an alloy, how these would affect the melting
characteristics during laser melting and how processing parameters can be
manipulated to change these. Doing this would make it possible to identify alloys
which may be problematic for ALM processing and make necessary adjustments to
the process before experiments begin, such as alloys which are difficult to weld and
require pre-heating or surface treatment. With time, the number of alloys available to
ALM will increase and a better understanding of how different materials respond
during processing will make it possible to accurately select processing parameters
prior to experimenting, or at least narrow the window to provide starting parameters
to then optimise. This procedure is discussed in this Chapter by highlighting key
material properties to consider.

A minimum melt depth is necessary to build a fully dense part and the size of a
melt pool is related to several materials properties; the thermal conductivity, £, the
absorptivity, #, and the melting temperature, T,,. For a given heat input:

e A highly conductive material will have a smaller melt pool as the heat is
dissipated away from the heat source faster.

e A material with low absorptivity (or high reflectivity) will have a smaller
pool as the coupling efficiency of the incident laser is lower.

e A higher melting point alloy requires more energy to melt.

These effects are apparent when the special case of a stationary point heat source
on a surface is considered as described in Figure 6.1 and Equation 6.1 where it is seen
that for a given power input and substrate temperature, the radius of the isotherms
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decreases directly with absorptivity and inversely with conductivity and melting

temperature.

oo
21rk

Figure 6.1 — Heat transfer for a stationary point heat source and governing equation

Equation 6.1

Where r is the distance of the melting isotherm from the point source, 7 is
absorptivity, Q is laser power, & is thermal conductivity, 7; is liquidus temperature and
Ty 1s the far-field or substrate temperature.

Materials with high conductivity, high melting temperatures and low absorptivity
will have a lower maximum deposition rate, i.e. on a design space such as that in
Figure 6.2 the red contour (which indicates the limit of processing speed to maintain a
part’s integrity) will be moved to the left, the converse being true for alloys with low
conductivity, low melting temperature and high absorptivity. It follows that materials
in the former category require higher powers, lower beam velocities or smaller track
offsets to achieve the same melt depth and, as shown in Figure 6.2, this is at the

expense of processing speed which is indicated by the black arrow.
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Figure 6.2 - Overlay plot showing the effect of beam velocity and track offset on processing speed
and melt depth in the region where adjacent tracks overlap (um, outlined in red). Also
highlighted is the limit where melting is not sufficient to produce fully dense parts. Blue arrow

indicates the effect of beam velocity and track offset on overall processing speed

Figure 6.3 shows a bubble chart produced using CES 2008 in which a comparison
of melting range and absorptivity for different alloy classes is made. A number of
engineering alloys are highlighted including several which are commonly processed
by ALM. It is seen that several alloy types (including Nickel-based and Steels) fall in
a small window on the chart having similar properties with the obvious exceptions
being Ti and Al alloys, the former having higher melting temperatures and higher
absorptivity and the converse being true for Al. The absorptivity was calculated using
the Bramson Formula (Equation 6.2) which was discussed in Section 2.3 and plotted
in Figure 6.3(a) and (b) for different wavelengths of radiation corresponding to CO;
and Fibre lasers (10.6pm and 1.06um respectively);

n.(1)=0365 [PD) 0.0667(—” (7 )) +0.006 (LT)]
A A 1

Equation 6.2

Where 7,(T) 1s absorptivity at a given temperature and wavelength (1) and p(7) is
electrical resistivity at the given temperature.
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There is a clear difference between the absorptivity of alloys when using different
wavelengths of radiation, at shorter wavelengths indicative of fibre lasers the
absorptivity increases. The calculated absorptivity for Inconel 718 at a wavelength of
10.6um is between 11% and 12% which is similar to the values of fitting parameter,
a, used in Section 5.2.2 where values in the range 10% and 13% were used to fit an
analytical model to experimental data. Similarly, for absorptivity of radiation with
wavelength 1.06um the calculated values for Inconel 718 were between 31% and
32%, this is similar to the values of a used in Section 4.2.1 for experiments conducted
at lower laser powers. As the power increases this value of a increases due to
convection being more dominant in larger melt pools, resulting in a change in size and
shape which is not in line with pools where conduction is dominant. It can be
concluded that the fitting parameters used in Chapters 4 and S are analogous to the

absorptivity when conduction is the dominant heat transfer mechanism in the

meltpool.
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Figure 6.3 — Absorptivity (Equation 6.2) vs. melting point for wavelength of 1.06pm
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= Al, yellow = Ni, brown = CoCr, pink = Ti, red = high alloy steels, green = tool steels, teal =
stainless steels]|
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Two alloys of particular interest are Inconel 718 and CoCrMo, Inconel 718 is shown
to have slightly higher absorptivity and lower liquidus temperature which implies that
less energy is required to melt it.

The key materials properties are also shown in Figure 6.4 and Figure 6.5, it is seen
that within an alloy class there is considerable variation in Absorptivity and Thermal
Conductivity but less in Melting temperature. It should also be noted that many
engineering alloys have similar melting temperatures, indeed Nickel alloys, Cobalt
based and Steels all have similar melting temperatures but vary more in terms of
conductivity and absorptivity. Ti and Al alloys have relatively high and low melting
temperatures respectively, this might suggest that Al would be easier to melt then Ti,
but Al also has high reflectivity and conductivity, which would make it difficult to
melt using a laser. Figure 6.4 shows a strong inverse relationship between
Absorptivity and Conductivity, this is a result of the link between electrical and
thermal conduction in solids being related to electronic effects. This is described by
Equation 6.3 which is known as the Wiedemann-Franz Law (Mahan 1999):

2
K, = LOO'T(ﬁ-)
e

Equation 6.3

Where K. is the thermal conductivity of electrons, Ly is a dimensionless constant
equal to #%/3 for metals, o is thermal conductivity, T is temperature, kz is Boltzmann’s
constant and e is the electron charge.

This means that the absorptivity is intrinsically linked to thermal conductivity due
to Equation 6.3 as electrical resistivity is equal to reciprocal conductivity. It follows
that metal such as aluminium which has a high density of free electrons is a good
reflector since electrons at the surface hinder coupling of the incident energy (Zhao
1999) and also has a high thermal and electrical conductivity.

Using the charts in Figure 6.3, Figure 6.4 and Figure 6.5 it is possible to see that
despite Al having a low melting temperature, it will still be difficult to melt using a
laser, and conversely, Ti, has a high melting temperature but low conductivity/high
absorptivity and so may not be as difficult to melt as might be expected. Other
engineering alloys which are of interest in ALM are highlighted in Figure 6.3 to
Figure 6.5, these include Inconel 718 which has been extensively studied in this
investigation, two other Ni-base high temperature alloys, Inconel 625 and Hastelloy-
X, CoCrMo which is a commonly used in ALM and 316 and 17-4 Stainless steel
which are also often used in ALM. All of these alloys are shown to have similar
melting temperatures but vary in absorptivity and thermal conductivity. The Ni alloys
have higher absorptivity and lower conductivity than the others, CoCrMo is



222

intermediate in both and the stainless alloys have low absorptivity/high conductivity.
For these reasons it can be speculated that the Ni alloys can be processed with faster
beam velocities (or at lower powers, but in the interest of minimising build times this
would not be beneficial), it follows that CoCrMo requires lower speeds and the
stainless steel alloys lower still to sufficiently melt a consistent depth of material
without reducing track offset and counteracting the increase in melting rate caused by
the faster beam velocity.

This approach is based on the melting response of a material only and so is not a
complete description of all the relevant mechanisms which are taking place during
laser melting. Further to this, the rapid thermal cycling and the large temperature
gradients associated result in complex thermal histories and the generation of large
stresses. This is a crucial consideration when processing any material by ALM and is
discussed in the following section.
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6.2.2 Consideration of residual stress

One area not yet discussed is the relevance of residual stresses caused by the heating
and cooling during the laser heating/melting process used in ALM.

Residual stresses combine with in-service stress and when these act in the same
direction they combine so that a component experiences a higher stress than expected
form service (Withers 2001 part I and II). Thermally induced stresses arise due to
thermal mismatch or sharp temperature gradients. Three types of stress exist and are
defined according to the length scale they are applied; Type-I are macro-stresses
which span large distances on the scale of a components size and vary continuously,
Type-II and -III are micro stresses, the former act over the scale of grains or across
different phases in a material and the latter act on the sub-grain or atomic scale. In
ALM Type-I stresses are most relevant. The relaxation of stresses can take place in
several ways, for example, plastic flow (when the residual stress exceeds the
materials’ yield stress), creep (at elevated temperatures) and micro-cracking (when the
fracture stress is exceeded.

Residual stress in ALM has been reviewed in a number of studies; Matsumoto et
al. (Matsumoto 2002) considered the role of residual stress when melting an
unsupported overhanging layer where melting occurs on to the loose powder-bed (no
solid material underneath) for a Ni-Cr-Fe alloy. The problem faced was the deflection
of the melted layer vertically upwards which prevents melting of subsequent layers
and even causes cracks due to the stresses generated. The scanning pattern was
modelled as a simple back and forth raster in the x direction which results in a striped
stress state of tensile and compressive stresses perpendicular to the scan direction with
magnitudes of 275MPa and -100MPa. The processing conditions were as follows;
power = 1kW, beam velocity = 4mm/s, beam diameter = 0.75mm. The model showed
that the defection of the melted layer was reduced when the scan length was reduced
and the authors suggest segmenting the melt area into small squares with reduced scan
lengths to minimise the overall distortion of the layer. Similar conclusions were draw
by Mercelis et al. (Mercelis 2006) and Kruth et al. (Kruth 2004) the former used an
analytical model and experiment to consider several factors which influence stress in
Selective Laser Melting of 316L stainless steel and the latter melted a single layer of
Fe-base alloys onto Imm steel plate and measured the deflection of the plate caused
by the stresses generated. Mercelis et al. showed that a stress distribution exists from
the top to the bottom of a part built by ALM; the top has a small region of tensile
stress (as high as 120MPa), the middle is under compression at ~50MPa and the
bottom region is again under tension. This was measured for samples built at
parameters of; power = 100W, V,, = 400mm/s, for a layer thickness of 30um. The
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authors also used XRD to measure residual stresses as high as 200-300MPa with a
100MPa difference between stresses in the x and y directions when scanning was in a
single direction, similar to Matsumoto, they suggest segmented scanning and showed
that this would reduce the maximum stress and the anisotropy.

Kruth et al. and Mercelis et al. (Kruth 2004, Mercelis 2006) attribute the stresses
generated in ALM to the Temperature Gradient Mechanism (TGM) which is the
phenomenon which causes the displacement during laser forming of sheet metal that
causes it to bend (Watkins 2001, Cheng 2000, Cheng 2001). The TGM results in a
bending moment being produced in unconstrained material or a stress in constrained,
it also explains the deflection observed in thin section butt welds. In ALM the
underlying material acts to constrain the upper layers which want to bend towards the
laser, this is caused by the steep temperature gradient imposed by the heat source
across a thickness of material which causes a differential thermal expansion through
the thickness. The upper surface is heated which results in a reduction in strength,
material beneath the source expands but is constrained by the surrounding cooler
material. This places the heated material in compression, when this compressive stress
exceeds the heated material’s yield stress it is plastically deformed so that on cooling
to ambient temperature the upper layer is effectively shorter than when it started and
hence puts the upper surface in tension which causes bending towards the laser in
unconstrained sheet or residual stress in bulk samples like in ALM.

The thermal history of a part built on a powder-bed ALM system is very complex
and difficult to describe in detail but ultimately there exists a stress state in any part
after it is built unless the temperature of the build chamber is sufficient to allow
recovery mechanisms to take place. If the temperature is not high enough the stress
will remain until a stress relieving heat treatment is carried out on the part or if the
magnitude of the stress is greater than the material’s yield strength it will cause the
part to distort or crack.

The EOS M270 used in this project operates with a build chamber temperature of
80°C which equates to homologous temperatures between 0.18 and 0.22T, for the
alloys highlighted in the previous section. This is not sufficient for any stress relieving
to take place through recovery or diffusion creep, for this to happen a homologous
temperature of at least 0.5Ty, is necessary for some alloys, but high temperature alloys
used in the aerospace industry are specifically designed to resist these processes so
temperatures in excess of 0.7T, would be necessary for several hours. In the case of
Inconel 718 the recommended stress relieving heat treatment is equivalent to a full
anneal at 955°C for 1 hour per 1 inch section (Chandler 2006), similarly Hastelloy X
requires 1175°C for the same time. Since the ALM process involves melting it is only
at temperatures below the solidus that stresses are induced. There will be a minimum
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temperature where thermal expansion is negligible for each alloy and it is this
temperature range which is critical for the formation of stresses.

Attempting to model the stress is outside the scope of this project but it is possible
to consider the factors influencing the magnitude of the thermal stresses generated as
a function of material properties. Equation 6.4 shows how thermal stress is
proportional to Young’s modulus (E), thermal expansion coefficient (acrg) and the
temperature difference (47) imposed on the surface being heated, the first two factors
are material specific properties whereas the latter is governed by the processing
parameters.

Thermally induced strain: er = acrgdT, (Barber 1971, Yoshimoto 1999) so in a
biaxial system where material is constrained the induced thermal stress is:

o= (%JAT

Equation 6.4

The temperature range is itself a function of the power used to heat the target (Q),
the thermal conductivity (k) of the alloy and a shape function, F. Figure 6.6 shows
how different heating methods have different shape factors, (a) is planar heat transfer,
(b) is a stationary point heat source and (c) is a moving point heat source as described
by the Rosenthal solution (Rosenthal 1946). The relevant processing parameters in
laser heating/melting are laser power and beam velocity which are important in
determining the shape factor of the isotherms and hence the distance over which the

thermal stresses are relevant.

AT = f(%-F)

Equation 6.5

From Equation 6.4 and Equation 6.5 it is clear that the materials properties most
important in determining the magnitude of thermal stresses are; thermal expansion
coefficient, Young’s modulus and thermal conductivity. These can be expressed as a
Stress Performance Index (Equation 6.6) which incorporates all of the relevant
material dependant properties to give an indication of their contribution to the

magnitude of the thermally induced stress.
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Equation 6.6

(a) (b) ()
Figure 6.6 — Governing equations determining shape of isotherms for the conditions; (a) planar

heat transfer, (b) a point heat source and (c) a moving point heat source (Rosenthal 1946).

Performance Indices make it possible to compare the material response of different
alloy classes to heating and cooling cycles associated with ALM. A Performance
Index (P1, also known as a Material Index) is used in the design of a component where
the design is specified by three requirements; functional requirements (F, such as load
baring capability, heat transfer, and energy storage), geometry (G) and materials
properties (M). The performance can be measured in a general form by Equation 6.7:

P=f(F, G, M)
Equation 6.7

Where P is an aspect of performance of a component to be optimised and f'is an
unknown function. A design can be optimised by selecting a material or geometry to
maximise or minimise a given aspect of performance based on imposed constraints to
describe a real situation. This process can also be used to compare the performance of
different materials under the same conditions for a standard geometry.

The CES Software has pre-defined Performance Indices and two examples which
may be of interest are Thermal Stability and Thermal Shock Resistance (TSR), the
former gives an indication of how much a given material will deflect for a given
geometry and heat input and is a key consideration in laser forming of sheet materials
(Watkins 2001). Watkins et al. showed that Ti-6A1-4V and AA2024 T3 alloys have

different responses to the same conditions because Al has a higher thermal
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conductivity than Ti which results in a lower temperature gradient through the sheet
thickness. Thermal Shock Resistance is an indication of how a material resists
cracking due to increasing temperature for a known heat input and geometry.
Yoshimoto et al. (Yoshimoto 1999) carried out quench tests on brittle materials
(cemented carbide, Cermet, Si nitride SN-220) and medium carbon steel (JIS45C) to
investigate TSR. TSR is related to a critical temperature difference (47.=Tsymace -
Tquencn); for a material which experiences AT, there is an abrupt decrease in bend
strength due to the formation of thermal cracks which form to accommodate the
thermal stress generated by the temperature gradient, the larger the 4T, that can be
tolerated before this loss in bend strength the greater a materials 7SR. Yoshimoto
showed that the stress generated was proportional to the thermal expansion coefficient
(acte), Young’s Modulus (E) and the temperature difference experienced (47).

Assuming dimensional stability is desirable i.e. there is little movement induced by
the heating process, the performance of a material can be measured by maximising the
thermal conductivity and minimising (acrg), i.e. maximising the performance
indicator Kacre. For good thermal shock resistance it is necessary to maximise the
performance indicator oys/(E-acrg), where E is Young’s Modulus. Again a low acrg is
desirable and a material must be strong but low in stiffness. These are plotted on a
material selection chart in Figure 6.7 and Figure 6.8, the former shows some common
alloy classes (Ni, Ti, Stainless Steel, Co, Al) and the latter highlights some alloys used
in ALM and other common engineering applications as previously indicated in Figure
6.3, Figure 6.4 and Figure 6.5.

Figure 6.7 shows that Aluminium alloys typically have good dimensional stability
despite their high CTE because of their high thermal conductivity but they have low
and moderate resistance to cracking because of their relatively low Yield Strength.
Aluminium alloys also have relatively low stiffness which means that the thermal
stresses generated should be relatively low (Equation 6.6). It has previously been
shown in Figure 6.3 that Aluminium alloys have very low absorptivity of infrared
radiation so despite their good stress performance index they are still potentially
difficult to process by ALM even though they have relatively low melting
temperatures.

Figure 6.7 also shows that some Titanium alloys exhibit good thermal shock
resistance because of their high strength but relatively poor dimensional stability
because of their low thermal conductivity despite also having low actg. Other
engineering alloys such as Nickel, Cobalt-Chrome and Stainless Steel alloys lie in
between Aluminium and Titanium with some exceptions in the problematic region of
low thermal stability and low shock resistance. Tool steels and Maraging steels appear
to have good values for each of the performance indices but two alloys which stand
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out are Nickel alloys in the top right corner of the diagram, these are INVAR alloys,
Ni-Fe based alloys in the cold worked and annealed conditions. Their performance
indicators suggest that they are likely to have low thermal distortion and good
resistance to cracking which is attributable to their very low actg of 1.25-2 pstrain/°C
(CES 2008).

Figure 6.8 highlights some specific alloys including the alloys discussed in Section
6.2. At the lower end of the Performance Indices are some useful engineering alloys
such as Inconel 625 and Hastelloy-X Ni-based alloys and Stainless Steel 316L. Their
position on the material selection diagram (Figure 6.8) suggests that these alloys may
be problematic with regards to their thermal stability and resistance to cracking on
heating. This is not to say that they cannot be used for ALM but that consideration of
the stress generated is necessary when choosing processing parameters.
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Figure 6.9 and Figure 6.10 show material selection diagrams of the absorptivity
(Equation 6.2) versus stress performance index (Equation 6.6), Figure 6.9 shows the
different alloy groups and Figure 6.10 highlights some alloys of interest to ALM and
other engineering applications. It is generally seen that alloys with a low stress
performance index have a low absorptivity to infrared radiation on account of the
material’s electronic structure, i.e. a low stress performance can be attributed to a high
thermal conductivity and, in metals, a high thermal conductivity is synonymous with
high electrical conductivity. The free electrons in metals at the surface hinder the
coupling of energy, indeed, as the density of these free electrons increases the
coupling is further reduced, as a result, metals such as Aluminium have high
conductivity and low absorptivity as shown in Figure 6.3 and Figure 6.9. This
phenomenon also supports Equation 6.2 which describes absorptivity as proportional
to electrical resistivity i.e. reciprocal conductivity. It follows that there is a conflict as
high conductivity means a low stress performance but poor absorptivity, in order to
maintain low stresses and higher absorptivity the key material properties are acrs and
Young’s Modulus.
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On-going work at the Universities of Sheffield and Manchester has shown that the
magnitude of residual stress in CoCrMo samples built using an EOS M270 is as high
as 900MPa when measured by The Contour Method (Moat 2009) (this is shown in
Figure 6.11 (the residual stress measurements and analysis were carried out by Dr
Waufei Zhang at the University of Sheftield courtesy of Dr lain Todd and Dr Richard
Moat at the University of Manchester courtesy of Professor Michael Preuss). There is
a tensile stress at the parts edges and a compressive stress towards the centre which
increases towards the top of the part. The part is a 20mm square cross-section, 40mm
in length built with the longest dimension in the z-axis and a layer thickness of 20pm,
with laser parameters of 195W, 800mm/s. The scanning pattern consists of 4mm
stripes as described in Chapter 3.1.1.2. Similar parts were subjected to a stress
relieving heat treatment which did not completely remove the residual stress but
reduced it significantly. This work is part of an on-going study to compare different
alloys built using the EOS M270.
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6.2.3 Effect of processing on residual stress

Further to material properties, the processing conditions used when stresses are
induced is relevant, namely the temperature range, 47, which is relevant to stress
formation and the distance over which this is applied. The geometry and size of this
region is determined by the processing parameters according to the equations in
Figure 6.6 and this contributes to the magnitude of the thermally induced stress
according to Equation 6.6. Increasing the absorbed power (by increasing the nominal
power of the heat source or using a material with higher absorptivity) and reducing
the beam velocity have the effect of increasing the penetration depth of the thermal
energy which increases melt depth and hence the distance between the isotherms
which represent the critical A7 to generate thermal stress. This was shown previously
in Chapters 4 and 5 for laser melting of Inconel 718. Increasing the penetration depth
was shown to reduce the temperature gradient which in turn reduces the magnitude of
the residual stresses (Kruth 2004, Mercelis 2006). It was discussed in Section 6.2.1
that to reduce temperature gradient when operating at maximum power it is necessary
to reduce beam velocity as indicated by the red arrow in Figure 6.12. It is clear that
doing this will reduce the processing speed also.
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Figure 6.12 - Overlay plot showing the effect of beam velocity and track offset on processing
speed and melt depth in the region where adjacent tracks overlap (um, outlined in red). Also
highlighted is the limit where melting is not sufficient to produce fully dense parts. Blue arrow

indicates the effect of beam velocity and track offset on overall processing speed.



235

Another processing parameter which might be used to affect a change is increasing
the substrate temperature, Ty, doing this is common practise for welding some metals
to minimise distortion (processes such as TIG washing) and is inherent in some ALM
systems such as Electron Beam Melting (EMB, Arcam AB) which require sintering of
loose powder prior to melting. This is achieved by rapidly moving the defocused
electron beam over the surface of the bed to increase the overall temperature without
localised melting. An elevated T temperature will reduce AT (=T ar-Tp) and hence
lower the thermally induced stress according to Equation 6.4, if the temperature is
sufficient then thermally activated recovery mechanism will also become relevant and
stress relieving occurs in-situ. Increasing 7, will also increase a materials absorptivity
due to the increase in electrical resistivity. Absorptivity is also dependant on the
wavelength of the radiation used as shown in Figure 6.3 and if an electron beam is
used the issue of absorptivity is negligible as long as plasma formation is avoided.
Increasing 7T, also has a pronounced effect on the thermal conditions during
solidification, in particular on the temperature gradient which is greatly reduced and
may expand the processing window of the systems used in this study to potentially
manipulate microstructure and avoid epitaxy allowing the development of equiaxed
grain structures. To incorporate Ty as a processing parameter in ALM systems would
not be straight forward as existing machines may not be constructed from suitable
materials to operate at elevated temperatures. Also consideration is necessary of the
operation and accuracy of optics and efficiency of heat sources which may require
extra cooling considerations. Holding loose powder at elevated temperatures
necessary to mitigate stresses may also induce solid-state sintering of particles which
would potentially alter their morphology and cause them to be unusable in subsequent
processing, and it may also increase the chance of oxide formation.

Material selection maps such as Figure 6.10 can be used to identify specific alloys’
properties which are attractive or problematic for ALM. Figure 6.10 highlights some
typical ALM alloys; Inconel 718 and CoCrMo have similar stress performance
indicated by their properties but Inconel 718 has a higher absorptivity and lower
melting point. This means it can be processed at a higher beam velocity. Stainless
Steel alloy 17-4 and CoCrMo have comparable melting temperatures and absorptivity
but significantly different stress performance index values, 17-4 having a significantly
lower value; this means it can tolerate a higher temperature gradient and therefore can
be processed using a higher beam velocity.

The materials selection maps can be used to compare the properties of alloys which
are not yet used in ALM to those already in use to form a logical starting point for
developing a theme. For example, stainless steel grade 316 has a similar absorptivity
and melting temperature to 17-4 but a stress performance index value closer to that of
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CoCrMo so this alloy may require processing with lower beam velocities to reduce
the temperature gradient and hence the magnitude of the residual stress.

Other Nickel alloys which may be considered are Hastelloy X and Inconel 625;
these have comparable absorptivities and melting temperatures to TInconel 718 but
slightly higher stress performance index values and so would most likely require a
lower beam velocity than Inconel 718 (or indeed a higher laser power and T if this is
possible). Similar behaviour is seen in the different alloy classes where differing
compositions yield alloys with the same absorptivity but ones which would generate
lower stresses during processing. Obviously, different alloys are designed for specific
ranges of properties and other considerations are necessary to compare suitability for
the final product not just for ease of processing. An alloy’s chemistry includes
allowable ranges for specific elements which means that there may be scope to
manipulate an alloys chemistry to affect the stress response on solidification and
cooling by reducing its acre.

Some alloying elements contract on freezing; for example Aluminium and Nickel
can shrink by 6.5%, Co by 5.5% and Fe 3.5% but others expand such as C, Si, Bi, Sb
and In and it is common practise to use C to reduce solidification shrinkage in Fe and
Steel and likewise Si in Al (Polmear 1995).

An alloy which exhibits suitable properties to minimise thermal stress will have a
good absorptivity and low stress performance value, the Invar alloys labelled in
Figure 6.10 are such examples. Conversely there are a number of CoCr alloys which
appear to have properties which will result in high stresses and so would require
measures during processing to reduce the magnitude of the stress.

The method described for selecting alloys based on their thermo-physical
properties and assigning processing parameters based there-on does not take into
account a number of other issues. Many alloys will not be suitable to ALM on the
basis of price; this may be due to the cost of atomisation or simply that the economics
of ALM are not suitable for the intended part. Some alloys will also undergo phase
transformations during cooling which may have a volume change associated with
them. Such a volume contraction or expansion could contribute to the stress induced
by thermal contraction or indeed counteract the effect, in such cases it may be
necessary to hold a processing temperature above a phase transformation temperature
and conduct a more controlled cool down.

At the beginning of this chapter it was noted that current ALM alloys are not
designed for use in ALM and that in the future, alloys would be designed or altered to
suit the conditions experienced in ALM. Control of acrz has been discussed
previously to minimise residual stresses which are inherent in ALM but further to this
it has been shown in welding that it is possible to use alloys with low transformation
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temperatures (known as LTT alloys) as weld filler material which undergoes a
Martensitic phase transformation and has a net expansion on cooling so that the
residual stress in the weld is actually compressive (Ohta 1999). These alloys were
developed based on a Steel containing 10% each of Ni and Cr to give a Martensite-
start (M) temperature of 180°C which is completed at room temperature; this is
compared to the base metal which undergoes the phase transformation at 590°C. Ohta
et al. used the alloys as weld filler to improve fatigue strength of box welds by
removing the detrimental tensile residual stress which works against fatigue crack
closure for a Ferrite-Pearlite steel welded by Gas Metal Arc Welding. The presence of
a compressive residual stress is known to be beneficial to fatigue strength and is
normally achieved by a post welding shot-peening procedure. The use of L7T alloys
makes this possible without this secondary processing stage (Suzuki 2004). Bhadeshia
(Bhadeshia 2004) discussed the mechanisms involved in L7T alloys in detail relative
to shape deformation. It was further suggested that the remaining residual stress in the
welds at ambient temperature is reduced for alloys with lower transformation
temperatures, this phenomenon could be used in the next generation of ALM alloys
which can be processed with zero residual stress. The L7T allows shape deformation
to compensate for accumulated strains from thermal contraction by exploiting
transformation plasticity; since the coefficient of thermal expansion for austenite
(CTE,) is greater than that of Ferrite (CTE,) the volume expansion due to the
transformation is larger at lower temperatures. If the transformation is exhausted
much before ambient temperature is reached then contraction of the Ferrite phase
takes place in the final stages of cooling, this is shown in Figure 6.13. The Yield
Strength of Ferrite is high so less of the contraction is accommodated by plastic
relaxation; this contraction is what leads to the tensile residual stress in conventional

alloys.
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6.3 Chapter summary

As discussed at the beginning of Chapter 4, no processing theme was available for
Inconel 718 on the EOS M270 at the start of this project. To begin using this material,
some thought was put into the initial parameters to be used; this involved comparing
the theme for a commonly used alloy (CoCrMo) and its material properties to the
properties of Inconel 718. Figure 6.3 shows that Inconel 718 has a higher absorptivity
and lower liquidus temperature than CoCrMo, comparing the other properties plotted
in Figure 6.4 to Figure 6.10 the two alloys are very similar and so can potentially be
melted using the same laser power and beam velocity. Based on the lower melting
temperature and higher absorptivity, Inconel 718 can potentially be melted using
lower power or faster beam velocities, the latter making it possible to reduce
processing time.

This Chapter has expanded this procedure to compare a number of alloys against
key materials properties to consider for melting thus making it possible to identify
alloys which may be difficult to process. These properties have been identified as the
melting temperature (liquidus temperature), 7;, the thermal conductivity, k, and the
absorptivity at a given temperature and wavelength, . Conductivity and 5 are
inversely related for most alloy so not all display the desirable (high n)/(low k) ratio,
Ti alloys fulfil this criteria but Al does not and so may be difficult to process by laser
melting.

Further to melting there must be consideration of residual stresses caused by
volume change on heating/cooling. The key properties which contribute to this are
Young’s Modulus, E, thermal conductivity, k, and the coefficient of thermal
expansion. An example alloy where these properties could be significant is the Ni-
based alloy Hastelloy-X which has similar melting temperature and absorptivity to
Inconel 718, but is prone to generating higher thermal stresses. This means it is
necessary to reduce the temperature gradient during processing.

It was shown that manipulating processing parameters can reduce the magnitude of
the stress by reducing the temperature gradient during heating and that an increase in
the substrate temperature can in theory reduce the stress generated. If this is sufficient
it can facilitate thermally activated recovery mechanisms and even be used to further
manipulate solidification conditions to affect changes in microstructure.

Thermal conductivity and absorptivity are seen to be important in melting of
alloys and in stress generation. To minimise stress a high conductivity is desirable but
alloys with this trait are also more likely to have reduced absorptivity, this means that
in order to maintain high absorption the acre is key to minimise stress, so a lower acrg

is desirable.
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Performance Indices or Indicators are used to compare aspects of materials’
response to processing by combining several material properties which may need to
be maximised or minimised in order to avoid high residual stresses through alloy
choice. These are used to further compare alloys and identify examples which may be
good candidates for ALM or ones which may require special consideration to control
stresses and manage heat input during processing.
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7 Conclusions

The main findings of the current investigation are summarised in this section and
conclusions drawn. As set out in the opening section the key areas addressed were;
identification of key process variables, analysing the melting response to user defined
variables, Analytical modelling of the melt pool geometry and the local solidification
conditions, investigation of the as-deposited grain structure.

To summarise;

Statistically designed experiments were used successfully to accurately fit
empirical models relating weld track geometries and surface roughness to key
process parameters. DOE was shown to be an efficient way to investigate as
sufficient data was collected from relatively few trials and the resulting models
are useful tools in theme development and microstructure selection.

7.1 Maelting response

Processing maps were developed to select parameters suitable to build fully dense
parts as well as maximise build speed.

Power, velocity and beam diameter were shown to be most important for
determining the track geometry. Knowing the effect of heat input on track
geometry allows track offset to be set so that a consistent melt depth in a layer can
be achieved. This forms the basis of a theme to build simple geometries.

It is apparent from the investigation that there are numerous combinations of
parameters which can be used to produce fully dense parts. These will impact on
the speed of the hatching process and ultimately the build speed.

Thinner powder layers and sufficient overlap of adjacent tracks are most
important for removing porosity.
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7.2 Solidification

Simple analytical heat transfer models are suitable to model the solidification
front by fitting the models to experimental measurements. The models can be used
qualitatively to compare the effect processing parameters (laser power and beam
velocity) have on the size and shape of melt pools. This provides insight into the
local heat transfer of individual pools which was shown to impact on the resulting
microstructure.

The models were used to calculate the local solidification conditions to establish
how these vary along the solidification front and processing maps were produced
to show variation with processing parameters. This makes it possible for an ALM
user to choose processing parameters to select different microstructures, for
example, temperature gradient and isotherm velocity can be manipulated to
control grain morphology through the columnar to equiaxed transition, or cooling
rate can be controlled to influence the size and shape or even suppress the
formation of secondary phases.

7.3 Microstructure

The heat transfer models are useful prediction tools and showed good agreement
with the resulting metal microstructures. However the processing windows of the
EOS and DMD impose limits on the range over which the model can be tested.

The microstructure of the as deposited metal samples were analysed by EBSD to
reveal the grain structure and orientation. Grain structure did not vary over the
region of interest for the EOS and all samples show a highly directional columnar
structure with a strong (001) orientation, this is because of the relatively flat
meltpools but in particular the layer thickness used. The bottom 20um of a
meltpool is the region where the microstructure is retained and does not change in
incline angle significantly, hence heat flow is almost uni-directional for all
parameters used. The isotherm velocity in this region is relatively low and the
temperature gradient is highest, these conditions favour epitaxial growth and
columnar grains.

Three distinct types of microstructure were observed in the DMD samples; a
complicated mixed structure at high powers and high beam velocities caused by
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melt pool fluctuations, long zigzag grains which are continuous across multiple
layers at the higher beam velocity settings and elongated but non-continuous
grains at slower beam velocities. The shape of the melt pool is critical in
determining grain morphology; at slower beam velocities the pool is highly
curved which means grains will grow towards the centreline of the wall and they
are forced to change direction to follow the direction of heat transfer. At a faster
beam velocity the weld pools are flatter, which allows heat transfer and grain
growth to be close to vertical in the central region of the wall with resulting grains
being able to grow epitaxially through layer boundaries. As with the EOS the
layer thickness or z-step is important as this determines the amount of underlying
material to be remelted. If the remelted zone is large, only the bottom of the melt
pool is responsible for the retained microstructure so even large curved pools will
produce long columnar grains in all but the very top of the deposit.

There is a columnar to equiaxed transition close to the top surface where the
combination of high isotherm velocity and low temperature gradient make
conditions favourable for equiaxed grains. If this region is not completely remeted
then the fine equiaxed grains are retained in the microstructure and the long
continuous columnar grains are avoided, this was not observed in the present
investigation but can explain the presence of some equiaxed grain structures from
laser deposition reported in the literature. In this case the criteria for equiaxed
growth may not be reached but the grains are elongated over the length of the
weld track. The random orientation of the underlying equiaxed material mean that
the deposit about is not a sufficient size for a preferred orientation to be achieved.

7.4 Other considerations

Rationale for processing parameter selection based on comparisons between
existing and potential ALM materials and their thermo-physical properties was
made. Key materials properties to consider for melting are the melting
temperature, the thermal conductivity, &, and the absorptivity at a given
temperature. When plotted as a materials selection chart or bubble-chart, this
makes it possible (along with initial metallurgical knowledge of an alloy system,
for example, of phase transformations) to compare an alloy to other existing ALM
materials and hence select appropriate starting parameters to achieve fully dense

parts.
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Consideration of residual stresses caused by volume change on heating/cooling is
made, key properties which contribute to this are Young’s Modulus, thermal
conductivity, and the coefficient of thermal expansion.

Residual stress is shown to be high in ALM so controlling/minimising this is
advantageous. Despite the apparent inability to significantly manipulate grain
morphology, the fact that a range of processing parameters can achieve a fully
dense part means that there is scope to manipulate other factors such as thermally
induced stress by altering the heat input into the system.

It was suggested that manipulating processing parameters can reduce the
magnitude of the stress by reducing the temperature gradient and that an increase
in the substrate temperature can, in theory, reduce the stress generated.

7.5 Further work

7.5.1 Heat treatment

The work presented in this thesis has focussed on the as-deposited material. Post-
process heat treatment is a vast subject which must be explored but was outside
the scope of this project.

ALM materials experience residual stress which is detrimental to performance in
service and stress relieving heat treatments are documented for many alloys.

For alloys such as Inconel 718 which is a precipitation strengthened alloy, the
aging response must be investigated. The residual stress from AML must be
removed as rafting of precipitates in the presence of stress can cause anisotropy or

inferior properties.

7.5.2 Mechanical properties

This study has only considered the hardness of the deposited samples; further
detailed investigation is required to test the properties of ALM materials at a range
of temperatures with the view to generating a database of ALM properties similar
to other processes.
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* In high-end applications static and dynamic testing is necessary; in particular in
high temperature applications for Superalloys creep is of paramount importance.
The highly directional nature of the microstructures (in particular the EOS
structures) could be beneficial in this case when the grains are aligned with the
principal stress axis.

o The effect of surface finish has an impact on properties such as fatigue

performance so testing should take into account the as-deposited surface as well as
various finishing techniques.

7.5.3 Other work

* Not all process variables were investigated in this study. As a result of the
theoretical discussion in Chapter 6 the substrate temperature has been identified as
having potential impact in several areas.

e The residual stress can be mitigated by increasing the build temperature and can
affect the solidification conditions. This warrants further investigation as the
potential to expand the processing window is attractive in controlling
microstructure beyond current capabilities.

e More alloys are required to test some of the theories discussed in Chapter 6, in
particular the effect of material properties on magnitude of residual stress and how
the processing parameters should be altered to account for this. This will
contribute to a database of alloys which will have accepted processing themes
which can be used on a range of ALM systems.

e Manipulation of alloy composition is also of interest when minimising residual
stress is the aim. This should be tested with existing and model alloys to assess
whether the impact is significant.
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