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ARTICLE INFO ABSTRACT

Keywords: Due to their low Young’s Modulus, high strength and suitability for additive manufacturing, non-toxic beta-type
Selective laser melting titanium alloys are emerging as next-generation biomaterials. We present novel experimental results that
Texture

demonstrate significant variation of Young’s Modulus with direction for selective laser melted (SLM) biocom-
patible Ti-24Nb-4Zr-8Sn (Ti2448). Grain orientation data for SLM-processed Ti2448 is measured using electron
backscatter diffraction. By assuming the grain orientations are fixed relative to the axes of the SLM build ma-
chine, the measured grain orientation data is used to generate a detailed microstructural finite element model of
the polycrystalline SLM-processed material. The computational model provides excellent predictions of the
anisotropic properties of SLM-processed Ti2448, indicating that preferential grain orientations that form during
SLM processing of Ti2448 cause the experimentally measured variation of the Young’s Modulus. The results
show that computational models are able to accurately predict the anisotropic Young’s Modulus of poly-
crystalline materials, and, in the context of biocompatible Ti2448 show how to tailor the modulus of SLM
components by choosing the build orientation.

Titanium alloys
Elastic properties
Computational homogenisation

elements [4,5]. One such alloy, Ti-24Nb-4Zr-7.9Sn (Ti2448), has a
modulus that is approximately half that of conventional titanium alloys

1. Introduction

The relatively low modulus of titanium, along with its excellent
corrosion resistance and very high specific strength, has resulted in it
being widely favoured in bone replacement applications [1]. Even so, Ti
has a modulus which is at least an order of magnitude larger than bone.
Mismatch of moduli between the biomaterial and surrounding bone can
cause stress shielding in the bone, which eventually leads to bone
resorption, and has been identified as a major causal factor of implant
loosening [2,3]. Although commonly used titanium alloys (commer-
cially pure Ti or Ti-6Al-4 V) have a much lower modulus than the more
traditional stainless steel or Co-Cr alloys, they are still much stiffer than
bone. As a result, a new generation of low-modulus beta titanium alloys
have been developed that are comprised of non-toxic and non-allergic
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combined with a strength between 800 and 1200 MPa [6-8]. The suit-
ability of this alloy for Selective Laser Melting (SLM), one of the key
emerging additive manufacturing technologies, has been demonstrated
for both solid [9] and porous parts [10].

Due to the layer-by-layer processing method and directional heat
flow, preferred grain orientations are often reported in SLM fabricated
parts. For example, microstructural texture has been reported in selec-
tive laser melted aluminium [11-13], titanium [14-24], stainless steel
[25-27], nickel [28-33] and tantalum [34] alloys. In Ti-6Al-4 V, the
prior f grains have been shown to preferentially grow with the [001]
parallel to the build direction [16-18]. This led to a directional solidi-
fication structure and thus anisotropy of the properties [16]. In SLM
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fabricated Ti2448, anisotropy of tensile strength and plasticity has been
reported, along with superior properties compared to the forged alloy
[35]. The B-phase of Ti2448 has a particularly anisotropic stiffness, with
the [100], [110] and [111] orientated crystals having Young’s Moduli of
27.1, 56.3 and 88.1 GPa, respectively [36].

Several recent works have used computational modelling to under-
stand how texture arises in the SLM process [37-39]. Furthermore, the
effect of different scanning strategies on texture has been studied [27,
32]. Texture in SLM stainless steel can be controlled by switching
scanning strategies for different portions of the component [27].
Moreover, use of a secondary laser heat source has been suggested as a
way to control the grain structure and achieve a more uniform texture in
SLM Ti-6Al-4 V [40]. However, we note that none of these works have
used theoretical or computational tools to predict how the modelled or
observed texture affects mechanical properties.

There is a long history of research that has used theoretical and
computational homogenisation to explore how the microstructure of an
inhomogeneous material affects its macroscopic properties (see, e.g.,
[4171). The polycrystalline nature of SLM fabricated Ti2448, where each
grain within the material has its own orientation and subsequent
anisotropic material properties, lends itself towards a computational
rather than theoretical homogenisation approach, and it is important to
have an accurate representation of the polycrystalline microstructure
[42]. Both finite element and fast Fourier transform (FFT)-based
methods have been used successfully in the context of polycrystalline
materials to determine macroscopic properties, including for complex
phenomena such as crystal plasticity and fatigue (see, e.g., [42]).

In this paper we utilise both experimental and computational ap-
proaches to advance our understanding of the texture and anisotropic
elastic properties of SLM processed Ti2448. By assuming that the grain
orientations are fixed relative to the axes of the SLM build machine, we
generate a detailed finite element model of SLM Ti2448 using experi-
mentally measured grain orientations data and knowledge of the SLM
build process. We also manufacture Ti2448 SLM samples in different
orientations to measure the directional variation of the Young’s
Modulus. The computational model is used to predict the elastic prop-
erties from the observed grain orientations and these are compared to
the experimental measurements. Finally, instead of aiming to minimise
the effect of the microstructural texture, we use our FE model to predict
in which direction Ti2448 parts should be built to achieve the lowest
possible Young’s Modulus.

The remainder of this paper is as follows. Our experimental methods
and results are presented in Sections 2 and 3. We then present our
computational methods and results in Sections 4 and 5. The results are
discussed in Section 6, and concluding remarks are presented in Section
7.

2. Experimental materials and methods
2.1. SLM processing of Ti2448

The Ti2448 powder used in this study was electrode induction gas
atomised (EIGA) by TLS Technik Germany from an ingot fabricated via
vacuum arc melting [6]. Selected properties of the powder are sum-
marised in Table 1. The chemical composition was measured by
inductively coupled plasma atomic emission spectroscopy (ICP-AES) by
Spectrometer Services (Melbourne, Australia) and the O and N content
determined using a Leco O/N analyser (Spectrometer Services, Mel-
bourne). The particle size was measured using a Malven Microsizer Plus

Table 1
Properties of the Ti2448 powder used in this study.
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and the powder flow and apparent density were measured according to
ASTM B964 and B212-13 respectively. The theoretical density of the
alloy was taken to be the density of the solid ingot, 5.42 g/cm®, which
was presumed to be fully dense.

SLM was performed on a Realizer SLM 100 (Borchen, Germany)
using a fibre laser (A=1.06 pm) with a maximum power of 200 W. The
laser scanning strategy was to first trace the outline of the part and then
fill with a series of parallel vectors. The orientation of the fill vectors
alternated between layers and was parallel to the X or Y axis of the
machine. Specifically, the pattern of fill vectors was aligned along the X
axis for one layer, the Y axis for the next layer, and continued to alter-
nate between layers.

The SLM laser power, scan spacing, and layer thickness were kept
constant at 175 W, 120 pm and 50 pm, respectively, while the laser scan
speed was varied between 625 and 2000 mm/s. Initially, 10 mm x 10
mm x 10 mm cubes were built and their densities measured using
Archimedes’ principle following Metal Powder Industries Federation
Standard 42. The highest density was attained at a laser scan speed of
1000 mm/s and was 98.9 = 0.2%. At speeds greater than 1000 mm/s the
density decreased linearly with increasing speed as a result of insuffi-
cient energy to completely melt all the particles [9]. For speeds slower
than the optimum the excess energy caused balling and dross formation
in the melt pool, which led to poor surface finish and lower density [9,
43]. All subsequent SLM builds for this paper use a laser scan speed of
1000 mm/s.

2.2. Measurement of directional Young’s Modulus

SLM-produced Ti-2448 cylinders 10 mm in diameter and 60 mm long
were produced in several different orientations. We use a nomenclature
similar to crystallography to indicate orientation, with [100] repre-
senting a sample aligned to the X-axis and [111] representing a sample
aligned between the coordinates (0,0,0) and (1,1,1). In this study we
fabricated 28 cylinders with the orientations [100], [010], [001], [110],
[101], [011], and [111], as illustrated in Fig. 1 (four samples for each
orientation). The as-printed samples were machined into cylinders 8 mm
diameter and 58 mm long to remove effects related to being near the
edge of the SLM sample.

Z (build direction)

Fig. 1. Ti2448 cylinders were built using SLM in the orientations shown to
allow measurement of the directional Young’s Modulus.

Powder Composition (wWt%)

Powder Size (um)

Flow Rate (s/50 g) Apparent Density (%)

Ti Nb Zr Sn [¢] N dyo
Bal 23.2 3.85 8.1 0.15 <0.005

42.6

dso doo
69.2 106.1

20.5 53.3
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The Young’s Modulus of the SLM-produced cylinders was measured
using a non-destructive impulse excitation technique (IMCE, Belgium).
Each cylinder was placed on supports positioned at the nodes of the
flexural mode and subsequently tapped on its end to induce a flexural
vibration. Dedicated software then computed the Young’s Modulus
along the length of the sample using the measured frequency of the
flexural vibration along with the length, diameter and mass of the
sample. Additionally, the density of each bar was measured using
Achimedes’s principle following Metal Powder Industries Federation
Standard 42.

2.3. Measurement of grain orientations

Grain orientations of SLM-processed Ti-2448 were measured as fol-
lows. As-produced 10 mm x 10 mm x 10 mm cubes were chemically-
mechanically polished for 2 h using a Buehler VibroMet 1 fitted with a
Buehler ChemoMet pad and using Buehler MasterMet colloidal silica
polishing suspension [44,45]. The samples were then analysed via
electron backscatter diffraction (EBSD) to measure the full crystallo-
graphic orientation of the grains.

The data were obtained from automatically indexed Kikuchi
diffraction patterns collected using a Bruker e~ Flash detector on a Zeiss
Ultraplus FEG SEM at the CSIRO facilities, Kensington, Western
Australia. The SEM was operated using an accelerating voltage of 20 kV,
a 120 um aperture, in high current mode which produced a beam current
of 12.1 nA. The EBSD data were collected using the Bruker Quantax
Espirit 1.9 software, using an EBSP resolution of 160 x 120 pixels, 8 ms
exposure time and a step size between measurements of 2.2 pym. If the
pattern quality was poor and the software was unable to find the correct
crystallographic solution, then the point was not indexed. Non-indexed
points are common in areas of poor surface quality, on grain boundaries,
cracks and where the surface is contaminated. The EBSD data were post-
processed using Oxford Instruments Channel 5 software to remove mis-
indexed points and interpolate non-indexed points. The EBSD data were
also post-processed to ensure alignment of visible scan tracks with the X
axis.

The open-source software MTEX [46] was used to estimate the
orientation distribution function of a layer of additively manufactured
Ti2448 from the measured EBSD data using a kernel half-width of 4°.
Pole figures were then generated from the estimated orientation distri-
bution function.

3. Experimental results
3.1. Young's Modulus and density data

The experimentally measured Young’s Modulus for SLM Ti2448
cylinders built in different orientations is presented in Fig. 2. As ex-
pected, it is clear that build orientation has a significant effect on the
Young’s Modulus of SLM manufactured Ti2448. Due to the alternating
X-Y scanning strategy, the X and Y directions are equivalent and ex-
pected to demonstrate a different Young’s Modulus to that of the Z di-
rection, which is the build direction of the SLM machine. More
specifically, the thermal conditions experienced in the [100] (X-) di-
rection are identical to the [010] (Y-) direction. Similarly, the [101]
direction is equivalent to the [011] direction, which are both different to
[110]. The presented data in Fig. 2 is consistent with this. It is clear that
the [110] direction has the highest modulus, followed by the [001] and
[111] directions which are similar. The lowest modulus values are ob-
tained for samples aligned to the [100]/[010] and [101]/[011] di-
rections. Regardless of the direction, the modulus of the SLM produced
material is higher than that of wrought Ti2448, which has been reported
to be between 42 and 52 GPa depending on composition and processing
[47-49].

Figure 3 shows the measured density of the SLM fabricated Ti2448
cylinders for the different build orientations. Although there is an

Acta Materialia 254 (2023) 119021

3
(=)

s 8
<O
<>
*>
<*>
<
<6

W
W
T

Equivalent

W
(e}

Equivalent

~

&
T
L

Young's Modulus (GPa)
N
[w=)

[9%)
W
T
1

[011]

[100] [010] [001] [110] [101] [111]

Orientation
Fig. 2. Experimentally measured Young’s Modulus values for SLM-processed

Ti2448 cylinders with the orientations shown in Fig. 1. There are four experi-
mental measurements for each orientation.
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Fig. 3. The density of the individual SLM produced samples as a function of
build direction. There is no obvious trend in this data.

approximately +0.5% scatter in the data, there is little or no dependence
of density on orientation. Further, extracting out the data for the stiffest
([110]) and most compliant directions ([100] and [010]), Fig. 4 clearly
shows that it is not density that is the causal factor of the orientation
dependence of the Young’s Modulus.

3.2. EBSD grain orientation data

The post-processed EBSD grain orientation measurements for a sin-
gle layer of SLM fabricated Ti2448 are presented in Fig. 5. The laser scan
tracks are visible within the measured data. Under the assumption that
grain orientations are fixed relative to the axes of the SLM build ma-
chine, the EBSD data presented in Fig. 5 enables us to generate a detailed
microstructural model of polycrystalline SLM-processed Ti2448
material.

In Fig. 6 we present pole figures of the estimated orientation distri-
bution function generated from the EBSD data in Fig. 5. The pole figures
show a weak crystallographic texture, with no strongly preferred ori-
entations. The pole figures are useful in understanding the experimen-
tally measured Young’s Moduli for SLM Ti2448 cylinders built in
different orientations as presented in Fig. 2. For example, the pole figure
for [100] indicates a lower than uniform density of [100] poles aligned
along the Z axis. Ti2448 crystals have a low Young’s Modulus in
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Fig. 4. The effect of density on the experimentally determined Young’s
Modulus of individual samples for the [100], [010] and [110] directions.
Clearly the difference in density of the individual samples does not account for
the variation in the Young’s Modulus.

direction [100] [36], so this pole figure explains the higher Young’s
Modulus measured experimentally for additively manufactured Ti2448
cylinders built in orientation [001] compared to [100] and [010].

4. Computational methods

In this section we outline the computational approach used to model
the elastic properties of polycrystalline SLM-processed Ti2448. We note
that the computational homogenisation approach is relatively standard
(see, e.g., [42,50]), and the novelty lies in the development of the model
from our knowledge of the SLM build process combined with experi-
mentally measured grain orientations data. This approach enables us to
appropriately ascribe anisotropic elastic properties to each element of
the model.

4.1. Generation of finite element model from EBSD data

A finite element (FE) model of SLM-processed Ti2448 was con-
structed using the EBSD data. A block of SLM-processed Ti2448 440 pm
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% 440 pm x 440 pm in size was modelled using a representative volume
element (RVE) of 200 x 200 x 200 hexahedral (i.e., cube) elements.

Figure 7 illustrates the construction of an RVE from the grain ori-
entations data in Fig. 5. The 200 x 200 x 200 element cube was sepa-
rated into 8 layers. Each layer was 25 elements thick. This layer
thickness corresponds to 55 pm, which approximately matches the
thickness of a single layer of the SLM build. Grain orientations within
each layer were prescribed using a randomly chosen 440 um x 440 pm
portion of EBSD data. For every second layer the grain positions and
orientations were rotated by 90° about the Z axis to account for the
alternating fill vectors in the layers of the SLM build process. Four RVEs
were generated with the above process to enable an understanding of the
possible variation in the elastic properties of SLM-processed Ti2448.

Elastic properties for each element within each RVE were prescribed
using the orientation in terms of Euler angles of the Ti2448 grains from
the EBSD data and the known elastic properties of Ti2448 single crystals
[36]. We aligned the X axis with the visible scan tracks in the experi-
mental data. The Bunge convention for the Euler angles was used [51],
where crystal orientation is defined using a rotation through angle ¢,
about the Z axis, followed by a rotation through angle ® about the X axis
in its new orientation X, finally followed by a rotation through angle ¢,
about the Z axis in its new orientation Z . The adjustment of the Euler
angles for every second layer of the RVE to account for alternating
fill-vectors was implemented by incrementing the value of ¢, for these
elements by 90°.

As noted above in Section 3.1, the Young’s Modulus measurements
for our SLM processed Ti2448 are higher than that of wrought Ti2448.
We therefore introduce a calibration factor into our computational
model that will account for the SLM processed Ti2448 having higher
Young’s Modulus than Ti2448 single crystal data. In doing so, we are
assuming that the crystals within SLM processed Ti2448 have the same
anisotropic body-centred cubic (BCC) crystal structure as Ti2448 single
crystal specimens, but we are adjusting the stiffness of the base material
to reflect the higher stiffness of the SLM processed alloy. We therefore
write the base elasticity tensor of SLM processed Ti2448 for Euler angles
{p1, ®,¢0,} ={0,0,0} in Voigt notation as [41]

Fig. 5. Inverse Pole Figure colouring of the electron backscatter diffraction (EBSD) data. The orientation is measured parallel to the Z axis. This data relates to a
single layer of the SLM build, from a horizontal slice of an as-processed sample of Ti2448.
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Fig. 6. Pole figures for a layer of additively manufactured Ti2448 generated from the EBSD data presented in Fig. 5. The colour indicates multiples of uniform

density (MUD).

EBSD data

L.

Fig. 7. A schematic explaining how a representative volume element (RVE) for SLM-processed Ti2448 is constructed from the EBSD grain orientation data. Eight
randomly chosen square portions of the EBSD data are layered into the RVE. As indicated by the curved arrows, every second layer (2, 4, 6 and 8) is rotated by 90° A
single cube element in the depicted RVE on the right represents 5 x 5 x 5 elements in the computational model.

CI2 C11 C|2 0 0 0
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where using Ti2448 single crystal data we prescribe C1; = 57.2 GPa, Ci2
= 36.1 GPa and C44 = 35.9 GPa [36], and the factor C accounts for the
SLM processed alloy having a higher base stiffness. We expect that the
factor C is slightly larger than unity. Due to linearity, we performed the
following calculations with C = 1. The appropriate value of C was then
determined via a comparison of the computational and experimental
Young’s Modulus data using a least-squares error minimisation
approach.

We subsequently prescribe the elasticity tensor Cjy for a finite
element with Euler angles {¢;, ®,¢,} as
Ciu(@1, ®,9) = RyiR;RuRy

pqrs?

where C) -

tation (equivalent to [Cgﬂ] in Voigt notation), and summation is implied

is the above base elasticity tensor for Ti2448 in index no-

on the repeated indices p, q, r and s that each range from 1 to 3. The
rotation matrix R = [R(¢;, @, ;)] is given by [51]

R(p1, @) = 6] (5] [ ]
where [g'] is the rotation matrix for rotation about axis W by angle 6.
4.2. Computational homogenisation

Computational homogenisation [50,52,53] was used to calculate
effective elastic properties of each RVE. The state equations for linear

elasticity over an RVE Q under an applied macroscopic strain &; can be
written as [50]

o = 0

o; = Cyulp, ®,¢)eu
1

€ = E(”i,}""uj,i)

Voll(Q) / Z / G =&
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where oy is the stress tensor, ¢; is the strain tensor that must be Q-pe-
riodic, u; is the displacement field and Vol(Q) is the volume of Q. Note
that the elasticity tensor in the constitutive law that relates stresses to
strains depends on the three Euler angles, and thus varies within each
RVE. Summation is implied on repeated indices and the comma notation
is used for spatial derivatives. These state equations are solved with the
finite element method for the six applied strain fields given by

g —

1
i 3 (8B + 8udi)-

The effective elasticity tensor of the RVE Q is then given by [41,50]
Ci = /// Cpgt(01, ©,0,)eldQ
Q
(i)

where summation is implied on repeated indices and ¢, is the strain
. . . . . (i)
field resulting from the applied macroscopic strain €;’.

4.3. Calculation of Young’s Modulus

Effective elasticity tensors Eijkl were calculated for the four RVEs
generated from the EBSD data. To allow comparison with the experi-
mental data, for each RVE the Young’s Modulus was calculated for each
of the orientations in Fig. 1. The effective Young’s Modulus E, in the
direction of a unit vector n can be calculated via
I — 1

Sijuninngny

where summation is implied on repeated indices and Sy is the effective
compliance tensor. The effective compliance tensor is the inverse of the
effective elasticity tensor Eijkb

To determine the direction r that would give the minimum Young’s
Modulus, we averaged the effective elasticity tensor Cjj over the four
RVEs and subsequently performed a minimisation of the effective
Young’s Modulus E, over the possible directions n. The minimisation
was performed using Matlab’s fmincon function (Mathworks).

5. Computational results

We computed the effective Young’s Modulus of four RVEs
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constructed using Euler angles from the experimental EBSD data. This
enabled us to determine the appropriate scale factor C of 1.123 to ac-
count for the higher stiffness of the SLM-processed Ti2448 material. This
factor adjusts our estimate of the Young’s Modulus of SLM processed
Ti2448 crystals to be approximately 30, 63 and 99 GPa in the [100],
[110] and [111] directions, respectively, rather than the values of 27.1,
56.3 and 88.1 GPa measured for Ti2448 single crystals grown using an
optical floating-zone furnace [36]. The estimated Young’s Modulus of
the SLM processed BCC Ti2448 crystals is visualised in the left of Fig. 8
(c.f. Fig. 3(a) of [36]), which clearly demonstrates the anisotropy of the
Ti2448 grains.

The computed effective Young’s Modulus of the SLM processed
Ti2448 is visualised in the right of Fig. 8. We note that the elastic
properties of four RVEs generated from the EBSD data have been aver-
aged to obtain a single visualisation. The non-spherical nature of the
visualisation shows that the FE model predicts significant variation of
the Young’s Modulus with direction for SLM processed Ti2448. This
asymmetry arises from the combination of microstructural texture and
the very different modulus of the BCC Ti2448 crystals in the [100],
[110] and [111] directions (as shown in the left of Fig. 8).

Figure 9 shows a comparison of the computationally predicted
Young’s Modulus with the experimentally measured values for the ori-
entations in Fig. 1. We see an excellent match between the computa-
tional predictions and the experimental measurements. We emphasise
that the computationally predicted Young’s Modulus along direction
[100] is approximately equivalent to that along direction [010], and
similarly for directions [101] and [011], which reflects the symmetries
present in the SLM Ti2448 material.

Computational optimisation using the FE data displayed in the right
of Fig. 8 predicts a minimum Young’s Modulus along the direction
vector (—0.03, 0.92, 0.40). This direction is calculated to have a Young’s
Modulus of 49.6 GPa. As an additional validation of our computational
model, four cylinders of Ti2448 were fabricated in this calculated di-
rection of minimum Young’s Modulus. The cylinders were fabricated
with SLM as described in Sections 2.1 and 2.2. A Young’s Modulus of
49.9 + 0.4 GPa was measured for these samples, which is in excellent
agreement with the computational prediction of 49.6 GPa.

6. Discussion

The experimental data presented in Fig. 2 clearly show that build
orientation has a significant effect on the Young’s Modulus of SLM

Rtk 4
y “‘“\‘\\\\\\\‘\\\\\ an
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Fig. 8. Estimated Young’s Modulus of a single SLM BCC Ti2448 grain with Euler angles of {¢;, ®,¢,} ={0,0,0} (left) and calculated Young’s Modulus of SLM
manufactured Ti2448 (right), with the XY-plane shown for clarity. At a point on each surface, the distance to the origin is the Young’s Modulus along the direction to
the origin. The asymmetrical shape on the right indicates that SLM processed Ti2448 is anisotropic. This results from the directional Young’s Modulus variation of the

BCC Ti2448 grains (as shown on left) and microstructural texture.
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Fig. 9. A comparison of the experimentally measured and computationally
calculated Young’s Modulus values for the directions shown in Fig. 1. The four
calculated data points for each orientation correspond to the four different
RVEs generated from the EBSD data. As indicated, symmetries present in the
SLM material are also reflected in the calculated Young’s Modulus values.

manufactured Ti2448. The density data presented in Fig. 4 demonstrates
that variation in density of the SLM-processed samples is not responsible
for the measured directional variation of the Young’s Modulus. Instead,
our hypothesis is that preferred grain orientations that form during the
SLM process cause the observed variation of the Young’s Modulus.

Ti2448 is a metastable f titanium alloy with a BCC unit cell. Like
most BCC materials, the Young’s Modulus of Ti2448 varies significantly
according to the crystallographic orientation of the unit cell. The
Young’s Modulus of Ti2448 single crystals grown using an optical
floating-zone furnace has been measured to be 27.1, 56.3 and 88.1 GPa
in the [100], [110] and [111] directions, respectively [36]. Hence,
changes in the preferred orientation of polycrystalline materials (i.e.,
texture) are likely to result in changes in Young’s Modulus. The laser
scanning vectors in the SLM build process are defined relative to the axes
of the SLM machine, therefore the texture or preferred orientation of the
Ti2448 grains is also likely to be fixed relative to the build axes of the
machine. The orientation of the Ti2448 grains will therefore vary rela-
tive to the sample if a sample is built in different orientations.

The pole figures presented in Fig. 6 and generated from the EBSD
data in Fig. 5 show a relatively weak crystallographic texture within
SLM-processed Ti2448. Nevertheless, there are clear variations in the
estimated orientation distribution function that contribute to the
anisotropic Young’s Modulus properties of SLM Ti2448. The relatively
weak crystallographic texture explains why the variation in Young’s
Modulus for the SLM-processed material is much less significant than the
variation that occurs for Ti2448 BCC single crystals (see Fig. 8). The pole
figures provide additional validation and understanding of the variation
in Young’s Modulus measured experimentally and predicted by the FE
model.

Our FE model of the polycrystalline SLM-processed Ti2448 assumes
that microstructural texture is fixed relative to the axes of the SLM build
machine and predicts directional variation of the Young’s Modulus in
very good agreement with our experimental measurements. Therefore,
our work strongly suggests that the preferred orientation of the Ti2448
crystals relative to the axes of the build machine causes the experi-
mentally observed directional variation in Young’s Modulus. We
emphasise that our calculated values are computed directly from the
measured EBSD data by generating a novel FE model of SLM-processed
Ti2448. The properties of each element within the model are prescribed
using the Euler angles from the EBSD data and modulus data from
Ti2448 single crystals [36] with a scale factor to account for the stiffness
of the SLM processed alloy being significantly higher than its notional
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value. The calculated scale factor of 1.123 indicates that the Ti2448
single crystals within the SLM-processed material have Young’s Moduli
of approximately 30, 63 and 99 GPa in the [100], [110] and [111] di-
rections, respectively. Such a high measured stiffness may have occurred
because the composition of the alloy was not quite correct, see Table 1.
In particular, the Nb content at 23.2% was lower than target 24%, which
would increase the modulus of the material by ~10% [47]. This would
account for most of the difference observed. In addition to this, SLM
processing tends to increase the oxygen content by ~0.05%, which tends
to increase the modulus [9].

As one further test of our computational model, we computationally
predicted the direction and value of the minimum Young’s Modulus. The
measured Young’s Modulus of 49.9 + 0.4 GPa for the samples built
along the predicted minimum Young’s Modulus direction (—0.03, 0.92,
0.40) matched well with the computationally predicted value of 49.6
GPa. Moreover, this demonstrates an important capability facilitated by
the computational analysis in this paper: that of being able to tailor the
Young’s Modulus of an SLM sample by choosing the build orientation.
Our calculations indicate that by altering the build direction alone, it is
possible to adjust the Young’s Modulus of SLM-produced Ti2448 be-
tween approximately 50 and 70 GPa. This is significant new knowledge
relevant to the production of Ti2448 parts and with broader relevance to
selective laser melting of other alloys.

7. Conclusion

In this paper we have presented experimentally measured Young’s
Modulus and crystallographic texture data for SLM-processed Ti2448.
We have shown that the directional Young’s Modulus of a Ti2448
sample produced with SLM can be predicted with high accuracy using a
detailed finite element model of the SLM-processed polycrystalline
material. Our model was developed using EBSD grain orientation data;
knowledge of the anisotropic properties of Ti2448 single crystals; an
understanding of the layered nature of the SLM build process; and the
assumption that the grain orientations are fixed relative to the axes of
the SLM build machine. The computational Young’s Modulus pre-
dictions accurately matched the anisotropic Young’'s Modulus variation
of SLM-processed Ti2448 samples built in 7 different orientations. This
work provides a strong demonstration that advanced computational
methods coupled with accurate microstructural models can quantita-
tively predict the complex elastic properties of polycrystalline materials,
including those additively manufactured.

In addition to success of the finite element method in accurately
predicting the anisotropic elastic properties of the polycrystalline
layered material, the method provided two further important outcomes
in the context of additive manufacturing. First, the method enabled an
estimate of the Young’s Moduli of the Ti2448 crystals produced using
SLM (which is 12.3% higher than the reference material). Second, our
method shows how build orientation could be optimised to tailor the
properties of SLM materials. In the case of Ti2448, our modelling
accurately predicted a ~10%—25% reduction in the Young’s Modulus of
the SLM-processed material when built in the optimal orientation,
compared to the orientations already considered. This reduction was
realised experimentally and could potentially reduce stress shielding
and the risk of implant loosening in implant applications.
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