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Functionally graded materials enable the spatial tailoring of properties through controlling compositions and
phases that appear as a function of position within a component. The present study investigates the ability to
reduce the coefficient of thermal expansion (CTE) of an aluminum alloy, Al 2219, through additions of Ti-6Al-4V.
Thermodynamic simulations were used for phase predictions, and homogenization methods were used for CTE
predictions of the bulk CTE of samples spanning compositions between 100 wt% Al 2219 and 70 wt% Al 2219
(balance Ti-6Al-4V) in 10 wt% increments. The samples were fabricated using directed energy deposition (DED)
additive manufacturing (AM). Al,Cu and fcc phases were experimentally identified in all samples, and alumi-
nides were shown to form in the samples containing Ti-6Al-4V. Thermomechanical analysis was used to measure
the CTE of the samples, which agreed with the predicted CTE values from homogenization methods. The present
study demonstrates the ability to tailor the CTEs of samples through compositional modification, thermodynamic

calculations, and homogenization methods for property predictions.

1. Introduction

Grading between aluminum alloys and titanium alloys can be
beneficial in the aerospace industry for components such as spacecraft
shields [1,2], seat-tracks [1,3], beams, bulkheads, fuselage structures,
and wing structures [1], all of which must be lightweight, while main-
taining high strength and long service lives. However, challenges with
the use of these graded materials are their poor machinability [4] and
their low toughness at room temperature [5,6] due to the presence of
titanium aluminide phases. These challenges can be circumvented by
depositing near net shaped components using additive manufacturing
(AM) [7].

Recently, researchers have investigated the use of AM to fabricate
components that grade between Al alloys sand Ti alloys [8,9]. In
laser-based powder-based directed energy deposition (DED) AM, pow-
der metal feedstock is deposited into a melt pool created by a laser heat
source, which melts, then rapidly cools and solidifies to the material
below. The laser is then moved along a designed tool path in a
layer-by-layer fashion until the final part is formed. Key challenges with
mixing dissimilar materials in melt-based AM processes include cracking
[7,10] due to the formation of intermetallic phases, where transient

thermal cycles exacerbate the local stress concentrations and solidifi-
cation cracking.

Studies exploring the fabrication of functionally graded materials
(FGMs) that grade between Al alloys and Ti alloys using DED are limited
and have often resulted in cracking. Chen et al. [11] fabricated
Ti-6Al-4V / AlSil0OMg bimetallic structures using DED, but in-
termetallics formed at the interface and resulted in cracking. Hotz et al.
[1] fabricated an FGM consisting of layers of AlSi10Mg, then 50%
AlSi10Mg with 50% Ti-6Al-4V, followed by layers of Ti-6Al-4V.
Cracking at the interfaces between compositions was attributed to for-
mation of intermetallics [1]. Liu et al. [2] graded in 25 vol% composi-
tions steps from 100% Ti-6Al-4V to 100% AlSi10Mg using DED, and
cracks were again observed at the composition transitions [2]. Daram
et al. [12] studied a graded structure between pure Ti and pure Al
fabricated in 10 at% steps using laser powder bed fusion AM and found
cracks across the gradient zones due to the presence of intermetallic
phases.

In addition to designing compositional pathways that avoid failure
during processing due factors such as intermetallic phase formation and
hot cracking, efforts are needed in tailoring compositional pathways
that result in desired properties. For example, Kirk et al. [13] explored
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the use of path planning approaches to design an FGM compositional
path from Fe95Co5 to Fe10Co60Cr30 with monotonically varying CTE.
In their approach, the CTE of a discrete number of compositions within
the Fe-Co-Cr ternary space was calculated from a thermodynamic
database containing properties, and the CTE of other compositions were
linearly interpolated from those data.

Homogenization approaches may also be used to approximate the
macroscopic CTE of multiphase alloys based on the phase fractions and
individual CTE of those phases that are expected to appear in the ma-
terial. The simplest approach is the rule of mixtures model [14-16],
which is a summation of the volumetric weighted average of the CTE
values for each phase and provides the upper bound of bulk CTE. The
lower bound for CTE is typically represented with the Turner equation
[14,15,17], which takes into consideration the elastic properties of
phases in addition to their CTEs and phase fractions. These two ho-
mogenization models have been shown to bound the measured CTEs of
multiphase materials well in the literature [15].

The goal of the present work is to demonstrate the ability to tailor the
CTE as a function of composition and phases in multiphase materials
using Al 2219 whose CTE is reduced through additions of Ti-6Al-4V. For
this, thermodynamic calculations were used to predict phase fractions as
a function of composition, then the CTE of each multiphase composition
was predicted using homogenization methods. Monolithic samples of
varying ratios of Al 2219 and Ti-6Al-4V were fabricated using DED AM.
The compositions, phases, and CTE values were experimentally
measured in the monolithic samples. To evaluate the feasibility of
fabricating an FGM pillar through the compositions used to tailor CTE
between Al 2219 and Ti-6Al-4V, an FGM grading between 100 wt% Al
2219 and 70 wt% Al 2219 / 30 wt% Ti-6Al-4V in 10 wt% Ti-6Al-4V
composition increases was fabricated using DED AM, providing insight
into the allowable limits of brittle phase in a component to avoid failure
in an FGM. The present work demonstrates the ability to use phase and
property information to intentionally grade CTE in an FGM; an approach
which can be used to design components with desired properties.
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2. Materials and methods
2.1. Sample design and fabrication

To probe the design space between Al 2219 and Ti-6Al-4V, ther-
modynamic predictions of phases, using the open-source MaterialsMap
[18] Python library, were performed in the Al-Ti-V ternary, with the
results given in the phase heat maps in Fig. 1. Scheil calculations for
rapid solidification were used to predict the phases, as these have been
shown to accurately capture the phases formed in as-deposited AM
components [19,20].

The crack susceptibility criteria [10], which are built into Materi-
alsMap [18], were calculated across the ternary composition space for
the Al-Ti-V system. Three criteria were used to assess crack susceptibility
of the compositions of interest: the Kou criterion (Kou), the improved
crack susceptibility coefficient (iCSC) criterion, and the simplified
Rappaz-Drezet-Gramaud (sRDG) criterion, all of which are described in
detail in Ref. [10]. These maps, shown in Fig. 2, were calculated to
identify compositions to avoid in designed paths, as they indicate
compositions that have relatively high crack susceptibility, which can
result in failure during fabrication.

Based on the above design tools, four compositions were selected for
fabricating monolithic samples. The designed compositions spanned a
region between Al 2219 and Ti-6Al-4V, and were fabricated to evaluate
if they resulted in a gradual transition of composition, phases, and a
gradual reduction of CTE from that of Al 2219 (see predictions in Fig. 8),
with the understanding that gradual variations of CTE would be effec-
tive in reducing thermal stresses between gradient layers within an
eventual FGM. These compositions also spanned across the ternary
space that predicted low crack susceptibility, near the Al-rich corner of
the ternary. The four designed compositions were 100 wt% Al 2219,
90 wt% Al 2219 / 10 wt% Ti-6Al-4V, 80 wt% Al 2219 / 20 wt% Ti-6Al-
4V, and 70 wt% Al 2219 / 30 wt% Ti-6Al1-4V (herein referred to by their
Ti-6A1-4V wt%, with the remainder being made up of Al 2219).

The samples were fabricated on a DED AM system (Optomec, LENS
MR-7, New Mexico) equipped with ytterbium-doped fiber laser (IPG
YLR-500-SM) in an Ar gas environment (< 25 ppm O). Gas atomized Al
2219 (Applied Research Laboratory, Pennsylvania) and Ti-6Al-4V
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Fig. 1. Phase heatmaps based on Scheil simulations, as a function of composition, in the Al-Ti-V ternary system. The Al-rich corner contains fcc phase and aluminides
Al3Ti, AlsTiy, and TiAl. The Ti- and V- rich corners are made up of solid solution bcc phase. Circle markers on the heatmaps indicate designed compositions of interest

fabricated using DED AM.



B. Tonyali et al.

y 0

s °
T T

Journal of Alloys and Compounds 1009 (2024) 176971

Normalized Crack Susceptibility
| E— |
0.0 0.5 1.0

* As-deposited composition
+ Crack composition

0 02 04 06 08 1

0 02 04 06 08 1
W(Ti) W(Ti)

0 02 04 06 08 1

W(Ti)

Fig. 2. Normalized crack susceptibility criteria based on the Kou, iCSC, and sRDG criteria for solidification cracking as described in ref. [10], where 0 indicates little
crack susceptibility, and 1 indicates the maximum crack susceptibility within the ternary for each of the three considered criteria. Circle symbols correspond to the
layer-wise compositions along the FGM sample with the ‘4’ symbol indicating the composition where cracking was experimentally observed.

(Phelly Materials, New Jersey) powders of mesh size —100/+325 were
used. The processing parameters, provided in Table 1, were adjusted for
each composition to accommodate the addition of Ti-6Al-4V into the
respective builds. The fabricated samples were each approximately
8 mm in width, 31 mm in length, and 6-8 mm in height. Brinell hard-
ness tests were performed on the as-deposited samples, with the results
confirming that the mechanical properties changed with the addition of
Ti-6Al1-4V. These hardness data are provided in supplementary
Figure S1.

2.2. Experimental methods

The four samples of 0, 10, 20, and 30 wt% Ti-6Al-4V and the FGM
pillar fabricated using DED AM were prepared for metallographic
evaluation by hot mounting, then polished using standard metallo-
graphic preparation techniques, with a 0.05 pm colloidal silica solution
final polish. To collect information on the composition of these samples,
energy dispersive spectroscopy (EDS, Thermo-Scientific, Apreo S Low
Vac, Massachusetts) using a silicon drift detector (Oxford Instruments,
Ultim Max silicon drift detector, Massachusetts) was performed. Elec-
tron backscatter diffraction (EBSD, Oxford Instruments, Symmetry de-
tector, Massachusetts) paired with image analysis software [21] (MIPAR
Image Analysis Software, MIPAR, Ohio) was used to quantify phase in-
formation from the samples.

To measure the CTE of the monolithic samples, 10 mm x4 mm round
specimens were extracted transverse to the build direction from each of
the samples and were tested using a thermal mechanical analyzer (TMA,
Q400, TA Instruments, Delaware). These samples were heated per ASTM
E228 to 540°C at a heating rate of 5°C/min, and the length of the
samples were measured as a function of temperature throughout the test
run at a rate of 1 Hz. To quantify thermal expansion behavior for each
sample, the average measured CTE of the samples between 50 and 200
°C were computed and compared with experimentally available data in
the literature. Three tests were performed on each sample, and the
samples were left to air cool to room temperature between each test run.

Table 1

Processing parameters used in the fabrication of the composition samples with
varying Ti-6Al-4V content. Each sample contained 40 layers at a height of
0.02 cm per layer, and each layer contained 15 hatches per layer, at a hatch
spacing of 0.05 cm. A laser power of 450 W was used for all samples, with a duty
cycle of 100%.

Al 2219 (Wt%)  Ti-6Al-4V (wt%) Travel speed (mm/s) Powder flow (g/min)

100 0 64 1
90 10 76 1.21
80 20 93 1.39

70 30 105 1.58

2.3. Computational methods

2.3.1. CALPHAD modeling of thermodynamics and input data

An Al-Cu-Ti-V four-element thermodynamic database was con-
structed for the present study to predict the formation of phases within
the composition space spanning from Al 2219 to Ti-6Al-4V. The ther-
modynamic description contains four binary systems and one ternary
system, which were taken from the literature. The binaries included in
the database are Al-Cu from Liang et al. [22], Al-Ti from Witusiewicz
et al. [23], Al-V from Lindahl et al. [24], and Ti-V from Saunders et al.
[25]. The Al-Ti-V ternary system from Lindahl et al. [24] was used. This
Al-Ti-V ternary system can provide reliable predictions for Ti-6Al-4V.
Additionally, incorporating Cu allows for accurate phase formation
representation in Al 2219, which contains 91.5-93.8 wt% Al, 5.8-6.8 wt
% Cu, and less than 1 wt% of other elements [26]. Therefore, the major
binary and ternary systems included in the present Al-Cu-Ti-V database
can capture the phase formation in compositions along an Al 2219 to
Ti-6Al-4V gradient in the Al-rich composition.

Using the current Al-Cu-Ti-V database, equilibrium and Scheil sim-
ulations were performed to predict phase formation within the DED-
fabricated samples. Equilibrium calculations are used to represent one
extreme case of solidification, under which a material would undergo
infinitely slow cooling. Scheil simulations consider rapid solidification
with no diffusion in the solid and perfect mixing of the liquid and have
been shown to accurately predict as-deposited phases in additively
manufactured components [19,27]. Equilibrium simulations may better
capture phase transformations due to in-process thermal cycles and/or
post-processing heat treatments of AM components. Together, these two
bounds are used to describe phase formation in additively manufactured
components. The equilibrium calculations were performed at a tem-
perature of 540°C, which is immediately below the solidus temperature
of all compositions under investigation. Scheil solidification simulations
start at a temperature at which the material is 100% liquid and end at
the eutectic temperature, where the composition is 100% solid, which
was calculated to be 548°C for the compositions that were fabricated.

2.3.2. Property predictions

Two different expressions were used to predict the CTE of the com-
positions as a function of phases across the Al-Ti FGM, i.e., the rule of
mixtures equation and the Turner equation for the upper and lower
bounds of CTE for the FGM compositions, respectively. The data for
phase properties were sourced from the literature and are reported in
Table 2. These values were used in the CTE predictions. The rule of
mixtures (ROM) approximation is a volumetric dependence of CTE that
assumes the behavior of each phase is not influenced by other phases
present in a mixture [28] and is represented with the following equation:

a= Z&ivi @

where @; represent the average CTE across a temperature range of phase
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Table 2

Thermo-mechanical property data for the alloys used for fabrication, with
phases of which they are composed noted in parentheses, and the aluminide
phases that were experimentally found in the samples. The CTE of pure Al 2219
was measured as part of this study and is reported in the table.

Material CTE, (pm/m - °C) E (GPa)
Al 2219 (fee + Al,Cu) 27.0 70 [31]
Ti—6Al-4V (hcp) 8.8 [32] 114.8 [33]
AlTi 19.5 [34] 209 [35]
TiAl 13 [36] 142 [36]

i, and V; is the volume fraction of phase i. The Turner [14,15,17] model
takes into consideration the interaction between phases through their
bonding and stresses produced as a result [17]. With the assumption that
the Poisson’s ratio is identical between phases, elastic modulus is used in
place of bulk modulus in the equation [14], and the Turner equation is
given as:

Z a; ViEi

S VE; 2)

a=
where E; is the Young’s modulus of phase i. It is noted that the Turner
equation would result in lower CTE predictions over the rule of mixtures
due to the consideration of E; of the phases, in that E; is lower for phases
with higher CTE, and vice versa [14]. Nevertheless, these equations
together can be used to bound the property predictions for the mono-
lithic samples, given their phase constituents from thermodynamic
predictions and properties of those phases.

2.3.3. Feasibility of Al 2219 / Ti-6Al-4V FGM

To investigate the ability to fabricate an FGM between compositions
in which the bulk CTE was designed to change, an FGM from 100 wt% Al
2219 and 70 wt% Al 2219 / 30 wt% Ti-6Al-4V in 10 wt% increments
was fabricated using DED with the parameters given in Table 3. As
cracking was observed in the samples, crack morphology was analyzed
in terms of brittle phase formation and crack susceptibility maps used for
path planning. An image of the as-deposited FGM is provided in Fig. 3.

3. Results and discussion
3.1. Experimental characterization

The phases and local compositions were characterized in the samples
fabricated with designed ratios of 100 wt% Al 2219, 90 wt% Al 2219 /
10 wt% Ti-6A1-4V, 80 wt% Al 2219 / 20 wt% Ti-6Al-4V and 70 wt% Al
2219 / 30 wt% Ti-6Al-4V. Table 4 gives the nominal designed compo-
sitions and as-deposited compositions for each of the samples obtained
from EDS, in wt% Ti-6Al-4V. It was determined that the as-deposited
compositions were lower in Ti-6Al-4V than designed. The samples
with nominal compositions of 10, 20, and 30 wt% Ti-6Al-4V were found
to contain 7, 12, and 20 wt% Ti-6Al-4V, respectively. In addition, as
shown in the micrographs and EDS maps in Fig. 5, partially unmelted Ti-
6Al-4V particles were present in those samples, indicating that not all
the deposited Ti-6Al1-4V in the sample was completely mixed. These

Table 3

Processing parameters used in the fabrication of the FGM sample. Each
compositionally distinct region of the sample contained 20 layers at a height of
0.02 cm per layer, and each layer contained 8 hatches per layer, at a hatch
spacing of 0.05 cm. A laser power of 437.5 W was used for all samples.

Al 2219 Ti-6Al-4V Travel speed Duty Cycle Powder flow
(Wt%) (Wt%) (mm/s) (%) (g/min)

100 0 3 50 0.99

90 10 11 100 1.19

80 20 11 100 1.40

70 30 11 100 1.60
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Fig. 3. Optical image of the cross-section of the FGM sample with labels cor-
responding to the changes in composition along the build direction. Circles
indicate locations where cracking was observed in the FGM.

Table 4

Designed sample compositions, their deposited compositions, and compositions
of the matrix regions, defined as the regions surrounding the partially melted Ti-
6Al-4V particles in fabricated samples. Compositions of the samples are given in
wt% Ti-6Al-4V, with the remainder being made up of Al 2219.

Designed Composition,
wt% Ti-6A1-4V

Deposited Composition,
wt% Ti-6A1-4V

Matrix Composition,
wt% Ti-6A1-4V

0 0 0
10 7 3
20 12 3
30 20 6

partially unmelted Ti-6Al-4V powder particles were a result of the
disparate melting temperature ranges of Ti-6Al-4V (1680-1684°C) and
Al 2219 (548-642°C), which led to incomplete melting when the pro-
cessing for the samples were optimized for Al deposition. These features
are also reported in other work grading between pure Al and Ti in the
literature [12].

Localized phase formations were identified in the monolithic sam-
ples using EBSD, which are given in Fig. 6. For the monolithic samples
containing 7, 12, and 20 wt% Ti-6Al-4V, EBSD results were only ob-
tained from regions surrounding the unmelted particles, as those were
the locations where phases would form through solidification and
thermal cycling during the DED process. Four different phases were
identified in those localized regions: fcc, Al,Cu, AlsTi and TiAl. The
100 wt% Al 2219 sample was made up entirely of Al (fcc) phase and
AlyCu. X-ray diffraction (XRD) was performed on the FGM sample,
which confirmed the phases identified by EBSD as a function of
composition (see Figure S2 of the supplemental material).

To quantify the overall phase amounts observed in the samples
containing unmelted Ti-6Al-4V particles, which exhibited heteroge-
neous microstructures, the SEM images shown in Fig. 5(a) for the 7, 12,
and 20 wt% Ti-6Al1-4V samples were processed using MIPAR image
analysis software [21] to distinguish between the four phases that were
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Fig. 4. Experimentally measured phases, in mole fraction, compared with those
predicted from equilibrium at 540 °C and Scheil solidification simulations, as a
function of wt% Ti-6A1-4V (balance Al 2219). The thermodynamics calculations
were made using the Al-Cu-Ti-V database developed in the present work. Data
for monolithic samples and the FGM sample are shown by symbols.

observed in EBSD analysis. Due to the inability to distinguish Al (fcc)
from Al;Cu, and TiAl phase from AlsTi in the SEM images, local phase
fractions for these areas that were identified from EBSD were used to
calculate a weighted fraction of fcc and Al,Cu contained within the areas
identified from MIPAR [21] analysis as Al 2219. The same approach was
taken to distinguish TiAl from Al3Ti, which make up the area fraction of
aluminides given from the MIPAR [21] analysis. The segmentation of
phases from image analysis using this method are shown in Fig. 5(b).

Table 5 presents the calculated phase fractions from EBSD and SEM
images that were processed with MIPAR [21]. The 0 wt% Ti-6Al-4V
(100 wt% Al 2219) sample consisted of approximately 0.87 mol frac-
tion fcc phase and 0.13 mol fraction Al,Cu phases, and the other three
samples with varying amounts of Ti-6Al-4V (7, 12, 20 wt% Ti-6Al-4V)
contained varied amounts of AlsTi, TiAl, and Ti-6Al-4V particles in
addition to Al (fcc) and Al,Cu. The amounts of fcc and Al,Cu phases in
these samples decreased with increasing Ti-6Al-4V amount, while Al3Ti
and TiAl phase fractions increased. The amount of unmelted Ti-6Al-4V
particles is also reported in the table, which increases with the addi-
tion of Ti-6Al-4V in the sample, characteristic of the insufficient melting
of Ti-6Al-4V particles during deposition.

As the unmelted Ti-6Al-4V particles would not contribute to the
overall phase formation during the DED process, the amount of Ti-6Al-
4V that did melt in each of the samples was calculated by subtracting the
unmelted Ti-6Al-4V from the overall sample compositions determined
by EDS. These compositions, referred to as the matrix compositions, are
given in Table 4. As listed in the table, the samples that were intended to
contain 10, 20, and 30 wt% Ti-6Al-4V only contained 3, 3, and 6 wt% of
melted Ti-6Al1-4V that was able to mix during solidification, respec-
tively. To make comparisons between the phases that formed out of the
melted matrix phase of the samples, Fig. 4 gives the experimentally
observed phase fractions in the matrix phase, i.e. the area surrounding
the unmelted Ti-6Al-4V particles, as a function of the matrix composi-
tions that are reported in Table 4. The same trends that were found from
the overall sample phase distribution described above are observed in
the phases that form in the matrix, where Al (fcc) phase fraction de-
creases, and Al3Ti and TiAl phase fractions increase with the addition of
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Ti-6Al-4V in the melt.
3.2. Experimental measurements versus CALPHAD predictions

The amounts of phases present along the designed composition path
shown in Fig. 1 are given in Fig. 4 for a composition gradient between
0 and 30 wt% Ti-6Al-4V, balance Al 2219. Equilibrium simulations at
540°C were also used to determine if solid state phase transformations
were expected during thermal cycling. As shown, both equilibrium and
Scheil simulations predicted fcc, Al,Cu, and Al3Ti phase to form. Equi-
librium simulations predicted a greater amount of fcc phase to form
compared to Scheil simulations over the entire composition range,
where Scheil simulations predicted greater fractions of AlsTi and Aly;Cu
phase than equilibrium calculations.

These thermodynamic predictions were compared to the experi-
mental phase fractions obtained from SEM images, with phases quan-
tified using image processing software [21]. As the layer-wise
compositions were assumed to be completely melted and homogenous
for Scheil and equilibrium calculations, the presence of unmelted
Ti-6Al-4V particles prohibit the direct comparison of predictions with
experimentally fabricated samples. Therefore, we compared phases
observed in the matrix area of the monolithic samples, i.e., the area
surrounding the unmelted particles, with those predicted using ther-
modynamic calculations.

Fig. 4 compares the experimentally measured phase fractions of the
matrix areas of the samples to thermodynamic phase predictions under
equilibrium (at 540°C) and Scheil conditions. Equilibrium and Scheil
simulations correctly predicted the experimentally observed formation
of Al (fcc), AlyCu, and AlsTi in the monolithic samples, but not TiAl,
which is discussed below. The differences in phase fractions predicted by
equilibrium and Scheil simulations are small, and all within 8 mol% of
experimental values, and therefore within the experimental uncertainty.

The only notable disagreement observed between experiments and
predictions was the presence of TiAl phase observed in the experiments,
which was not predicted to form in either the equilibrium or Scheil
simulations. To characterize these locally observed phases, an EDS line
scan was taken from an unmelted Ti-6Al-4V particle to surrounding Al
2219 as shown in Fig. 7(a). This figure highlights the gradients in
composition from Ti-6Al-4V to Al 2219 that are observed in areas
around the unmelted Ti-6Al-4V particles and the local formation of TiAl
and Al3Ti phases that were observed across these gradients. Therefore,
the presence of the TiAl phase is explained by the locally high concen-
tration of Ti around the partially melted particles, where the local
composition of Ti exceeded the deposited bulk composition that were
used for sample-wise phase predictions shown in Fig. 4.

To confirm the formation of TiAl across the compositions accessed by
the line scan from Fig. 7(a), Scheil simulations were performed at
compositions from 100% Ti-6A1-4V to 100% Al 2219 and are given in
Fig. 7(b). These Scheil simulations predicted the formation of Al3Ti,
TiAl, and AlsTip across the composition gradient shown in Fig. 7(a),
confirming the expected presence of additional Ti-rich aluminides
around the unmelted Ti-6Al-4V particles. EBSD only identifies the
presence of AlsTi and TiAl due to the similarities in crystal structures
between the TiAl and AlsTiy phases, precluding their differentiation
using EBSD. Both phases have tetragonal crystal structures with similar
lattice parameters and are at times reported to be the same phase [29].
Local EDS maps of these features show the presence of local composi-
tions that agree with that of AlsTi,. As the TiAl and AlsTiy phases cannot
be distinguished in EBSD, these phases are grouped and reported as TiAl
in Fig. 4.

3.3. TMA measurements and comparison to property predictions
The experimentally measured CTE of the monolithic samples are

compared with the predicted CTE from thermodynamic phase pre-
dictions and homogenization methods in Fig. 8. As the Ti-6Al-4V content
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12 wt% Ti6AI4V 20 wt% Ti6Al4V

(a)

Al2219

I
Ti-6A-4V

Aluminides

Fig. 5. (a) Backscatter electron images and EDS elemental area maps of monolithic samples with designed compositions varying between 100 wt% Al 2219 and
70 wt% Al 2219 / 30 wt% Ti-6Al-4V in 10 wt% Ti-6Al-4V increments, with actual deposited composition of the overall area noted at the top of the columns. (b)
Feature segmentation results using MIPAR image analysis software on the designed 10, 20, and 30 wt% Ti-6Al-4V samples that contained partially melted Ti-6Al-4V
particles. The images were segmented to separate features indicative of unmelted Ti-6Al-4V particles, aluminides that surround the particles, which are made up of
Al3Ti and TiAl phases, and the Al 2219 matrix, which is composed of fcc and Al,Cu.

in the samples increased with respect to Al 2219, the CTE gradually
decreased. This decline in CTE was due to increasing amounts of
unmelted Ti-6Al-4V particles and the formation of TiAl and AlsTi
compounds in the samples, all with lower CTEs compared to Al 2219
alloy (see Table 2). The CTE predictions given by the homogenization
methods were able to predict the experimental CTE measurements,
showing that given accurate phase data, homogenization methods can

be used to correctly predict the bounds between which experimental
CTE fall.

3.4. FGM path planning and cracking

The as-deposited compositions and phases observed along the FGM
pillar grading from 100 wt% Al 2219 to 70 wt% Al 2219 / 30 wt% Ti-



B. Tonyali et al.

Al;Ti TiAl Zero-solution

Journal of Alloys and Compounds 1009 (2024) 176971

(c) Phase Map

(b) SEM

25 pym

Fig. 6. (a) Optical microscope image of the 80 wt% Al 2219 / 20 wt% Ti-6Al-4V sample where numbers indicate areas analyzed using (b) SEM imaging and (c) EBSD
phase analysis. The dark circular features in the optical image of the sample in (a) were confirmed to be unmelted Ti-6A1-4V particles and the elongated dark features

were confirmed to be aluminides (i.e., these features are not pores or cracks).

Table 5

Phase mole fractions in monolithic samples containing varying amounts of Ti-
6Al-4V calculated with the overall compositions evaluated from SEM back-
scatter images and EBSD data.

wt% Ti-6Al-4V Al (fec) Al,Cu AlTi TiAl Ti-6Al-4V
0 0.87 0.13 - - -
7 0.88 0.03 0.04 0.02 0.03
12 0.81 0.03 0.05 0.02 0.09
20 0.72 0.03 0.07 0.03 0.15
(@)
Ti-6A-4V » Al2219
100
9 i
& 80
2 t% Al
Tt — W%
- 4
o 60 — wt% Cu
= —_— Wt% Ti
3 40
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Distance (um)

6Al-4V gradient are given in Table 6. Since the as-fabricated FGM also
contained unmelted particles, only the phases in the matrix area were
considered for comparison to phase predictions. As shown in Fig. 4, the
experimentally observed phases agreed with those given by thermody-
namic simulations, providing further validation of the phases present in
the Al-Cu-Ti-V system.

The 25 wt% Ti-6Al-4V region of the FGM contained cracking. As the
compositions within the FGM did not grade into compositions that were
predicted to have high crack susceptibility (see Fig. 2), it is unlikely that
the cracking was due to hot cracking during fabrication. It is hypothe-
sized that the cracking was instead a result of the high amount of brittle
Al3Ti phase (77 mol%) relative to the ductile fcc phase present at 25 wt
% Ti-6Al-4V. These results confirm that the threshold of brittle phases to

(b)
— bcc — AlTi = TiAl
hcp = fcc AlsTi;
1.0 A
0.8
c
o
-
< 0.6 1
[
]
S 0.4 A
=
0.2 4
0-0 T T T T

100 80 60 40 20 0
wt% Ti-6Al-4V

Fig. 7. (a) EDS line scan spanning from an unmelted Ti-6Al-4V particle to an Al 2219 region, which spans from 100% to 0% of Ti-6Al-4V (bal. Al 2219). (b) Scheil
phase predictions for pure Al to Ti-6Al-4V, serving as a simplified system to approximate the Ti-6A1-4V to Al 2219 scan.
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Fig. 8. Experimentally measured CTE as a function of Ti-6Al-4V (balance Al
2219), compared with CTE predictions using the rule of mixtures and Turner
equations based on predicted phase fractions from Scheil simulations, equilib-
rium calculations at 540°C, and experimentally measured phase vol-
ume fractions.

Table 6
Phase mole fractions of FGM sample calculated from the compositions evaluated
from SEM backscatter images and EBSD data.

wt% Ti-6A1-4V Al (fec) Al,Cu AlgTi TiAl Ti-6A1-4V
0 0.90 0.10 - - -

13 0.61 0.04 0.31 0.00 0.05

15 0.57 0.05 0.32 0.01 0.05

25 0.21 0.02 0.77 - -

avoid cracking is material system-dependent [30], where 32 mol% of
Al3Ti making up the 15 wt% Ti-6Al-4V composition layers in the FGM
did not result in cracking but grading to 25 wt% Ti-6Al-4V, resulting in
77 mol%, did.

4. Conclusions

The present work used thermodynamic calculations and homogeni-
zation methods to tailor the CTE of Al 2219 through mixing with Ti-6Al-
4V. Samples with monolithic compositions spanning between 100 wt%
Al 2219 to 80 wt% Al 2219 / 20 wt% Ti-6Al-4V were fabricated using
DED AM and were characterized to validate the phase and CTE pre-
dictions as a function of the amount of Ti-6Al-4V. An FGM was also
fabricated to demonstrate the manufacturability of a functionally graded
Al alloy / Ti alloy component. The key findings from the present work
are as follows:

e Experimental characterization showed that as the amount of Ti-6Al-
4V increased in the monolithic and FGM samples, the amount of fcc
phase decreased and the amounts of aluminides increased. These
findings agreed with thermodynamic predictions obtained by equi-
librium and Scheil simulations.

Homogenization methods for predicting CTE showed that through
incremental additions of Ti-6Al-4V into Al 2219, the CTE of pure Al
2219 alloy is gradually reduced. The CTE measurements for the
monolithic samples with varying Ti-6Al-4V content fell in between
CTE bounds predicted by homogenization methods, in which the
upper bound is given by rule of mixtures predictions and the lower
bound is given by the Turner equation. The approach of using phase

Journal of Alloys and Compounds 1009 (2024) 176971

predictions along with homogenization methods to approximate
macroscale properties of compositions can be used in FGM path
planning by considering property objectives or constraints in addi-
tion to the avoidance of cracking due to phases or solidification in the
design of FGM compositional paths.

Cracking occurred in the FGM sample that graded from 100 wt% Al
2219 to 75 wt% Al 2219 / 25 wt% Ti-6Al-4V due to the high amount
of brittle AlsTi phase present relative to the ductile matrix phase.
This cracking indicates the need to consider critical limits of brittle
phases when designing compositions for FGMs to prevent failure.
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