¥ ® ROYAL SOCIETY

Materials
PP OF CHEMISTRY

Advances

View Article Online

View Journal | View Issue

Preparation of a Ti—Al-Si based intermetallic alloy
from Ti6Al4V and AlSi10Mg powders by laser
powder bed fusion and hot isostatic pressing
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A Ti—-44A1-1.7V-0.2Mg-4.5Si (at%) alloy was successfully fabricated via laser powder bed fusion (LPBF)
using a blend of Ti6Al4V and AlSilOMg powders. Optimized process parameters, including low laser
power (80-100 W), a hatch spacing of ~0.12 mm, and high scan speeds (~1400 mm s™3), were critical
for achieving the desired dimensions and quality. Despite optimization, the microstructure revealed
defects such as cracks, pores, and unmelted Ti-based particles. Subsequent hot isostatic pressing (HIP)
reduced these defects by up to 90% and improved microstructural homogeneity by eliminating
unmelted particles. Heat treatment (HT) further refined the structure, producing a multiphase composi-
tion dominated by y-TiAl, a,-TisAl and TisSiz precipitates. Mechanical testing revealed anisotropic
behaviour, with hardness, compressive yield strength, and plastic deformation at room temperature (RT)
higher in the direction perpendicular to the build direction. The alloy demonstrated excellent high-
temperature resistance, achieving a maximum compressive strength of ~1000 MPa at RT, 490 MPa
at 850 °C, and 350 MPa at 900 °C. This study presents a novel LPBF-based method for fabricating TiAl-
based alloys, combining HIP and HT to enhance microstructural quality and mechanical performance,
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1. Introduction

For more than two decades, TiAl-based alloys have been con-
sidered as very promising materials (in aerospace, automotive,
energy industries, etc.) due to their combination of low density
and excellent high-temperature resistance (specific high-
temperature strength)." Of the many investigated TiAl-based
alloys, the technically important alloys (due to good creep
resistance) showed fully or nearly lamellar microstructures
when alloyed with refractory metals Nb, Ta, W, and Mo
(<8 at%) or when precipitation-hardened by Si and C (<1 at%)
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paving the way for advanced high-temperature applications.

or when using a combination of these mentioned alloying
elements.”® These alloys were usually prepared using conven-
tional metallurgical techniques like arc melting, vacuum induc-
tion melting, etc. However, the high reactivity of the TiAl melt
limits the choice of crucibles (limited to Y,03, BaZrOs;, water-
cooled copper, or isostatically pressed graphite).'®"® In addition,
the casting conditions must be precisely controlled to avoid
contamination and Al loss.">"? Cast TiAl alloys contain a typical
coarse-grained columnar microstructure, which is usually
refined using hot isostatic pressing (HIP) or by appropriate
heat treatment (HT)."*'® HIP is often recommended to elim-
inate casting defects."®'” Pre-alloyed atomized powders were
generally used to prepare TiAl products through powder metal-
lurgy (PM).'®'° However, to obtain a high-quality atomized
powder, appropriate input ingots without impurities and with
a homogeneous composition are necessary and are restricted
by the cost and limited availability of feedstock. For cast
and PM TiAl products, another factor limiting their application
is fragility at RT (room temperature) and associated low
machinability.*°

Additive manufacturing (AM) offers the advantage of fabri-
cating near-net-shape and complex-shaped products with high
dimensional accuracy.”’>* Hence, AM is a very promising
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technology to produce TiAl complex parts. Due to the feedstock
availability, most of the reports related to the fabrication of AM
TiAl-based alloys are limited to the Ti-48A1-2Cr-2Nb alloy.>* >’
Currently, laser powder bed fusion (LPBF), electron beam
powder bed fusion (EPBF), and laser melting deposition
(LMD) are employed to fabricate TiAl alloy parts.>>° While
EPBF can fabricate crack-free TiAl due to powder-bed heating to
1000 °C, the LPBF process leads to cracking and these cracks
cannot be eliminated by adjusting the LPBF process para-
meters.”® ! The cracking may be attributed to the extreme cooling
conditions inducing thermal stresses during solidification.?*
The cracks may be eliminated by changing the chemical composi-
tion or adding a grain refiner in the form of fine dispersion
particles.”®®® Dzogbewu®' suggests the reduction of the tem-
perature gradient between individual layers by heating the entire
build chamber to avoid cracking during the fabrication of TiAl by
the LPBF process. HIP technology may be employed for crack
elimination by closure which may be due to the combination of
diffusion, plastic deformation, and compression creep. Only a
limited number of studies have investigated the HIP process for
LPBF TiAl, particularly with respect to crack elimination.

Currently, LPBF focuses primarily on melting pre-alloyed
powders into a final product.>*>” However, this study opens a
new dimension, where a combination of two different compo-
sitions is employed to achieve a third composition by in situ
alloying. Commercially available and the most used Ti6Al4V and
AlSi10Mg powders (relatively inexpensive than TiAl powders) were
used as the feedstock materials. Similar research was carried out
by Dilip et al.,** where a mixture of atomized Ti-6Al-4V and
Al powders was used to fabricate 3D TiAl parts by binder jetting
and reactive sintering. Polozov et al.>> and Nepapushev et al.*®
fabricated parts based on Ti,AINb and TiAl,, respectively, using
elemental powders by LPBF. Although these attempts faced
issues related to compositional heterogeneity and formation
of porosity, in situ alloying offers important benefits: reduced
reliance on expensive pre-alloyed powders, potential for flexible
composition design, and alignment with sustainability goals by
minimizing waste and energy consumption.

Recent work by Kim et al.>” demonstrated that in situ alloy-
ing of a nonequiatomic TiNbMoTaW refractory high-entropy
alloy (HEA) by LPBF is feasible, provided the elemental ratios
are carefully designed to minimize the liquidus-solidus inter-
val. These studies revealed that micro-segregation can be
suppressed. However, achieving chemical homogeneity, appro-
priate microstructure and mechanical properties in multi-
element systems remains a significant challenge. These
insights are highly relevant, as they underscore the importance
of melt behaviour and phase stability when applying in situ
alloying to more sensitive binary systems such as TiAl. Indeed,
in TiAl systems, the sharp phase boundaries, reactivity of Ti and
Al, and high propensity for oxide or intermetallic formation
introduce additional complexity.

Hence, this study aimed to assess the possibility of fabricat-
ing an intermetallic TiAl-based Ti-44A1-1.7V-0.2Mg-4.5Si (at%)
alloy by the combination of LPBF and HIP processes. The
addition of Si improves the oxidation and creep resistance in
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TiAl due to the formation of an oxide layer and by precipitation
of the TisSi; phase.*®** The influence of Mg addition was
studied by Sun et al.,"® where an addition of 0.5 at% Mg was
found to lead to the formation of Mg-rich phases in the Ti-48Al
binary alloy increasing their mechanical properties. Wang et al.**
studied the effect of 2 at% V on the creep resistance of the
Ti-44Al-6Nb-1Cr alloy at 800 °C. Knaislova et al.*>**?° studied the
fabrication of Ti-(10-20)Al-(15-30)Si (at%) alloys by both casting
and powder metallurgical (mechanical alloying combined with
spark plasma sintering) routes. It was observed that the Ti—(10-
20)Al-(15-30)Si (at%) alloys show high hardness and excellent
wear resistance (comparable to tool steels) but are significantly
brittle regardless of the fabrication technique. The crack initiates
around TisSi; silicide; hence, a lower Si content was chosen for
the present study. Moreover, it was assumed that the LPBF
process enables the formation of fine and evenly distributed
TisSiz precipitates in the TiAl matrix, which can significantly
reduce brittleness (compared to TiAl with large-size silicides).

It is emphasized that the present study is the first of its kind
to fabricate Ti-44A1-1.7V-0.2Mg-4.5Si (at%) alloys. In addition,
TiAl-based alloys with the combination of V, Si, and Mg have
not yet been attempted by LPBF. The present study aims to
address the following: (1) can LPBF fabricate TiAl-based alloys
with desired geometry from the Ti6Al4V and AlSi10Mg powder
mixtures? (2) In the first instance, can external defects like
cracks and porosity can be avoided? If not, can they be elimi-
nated by HIP post-processing? (3) Can a homogeneous micro-
structure consisting of TiAl, Ti;Al phase, and fine-streng-
thening TisSi; particles be prepared using LPBF? Or do the
HIP and/or heat treatment (HT) methods lead to the formation
of such a homogeneous microstructure? (4) Can improved
mechanical properties, including high-temperature properties,
be achieved in such kind of alloys?

2. Materials and methods

2.1. Starting powder and printing conditions

Ti6Al4V ELI and AlSi10Mg powders from Trumpf were used for the
present study. Both types of powders were not virgin and had been
used ten times before building the LPBF 3D parts. The large and
sintered particles were separated out by sieving the powder
through a sieve with a mesh size of 63 pm. Subsequently, the
powders were mixed in a ratio of 2.3:1 (Wt%) using a 3D powder
blender mixer Turbula type T2F for 15 min. A Trumpf Truprint
1000 machine was used for the fabrication where 15 TiAl-based
rods with a diameter of 13 mm and a length of 85 mm were
fabricated. An unheated Ti substrate was used in an Ar atmosphere
with a purity of 5.0 (99.998%) for the fabrication of these samples.
Table 1 furnishes the parameters and hatch style employed for the
LPBF process. The print preview, laser trajectories, and image of
samples after LPBF are presented in Fig. 1 and 2.

2.2. Hot isostatic pressing (HIP)

The samples after LPBF were subjected to the HIP process:
6 samples were processed at a temperature of 1200 °C and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Process parameters employed to fabricate the Ti—Al samples
using the LPBF process

Parameter Value

Layer thickness - slicing 20 pm

Focus size (spot size) 55 pm

Print strategies Meander, chessboard
Hatch offset 0.08 mm

Hatch distance 0.12 mm

Laser speed (hatch) 1400 mm s~ *

Laser power (hatch) 80 W, 100 W

Laser speed (contour) 2000 mm s~

Laser power (contour) 80 W, 100 W

%

0 mm

i

Fig. 1 (a) The 3D print preview of samples in Materialise Magics software
and (b) image of samples after 3D printing: (1) bounding box of the Trumpf
TruPrint 1000 3D printer build area (blue lines), (2) substrate, and (3) vertical
samples.

a b
/ /
—
|4
5 mm

Fig. 2 Schematics showing the details of the meander hatching strategy
employed during the fabrication of the Ti—Al samples in the TruTops Print
Viewer slicer. (a) The laser trajectory used at the contours and (b) the laser
trajectory for the hatches.

a pressure of 150 MPa with a dwell time of 2 h (HIP_1 process);
the other 6 samples were processed under the same pressure
and time, but at a higher temperature of 1240 °C (HIP_2
process). An EPSI hot isostatic press was used, with a heating
rate of 10 °C min~ ", and subjected to furnace cooling. Indivi-
dual samples were vertically placed in a corundum crucible,
during the HIP process. Before heating and applying pressure,
the HIP chamber was purged with Ar with purity 5.0 (3x)
and evacuated to 100 Pa for 10 min. The temperature and
pressure records from the HIP processes are shown in Fig. 3.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Temperature and pressure distribution profile for the Ti—Al sam-
ples processed using the hot isostatic pressing (HIP) process.

The selection of temperatures for HIP is based on the two-phase
(o0 + ) region of the binary Ti-Al diagram. They are frequently
applied during HIP of cast Ti-Al alloys due to good plasticity of
TiAl based materials at these temperatures.*”"

2.3. Heat treatment (HT)

The samples were heat treated at 1370 °C for 20 min in a
XERION XVAC furnace. The HT temperature is based on the
single-phase o region in the binary Ti-Al diagram.®” The HT
process takes place under a dynamic Ar (5.0) atmosphere with a
flow rate of 2 L min~". A heating rate of 10 °C min~" was used
and the samples were furnace cooled. The temperature regula-
tion was carried out using a thermocouple placed near the
processed samples. Before heating, the furnace chamber was
evacuated to a pressure of 0.15 Pa for 5 min and the tempera-
ture profile is shown in Fig. 4.

2.4. Microstructural and chemical analysis

The samples for metallographic investigation were cut using an
electro-erosion cutting (EDM) CHMER machine. The micro-
structure of the samples was characterized in both transverse
and longitudinal directions. Standard metallographic techni-
ques were employed for sample preparation: moulding into
electrically conductive resin, grinding on wet sandpaper (grit
200 to 2000 (grains per cm?)), and polishing with Al,O; suspen-
sion (particle size from 1 to 0.3 pm). Both an optical microscope
(OM; Olympus GX 51) and a scanning electron microscope
(SEM; Quanta 450 FEG) equipped with an energy-dispersive
X-ray spectrometer (EDS) were used for microstructure char-
acterization. All metallographic observations (OM and SEM/
BSE) were performed on sections cut in either the XY-plane
(transverse cut to the build direction) or the XZ-plane (long-
itudinal to the build direction). The presence of porosity,
defects, and individual phases was determined using the
Image] software with automated images. A minimum of
10 images were recorded for each sample being subjected to
automated image analysis by Image]. The O, H, and N ele-
mental analysis was performed by using a LECO ONH 836

Mater. Adv.,, 2025, 6, 9133-9149 | 9135
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Fig. 4 Temperature profile observed for the LPBF Ti—Al samples during
the heat treatment process.

elemental analyser based on the combustion method using
graphite crucibles.

2.5. Phase identification and density measurement

The X-ray diffraction (XRD) analysis was carried out using a
Bruker D8 DISCOVER diffractometer equipped with an X-ray
tube with a rotating Cu anode operating at 12 kW. All measure-
ments were performed in parallel beam geometry with a para-
bolic Goebel mirror in the primary beam. The diffraction
patterns were measured within an angular range (26) of 20°-
90° with an exposure time of 5 s and a step size of 0.05°. The
AccuPyc II 1340 He gas pycnometer with an integrated analysis
module was used for measuring the skeletal density. The
resulting density was determined based on 10 cycles for each
measured sample.

2.6. Hardness and compression test

The mechanical behaviour of LPBF Ti-Al-based samples was
measured by hardness and compressive tests. The hardness
measurement was performed on a Qness A+ Evo device at a load
of 98.07 N with 10 s dwell time. Cylindrical samples of 6 mm
diameter and 8 mm length prepared by EDM cutting were used
for the compression test. The surface of the compression
samples was subsequently modified to the desired shape and
roughness using centreless grinding. The compression tests
were performed using a Zwick Z 150 device with a crosshead
velocity of 0.05 s™* (0.4 mm s~ ). Three compressive tests were
performed for each sample condition. The deformability was
determined from the strain as the difference between the total
strain and the yield strain. A Gleeble 3800 thermomechanical
tester was used for high-temperature compression tests. Cylind-
rical samples of 8 mm diameter and 12 mm length prepared by
EDM cutting and centreless grinding were used for testing at
temperatures 850, 900, 950, and 1000 °C, respectively, with an
initial strain rate of 0.0001 s~ " (0.0012 mm s ') until a true
strain of 50% was achieved. A vacuum pressure of 7 Pa was
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applied during the high-temperature compression tests and
the heating was carried out using direct resistance heating at a
rate of 6.7 °C s~ '. After reaching the desired temperature,
the sample was held at the temperature for 120 s before the
compressive test. The temperature was controlled with a ther-
mocouple spot-welded to the specimen’s surface.

3. Results

The resulting powder mixture (shown in Fig. 5) was subjected to
particle size distribution (PSD) analysis by using a MasterSizer
3000 particle size analyser (see Fig. 5(c)). The designation of
samples used in the present study after LPBF, HIP treatment,
and HT is given in Table 2.

3.1. Chemical composition and microstructure analysis of the
LPBF samples

Table 3 shows the nominal composition and the measured
average chemical composition of the samples after the LPBF
process (average of three 1 x 1 mm” area analysis from 3
different samples, 9 areas in total for each series). The results
show that the chemical composition of the LPBF samples
corresponds to the nominal composition, suggesting no loss
of elements during the LPBF process by evaporation. Table 4
summarizes the concentration of the detected interstitial
elements in the LPBF samples. The oxygen content was found
to be <0.2 wt%, the nitrogen content <0.02 wt%, and the
hydrogen content below the detectable limits.

The microstructure of the LPBF Ti-Al-based samples shows
the presence of porosity and cracks (Fig. 6). The cracks were
observed along the x direction in transversal sections and along
the z direction in longitudinal sections, especially in Ti- and V-
depleted areas. Pores with diameters of up to 200 um were
observed. The samples printed with a lower power of 80 W show
a high volume of porosity (4.3 £ 1.5 vol%), which is in
accordance with the published reports.**** With increasing
laser power, the concentration of porosity decreases; however,
the difference is not significant. The BSE images reveal that the
LPBF samples do not show complete melting of Ti-based
powders, as bright circular areas rich in Ti with a size similar
to that of the input Ti-based powder particles are observed
(Fig. 6e, f and Table 5). It can also be observed that with an
increase in the laser power from 80 W to 100 W, the volume of
bright Ti-rich areas decreases. In addition, along with bright
areas (marked as 1 and 2 in the BSE images), dark and grey
regions are also observed, suggesting a non-homogeneous
distribution of microstructure. Since the laser scan speed was
1400 mm s ', sufficient time was not offered for the homo-
genization of the melt (due to extreme cooling and solidifica-
tion conditions).

3.2. Microstructure after HIP

Fig. 7 shows the microstructures of the HIP samples (HIP_1
(1200 °C/2h/150 MPa) and HIP_2 (1240 °C/2 h/150 MPa)), where
a significant crack and porosity closure can be observed.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a) and (b) Backscattered scanning microscopy images of the Ti6Al4V and AlSilOMg powder mixtures and (c) their particle size distribution

Table 2 The nomenclature of the samples used in the present study after the LPBF process, HIP treatment, and heat treatment

Sample designation As-printed state

After HIP After HIP and HT

80 W - chessboard 80 W_CH
100 W - chessboard 100 W_CH
100 W - meander 100 W_CH

80 W_CH_HIP_1

100 W_CH_HIP_1
100 W_CH_HIP_2
100 W_CH_HIP_2

80 W_CH_HIP_1 + HT

100 W_CH_HIP_1 + HT
100 W_CH_HIP 2 + HT
100 W_CH_HIP_2 + HT

Table 3 The chemical composition (both nominal and measured chemical composition) of the initial Ti-Al-based powder mixture and LPBF samples (as
a function of different laser power) and detected porosity levels in LPBF samples

Composition (at%)

Sample designation Ti Al A Mg Si Porosity (%)
Nominal composition 49.8 £ 0.7 43.8 £ 0.6 1.7 £ 0.4 0.2 £ 0.1 4.5+ 0.5 —

80 W_CH 49.8 £ 1.2 43.9 £ 1.2 1.6 £ 0.2 0.1 +0.1 4.6 £ 0.5 43 £ 1.5
100 W_CH 49.7 £ 1.1 44.2 £ 1.3 1.5+ 0.2 0.1 £ 0.1 4.5 £ 0.6 41+ 1.6
100 W_M 50.0 £ 1.0 43.8 £1.2 1.6 £ 0.2 0.1 £0.1 4.5 £0.7 3.8+ 09

Although some pores (40 pm in size) and cracks are still
observed (Fig. 7a and b), most of the cracks and pores were
eliminated during the HIP treatment due to the combined
application of high pressure and temperature. The volume
of pores observed after HIP was found to be 0.23 + 0.05 and
0.34 + 0.06 vol% for the samples 80 W_CH_HIP_1 and
100 W_CH_HIP_1, respectively. A porosity of 0.20 £+ 0.06 and
0.31 £ 0.04 vol% was observed for the samples 100 W_M_HIP_2
and 100 W_CH_HIP_2, respectively. The results suggest that
more than 90% of pores were eliminated after the HIP process.
In addition to pore elimination, the HIP process also influences

© 2025 The Author(s). Published by the Royal Society of Chemistry

the microstructure significantly. Bright spherical areas (Fig. 6e
and f) corroborating the unmelted Ti-particles are no longer
observed. This suggests that the simultaneous application of
temperature and pressure during the HIP process activates the
diffusion, allowing Ti to diffuse into its surroundings. However,
still, complete homogenization of the microstructure is not
observed, where two different contrasts are observed (both
bright and dark contrast under BSE mode in Fig. 7). The
X-ray diffraction (XRD) pattern (Fig. 8) shows the presence of
v-TiAl, a,-Ti;Al, and TisSi; phases after HIP. The HIP process
takes place at 1200 °C and 1240 °C, respectively, which lies in

Mater. Adv., 2025, 6, 9133-9149 | 9137
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Table 4 The average chemical concentration of the interstitial elements
in the as-printed LPBF Ti—Al-based samples measured by the combustion
method

Chemical composition (wt%)

(6] N H

0.167 % 0.033 0.013 4 0.003 <0.005

(2)

(b)

()

Fig. 6 The microstructure of the LPBF Ti—-Al-based samples as a function
of laser power and hatch style: (a) optical microscopy (OM) image of the
100 W_CH sample along the transverse direction, (b) OM image of the
100 W_CH sample along the longitudinal direction, (c) OM image of the
80 W_CH sample along the transverse direction, (d) OM image of the
100 W_M sample along the longitudinal direction, (e) backscattered
scanning electron microscopy (SEM/BSE) image of the 100 W_CH sample
along the transverse cut direction, and (f) SEM/BSE image of the 80W_CH
sample along the longitudinal direction.

the characteristic two-phase region (a + v) of the Ti-Al binary
diagram at ~45 at% Al The chemical composition of the
phases taken from Fig. 7f and g is shown in Table 6. The EDS
results show that the bright areas correspond to the Ti-enriched
o phase and the dark areas correspond to the y phase. The
pores are generally associated with the dark y regions. The
disordered o phase subsequently transforms into the ordered
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o, + v phase during cooling as in the case of cast TiAl-based
alloys.”"* Fine precipitates of <1 um can be observed at higher
magnifications and are identified as TisSi; phases (based on
the Ti-Al-Si ternary diagram*®). In addition, the microstructure
also shows spherical regions with a higher Al concentration
than in the surrounding TiAl (Fig. 7c—f and Table 6). This may
be attributed to the differences in the solubility limit of Si,
where lower Si is observed in these Al-rich regions than in the
surrounding y-TiAl phase. However, the differences in the Ti,
Al, and V contents compared to the TiAl matrix do not vary much
and still correspond to the y-TiAl phase. Hence, it can be
assumed that the y-TiAl phase forms during HIP by transforming
the Al-rich areas after LPBF. After HIP, the samples fabricated
under different processing parameters during LPBF do not show
significant variations in their microstructure (Fig. 7c—f).

3.3. Microstructure after HIP and heat treatment (HT)

The samples after HIP were heat treated at temperatures
corresponding to the o region of the Ti-Al binary diagram
(for Al content at ~45 at%) to homogenize and modify the
microstructure to a near lamellar type. Fig. 9 shows the micro-
structure of samples after HIP and HT. From the XRD plot in
Fig. 8, it can be observed that y-TiAl, a,-TizAl, and TisSi; phases
coexist. The sample after HT consists of a y-TiAl matrix with
uniformly distributed TisSi; precipitates and several lamellar
grains of y-TiAl and o,-Tiz;Al composition with TisSi; precipi-
tates (Fig. 9c-f). These lamellae are formed during HT and
mainly in the Ti-rich o regions. It can be observed that these
lamellar grains have lower concentrations of TisSi; precipitates
than the y-TiAl matrix. Changes in the process parameters or
the HIP temperature do not significantly alter the concen-
tration and size of these precipitates. Spherical regions with
higher Al content were still observed in the microstructure
indicating that the employed temperature (1370 °C) and time
(20 min) during HT were insufficient to induce solid-state
transformation. Comparing Fig. 7 and 9, it can be observed
that the HT process coarsens the precipitates, where their size
increases from 0.70 £+ 0.27 pm after HIP to 2.0 £ 0.78 pm after
HIP and HT, respectively. Hence, the resulting microstructure
can be described as a multiphase microstructure with a high
portion of the y phase and TisSi; precipitates along with traces
of the o, phase. The low concentration of the o, phase may be
attributed to the precipitation of TisSi;. The formation of a
relatively high content of TisSi; precipitates (18.0 = 0.4 vol%)
consumes a high proportion of Ti and depletes the surrounding
matrix. This then leads to a shift in the chemical composition

Table 5 The average chemical composition observed in different marked areas from Fig. 6e

Chemical composition (at%)

Measured area Al Mg Si Ti A%

1 - unmelted Ti6Al4V particles 17.2 £ 3.2 0.1 + 0.1 1.0 £ 0.9 79.9 + 3.4 1.8 +£1.1
2 - partially melted Ti6Al4V particles 36.6 £ 6.3 0.2 £0.2 3.3+14 58.3 £5.5 1.6 £ 1.0
3 - grey area 54.1 + 4.3 0.4 £0.3 5.6 £ 2.2 38.8 £4.1 1.1 £ 0.8
4 - dark area 75.2 & 2.9 0.6 + 0.3 7.5+ 1.6 16.2 £ 2.8 0.5+ 0.4
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Fig. 7 Microstructure of samples after HIP treatment: optical microscopy
images of the (a) 100 W_M_HIP_2 sample along the transverse direction,
(b) 100 W_M_HIP_2 sample along the longitudinal direction, and (c)
100 W_CH_HIP_2 sample along the transverse direction. Backscattered
electron microscopy images of the samples along the transverse direction:
(d) 100 W_M_HIP_2, (e) 80 W_CH_HIP_1, (f) 100 W_CH_HIP_1, (g)
100 W_M_HIP_2, and (h) 100 W_CH_HIP_1.

of the matrix to lower Ti and higher Al contents, leading to the
presence of a higher volume of the y-TiAl phase (Table 7).

3.4. Mechanical properties at room temperature (RT)

The samples were subjected to hardness and compressive tests
to assess the RT mechanical properties and anisotropy, which
is typical for materials fabricated by LPBF.”*® The hardness
tests were performed in both transverse (marked as perpen-
dicular) and longitudinal (marked as parallel) directions.
Compression tests were carried out in both parallel and
perpendicular directions to the LPBF-built direction. The hard-
ness values range between 240 HV and 260 HV (Table 8) for the
studied samples under different processing conditions.

It can be observed that the samples along the perpendicular
direction show higher hardness than the samples measured in
the parallel direction, showing local anisotropy in the LPBF
samples.*” A higher temperature during HIP (HIP_2 process)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 The X-ray diffraction patterns of the LPBF TiAl sample in the as-
printed state (black), after the HIP process (red), and after HIP + HT (blue).

slightly reduces the anisotropy. The use of a meander hatch
offers relatively high hardness compared to the chessboard
hatch style, corroborating the published results.*’

Fig. 10 shows the representative engineering strain-stress
compressive curves for the samples prepared under different
conditions and after HT and their data are summarized in
Table 9. The compressive curve can be divided into three
different stages: initial straight-line elastic stage, non-linear
plastic stage, and final failure stage. Relatively high yield
strength (~550-600 MPa) was observed and the changes in
the LPBF parameters or HIP temperature did not affect the
properties significantly. However, significant changes in
the compressive strength and deformability values may be
observed. The highest compressive strength was observed for
the 100 W_M_HIP_2 + HT sample with good deformability. The
difference in deformability and strength values may be attrib-
uted to the presence of pores in these samples. Anisotropic
behaviour was observed in all the samples, as the mechanical
properties in the perpendicular direction is higher than in the
parallel direction despite applying HIP and HT.

3.5. High temperature compression tests

Since TiAl-based alloys are designed for high-temperature appli-
cations (>700 °C), high-temperature compression tests were
performed on selected prepared samples (80 W_CH_HIP_1 +
HT). Fig. 11 shows the compressive behaviour of the 80 W_CH_
HIP_1 + HT sample as a function of testing temperature.
As expected, the flow stress is very sensitive to deformation tem-
perature and decreases significantly with increasing temperature.
The deformation takes place under two stages, i.e., work hardening
and dynamic softening, which are divided by the point character-
izing the maximum compressive strength at the given tempera-
ture. The compressive strength of the tested samples was observed
to be 490 MPa, 350 MPa, 250 MPa, and 160 MPa for the samples
tested at 850 °C, 900 °C, 950 °C, and 1000 °C, respectively.
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Table 6 The average chemical composition of the different areas measured in the sample after the HIP process from Fig. 7f and g

Chemical composition (at%)

Measured area Al Mg Si Ti \Y

1 - bright area 40.6 = 1.1 0.2 £ 0.2 2.8 £0.7 54.2 £1.2 2.2 £ 0.6
2 - grey area 46.7 = 1.3 0.3 £0.2 4.7 £ 0.9 46.9 = 1.2 1.4+ 0.4
3 - spherical grey area 51.0 + 1.1 0.3 + 0.2 2.5+ 0.7 45.1 £ 1.0 1.1+ 04
4 - bright precipitates 12.9 + 3.9 0.6 + 0.5 25.1 + 4.2 59.6 + 4.3 1.8 £0.5

@

Fig. 9 Backscattered scanning electron microscopy of microstructures of samples after HIP and HT: (a) 80 W_CH_HIP_1 sample along the longitudinal
direction, (b) 100 W_CH_HIP_1 sample along the longitudinal direction, (c) 100 W_CH_HIP_2 sample along the transverse direction, (d) 100 W_M_HIP_2
sample along the longitudinal direction, (e) 100 W_M_HIP_2 sample along the transverse direction, and (f) 100 W_CH_ HIP_1 sample along the
transverse direction.

Table 7 The chemical composition of individual microstructural features shown in Fig. 9b and d

Chemical composition (at%)

Measured area Al Mg Si Ti v

1 - bright area 43.2 £ 2.7 0.2 £ 0.1 3.0 £ 0.9 51.9 £ 2.6 1.7 £ 0.3
2 - grey area 43.8 £ 2.5 0.2 + 0.1 5.0+ 1.0 49.2 £ 2.5 1.8+ 04
3 - spherical grey area 46.7 £ 1.9 0.2 + 0.1 1.3 £0.6 50.8 £ 2.1 1.0 £ 0.2
4 - bright precipitates 109 + 2.4 0.2 + 0.1 30.8 + 3.8 56.7 + 3.0 1.4 £0.5

Table 8 The Vickers hardness (HV10) values observed for the TiAl-based samples after HIP and HT

Sample direction 80 W_CH_HIP_1 + HT 100 W_CH_HIP_1 + HT 100 W_CH_HIP_2 + HT 100 W_M_HIP_2 + HT
Perpendicular 242 + 5 260 + 22 238 + 21 261 + 21
Parallel 210 + 17 242 + 8 238 + 28 249 + 19
4. Discussion be used for the fabrication of structural alloys. However,

even with the use of atomized pre-alloyed powders, external
defects like porosity strongly depend on the volumetric
energy density. The volumetric energy density ‘E’ can be
expressed as

4.1. Laser beam powder bed fusion of the mixture

Research studies have been devoted to in situ alloy forma-
tion from elemental powder blends using LPBF, e.g., Ti,AINb
intermetallic alloy,>® TiNbMoTaW refractory bio-high entropy
alloy,>” Ti-26Nb,*" TizAl-based intermetallics,”® NiTi,>* etc. £
Most of these studies show that elemental powders can T vehet

[J mm™> ] (1)
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Fig. 10 Plot showing the room temperature compressive engineering
stress—strain curves of LPBF Ti—Al-based samples after HIP and HT (tested
along the perpendicular direction to the built direction).

where ‘P’ is the laser power, ‘v’ is the laser scanning speed,
‘W’ is the hatch distance, and ‘¢’ corresponds to the layer
thickness.** Lower energy densities may lead to significant
porosity, and higher energy densities may lead to crippling of
the surface due to irregular layers.”" However, in the present
case (Ti-based and Al-based powder mixture), the exothermic
reaction also influences the LPBF process. Ti has a higher
melting point than Al, allowing the Al-based powder to melt
first. The Al-melt then reacts with the Ti powder with a
significant release of heat. Bizot et al.’>! reported in detail
the reaction between Ti and Al, suggesting a self-sustaining
melting behaviour until the reaction is complete. The dissolu-
tion step is limited by the low solubility of Ti in Al and the
formation of the intermetallic compound (TiAl;).>* In the
present study, very low energy densities of 23.8 (80 W) and
29.8 ] mm™> (100 W) were employed due to high scanning
speed and low laser power. Buhairi et al.>®> determined
the energy density for ideal melting of unit volume Ti6Al4V
as 55-65 ] mm °, which is higher than the energy density
employed in the present study. However, the amount of
unmelted Ti6Al4V powder in the microstructure ranges from
8 to 11%, indicating a non-negligible influence of the exother-
mic reaction. Assuming that Al melts rapidly first, followed
by an exothermic reaction with Ti, this should ideally result
in the formation of a melt pool, which upon solidification
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Fig. 11 Compressive true stress—true strain curves tested for the
80 W_CH_HIP_1 + HT sample as a function of different testing tempera-
tures and in comparison with Ti—-43Al-8Nb-3.6C-0.7Mo tested under
similar conditions.>°

produces the y-TiAl and o phases. However, the unmelted Ti
phase is observed in the solidified sample showing signs of
inhomogeneity both in the melt pool and after solidification.

Fig. 12 shows a typical melted pool microstructure after
LPBF of the powder mixture along with the EDS concentration
profile indicating a compositional inhomogeneity (especially in
the lower part of the melt pool, where usually remelting takes
place). Inhomogeneities were observed mainly near unmelted
or partially melted Ti6Al4V particles. Fig. 13a and b shows the
microstructure of LPBF samples fabricated at the following
process parameters: P = 125 W, v = 1400 mm s ', h =
0.12 mm and P = 100 W, v = 900 mm s %, & = 0.12 mm,
respectively. It may be observed that even when higher power
and lower scanning speed were employed, the microstructure
was still not completely homogeneous, and unmelted Ti6Al4V
particles were present. Even with lower scanning speeds
(400 mm s~ ') and smaller hatch distances (0.09, 0.045 mm),
the unmelted particles cannot be eliminated. However, the
content of unmelted Ti6Al4V decreased (higher than 5%).
On the other hand, the parameters used (P = 120 W, v =
900 mm s ', and % = 0.09 mm) yield a theoretical energy
density of 74.1 ] mm*, which should be sufficient for melting
Ti. Reports suggest that the heat and mass transport observed
in the LPBF melt pool was driven by Marangoni convection,

Table 9 Compressive properties of LPBF Ti—Al-based samples at room temperature after HIP and HT (PER: perpendicular direction, PAR: parallel

direction)

Yield strength (MPa)

Compressive strength (MPa)

Deformability (%)

Sample designation PER PAR PER PAR PER PAR

80 W_CH_HIP_1 + HT 604 £ 16 576 £ 26 1034 + 82 922 £ 42 7.91 £ 1.42 6.30 £ 1.85
100 W_CH_HIP_1 + HT 589 £ 18 549 £ 13 991 £ 32 947 £ 27 4.55 £ 0.45 4.53 £ 1.38
100 W_CH_HIP_2 + HT 574 £ 24 566 £ 42 924 £ 43 860 £ 42 4.32 £ 0.71 3.23 £ 1.02
100 W_M_HIP_2 + HT 602 £ 32 590 £ 33 1054 + 81 1010 + 99 7.95 £ 0.97 7.69 £ 1.35

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12
spectroscopy concentration profile showing the elemental distribution.

Fig. 13 Backscattered scanning electron microscopy images of the
LPBF samples as a function of process parameters: (@) P = 125 W,
S =1400 mm s~ h = 0.12 mm, transverse direction, (b) P = 100 W, S =
900 mm s % h = 0.12 mm, longitudinal direction, (c) P = 100 W,
$ =900 mm s~ h = 0.12 mm, longitudinal direction, and (d) P = 120 W,
S = 450 mm s}, h = 0.12 mm, longitudinal direction, showing the
presence of unmelted Ti particles along their surface.

evaporation, and resulting recoiling pressure on the surface of
the melt pool.>*>” Moreover, it has been observed that the gas
flow affects the height of the melt track, and the extent of
denudation significantly influences the quality of LPBF parts.
The gas stream drags particles into the process zone and moves
the particles towards the edges of the melt pool. The particles
are either incorporated into the melt pool or present on the
surface. Fig. 13c and d shows the adhered Ti6Al4V particles on
the surface of the LPBF parts corroborating the influence
of denudation during the LPBF. In addition, the particles
dragged toward the melt pool surface remain in the melt pool
unmelted.”®”” Hence, employing higher energy densities
increases the possibility of melting the Ti6Al4V powder, but
also causes higher denudation. The denudation results in the

9142 | Mater. Adv., 2025, 6, 9133-9149
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(a) Micrograph showing the melt pool features observed in the LPBF 100 W_CH sample along the longitudinal direction and (b) energy dispersive

formation of porosity, which is usually in the vicinity of
unmelted Ti powder particles present between the scan traces
(Fig. 6e). Local melt turbulences may lead to uneven layer width
(Fig. 6f), leading to porosity formation.

Another problem associated with LPBF processing of the Ti-
and Al-based powder mixture is cracking. Lee et al.’® observed
that during the fabrication of LPBF Ti48Al-2Cr-2Nb, solidifica-
tion and thermal cracks are observed in all keyhole, transition,
and conduction modes. Thermal cracks are caused by large
thermal stresses at temperatures below the ductile-to-brittle
transition. In addition, it was observed that the energy density
influences the crack spacing during transition and conduction
modes.*® The crack spacing increases with increasing energy
density, a phenomenon also observed in the present study
(Fig. 14(a)). The microstructure shown in Fig. 14(a) reveals
large horizontal cracks, approximately 3 mm in length, con-
necting adjacent pores. These extended horizontal cracks at
higher energy densities lead to warping and distortion of the
fabricated parts. As depicted in Fig. 14(b), warping is predomi-
nantly observed in samples produced at higher energy densi-
ties. In fact, at these elevated energy densities, the fabrication
process had to be halted due to severe warping. Only the lower
energy densities listed in Table 1 allowed for the successful
preparation of samples with the specified dimensions; however,
even at these lower densities, smaller cracks and pores were still
present. Given the presence of cracks and other internal defects in
the fabricated samples, the application of hot isostatic pressing
(HIP) becomes essential to enhance their structural integrity. The
information provided, in line with other publications,*” suggests
that to achieve an appropriate microstructure, homogeneity and
elimination of defects during in situ alloying of LPBF, a compre-
hensive approach is needed, including precise control of printing
parameters and scanning strategies. However, it is necessary to
approach individually for the chemical compositions used and
assume different behaviour of powders with individual chemical
elements in terms of phase transformation temperatures, reactivity
and density. While the present study utilized a relatively low energy
input in the LPBF process followed by HIP to achieve full densi-
fication and a tailored microstructure, it is worth noting that

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 14 (a) Example of horizontal cracking in the sample after LPBF (P =
120 W, S = 900 mm s% h = 0.12 mm, longitudinal cut (SEM/BSE).
(b) Example of warping when inappropriate parameters are used during
LPBF (h - hatch spacing (mm), v — scan speed (mm s™%), P — laser power).

alternative approaches based on process optimization at higher
energy inputs can also lead to high-density TiAl parts without post-
processing. For instance, Park et al® demonstrated that by
optimizing hatch spacing in a B-solidifying y-TiAl alloy, relative
densities above 99% could be achieved directly during LPBF, while
simultaneously refining columnar B grain structures and minimiz-
ing cracking. Similarly, Lober et al.®® showed that careful control of
scanning parameters and energy density can result in crack-free,
dense TiAl builds even in the absence of HIP.

However, these studies relied on pre-alloyed powders, which
typically exhibit more predictable melting and solidification
behaviour than mixed or elemental powders used for in situ
alloying. In our case, the powder mixture of Ti6Al4V and
AlSi10Mg introduces additional complexity in terms of compo-
sitional homogenization and phase formation, which cannot be
adequately addressed by process parameter optimization alone.
As such, HIP post-processing was essential to eliminate resi-
dual porosity, relieve internal stresses, and promote micro-
structural uniformity and desirable phase distributions.
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Therefore, the choice of a low-energy LPBF strategy followed
by HIP represents a suitable compromise in the context of
in situ alloying, where the benefits of enhanced flexibility and
cost-effective feedstock are balanced against the need for con-
trolled post-processing to achieve structural and functional
integrity.

4.2. Effect of hot isostatic pressing on homogeneity, and crack
and porosity elimination

HIP helps remove solidification porosity of cast materials.®'
During HIP, the parts are heated in an inert atmosphere with
isostatic pressure making the material plastic allowing void
closure under pressure. In addition, the microstructure homo-
genizes with the application of pressure and temperature.
However, high temperature and long dwell during HIP also
decrease the mechanical properties due to grain coarsening.®?
The effect of HIP on the homogeneity of the 80 W_CH sample
can be observed in Fig. 15, where the EDS line scan results
confirm the same. The EDS line scan profile of the LPBF
samples shows significant variation in the composition (both
Ti and Al) due to the presence of unmelted Ti-particles and the
presence of TiAl, and TiAl; phases. However, after HIP, these
chemical deviations were significantly reduced, and the
concentration of Ti and Al stabilizes between 40 and 60 at%.
In addition, elimination of pores and cracks can be observed
after HIP. The density of the LPBF sample was found to
be ~3.83 + 0.04 g cm * and the density increases by 2.5%
(~3.93 & 0.01 g cm ™ ®) after HIP. However, after HIP, complete
elimination of pores was not observed.

Fig. 7, 9, and 15 show the presence of residual porosity in
the y-TiAl phase where the highest amount of TisSi; precipi-
tates was observed. The TisSi; precipitates were characterized
by high hardness®® and high temperature stability.** Hence, the
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Fig. 15 Energy dispersive concentration profiles of the alloying elements: (a) position of measurement points during the line analysis at a transversal
section of the 80W_CH sample under the as-printed condition, (b) concentration profile of elements in the 80W_CH sample under the as-printed
condition, (c) position of measurement points during the line analysis at a transversal section of the 80 W_CH sample after HIP and (d) concentration

profile of elements in the 80 W_CH sample after HIP.
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(a) Backscattered scanning electron microscopy image of the 80 W_CH sample along the transverse direction after application of HT and the

subsequent HIP_1 process. (b) Room temperature compressive stress—strain plot of the 80 W_CH sample tested under different conditions.

incomplete elimination of pores during HIP may be attributed
to the presence of hard TisSi; precipitates. To address this
issue, one 80 W_CH sample was subjected to heat treatment
(HT) alone, followed by hot isostatic pressing (HIP) under the
HIP_1 condition. The resulting microstructure is shown in
Fig. 16(a). As observed, the HIP process had minimal effect
on porosity reduction, with the pore content remaining around
3 vol%, a value comparable to that observed after laser powder
bed fusion (LPBF). TisSi; precipitates were found within most
of the larger pores, hindering pore elimination due to their low
plasticity. This observation was further corroborated by density
measurements using a gas pycnometer, which showed a slight
increase in density from 3.83 4 0.04 to only 3.87 £ 0.02 after
HIP following HT.

The varying frequency of TisSi; precipitates across different
microstructural regions after the HIP process can be attributed
to the differing solubility of Si in the phases present. At 1200 °C
(the temperature used during HIP), Si exhibits the highest
solubility in the Ti;Al phase and the o phase (approximately
1.5 at%), a lower solubility in the y-TiAl phase (around 0.5 at%),
and the lowest solubility in the TiAl, phase (around 0.25 at%).%*

4.3. Effect of HIP and HT on mechanical properties

Reports show that the hardness of the as-cast or powder
metallurgy-fabricated Ti-Al-based alloys after HIP and heat
treatment generally ranges between 300 HV and 400 HV.*%>"%”
However, the alloys in the reports were alloyed with refractory
metals (Nb, Mo, Cr) and generally show a fully lamellar or
nearly lamellar microstructure (higher content of the harder o,
phase compared to the softer y phase).®®®® Hence, solid
solution hardening by refractory metals and higher contents
of the hard o, phase increases the hardness of these alloys. For
instance, Perdrix et al.®® reported a hardness of ~280 HV for a
binary Ti-48Al (at%) alloy prepared by levitation melting, and
Youn et al.”® observed a hardness of ~250 HV for a Ti-48Al-
2Cr-2Nb alloy fabricated by the EPBF process. Both alloys
showed near gamma or duplex microstructures. Hence, the
hardness values of the present material match the hardness
values of the other TiAl-based alloys with a duplex or nearly
gamma microstructure. Thus, the fine Ti5sSi; precipitates do not

9144 | Mater. Adv, 2025, 6, 9133-9149

significantly increase the hardness, unlike TisSi; silicides in as-
cast TiAl alloys with higher Si contents.*

The yield strength of the samples in this study was 560-
600 MPa. In comparison, the Ti4822 alloy (Ti-48Al-2Cr-2Nb)
prepared from atomized powders using EPBF showed a yield
strength of ~480 MPa at RT,”””" which is ~20% lower than
that of the present study. Similar yield strength values are also
reported by Boehlert et al. (475-550 MPa) for the Ti-45A1-2Nb-
2Mn-0.8TiB2 alloy with a duplex microstructure prepared from
atomized powders using HIP.”” The deformability values of the
present alloy are lower than the values of most cast and forged
TiAl-based alloys. However, they are comparable with the values
published by Wei Li et al.”>’* for LPBF Ti-43.5A1-6.5Nb-2Cr-
0.5B and LPBF Ti-46.5A1-2.5Cr-2Nb-0.5Y alloys, Lober et al.®®
for the LPBF TNM-B alloy, and Huang et al.>® for LPBF Ti-44Al-
4Nb-1Mo-1Cr. Loéber et al®® reported a relative density of
98.89-99.46% with pore size ranging between 20 and 50 pm
for the LPBF TNM-B alloy. Hence, it may be assumed in this
study that the deformability is affected by residual porosity
(0.2-0.3 vol%) and it cannot be eliminated during HIP
treatment.

The results of compression tests showed that the prepared
material has relatively high strength values at high tempera-
tures. Fig. 11 also shows the compressive behaviour of the
Ti-43Al-8Nb-3.6C-0.7Mo alloy reinforced with Ti,AlC carbide
particles with a near gamma microstructure prepared by cen-
trifugal casting®® and tested with the same deformation rate
and temperature (except 850 °C). It may be observed that the
strength of the carbide-reinforced composite is higher than
that of the present material at all tested temperatures. However,
it should be noted that the Ti-43A1-8Nb-3.6C-0.7Mo alloy is
alloyed with refractory metals (Nb, Mo), which increases the
high-temperature resistance. In addition, the addition of car-
bon and carbide reinforcement also increases their strength.
The high-temperature resistance of the present material is
comparable to that of low-alloyed TiAl alloys with a duplex or
near gamma microstructure and to that of the LPBF Ti-48Al-
2Cr-2Nb.”*7>7°

The engineering strain-stress curves for the 80 W_CH
sample in the LPBF state, after HIP, and after HIP and HT

© 2025 The Author(s). Published by the Royal Society of Chemistry
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can be observed in Fig. 16b. In the as-printed state, a yield
strength above 1100 MPa is observed. However, after reaching the
peak value of elastic deformation, premature failure occurs due to
the presence of a high content of cracks and pores without any
plastic deformation. The high yield strength can be attributed to
the fine microstructure, as in the case of other LPBF samples, and
the supersaturated solid solution of Si in TiAl due to extreme
solidification conditions.”®" HIP decreases the yield strength to
570-600 MPa, but the samples show a plastic deformation
(deformability) of about 4-5% due to the partial elimination of
defects (cracks and pores) and microstructure coarsening. The
subsequent HT further decreases the yield strength (550-600 MPa)
but improves the deformability to ~8%. The decrease in the yield
strength can be explained by the decrease in the content of the o,
phase with a higher content of y-TiAl and an increase in the size of
the TisSi; precipitates.

To achieve improved strength and deformability, the ratio
between Ti-based and Al-based powders may be modified (a
higher concentration of Ti may be employed) to ensure a higher
content of the o, phase and lamellar grains and a lower volume
of TisSi; precipitates, which prevents the complete elimination
of pores during the HIP process. This study shows a novel
strategy to process y-TiAl-based alloys using LPBF from powder
blends based on Ti and Al. This proposed and experimentally
verified method enables a relatively easy and cost-effective
fabrication of TiAl alloys considering the price of the feedstock
powders. Due to the limitations associated with processing
feedstock materials and modifying their composition, the pre-
sent strategy can provide access to chemical compositions that
are difficult to achieve by the atomization process. In addition,
using HIP reduces cracks and pores in the LPBF-prepared TiAl
alloys. The alloy fabrication in the present study shows a room
temperature compressive yield strength of ~550 MPa, and
a maximum strength of 490 MPa was achieved at 850 °C.
Considering that this is the first study dealing with the use of
a mixture of powders for the preparation of y-TiAl-based inter-
metallics, reasonable mechanical properties in compression
are observed even at high temperatures. Despite the progress
achieved, further optimization is required before these materials
can reach application readiness. In addition to the mentioned
change in the ratio between Ti-based and Al-based powders, future
research should focus on enhancing compositional homogeneity
and phase stability by exploring refined scan strategies, moderate
platform preheating, and digital process control techniques. Long-
term goals will involve evaluating mechanical performance under
service-relevant conditions and validating the process across other
alloy families with similar volatility and complexity. These steps
are crucial for progressing towards reliable, sustainable, and
industrially scalable additive manufacturing of next-generation
materials.

5. Conclusions

The present work investigates the microstructure, phase com-
position, hardness, RT, and high-temperature compressive test

© 2025 The Author(s). Published by the Royal Society of Chemistry
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of the LPBF Ti-44Al-1.7V-0.2Mg-4.5Si samples fabricated from
Ti6Al4V and AlSi10Mg powder mixtures and subjected to HIP
and heat treatment. The main conclusions are summarized as
follows:

(1) Fabrication of the Ti-44A1-1.7V-0.2Mg-4.5Si alloy using
a mixture of commercially available Ti6Al4V and AlSi10Mg
powders by the LPBF process is validated. It is necessary to
use low power (80-100 W), higher scanning speed (around
1400 mm s~ '), and a hatch spacing of ~0.12 mm. However,
the samples show the presence of a non-uniform microstruc-
ture with a high volume of cracks and pores. Hence, HIP was
used as the post-processing step.

(2) The HIP process eliminated more than 90% of porosity
and cracks and significantly homogenized the microstructure.
However, 0.2-0.3 vol% of residual porosity still exists, which
may be attributed to the presence of brittle TisSi; precipitates,
which promotes non-uniform plastic deformation.

(3) HIP and subsequent HT led to the modification of the
microstructure to multiphase type with a high portion of the
v-TiAl phase and with the presence of coarse TisSi; particles.

(4) The prepared alloy after LPBF, HIP, and HT showed a
yield strength of 570-600 MPa and a compressive strength of
1050 MPa at RT and 490 MPa at 850 °C.

(5) Hardness, yield strength, compressive strength, and
deformability are observed to be higher in the direction
perpendicular to the printing direction as compared to the
parallel direction, which indicates the presence of anisotropy
despite the application of HIP and HT.
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