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p-solidifying y-titanium aluminide (y-TiAl) alloys, which typically contain $-phase stabilizers such as Nb and Cr,
hold great promise for the aerospace industry and can potentially be processed through additive manufacturing
to realize performance unachievable using conventional methods. However, the effects of laser powder bed
fusion (L-PBF) parameters on the characteristics of the thus obtained samples remain underexplored. To address
this gap, we herein examined the effects of hatch spacing on the densification, microstructural, and mechanical
properties of L-PBF-fabricated Ti-44Al-6Nb-1.2Cr (at.%) alloy samples, revealing that the strong influence on
thermal history induced the variation in densification and formation of two microstructure types. 0.01 mm hatch
spacing resulted in repetitive slow cooling and sufficiently remelting, thus suppressing crack formation, pro-
moting high densification, and inducing a complex phase transformation involving the formation of a basket-
weave-structured ap phase and the (001) alignment of the p phase along the build direction. 0.06 mm hatch
spacing resulted in rapid cooling and insufficient heat accumulation, favoring the massive phase transformation,
a jagged morphology oy phase with a randomly distributed crystallographic texture. Hardness was mainly
correlated with phase constitution and volume fraction, whereas compressive properties were jointly determined
by additional effects of multiple factors such as grain size and crystallographic texture. This work provides the
fundamental insights required to suppress defect formation in p-solidifying y-TiAl alloys and tailor their
microstructure for mechanical property enhancement.

Densification
Laser powder bed fusion
Mechanical properties

line to the Al-rich side and thus favor complete solidification via the p
phase affording a homogeneous microstructure with a low segregation

1. Introduction

Given their high creep resistance, low density, and superior high-
temperature performance, y-titanium aluminide (y-TiAl) alloys are a
promising alternative to the superalloys currently used in the aerospace
industry [1,2], as exemplified by the use of the conventional Ti-48Al-
2Nb-2Cr (48-2-2 alloy, at.%) alloy to produce low-pressure turbine
blades for engines [3]. However, the low maximum service temperature
(~750 °C) of this alloy results in a narrow application range, thus
requiring improvement through alloy design and processing optimiza-
tion [2,3].

The recently developed B-solidifying y-TiAl alloys contain large
amounts of p-stabilizers such as Nb, Cr, and Mo, which shift the a-transus

degree [4,5]. At high temperatures, these alloys form a disordered f
phase with a body-centered cubic lattice providing a sufficient number
of slip systems and thus enabling the application of conventional
forming techniques such as hot-die forging [6,7]. Moreover, the selec-
tion of optimal forming conditions and subsequent heat treatment re-
sults in high- and low-temperature mechanical properties superior to
those of the 48-2-2 alloy [3,8]. However, such techniques exhibit the
drawbacks of additional precise cutting and surface treatment, limited
design freedom, and large amounts of generated waste. These problems
can be mitigated through the processing of y-TiAl alloys and/or other
metallic materials using additive manufacturing, which affords
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Fig. 1. (a) Typical SEM image of the Ti-44Al-6Nb-1.2Cr alloy powder and (b) specimen appearance and fabrication schematic.

specimens outperforming those produced using conventional techniques
[9-11].

Metal-based additive manufacturing processes can be categorized
according to the material feeding system and energy source [12], with
the detailed characteristics of each category described elsewhere [13].
Depending on the energy source, powder bed systems can be classified as
electron beam powder bed fusion (EB-PBF) and laser powder bed fusion
(L-PBF). Given that y-TiAl alloys are highly cracking-susceptible and
intrinsically brittle intermetallics, they are usually processed by EB-PBF
and not L-PBF, as the former method involves preheating to a high
temperature and can therefore effectively relieve the thermal stress due
to rapid cooling and suppress crack formation [14,15]. While L-PBF
machines equipped with high-temperature-preheating systems are not
yet well established and require increased capital investments. Howev-
er, the smaller beam and powder size in L-PBF than EB-PBF process can
increase the processing accuracy and surface quality of the product,
respectively [16]. More importantly, different manufacturing conditions
such as the temperatures of thermal cycles and preheating conditions
result in different microstructure characteristics and variations of the
mechanical properties. In the case of 48-2-2 alloy, a homogenous and
fine microstructure can be obtained by the L-PBF process, and the me-
chanical properties were enhanced compared to the EB-PBF process
[17]. Thus, the adoption of L-PBF process in y-TiAl alloy could provide
opportunities for the expansion of the y-TiAl alloy applications, which
still requires the realization of industrial-level densification of compo-
nents [18].

From the aforementioned, y-TiAl alloys are easy to crack during the
L-PBF process because of the excessive thermal stress that cannot
accommodate [19,20]. The substrate preheating, remelting, and scan
strategy/length adjustment can be considered in the L-PBF process to
eliminate cracking resulting from thermal stress [18,21-23]. In addi-
tion, the laser power, scanning speed, layer thickness, and hatch spacing
can be adjusted to optimize the input of energy density. Hatch spacing, i.
e., the distance between two adjacent scan tracks in the same layer,
determines the overlap between these tracks more directly than other L-
PBF parameters. In L-PBF-processed Al alloys, the regions of sufficient
overlap between adjacent scan tracks act as stress-release regions and
show the lowest residual stress [24]. Hatch spacing influences the evo-
lution of pore defects from keyholes (improperly closed pores) to un-
fused ones, thus affecting densification [25]. Moreover, hatch spacing
affects the phase transformation pathway and/or phase composition and
is therefore closely related to mechanical performance [25,26].

Recently, several researchers reported that the L-PBF process can be
applied to fabricate y-TiAl alloys [20,27], their results demonstrated the
process parameters were closely related to the crack inhibition behav-
iors. Especially, the variation of hatch spacings in a single layer related
to microstructural evolution and mechanical properties proposed the
importance of microstructure tailoring by approaching hatch spacing
control to enhance performance in f-solidifying y-TiAl alloy [28].
among the various process parameters, given hatch spacings, which help

to accumulate heat and prevent/refill defects, can be an important
process parameter to y-TiAl alloy that has not yet been comprehensively
investigated. Therefore, we first chose Ti-44A1-6Nb-1.2Cr (at.%) alloy,
which can expect homogeneous microstructure and improved mechan-
ical properties as the p-solidifying y-TiAl alloy [29], and focused on the
effects of hatch spacings on the relative density of samples fabricated by
the L-PBF to achieve high densification and minimize crack formation.
Furthermore, the effect of hatch spacing on thermal history was exam-
ined to understand the distribution of residual strain and microstruc-
tural characteristics such as phase volume fraction and morphology. The
correlation between microstructure and mechanical properties was
discussed.

2. Materials and methods
2.1. Specimen fabrication

The gas-atomized Ti-44Al-6Nb-1.2Cr alloy powder (Osaka Titanium
Technologies, Japan) contained spherical particles with a mean diam-
eter of 36.0 pm (Fig. 1a). The composition of this alloy was determined
as balance Ti, 43.77 at.% Al, 5.96 at.% Nb, and 1.22 at.% Cr by induc-
tively coupled plasma optical emission spectroscopy. Fig. 1b shows the
appearance and schematic depiction of the specimens fabricated by L-
PBF (EOS M290, EOS, Germany) for microstructural (5 mm x 5 mm x 5
mm) and mechanical property (5 mm x 5 mm x 10 mm) character-
izations. Depending on the process parameters, a bulged surface can be
found on the top of the specimens due to high laser energy input, indi-
cating that difficult to ensure structural integrity for complex geome-
tries, and/or results in deterioration of printability. Therefore, it is
suggested that additional research would be required to establish
dimensional accuracy and reduction of the surface roughness which
might cause fabrication failure to extend this study. The detailed L-PBF
fabrication condition was under argon (<100 ppm O3) using a laser
power of 180 W, layer thickness of 0.06 mm, scanning speeds of
600-1000 mm/s, and hatch spacings of 0.01-0.06 mm. The baseplate
was kept at 200 °C, and bidirectional scanning with a rotation of 90°
between layers was used to minimize residual stress [30].

2.2. Microstructure observation

The specimens were sectioned in the y-z plane, and the cross sections
were polished with SiC paper and an alumina suspension. Microstruc-
tural features, including internal defects such as pores and cracks, were
observed using optical microscopy (OM; BX60, Olympus, Japan), field-
emission scanning electron microscopy (SEM; JIB-4610F, JEOL,
Japan) coupled with energy-dispersive X-ray spectroscopy (EDS; X-
Max", Oxford Instruments, UK) and electron backscatter diffraction
(EBSD; NordlysMaxs, Oxford Instruments, UK) analysis (NordlysMax3,
Oxford Instruments, UK), and transmission electron microscopy (TEM;
JEM-3010, JEOL, Japan). Relative densities and phase volume fractions
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Fig. 2. Relative density-volumetric energy density plot with insets (a)-(d)
showing representative OM images of y-z-cross sectioned specimens fabricated
using different hatch spacings (d0.01-d0.06).

were determined from OM and SEM images using ImageJ software.

2.3. Numerical simulations of thermal history

The temperature variation of multi-scan tracks was estimated for
different hatch spacings using a finite element thermal model simulation
(COMSOL Multiphysics 6.1, COMSOL Inc., Sweden) following the
detailed methodology introduced in previous studies, and the simulated
molten pool shape and experimental single track were compared to
ensure reliability [28,31]. A Gaussian distribution (Q) of the laser beam
was adopted:

Q

4AP 2r? 4
()b e

where P is the laser power, R is the laser beam radius, r is the distance
between the center of the laser beam and the powder bed surface, A is
the laser absorption rate, H is the laser penetration depth, and z is the
depth. At least 15 multitracks were performed in a single layer. The
predicted temperature distribution was measured at the top surface of
the same number of n™ multitracks under all conditions to compare the
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equivalent time progress.
2.4. Mechanical property testing

Vickers hardness (HMV-G, Shimadzu, Japan) and nanoindentation
(ENT-1100a, ELONIX, Japan) tests were performed in the x-y plane. The
specimen surfaces were coarse-polished with SiC paper and mirror-
polished with an alumina suspension to exclude the influence of sur-
face roughness. The former test was carried out using a test force of 0.2
kgf and a holding time of 15 s, while the latter test was performed using
a Berkovich tip at a force of 4.9 mN and a holding time of 10 s. Room-
temperature compressive tests (AG-X, Shimadzu, Japan) were con-
ducted in air at a nominal strain rate of 1.7 x 10~*s™1. Specimens with
dimensions of 2 mm x 2 mm x 5 mm were cut from the center of 5 mm
x 5 mm x 10 mm cuboids using electrical discharge wire cutting. The
compressive load was applied parallel to the 5-mm-edge (i.e., build)
direction. The results were expressed as means + standard deviations.

3. Results and discussion
3.1. Densification and crack prevention

Fig. 2 shows the relative density of the fabricated samples as a
function of the applied volumetric energy density (VED), which can be
expressed as

14
VED = —— @

Here, P is the laser power, v is the scanning speed, d is the hatch
spacing, and t is the layer thickness. An appropriate VED is required to
achieve high densification during L-PBF. Insufficient energy input (low
VED) results in the lack of fusion defects due to the existence of
unmelted powders and/or insufficient remelting of the previous scan
layer [32], whereas excessive energy input (high VED) leads to low
densification because of gas entrapment and/or keyhole formation [33].
Similarly, the increasing tendency of the relative density can be
observed with increasing the VED and optimized at 375 J/mm?. How-
ever, further excessive VED induces a decrease of the densification.

To reveal the effects of VED on sample properties, we prioritized
hatch spacing over other process parameters to achieve heat accumu-
lation and prevent crack formation. Samples fabricated using hatch
spacings of 0.01, 0.02, 0,04, and 0.06 mm were denoted as d0.01, d0.02,
d0.04, and d0.06, respectively. The OM images of y-z-cross sectioned
specimens (Fig. 2a-d) revealed that with variation hatch spacing, the
number of cracks and spherical pores decreased, while the relative

Fig. 3. (a) SEM-BSE image of d0.06 showing the crack initiation region and (b) the corresponding distributions of alloy elements. The dashed lines mean melt

pool boundaries.
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Fig. 4. Results of SEM-EBSD analysis including band contrast and KAM maps for (a) d0.01, (b) d0.02, (c) d0.04, and (d) d0.06.
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density increased from 96.15 + 1.58% (d0.06, Fig. 2a) to 99.88 +
0.07% (d0.01, Fig. 2d). As mentioned previously, the typical defects
observed under suboptimal L-PBF conditions include unfused regions,
pores, and cracks [32]. The lack of fusion and porosity are relatively
easy to mitigate by process parameter optimization, whereas the elim-
ination of cracks, which is indispensable for satisfying industrial re-
quirements, is challenging [34,35]. Crack-free vy-TiAl products
fabricated by L-PBF have been rarely reported, and the determination of
a process window affording highly dense y-TiAl specimens is difficult
[20,36].

To identify the reason for crack prevention at d0.01 and d0.02, we
observed cracks in d0.06. The SEM-back-scattered electron (BSE) im-
aging of this specimen revealed crack propagation along grain bound-
aries and a variation in the contrast of the matrix ay phase due to
differences in grain orientations (Fig. 3a). The rapid cooling during L-
PBF does not provide sufficient time for the segregation of alloy ele-
ments but allows for microsegregation, which increases susceptibility to
cracking [34]. Inhomogeneous Al content variations resulting from
evaporation and segregation may promote cracking at the phase inter-
face because they affect the final distribution of the B, oy, and y phases
[37]1, which have different thermal expansion coefficients [38]. How-
ever, the EDS analysis revealed the absence of element segregation in the
crack region (Fig. 3b), demonstrating that it might not be the main factor
responsible for crack formation. Moreover, B-solidifying y-TiAl alloys
resulted in Al and Nb distributions considerably more homogeneous
than those achieved using other solidification modes (e.g., the peritectic
reaction or single-a-phase region in the as-cast state) [5].

The crack initiation point was located in the band-shaped y-direction
scan track (Fig. 3a). Cracks perpendicular to the scan direction (trans-
verse cracks), mainly caused by the large thermal stress below the
ductile-to-brittle transition temperature, were previously observed in a
y-TiAl alloy under single-track conditions [19]. These results imply that
crack formation can be ascribed to large thermal and residual stresses.
Fig. 4(a—d) shows the band contrast and kernel average misorientation
(KAM) maps obtained for different hatch spacings. At the microscale,
KAM mapping is an efficient technique for estimating residual strain,
which appears as local variations in the lattice orientation [18,39]. This
KAM was obtained by calculating the average misorientation between
the measured and neighboring spots. The area corresponding to high-
misorientation spots (yellowish-green) gradually increased with
increasing hatch spacing; in particular, the residual strain spots were

Time (s)

Fig. 5. Numerical simulated temperature-time plots of multi-scan tracks
for d0.01-d0.06.

clearly visible in the crack-surrounding regions. Thus, the main cause of
crack formation was identified as high residual stress.

The high densification without crack initiation and low residual
stress observed for d0.01 and d0.02 can be rationalized as following two
aspects. At first, although the high preheating temperature (~800 °C) of
EB-PBF effectively relieves thermal and residual stresses [14,15], cur-
rent L-PBF systems are incapable of reaching such high preheating
temperatures. However, the adoption of an appropriate hatch spacing
can reduce residual stress owing to the sufficient overlap regions
increasing the overall temperature and number of defect remelting re-
gions [24]. Thus, hatch spacing optimization can be used to adjust heat
accumulation. At d0.01 and d0.02, the increase in heat accumulation
due to the close proximity of neighboring scan tracks leads to slower
cooling, a similar effect is expected for preheating; thus, the residual
stress substantially decreases at lower cooling rates [22,40]. To validate
this hypothesis, we investigated the temperature history using numeri-
cal simulations. Fig. 5 depicts the temperature history of multi-scan
tracks for different hatch spacings, revealing that the maximum



S.-H. Park et al.

Basket-weavea,

7
Jagged/a, \% ,
\ DD

(e) \

\ J

Phase volume fraction (%)

Materials Characterization 214 (2024) 114077

d0.01  d0.02

& 5 [“E
k] 12 3
= . o
S 2] B Lo N
k] . :
g te £
&7 L6 ©
15 ! [
3
d0.04 d0.06 ! d0.01 d0.02 d0.04 d0.06 o

Fig. 6. (a—d) SEM-BSE images, (e) phase volume fractions, (f) mean aspect ratios and grain size of ay phase for d0.01-d0.06.

temperature peaks of the scan tracks, which are the standard measure-
ment tracks of the temperature distribution, are almost identical under
all conditions, whereas the temperature distributions of the adjacent
scan tracks are different. At d0.01, the cooling rate until without the heat
accumulation by adjacent scan tracks was 1.12 x 10* K/s, a relatively
slower temperature decrease was observed owing to the accumulation of
heat caused by the adjacent scan track; thus, lower residual stress is
expected as mentioned above. On the other hand, when the hatch
spacing is increased to d0.06, the cooling rate got higher to 6.05 x 10*
K/s. Therefore, the effect of heat accumulation from adjacent scan tracks
will decrease and experience a faster temperature decrease inducing
higher residual stress, which corresponds to KAM measurements
(Fig. 4).

Secondly, the excessive overlap between two adjacent scan tracks
results in deeper melt pools, causing the formation of keyhole pores
because of gas entrapment and/or metal vapor [33,41]. However, the
existing pores and initiate cracks can simultaneously be refilled by
partially remelted melt pools [42], which explains the high relative
densities of d0.01 and d0.02.

3.2. Microstructure characterization

Fig. 6(a—d) shows the four types of distinct microstructures observed
in y-z cross-sectioned samples fabricated under conditions identical to
those used to prepare the specimens in Section 3.1, revealing that the
transitions of these microstructures depend on the hatch spacing.
Therefore, the dependence of thermal history on hatch spacing was
closely correlated with sample microstructure.

The SEM-BSE images of d0.01-d0.06 indicated the presence of p

(white), ay (gray), and y (black) phases. Moreover, d0.01 mainly con-
tained the basket-weave-structured ay phase and small y-phase regions
(<1 pm) distributed in the B phase. In d0.02, the basket-weave
morphology was preserved, but the thickness of the ap-phase regions
and the volume fraction of the p phase decreased. Upon a further hatch
spacing increase to 0.04 mm, the ay-phase regions became considerably
thinner, and the B phase almost disappeared. In addition, the newly
developed morphology of the ay phase coexisted with jagged grain
boundaries, which is typical of massive transformation [43]. In d0.06,
the p phase almost entirely disappeared, and only the massively trans-
formed o, phase was observed. Fig. 6e shows the volume fractions of the
three phases observed in d0.01-d0.06. As the hatch spacing increased
from 0.01 to 0.06 mm, the volume fraction of the  phase decreased from
19.4% to 0.2%, while those of the ay and y phases increased from 79.4%
to 99.8% and decreased from 1.2% to 0%, respectively. Fig. 6f presents
the effects of hatch spacing on the aspect ratio (R, length of major axis/
length of minor axis) and grain size of the ay phase, revealing that the R
decreased from 23.6 + 10.7 to 16.1 + 3.8 when the hatch spacing
increased from d0.01 to d0.04. For the basket-weave-structured oo
phase, the average length of the minor axis did not substantially change,
whereas the length of the major axis noticeably decreased, as it was
limited by the primary f-grain size [44]. Thus, the formation of larger
primary f grains owing to high energy input accounted for the high
aspect ratio of the ay phase. Low energy input induced the change of oy
phase micromorphology from basket-weave to jagged. The ratio of the
basket-weave-structured to massively transformed ap phase was
approximately 3:7 in d0.04, and the grain size of the massively trans-
formed oy phase decreased from 11.1 + 5.9 to 10.3 + 5.6 pm when the
energy input further decreased with an increase in hatch spacing from
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Fig. 8. Bright-field TEM images of (a) d0.01 and (b) d0.06 revealing the higher densification of dislocation components in (b).

d0.04 to d0.06.

Fig. 7a and b show the results of SEM-EBSD analysis, including phase
maps, inverse pole figure maps, and pole figures, for d0.01 and d0.06.
Minor phases such as the y phase in d0.01 and the p and y phases in
d0.06 are not represented because of their small amounts. According to
the pole figures, the crystallographic texture of f-phase in d0.01 exhibits
strong <001> alignment along the build direction, which is a frequently
observed feature of L-PBF [10,45,46]. Furthermore, the overlaid {110}
and {0001}, directions in the pole figures imply compliance with the
Burgers orientation relationship (Burgers OR) expressed as follows [47]:

{110}ﬁ//(0001)a and (111>ﬁ// <1120>, (3)

Therefore, the observed basket-weave-structured oy phase is inclined
by approximately + 45° relative to the build direction because of the
<001> alignment of the p phase and their crystallographic relationship.
By contrast, the crystallographic texture of the oy phase in d0.06 is
randomly distributed because of the massive transformation. The parent
and child phases formed by massive transformations do not maintain an
orientation relationship [48], which implies the cooling rate is an
important contribution to the formation of crystallographic texture in
p-solidifying y-TiAl alloy. Similarly, the massive transformation can be
observed under a high cooling rate manufacturing process such as the
gas-atomization process [49], the parent and child phases were not
crystallographically aligned [50].

The microstructural differences between d0.01 and d0.06 were
further observed by TEM. The predominant oy lath and the small size of
the y-phase regions in the p-phase matrix were observed in d0.01,
whereas the oy phase was mainly visible in d0.06 (Fig. 8), which cor-
responded to the results of SEM-BSE analysis (Fig. 6). Few dislocation
tangles in the ay lath, i.e., low stress-induced deformation were occurred
for d0.01, whereas the oy phase grains in d0.06 contained numerous
dislocation lines and walls, as previously reported for massively trans-
formed microstructure obtained after quenching [51]. This behavior
means that the residual stress was not efficiently relieved owing to the
fast cooling rate.

Fig. 9 presents the microstructural evolution mechanisms for the two
typical microstructure types in the L-PBF-processed p-solidifying y-TiAl
alloy. The microstructural evolution upon the repeated heating and
cooling during L-PBF was divided into five stages according to the phase
transformation sequences based on the pseudo-phase diagram (Fig. 9a
and b). For d0.01 (Fig. 9b), the microstructure created by the previous
scan tracks entirely melted to afford the liquid phase, as the peak tem-
perature of the first cycle exceeded the solid-liquid temperature during
reheating. The f phase solidified from the liquid (below solidus tem-
perature) upon cooling and was directly transformed into the massive o
phase (Fig. 9c and d)), i.e., the p — o + p phase separation in the o +
phase region was skipped because of the fast cooling [9]. Herein,
excessive residual stress due to the rapid solidification of the L-PBF
process induced crack initiation along the massive a grain boundaries.
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However, a part of the massive a phase including the cracks experienced
partial remelting can eliminate the defects and the new f phase is so-
lidified (Fig. 9e and f). Furthermore, the o phase nucleated at the f phase
grain boundaries according to Burgers orientation relationship when the
temperature reaches the a + p region (Fig. 9g). This initially formed a
phase could extend into subsequently solidified regions through
epitaxial growth and coarsening until unaffected by the further subse-
quent layer reheating and/or remelting [44]. In addition, the continuous
thermal exposure below the a phase region induced the phase trans-
formation of o — ap phase and precipitation of the minor y phase
(Fig. 9h). By contrast, d0.06 (Fig. 9b) showed a simple thermal history
and experienced the L. —» L + p — p — massive a phase transformation as
identical with d0.01, which is not following the Burgers orientation
relationship between p and o phases (Fig. 9i and j). However, the peak
temperature of the second cycle could not reach different phase regions,
i.e., remained below the a-phase regions. Thus, the occurred defects
during the solidification still exist, phase transformation can occur in the
massive o — ap phase and only the grain size differed according to the
reheats and/or remelts, while the remaining dislocations formed dislo-
cation walls and lines such as those shown in Fig. 8b.

Table 1
Summarized mechanical properties of d0.01-d0.06.
do.01 do0.02 do0.04 d0.06
Vickers hardness 506.2 + 4.8 433.8 + 466.5 + 483.6 +

(HV0.2) 10.6 5.6 12.5

Yield strength (MPa) 1173.2 £ 1214.7 £+ 1256.1 + 1342.3 +
29.52 19.4 21.6 4.68
Compressive strength 1422.6 + 1470.3 £ 1512.6 + 1544.8 +

(MPa) 20.4 16.8 2.7 13.8
Compressive strain 13.1+0.2 13.3+0.8 8.7+ 0.5 8.5+ 0.7
(%)

3.3. Mechanical properties

Table 1 lists the mechanical properties of d0.01-d0.06. Initially, we
determined the nanoindentation hardness of the §§ phase (7.8 + 0.1 GPa)
and basket-weave-structured oy phase (7.2 + 0.1 GPa) in d0.01 and that
of the massively transformed oy phase (7.6 + 0.4 GPa) in d0.06
(Fig. 10a). Similar to a previous study, the p phase was much harder than
the basket-weave-structured oy phase [52]. However, the nano hardness
of the massively transformed oy phase considerably exceeded that of the
basket-weave-structured oy phase and was similar to that of the p phase
owing to the large residual stress increasing the density of dislocations
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Fig. 10. (a) Nanoindentation hardnesses of the p phase, basket-weave-structured o, phase in d0.01, and massively transformed a, phase in d0.06. (b) The effect of

hatch spacing on Vickers hardness.
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(Fig. 8b). Since the hardness of existing phases in descending order is f§
> massively transformed oy > basket-weave-structured oy phase, the
variation in Vickers hardness depending on hatch spacing can be
explained by considering the nano hardness results of these phases with
their distribution in the measurement area. Because Vickers hardness is
primarily determined from the volume fraction of the existing hard
phases such as p phase and massively transformed ay phase regarding
the Vickers indenter interacting with an area [27]. As can be seen, the

phase and massively transformed ay phase showed higher hardness than
the basket-weave-structured oy phase, therefore, the larger volume
fraction in  and/or massively transformed oy phase will lead to the
increase in the Vickers hardness. Indeed, the high Vickers hardness
values were measured in d0.01 (506.2 + 4.8 HV) and d0.06 (483.6 +
12.5 HV), which contained a large volume fraction of hard p phase and/
or massively transformed ay phase, while d0.02 (433.8 + 10.6 HV) was
lowest due to less amount of hard phase (Fig. 10b).



S.-H. Park et al.

o

Materials Characterization 214 (2024) 114077

Fig. 12. (a,d) Inverse pole figure, (b,e) phase, and (c,f) KAM maps acquired near the microcrack regions in (a—c) d0.01 and (d-f) d0.06 after compressive testing.

Fig. 11 displays the compressive stress-strain curves and compressive
yield strengths, strengths, and compressive strains of d0.01-d0.06. The
yield strengths and compressive strengths gradually increased with
increasing hatch spacing (Fig. 11b and c). No significant correlation was
shown with the Vickers hardness because the compressive properties
indicate the behavior of the material upon compression, which is
different from local deformation. Therefore, although phase constitution
and volume fraction are an important contribution to the strengthening
mechanisms, the Hall-Petch (grain refining) principle and crystallo-
graphic texture development were additionally contribute to the
strenghtening. At first, grain boundaries induce the formation of dislo-
cation pile-ups and thus increase the stress required to propagate dis-
locations to the neighboring grains according to the Hall-Petch principle
[53]. For d0.01, the R of ay phase was 23.6 + 10.7, which is the highest
among all conditions, and hence, the number of f/ay-phase interfaces
attributed to acting similarly to grain boundaries was lowest. While the
microstructural morphology changed to the massively transformed oy
phase with increasing hatch spacing, the grain size was the lowest at
d0.06 as 10.3 + 5.6 pm, which more frequently impedes the movement
of dislocations (Fig. 6f). On the other hand, the crystallographic texture
development also exhibited differences in strength (Fig. 7). The strong
texture indicated that adjacent grains shared crystallographic features,
which decreased the energy demand of dislocation propagation. In
addition, the main constitution ay phase in d0.01, which is formed by
(100) alignment of the § phase and followed by Burgers OR showed
relatively low compressive yield strength because of the anisotropic
mechanical behavior with the operation slip system on the prism and/or
basal planes [54]. By contrast, the randomly distributed texture in d0.06
has a chance to frequently hinder dislocation movement and contain the
oriented ap phase with higher yield strength. Therefore, not only the
phase constitution and volume fraction but also the additional effect of
grain refining and developed crystallographic texture are attributed to
the variation of yield strength and compressive strengths because of the

volumetric property.

Upon compressive testing, d0.04 and d0.06 were expected to exhibit
premature fracturing due to pre-existing cracks (Fig. 11d), even if
compressive testing was relatively insensitive to microcracks. However,
the exploration of crack propagation is essential to further advance the
microstructure and increase damage tolerance. Fig. 12 shows the
microcrack regions in compression-tested d0.01 and d0.06, revealing
the formation of deformation-induced transgranular cracks due to
intrinsic brittleness in both cases. During deformation, cracking can be
initiated at the p/ap-phase interface in d0.01 because of the in-
compatibility of plasticity between the two phases. On the other hand,
the critical resolved shear stress of the randomly distributed oy phase in
d0.06 strongly depends on the slip mode, i.e., the insufficient number of
active slip systems limits ductility and crack initiation [54]. Note that
microcrack propagation stopped at the adjacent p-phase region in d0.01,
i.e., the harder p phase disturbed crack growth [55]. In d0.06, cracks
continuously propagated along the grain boundaries and/or inside the
grains; thus, this type of microstructure without preexisting cracks was
also expected to have a lower damage tolerance.

The above results indicate the benefits of using d0.01 and d0.02 to
achieve high densification and balanced mechanical properties.
Furthermore, the use of larger hatch spacings can potentially enhance
mechanical performance if crack formation can be suppressed. These
findings help establish the competitiveness of L-PBF usage and guide
microstructure tailoring in p-solidifying y-TiAl alloys. However, how the
crystallographic texture and subsequent heat treatment influence high-
temperature mechanical properties is still required to be investigated.
To the best of our knowledge, the crystallographic texture remains sta-
ble after heat treatment up to 1200 °C [56], even when the grain size
increases. In addition, subsequent heat treatment forms an ap/y lamellar
microstructure. The features of this microstructure such as ay/y lamellar
orientation or spacing strongly influence mechanical behavior [57,58].
Thus, future studies should examine the effect of the crystallographic
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texture of the p-solidifying y-TiAl alloy processed by L-PBF and subse-
quent heat treatment on high-temperature mechanical properties, and
the results will be reported in due course.

4. Conclusions

The effects of L-PBF parameters, especially hatch spacing, on the
densification, microstructure, and mechanical properties of a f-solidi-
fying y-TiAl alloy were examined. Depending on the hatch spacing, high
densification can be achieved over 99.5% of relative density, further-
more, microstructural evolution mechanisms and mechanical properties
were addressed, focusing particularly on microstructural characteristics.
The following main conclusions can be drawn:

1. Densification was strongly affected by process parameters and
maximized at d0.01, which can be explained as follows. (i) The
intense increase in temperature due to the thermal influence from
adjacent scan tracks decelerated cooling and effectively released the
residual stress. (ii) The partially remelted pools refilled defects such
as existing pores and cracks.

2. Different microstructures originated in the as-built state, depending
on the hatch spacing. The repetitive heating and cooling at the d0.01
induced complex phase transformations and the formation of a pre-
dominantly basket-weave microstructure with a strongly developed
crystallographic texture, whereas the d0.06 induced a simple phase
transformation and rapid cooling, resulting in a massively trans-
formed microstructure with a randomly distributed crystallographic
texture.

3. Hardness was determined by the phase constitution and volume
fraction. The hardness of the high-dislocation-density massively
transformed oy phase was similar to that of the p phase, which is the
hardest phase in the examined alloy. The results of compressive
testing highlighted the additional effects of multiple factors such as
phase grain size, and crystallographic texture. As a result, balanced
mechanical properties and better damage tolerance were achieved
by the use of d0.01 and d0.02.
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