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ARTICLE INFO ABSTRACT

Associate Editor: Marion Merklein Powder bed fusion electron beam (PBF-EB) melting process with low preheating temperatures is one of the
promising ways to fabricate TiAl components with fully lamellar grain satisfying excellent mechanical properties
and complex design. In this study, the cracking behavior of a Ti-48A1-2Cr-2Nb alloy produced by electron beam
surface melting at 850 °C preheating was investigated under broad building parameter ranges. The transverse
crack was more sensitive than the longitudinal crack because of the high tensile strength along the scan direction
in single-track melting. The increased crack density deteriorated the tensile strength of the single-track melted Ti-
48A1-2Cr-2Nb alloy via interdendritic fracture. Cross-sectional image analysis revealed that the solidification
crack was prevented after single-track melting of Ti-48Al-2Cr-2Nb at 850 °C preheating owing to improved liquid
feeding, and the crack opening was preferentially observed in the /B2 phase that was placed near the melt pool
boundary region. Based on a Scheil—Gulliver and thermal conduction simulation, the partitioned a and
dendrite regions could be due to the restricted peritectic transformation of L +  — a during solidification by a
rapid cooling rate above 2.3 x 10* °C /s. The crack opening of Ti-48AI-2Cr-2Nb alloy at 850 °C preheating can be
suppressed by increasing the line energy above 1.85 J/mm. The critical residual stress causing crack opening in
the B2 phase at 1100 °C was determined to be 117 MPa via thermal-elastoplastic analysis. Therefore, cracking
due to residual stress of the Ti-48Al-2Cr-2Nb alloy produced by PBF-EB can be predicted as the maximum re-
sidual stress in the solidification region.
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1. Introduction fabrication processes, such as ingot-metallurgy, investment casting, and

thermal mechanical treatment, are inadequate because of the brittle

In recent decades, a great deal of fundamental developmental
research has been conducted on intermetallic compounds for application
as high-temperature structural materials (Prasad Rambabu et al., 2017).
Titanium-aluminide (TiAl) alloys have attracted considerable attention
in the aerospace and automotive industries due to their attractive
properties, such as low density, high specific yield strength, high specific
stiffness, and superior oxidation resistance at temperatures up to 750 °C
(Clemens and Kestler, 2000). The Ti-48Al-2Cr-2Nb (at%) alloy was
selected as the GEnx-1B engine component in 2012 as an alternative to
the Ni-based superalloy to improve fuel efficiency (>15 %) (Kim and
Kim, 2018). However, the major concern about TiAl alloys is their
challenging fabrication and complex design due to the inherent brit-
tleness of intermetallic compounds (Kim, 1995). Conventional

* Corresponding authors.

nature and limited formability of TiAl alloys (Tetsui, 2011). Therefore,
additive manufacturing has been proposed as a potential candidate for
producing TiAl components with near-net-shape and superior properties
(Juechter et al., 2018).

During the last decade, there has been extensive research toward
producing TiAl components using additive manufacturing techniques.
Balla et al. (2016) reported direct energy deposition (DED) of a
Ti-48Al1-2Cr-2Nb alloy, showing that brittle cracking occurred in broad
building parameter ranges due to rapid cooling. Shi et al. (2017) studied
the selective laser melting (SLM) of the Ti-47Al-2Cr-2Nb alloy under
broad building parameters; however, brittle cracking could not be
avoided owing to the large residual stress caused by rapid cooling.
Vilaro et al. (2010) pointed out that the brittle cracking of
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Table 1
Chemical composition of cast Ti-48Al1-2Cr-2Nb alloy by ICP analysis.

Sample Chemical composition (at%)
Ti Al Cr Nb (0]
Cast Ti-48Al-2Cr-2Nb 48.01 47.90 1.86 2.05 0.19

Ti-47A1-2Cr-2Nb alloys cannot be completely prevented by process
parameter optimization of SLM and DED processes, although a second
laser source and substrate heating are helpful in preventing brittle
cracking. The general principle to alleviate cracking sensitivity is to
adopt high-temperature preheating to decrease the cooling rate and
residual stress (Li et al., 2016a,b). A dense and crack-free
Ti-48Al-2Cr-2Nb alloy was successfully produced via PBF-EB with pre-
heating above 1100 °C (Schwerdtfeger and Korner, 2014). However,
long-term preheating at an « + y phase field can result in the segregation
of equiaxed y and thick interlamellar spacing via discontinuous coars-
ening (DC) (Yim et al., 2021), which decreases the yield and creep
strengths above 700 °C (Clemens and Mayer, 2013). Thus, the pre-
heating temperature for building a TiAl alloy should be decreased to
further optimize the microstructure and mechanical properties by sup-
pressing the DC reaction during PBF-EB building.

Several studies have attempted to produce TiAl alloys with substrate
heating above the ductile-brittle transition temperature (DBTT) using
tailored SLM equipment. Caprio et al. (2020) reported that the
crack-free Ti-48Al-2Cr-2Nb component is produced by parameter opti-
mization via SLM with preheating at 800 °C. Gussone et al. (2017)
demonstrated the crack-free near-lamellar structure of Ti-48Al-2Cr-2Nb
alloys using the SLM with preheating at 800 °C. Schimback et al. (2021)
reported a crack-free fully lamellar microstructure (~20 um) of
Ti-43.5A1-4Nb-1Mo-0.1B via SLM with 900 °C preheating followed by
post-heat treatment. Therefore, the additive manufacturing process with
preheating above DBTT can replace the conventional process for TiAl
alloys with a desirable microstructure and near-net shape. However,
Gussone et al. (2015) reported that the brittle cracking of
Ti-44.8A1-6Nb-1.0Mo-0.1B alloys cannot be avoided completely even
after optimizing the parameters in the SLM process with preheating at
800 and 1000 °C. Although the cracking mechanism of TiAl alloys in the
SLM process at low temperatures has been elucidated by Gao et al.
(2020a,b), the cracking above DBTT has not been clarified in further
detail until now. In contrast, low-temperature preheating in PBF-EB has
been mainly limited due to explosive powder scattering by an
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electrostatic force known as smoke in the preheating process. Chiba
et al. (2021) suggested mechanical stimulation to improve the electrical
conductivity of Inconel 718 alloy, allowing the raster melting of
ball-milled powder without preheating via PBF-EB. Yim et al. (2022a,b)
reported that the smoke of a Ti-48A1-2Cr-2Nb alloy is effectively sup-
pressed by mechanical ball milling, and the ball-milled powder does not
smoke even when the preheating temperature is lowered to 850 °C. This
study clearly demonstrated that TiAl alloys can be produced via PBF-EB
at the DBTT temperature without smoke by pretreatment with powder
feedstock. Therefore, it is crucial to study the cracking mechanism of
Ti-48Al1-2Cr-2Nb alloy at DBTT during the PBF-EB process as a primary
work.

Consequently, this study aimed to investigate the cracking mecha-
nism of the Ti-48Al-2Cr-2Nb alloy at 850 °C preheating in the PBF-EB
building process under various building parameters. Single-track
melting was performed to clarify the solidification mechanism of the
Ti-48Al1-2Cr-2Nb alloy during PBF-EB at 850 °C preheating. The critical
factor causing brittle cracking was investigated based on the building
parameters. The residual stress threshold causing a crack opening in the
Ti-48Al-2Cr-2Nb alloy was approximated using thermal-elastoplastic
analysis.

2. Materials and methods
2.1. Sample preparation

The cast Ti-48Al-2Cr-2Nb alloy was prepared by Kobe Steel Ltd., and
its chemical composition was analyzed using inductively coupled
plasma mass spectrometry (ICP), as shown in Table 1. For homogeni-
zation, the as-cast alloy was solution-treated (ST) at 1400 °C (single a
phase field) for 1 h in an Ar atmosphere and then furnace-cooled to room
temperature (~25 °C) (Fig. 1a). The y lamellae were precipitated at the @
grain matrix during the furnace cooling via diffusional transformation in
a + y phase field. The continuous cooling transformation diagram and
corresponding microstructure of Ti-48Al-2Cr-2Nb alloy were presented
in supplementary data (Fig. S1). The microstructure of the ST alloy
consisted of a fully lamellar structure with a mean grain size of 1083 pm
and interlamellar spacing of 0.73 um, as shown in Fig. 1b and c. The fully
lamellar grain was selected to examine whether cracks occur in the heat-
affected zone or solidification region through single-track melting under
low-temperature preheating. Rectangular substrates with dimensions of
15 mm X 15 mm x 2 mm were prepared from the ST alloy using an
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Fig. 1. (a) Binary phase diagram of Ti-Al alloy, microstructure of ST Ti-48Al-2Cr-2Nb alloy at 1400 °C for 1 h; (b) fully lamellar grain, (c) enlarged image.
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Fig. 2. Schematics of (a) specimen setup and procedure of single-track melting, (b) melt track with tensile specimen. The process parameter for single-track
experiment based on (c) current and scan speed, (d) energy density and scan speed.

Table 2
Building parameters and corresponding tensile strength after single-track
melting of Ti-48A1-2Cr-2Nb alloys.

Sample Beam current Scan speed Line energy Tensile strength
S-1 11 mA 100 mm/s 6.60 J/mm 441 MPa
S-2 7 mA 193 mm/s 2.18 J/mm 425 MPa
S-3 9.5mA 220 mm/s 2.59 J/mm 416 MPa
S-4 14.3mA 287 mm/s 2.99 J/mm 438 MPa
S-5 12 mA 350 mm/s 2.06 J/mm 437 MPa
S-6 8.3mA 380 mm/s 1.31 J/mm 413 MPa
S-7 9.6 mA 473 mm/s 1.22 J/mm 411 MPa
S-8 13 mA 567 mm/s 1.38 J/mm 406 MPa
S-9 11 mA 600 mm/s 1.10 J/mm 421 MPa
s-10 12.3mA 753 mm/s 0.98 J/mm 401 MPa
S-11 10 mA 800 mm/s 0.75 J/mm 367 MPa
S-12 11.6 mA 847 mm/s 0.82 J/mm 214 MPa
S-13 15 mA 940 mm/s 0.96 J/mm 301 MPa
S-14 14 mA 1033 mm/s 0.81 J/mm 282 MPa
S-15 13 mA 1100 mm/s 0.71 J/mm 267 MPa
S-16 10.3 mA 1127 mm/s 0.55 J/mm 284 MPa
S-17 11.6 mA 1220 mm/s 0.57 J/mm 316 MPa
S-18 13.6 mA 1407 mm/s 0.58 J/mm 255 MPa
S-t 11 mA 357 mm/s 1.85 J/mm

electro-discharge machine, and mechanically ground using SiC grade
#2400 paper.

2.2. Single-track melting experiment

Single-track melting experiments with electron beams were con-
ducted using JEOL electron beam metal AM equipment (JBS-
Z0100EBM, JEOL Ltd., Japan). The machined base plate at the center
was dug into four square holes with  dimensions
15mm x 15mm x 3 mm (Fig. 2a). The ST substrates were placed in
machined holes, and the base plate was preheated to 850 °C (above the

DBTT) using a defocused electron beam under a vacuum atmosphere
(<1073 Pa). After heating for 5 min at 850 °C, single-track melting was
conducted using various building parameter sets with three lines, as
shown in Fig. 2b. The broad range of beam current and scan speed was
determined via a uniform design method, one of the designs of experi-
mental techniques (Fang et al., 2000), as shown in Table 2. The line
energy density (Er) of an electron beam can be defined as follows:

VxlI
E, =

. @
where V is the acceleration voltage of 60 kV, I is the electron beam
current, and v is the scan speed. The over or under-estimated parameters
that cause severe or weak melting were manually changed to the interest
range, as shown in Fig. 2c and d.

2.3. Microstructure observation

The crack occurrence of Ti-48Al-2Cr-2Nb substrates after single-
track melting was examined by observing the melted surface and
cross-sectional microstructures. The single-track melted sample was cut
into five sections using an electro-discharge machine and then me-
chanically ground using SiC paper to remove oxide layers and polished
using the op-s solution. The polished samples were etched using the
Kroll’s Titanium Etch (4 vol% HNOs, 6 vol% HF, 23 vol% Hy0,, and
67 vol% H0). The microstructure of single-track melted sample was
observed using field emission scanning electron microscopy (SEM, JSM-
IT800, JEOL Ltd., Japan). The surface and cross-sectional images of
single-track melted samples using the parameter sets are presented in
supplementary data (Figs. S2 and S3). The element distribution in melt
pool region was examined using the field emission electron probe micro
analyzer (EPMA, JXA-8530F, JEOL Ltd., Japan). The crack density was
defined as the total crack length in the melt pool area using the surface
and cross-sectional images. In the single-track melting experiment, the
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Table 3
Numerical parameters for the finite element simulation of Ti-48A1-2Cr-2Nb
alloy.

Parameter Value Unit
Acceleration voltage 60 kv
Beam current 7-14.3 mA
Scan speed 100-1407 mm/s
Beam absorption coefficient 0.814

Beam diameter 0.5-0.75 mm
Emissivity 0.36

Chamber temperature 25 °C
Preheating temperature 850 °C
Solidus 1461 °C
Liquidus 1552 °C
Stress reset temperature 1552 °C

melt pool tail that finally solidified region contained brittle cracking due
to rapid cooling. Therefore, the sample containing only tail edge
cracking was considered crack-free. The dog-bone-shaped specimens for
the tensile test were prepared using the single-track melted alloy for
fractography analysis, as shown in Fig. 2b. In the tensile specimen, the
head and neck regions were non-melted with a dimension of
3.5 mm x 2.5 mm, while the central region contained the melted line by
single-track electron beam melting with a dimension of
1.5mm x 10 mm. The tensile test was performed using a specially
designed jig for a single-track melting specimen with a strain rate of
10~*/s at room using the Instron tensile system at a load of 250 kg under
room temperature following ASTM D638. The measured tensile
strengths of single-track melted samples showed a high discrepancy
depending on the building parameter sets. The tensile strength of single-
track melted samples was increased with line energy despite increased
melting region. Thus, it was considered that the difference in tensile
strength was mainly due to the crack density caused by the single-track
melting via PBF-EB.

2.4. Thermal-elastoplastic analysis

The 3D thermal conduction model was developed using a commer-
cial Abaqus finite element code to compute the temperature fields dur-
ing single-track melting of the Ti-48Al-2Cr-2Nb substrate. The heat
conduction during single-track melting at each time-step level was
defined using the energy conservation equation:

PG,

2 2
oT k<a2T *T aT)JrQ @

o \ae T T o
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Fig. 4. Temperature-dependent material properties of the Ti-48Al-2Cr-
2Nb alloy.

where p is the density, C, is the specific heat, « is the thermal conduc-
tivity of the materials, x, y, 2, are the Cartesian coordinates, and Q is the
rate of heat per unit of volume. The radiation heat loss on the single-
track melted surface can be defined using the Stefan-Boltzmann law:

draa = €0(T} = T}) ©))

where ¢ is the emissivity coefficient, ¢ is the Stefan-Boltzmann constant,
T; is the surface temperature, and T, is the temperature of the vacuum
chamber. The convective heat loss was neglected because of the vacuum
conditions of the PBF-EB process. A user-defined Fortran program was
developed to model the electron beam heat source. The heat flux dis-
tribution of the electron beam is approximated as a Gaussian distribu-
tion as follows:

2
exp ( — 2r_”(2)) @

where n is the absorption efficiency of the electron beam, ry is the beam
diameter, and r is the distance from the center of the heat source. From
the thermal conduction model, the cooling rate in the melt pool can be
approximated as follows:
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where Ty, is the liquidus temperature, Ts solidus temperature, and t; and
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Fig. 3. Finite element model for single-track melting of Ti-48Al-2Cr-2Nb alloy; (a) 3d model, (b) cross-section of target region (observation plane).
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Fig. 5. Surface image of single-track melted Ti-48Al-2Cr-2Nb alloy under various building parameters; (a) S-1 (I: 11 mA, v: 100 mm/s), (b) S-9 (I: 11 mA, v: 600 mm/
s), (¢) S-12 (I: 11.6 mA, v: 847 mm/s), (d) S-17 (I: 11.6 mA, v: 1220 mm/s).

ts are the times that reach the liquidus and solidus temperatures, is shown in Fig. 3a and b. The target region was set to a fine mesh
respectively. The numerical parameters for the thermal conduction (33.3 um), and the electron beam was moved along the x-direction in the
model are listed in Table 3. The constructed thermal conduction model model edge to decrease the computational cost. The initial temperature
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Fig. 6. Cross-sectional BSE image of single-track melted Ti-48Al1-2Cr-2Nb alloy; (a) S-1 (I: 11 mA, v: 100 mm/s), (b) S-9 (I: 11 mA, v: 600 mm/s), (c) S-12 (I: 11.6 mA,
v: 847 mm/s), (d) S-17 (I: 11.6 mA, v: 1220 mm/s); (e) schematic of melt pool classification depending on the aspect ratio.
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Table 4
Mean primary dendrite arm spacing of single-track melted Ti-48Al-2Cr-2Nb
alloys.

S-1 S-9 S-12 S-17

Mean primary dendrite arm spacing ~ 5.63uym  2.21pm  2.04pym  1.87 pm

of the constructed model was set to 850 °C, and the boundaries, except
for the surface and cross-section, were set to adiabatic conditions. The
temperature-dependent material properties of the Ti-48Al-2Cr-2Nb
alloy were taken from the literature and Scheil simulations using Pro-
CAST software (Yan et al., 2016) and are presented in Fig. 4. The ab-
sorption coefficient of electron beam was determined using the
calculation of backscattering coefficients via a Monte Carlo simulation
based on mean energy loss model (Yim et al., 2022a,b). In the
thermal-elastoplastic analysis, the von Mises yield criterion was
employed to calculate the thermally induced stress and strain, which
were reset to zero at temperatures above the liquidus to approximate the
residual stress after solidification.

3. Results
3.1. Microstructure of single-track melted alloy

The surface images of single-track melted Ti-48A1-2Cr-2Nb alloys
depending on the building parameters are presented in Fig. 5a—d. A
crack-free surface was observed in the S-1 sample at a beam current of
11 mA and scan speed of 100 mm/s, while a transverse crack with a
length below 500 pm was detected in the S-9 sample as the scan speed
increased to 600 mm/s (Fig. 5a and b). This transverse crack was
focused on the edge region of the melt track and could be attributed to
the supplied tensile stress along the scan direction of the electron beam.
In the S-12 and S-17 samples, the crack length and density further
increased with scan speed despite the slightly increased beam current,
and longitudinal cracks were observed at scan speeds above 847 mm/s
(Fig. 5c and d). This result indicates that the transverse crack more
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favorably occurs during the solidification process than the longitudinal
crack, and the tendency of cracking increases with increasing scan
speed.

The cross-sectional BSE images of single-track melted Ti-48Al-2Cr-
2Nb substrates, depending on the building parameters, are presented
in Fig. 6a—d. The melt pool geometries were determined based on the
aspect ratio (AR) of the melt pool width to the depth: conduction (AR >
2.0), transition (1.0 < AR < 2.0), and keyhole (AR < 1.0) modes. The
high energy input can cause severe metal vaporization and residual
cavities in the key-hole mode, while the low energy input can suppress
metal vaporization and internal defects by the rapid heat dissipation in
the conduction mode (Wei et al., 2017). The AR of the S-1 sample was
< 2.0, indicating the transition mode, while the others were > 2.0,
indicating the conduction mode. In single-track melted samples, the
dendritic-cellular microstructure can be separated into three contrast
colors in backscattered electron imaging: bright gray, middle gray, and
dark gray regions due to different element compositions (Fig. 6a—d).
The microstructure of the S-1 sample mainly consisted of middle gray
columnar dendritic and dark gray interdendritic regions, and the cir-
cular pores were observed at the center region of the melt pool. Zhao
et al. (2020) reported that the high recoil pressure caused by the metal
vaporization resulted in melt pool depression with intense heat con-
vection (i.e. Marangoni and buoyancy flows) and facilitates pore for-
mation. Thus, the formation of residual pores could be activated in the
transition mode in the PBF-EB process of TiAl alloy. As the heat transfer
mode changed to the conduction mode, the fraction of the bright gray
region increased near the melt pool surface or boundary (colored by a
green dashed line), and the crack opening was preferentially started in
the bright gray region, as shown in Fig. 6b—d. It is well known that the
residual pores act as a precursor to fracture initiation under tensile stress
by decreasing final fracture stress (Yim et al., 2021). This result suggests
that the residual pores in the solidified region were not a major factor to
cause the cracking of TiAl alloy in the PBF-EB process with 850 °C
preheating. The mean primary dendrite arm spacing (PDAS) of the S-1
sample was 5.63 um, and it gradually decreased with increasing scan
speed, as shown in Table 4. It has been reported that PDAS (1;) is

Fig. 7. Cross-sectional BSE and EPMA element mapping image of single-track melted Ti-48A1-2Cr-2Nb alloy; (a)—(f) S-1, (g)—() S-9 samples.
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Table 5
Atomic concentration of phases in S-1 and S-9 samples by EPMA analysis.

Sample Phase Atomic concentration (at%)
Ti Al Cr Nb
S-1 B/B2 53.68 39.77 1.12 5.43
as 49.75 43.77 2.11 4.37
y 44.81 50.25 3.17 1.77
S-9 p/B2 55.15 38.35 0.41 6.08
as 49.66 44.11 1.63 4.59
y 45.33 49.31 3.35 2.01

inversely proportional to the cooling rate (Liu et al., 2016):

or\"
Ai=Ae <E) 6)

where A is a constant that is mainly related to the solidification char-
acteristic of the alloy, and n is the rate exponent (—0.31). Based on the
PDAS, the cooling rate of the S-9 sample was approximately 20 times
higher than that of the S-1 sample, and this difference was increased to
26 and 30 times in the S-12 and S-17 samples, respectively. This result
indicates that the cooling rate of the conduction mode is much higher
than that of the transition mode owing to the low line energy, and crack
opening is favored in the conduction mode due to the high tensile force
produced by rapid cooling.

To examine the phases of solidified Ti-48Al-2Cr-2Nb alloys after
single-track melting, EPMA element mapping analysis was performed.
The BSE and element mapping images of the S-1 and S-9 samples are
presented in Fig. 7a—l. The solidification region of single-track melted
samples consisted of three phases depending on the chemical composi-
tion: 5/B2 phase (bright gray), as-TisAl (middle gray), and y-TiAl (dark
gray), as shown in Table 5. In the S-1 sample, Nb was distributed in /B2
and ay-TizAl phases, while Cr was mainly concentrated in the y-TiAl
phase, as shown in Fig. 7e and f. In contrast, a partitioned microstructure
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was observed in the S-9 sample, which was classified into bright and
middle gray columnar dendritic regions. In the S-9 sample, Nb was ho-
mogeneously distributed in the bright and middle gray columnar den-
dritic regions, while the Al and Cr elements were depleted in the bright
gray region, as shown in Fig. 7j and k. This result indicates that the
solidification path of Ti-48Al-2Cr-2Nb can be changed depending on the
building parameters of PBF-EB.

3.2. Fractography analysis of single-track melted alloy

The cross-sectional fracture surfaces of the single-track melted
samples are presented in Fig. 8a—d. In the TiAl alloy, which consisted of
lamellar grains, the crack propagated along the lamellar interface or
passed through the ay/y lamellae. Interlamellar and translamellar-like
fracture morphologies were observed in the melt pool region of the S-
1 and S-9 samples with high tensile strength (>400 MPa), as shown in
Table 2. However, interdendritic fracture morphologies were observed
(red arrow in Fig. 8c and d) in the S-12 and S-17 samples, respectively,
and their tensile strengths decreased to < 316 MPa. The interdendritic
fracture region was near the melt pool surface or boundary, which was
comparable to the /B2 phase region. This result suggests that pre-
cracking in the /B2 phase region could significantly decrease the ten-
sile strength of the single-track melted Ti-48Al-2Cr-2Nb alloy via
interdendritic fracture.

The classification of brittle cracking and the measured crack density
after single-track melting are presented in Fig. 9a and b. The single-track
melted sample that contained only an edge crack at the end of the single-
track was considered crack-free because it had minor effects on the
tensile strength. The crack density in the melt pool region rapidly
decreased depending on the line energy up to 1.32 J/mm, and it evolved
to crack-free above 2.06 J/mm. This result suggests that the crack
density in single-track melted Ti-48A1-2Cr-2Nb alloy could be predom-
inantly affected by the increase of line energy than the manipulating

Fig. 8. Fracture surface image of single-track melted Ti-48A1-2Cr-2Nb alloy; (a) S-1 (I: 11 mA, v: 100 mm/s), (b) S-9 (I: 11 mA, v: 600 mm/s), (c) S-12 (I: 11.6 mA, v:
847 mm/s), (d) S-17 (I: 11.6 mA, v: 1220 mm/s). (Red arrow indicates the interdendritic fracture region).
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Fig. 9. (a) Classification chart of brittle cracking, (b) crack density, (c) predicted process parameter map with crack density. (S-t indicates the manually selected

threshold point of the crack opening).

current and scan speed at low line energy. A clear allometric relation
between the crack and line energy densities was identified. Based on the
line model fitting, the threshold of the crack opening according to the
building parameters was predicted, as shown in Fig. 9c. This classifi-
cation chart suggests that the crack opening of the Ti-48Al-2Cr-2Nb
alloy in single-track melting via PBF-EB at 850 °C preheating would
be restricted at a line energy above 1.85 J/mm by manipulating scan
speed and beam current.

3.3. Thermal conduction model validation

To understand the solidification and cracking mechanisms of the Ti-
48Al-2Cr-2Nb alloy in the single-track melting process, thermal-
elastoplastic analysis was conducted using various building parame-
ters. It is well known that the absorption coefficient of the electron beam
was much higher compared to that of the laser beam (Korner, 2016). On
the other hand, the melt pool diameter was significantly altered
depending on the building parameters despite the fixed beam diameter
and focus offset owing to the instability of the electron beam. Thus, the
melt pool geometry depending on the building parameters in the
simulation was calibrated using the beam diameter of the electron beam
under a fixed absorption coefficient. The calculated temperature dis-
tribution by the thermal conduction model, depending on the building
parameters, is presented in Fig. 10a—d. The thermal conduction model
was calibrated based on the melt pool geometries and sizes of the
single-track melted samples. The pseudo-full model was produced by
inverting one side image using a mirror function, and the temperature
above the liquidus (1552 °C) was represented as gray-colored to

compare the shape and size of the melt pool with the experimental
result. The simulated melt pool width and depth of the S-1 sample were
not accurately matched to the experimentally measured results, while its
magnitude was roughly matched, as shown in Fig. 10a. Zhao et al.
(2020) reported that melt pool geometry was mainly affected by vapor
recoil pressure as increasing energy input in the PBF-AM process. Lei
et al. (2022) demonstrated that the melt pool width was decreased
without the effect of fluid flow (i.e. Marangoni and buoyancy convec-
tions) transferring thermal energy from the melt pool center to the outer,
while the temperature distribution in the melt pool was similar. Thus,
the discrepancy between the simulation and experiment of the S-1
sample might be originated from neglected recoil pressure and molten
pool flow. In the other building parameter conditions, the geometry and
magnitude of the melted area that was heated above the liquidus tem-
perature were also roughly matched. Thus, the melt pool flow in the
simulation can be neglected because of the similar temperature distri-
butions in the melt pool, which cause a similar residual stress degree.

3.4. Solidification behavior of the Ti-48Al-2Cr-2Nb alloy

The cooling rate obtained by the thermal conduction model during
solidification of the Ti-48Al-2Cr-2Nb alloy depending on the building
parameters is presented in Fig. 11a—d. The maximum cooling rate of the
S-1 sample was lower than that of S-9 almost 1/23 times, and it grad-
ually increased in the S-12 and S-17 samples as the scan speed increased,
which was well matched to the cooling rate difference according to
building parameters based on PDAS. The cooling rate in all samples was
the most rapid near the melt pool boundary or edge of the surface
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Fig. 10. Snapshot image of the thermal conduction model with temperature distribution; (a) S-1 (I: 11 mA, v: 100 mm/s), (b) S-9 (I: 11 mA, v: 600 mm/s), (c) S-12 (I:
11.6 mA, v: 847 mm/s), (d) S-17 (I: 11.6 mA, v: 1220 mm/s). (The white dotted line indicates the experimentally measured melt pool area).

because of rapid heat dissipation via thermal conduction and radiation,
whereas it was relatively slow in the melt pool center. This result implies
that the temperature gradient of solid/liquid interface could be higher at
the melt pool boundary or edge of the surface than that in the melt pool
center. The high cooling rate regions in the S-9, S-12, and S-17 samples
were comparable to the /B2 phase region, as shown in Fig. 11b—d.
In the non-equilibrium solidification process, the dendritic micro-
structure is determined by the temperature gradient (G) and solidifica-
tion rate (R) at the solid/liquid interface. From the thermal conduction
model, the temperature gradient can be determined using Fourier’s law,

as follows:

=
G:LZ‘:,/G§+G§+G§ ™

where || is the magnitude of the heat flux vector, and k is the thermal
conductivity at the T, (1552 °C). The solidification rate, R, which is the
moving velocity of the solid-liquid interface, can be calculated by
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Fig. 11. Cooling rate distribution during solidification of Ti-48Al-2Cr-2Nb alloy; (a) S-1 (I: 11 mA, v: 100 mm/s), (b) S-9 (I: 11 mA, v: 600 mm/s), (c) S-12 (I:
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where 6 is the angle between the direction of the electron beam scan
speed (v) and R. The G and R values in the single-track melting of the Ti-
48Al1-2Cr-2Nb alloy under various building parameters were measured
at the observation plane of center part, as shown in Fig. 3a. The G and R
distributions at the observation plane during the solidification of the Ti-
48A1-2Cr-2Nb alloy depending on the building parameters are presented
in Fig. 12a. In all samples, the solidification velocities at the bottom
region of melt pool were lower than those at the middle and top areas,
while the temperature gradient was higher. This result indicates that the
angle between v and R was highest in the bottom region of the melt pool,
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while it gradually decreased in the middle and top regions, causing high
solidification velocity (Fig. 12b). In the interface response function
theory, the influence of solidification rate on the temperature of the
solidified interface is reflected at a given composition and temperature
gradient (Su et al., 2005). Thus, the primary solidified phase is domi-
nantly affected by the G/R ratio, which represents the undercooling of
the solid-liquid interface. The constitutional undercooling (AT,) in the
dendrite tip can be expressed as (Gaumann et al., 1997)

AT, = GD,/R 9)

where Dy is the diffusion coefficient of the solute in liquid (5 x10~°
m?s1). The mean AT, in the melt pool bottom area was higher than that
in the melt pool top and middle regions in all samples, and it gradually



S. Yim et al.

Table 6
Constitutional under cooling in the melt pool bottom region of single-track
melted Ti-48Al-2Cr-2Nb alloys.

S-1 S-9 S-12 S-17

Constitutional under cooling 0.83°C 0.53°C 0.48°C 0.44°C

decreased with increasing scan speed. However, the mean AT, in the
melt pool bottom was < 1 °C in all samples (Table 6). Su et al. (2005)
reported that the primary phase of Ti-48Al alloy can vary depending on
the G/R ratio, and the primary dendrite § is more favored under low
undercooling than primary dendrite a. Graf et al. (2021) demonstrated
using in situ high-energy X-ray diffraction that the  phase is the primary
dendrite phase in the solidification of Ti-48A1-2Cr-2Nb alloy by SLM.
This result indicates that the # phase could be the primary dendrite in all
samples after single-track melting at preheating temperature of 850 °C
owing to the low AT,. Thus, the primary $ phase will grow larger until
the nucleation undercooling of the a phase is achieved (Zhu et al., 2012).
Therefore, the solidification and solid-state transformation of the
Ti-48Al1-2Cr-2Nb alloy during the single-track melting can be expressed
as (Li et al., 2016a,b)

L—>L+p—-p+a—a+y+p—-a,+y+B2 (10)

However, the magnitude of the f dendritic region was clearly
different depending on the building parameters. Liu et al. (2015a), re-
ported that f is the primary phase at high undercooling levels caused by
rapid cooling, and the peritectic transformation of L +  — « in the
Ti-48A1-2Cr-2Nb alloy can be restrained at a cooling rate of 2.3 x 10*°C
/s. This result suggests that L +  — « is favored at a low cooling rate (<
2.3 x 10* °C /s), and it allows the superposition of multiple-phase
transformation reactions during solidification. Thus, the g+ a +y
mixed dendritic microstructure of the S-1 sample could attribute to the
peritectic transformation during solidification under a low cooling rate,
as shown in Fig. 7b. In contrast, the peritectic transformation in S-9
sample could be restricted due to the rapid cooling rate (> 2.3 x 10*°C
/s), which restricts the diffusion of elements during solidification.
Therefore, the # dendritic region containing almost no a phase can be
obtained in the S-9, S-12, and S-17 samples near the melt pool boundary
region due to the suppressed peritectic L + f — a reaction by rapid
cooling.

To further examine the solidification behavior of the Ti-48Al-2Cr-
2Nb alloy, a Scheil—Gulliver simulation was conducted using the
Thermo-Calc software with the TTTI3 v3.1 database. The solidification
behavior and corresponding element concentration in the liquid of Ti-
48Al-2Cr-2Nb alloy are presented in Fig. 13a and b. Under the

(a) 1600
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Scheil—Gulliver condition, the solidification path of the Ti-48Al-2Cr-
2Nb alloy is as follows:

1)

The primary solidified phase was f-depleted of Al and Cr at tem-
peratures up to 1484 °C, as shown in Fig. 13a. The Al and Cr concen-
trations in the liquid gradually increased during solidification (Fig. 13b)
due to the low partition coefficients of Al and Cr (Table 7). This result
suggests that the p-dendritic regions in the S-9, S-12, and S-17 samples
could be primarily formed by rapid solidification near the melt pool
bottom region, and the a-dendrite region is subsequently formed in the
top or middle regions due to the increased Al and Cr concentrations in
the liquid, as shown in Fig. 12b.

L>L+p-L+p+a-»L+a—-L+a+y—>L+y—>L+y+p

3.5. Cracking mechanism of Ti-48Al-2Cr-2Nb alloy

In this study, thermally-induced brittle cracking was only observed
after single-track melting of the Ti-48Al-2Cr-2Nb alloy. Lee et al. (2020)
reported that the solidification crack near the centerline is the dominant
cracking behavior of the Ti-48Al-2Cr-2Nb alloy in the SLM process
without preheating. Gao et al. (2020a,b) reported that solidification
cracking in the central region of Ti-40A1-9V-0.5Y mainly occurred with
increasing scan speeds during the SLM process without preheating. It is
well known that solidification cracking is occurred at the final shrinkage
region by the contribution of lack of liquid feeding and residual stress
above solidus temperature, while cold cracking occurs below solidus
temperature owing to the accumulation of thermal stress (Deng et al.,
2022). In this study, solidification cracking in the Ti-48Al-2Cr-2Nb alloy
was prevented under a broad building parameter range (even in the
transition mode) via PBF-EB with preheating at 850 °C. This result in-
dicates that preheating at 850 °C can contribute to liquid feeding as well
as residual stress release during solidification after single-track melting.
Zhao et al. (2019) reported that heat transfer in the melt pool is pre-
dominantly affected by heat convection rather than heat conduction
under low viscosity due to Marangoni convection. The dynamic viscosity
of the liquid in the melt pool can be expressed as (Nie et al., 2018):

Table 7
Partition coefficient of Ti-48A1-2Cr-2Nb alloy under Scheil—Gulliver conditions
at 1450 °C.

Ti Al Cr Nb

Partition coefficient 1.103 0.872 0.399 1.199

=J
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Fig. 13. (a) Scheil—Gulliver simulation and (b) corresponding element concentration of Ti-48Al-2Cr-2Nb alloy during solidification. (Black dotted line indicates the

equilibrium solidification condition).
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Fig. 14. Snapshot image of thermal-elastoplastic analysis of S-9 sample during solidification and cooling process; (a) t = 2.4 ms, (b) t = 13.2 ms, (¢) t = 15.9 ms, (d)
t = 24.4 ms. (Red box indicates the observation plane for residual stress analysis at the surface temperature of 1100 °C).
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Fig. 16. (a) Cross-sectional image of single-track melted S-9 sample. Residual stress distribution of S-9 samples at 1100 °C color-coded by; (b) S11 (x-direction), (c)
S22 (y-direction), (d) S33 (z-direction). (White dashed line and red arrow represent the simulated melt pool boundary and generated crack, respectively).
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where m is the atomic mass of the alloy, 4 is the surface tension of the
liquid, and kg is the Boltzmann constant. Thus, the low preheating
temperature leads to rapid cooling of the melt pool, and the liquid
feeding could be limited due to the short lifetime of the liquid causing
solidification cracking. In contrast, the dynamic viscosity could be more
slowly increased due to the slow cooling rate by introducing preheating
at 850 °C. Thus, a decreased cooling rate can increase the lifetime of the
melt pool with low viscosity, and the solidification crack can be effec-
tively suppressed by released solidification shrinkage tension and lack of
liquid feeding (Nie et al., 2018). Furthermore, the temperature of the
melt pool in the PBF-EB process is higher than that of the SLM process,
which results in low surface tension and dynamic viscosity (Zhao et al.,
2020). Therefore, the solidification crack in Ti-48Al-2Cr-2Nb alloys can
be more suppressed in the PBF-EB process compared to the SLM process
owing to the improved liquid feeding caused by the capillary effect.

As mentioned before, brittle cracking in single-track melted Ti-48Al-
2Cr-2Nb alloys at 850 °C preheating was preferentially observed in the
$/B2 phase region that was formed near the melt pool boundaries or
surface edge region. The disordered f phase in TiAl alloy is more ductile
than the @ or y phase owing to many slip systems, while the ordered B2
phase is extremely brittle owing to the intermetallic characteristic (Raji
et al., 2020). The ductile behavior of the p phase in the
Ti-45A1-7Nb-0.4 W-0.15B alloy was observed at 1200 °C, while brittle
cracking occurred at 1000 °C in the compressive test (Liu et al., 2011).
Liu et al. (2015a,b) reported that the B2 phase was much harder and
more brittle than the a; and y phases at low temperatures (ordering is
B2 > ag > y). This result indicates that the ordered B2 phase is the
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precursor of the crack opening of the Ti-48Al-2Cr-2Nb alloy at tem-
peratures below f — B2 ordering, and cold cracking could be mainly
attributed to the accumulated residual stress caused by rapid cooling
after solidification. Therefore, it was clearly demonstrated that the
dominant cracking mechanism of TiAl alloy was transitioned from so-
lidification cracking to cold cracking by introducing the preheating at
850 °C. It has been reported that the # to B2 ordering in TiAl alloys
varies depending on the composition in the temperature range of
1100-1200 °C (Kononikhina et al., 2017). To investigate the threshold
of residual stress for crack opening of the B2 phase, the § — B2 ordering
temperature of the Ti-48Al-2Cr-2Nb alloy was assumed to be 1100 °C.

3.6. Critical residual stress causing crack opening

A typical example of temperature and thermal stress fields during a
single-track melting simulation is presented in Fig. 14a—d. The melted
region with a temperature above the liquidus (1552 °C) had a gray
threshold, and the residual stress of the melted region was reset to zero,
as shown in Fig. 14a. The thermally induced stress accumulated in the
solidification region because the temperature field was simultaneously
changed by rapid cooling along the scan direction and caused complex
compressive and tensile forces (Fig. 14b and c¢). When the temperature of
the solidified region reached 1100 °C, the residual stress changed only
slightly because of the slow cooling rate (<1.68 x 10%), as shown in
Fig. 14d.

The von Mises stress according to the Cartesian coordination at
1100 °C were investigated to determine the critical residual stress
causing crack opening in the B2 phase of the Ti-48A1-2Cr-2Nb alloy. The
cross-sectional images and von Mises stress of single-track melted sam-
ples under various process parameters are presented in Figs. 15-18. The
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Fig. 17. (a) Cross-sectional image of single-track melted S-12 sample. Residual stress distribution of S-12 samples at 1100 °C color-coded by; (b) S11 (x-direction), (c)
S22 (y-direction), (d) S33 (z-direction). (White dashed line and red arrow represent the simulated melt pool boundary and generated crack, respectively).

crack-free microstructure was obtained in the S-1 sample, while S11,
which is a tensile stress along the scan direction (x-direction), was the
highest at 344.6 MPa in the central melt pool region (Fig. 15a and b).
This result demonstrates that brittle cracking by residual stress in the Ti-
48Al-2Cr-2Nb alloy is restrained in the a dendritic region above the
DBTT. The S11 values of all samples were higher than those of S22 and
$33, indicating preferential crack opening perpendicular to the scan
direction. Moreover, the S11 in the S-9, S-12, and S-17 samples were
concentrated near the melt pool boundaries and surface edge region,
which is well matched to the /B2 dendritic region (Figs. 16b, 17b, 18b).
Therefore, the transverse crack could primarily occur in the melt pool
edge region due to the high residual stress along the scan direction, as
shown in Fig. 5b—d. As the scan speed was raised to 600 mm/s, the S22
of the S-9 sample increased to 123.7 MPa with a longitudinal crack
(Fig. 16a and b). The S22 in the S-12 and S-17 samples gradually
increased with increasing scan speed at almost constant beam current,
and the high S22 region was comparable to the crack opening region
near the melt pool boundary and edge region (Fig. 17a, ¢ and Fig. 18a,
c). Interestingly, the crack initiation of S-12 and S-17 samples at the melt
pool surface was suppressed compared to the melt pool boundary region
despite comparable S11 and S22, as shown in Fig. 17a and Fig. 18a. In
the thermal conduction model, the thermal energy dissipation was
accelerated at the surface by the contribution of heat radiation, which
cause the surface shrinkage and crack closure. Therefore, the crack
initiation of S-12 and S-17 samples could be preferred at the melt pool
boundary region owing to the high residual stress contributed by surface
shrinkage.

The three building parameters, S-5, S-t, and S-6, were selected to
investigate the crack opening threshold of the B2 phase at 1100 °C, as
shown in Fig. 9c. The cross-sectional images and von Mises stress of the
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S-5 and S-6 samples after single-track melting are presented in
Fig. 19a—h. Crack-free surfaces and cross-sectional microstructures
were observed in S-5 sample (Fig. 19a and c). The maximum S11 and
S22 in the melted region of the S-5 sample were determined to be
116.3 MPa and 109.8 MPa, respectively (Fig. 19b and d). On the other
hand, transverse and longitudinal cracks were detected in the S-6 sample
at the melt pool boundary region (Fig. 19e and g). In the solidification
process, the high tensile stress along the scanning direction can result in
strain hardening via dislocation accumulation, which suppresses the
crack initiation along the y-direction. However, the longitudinal crack
preferentially occurred at the /B2 region of S-6 alloy despite the
contribution of strain hardening. The S11 and S22 in the S-6 sample far
increased to 188.2 MPa and 132.4 MPa as increasing cooling rate owing
to decreased line energy (Fig. 19f and h). This result indicates that the
cracking caused by residual stress of the Ti-48Al-2Cr-2Nb alloy is
significantly affected by line energy, and it can be suppressed by process
parameter optimization.

The maximum von Mises stress depending on the building parame-
ters is shown in Fig. 20. The crack-free sample was obtained at residual
stress below 110 MPa, while brittle cracking occurred at residual
stresses above 123 MPa. To clarify the threshold residual stress of crack
opening in the B2 phase, thermal-elastoplastic analysis was conducted at
a scan speed of 357 mm/s and a beam current of 11 mA placed in the
threshold boundary of the crack opening in the predicted crack density
map (denoted as S-t), as shown in Fig. 9c. The highest S22 in the melt
pool of the S-t sample was 117 MPa, which is within the range between
the crack-free and crack opening samples. Therefore, the crack-free
sample can be predicted by thermal-elastoplastic analysis using
various building parameters, even though the microstructure had a
brittle B2 phase in the Ti-48Al-2Cr-2Nb alloy. In conclusion, it was
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Fig. 18. (a) Cross-sectional image of single-track melted S-17 sample. Residual stress distribution of S-17 samples at 1100 °C color-coded by; (b) S11 (x-direction), (c)
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Fig. 19. Surface and cross-sectional BSE images of single-track melted Ti-48A1-2Cr-2Nb alloy; (a), (c) S-5 sample, (e), (g) S-6 sample. Residual stress distribution of
single-track melted Ti-48Al1-2Cr-2Nb alloy at 1100 °C; (b), (d) S-5 sample, (f), (h) S-6 sample.

demonstrated that the cracking caused by residual stress of the Ti-48Al- 4. Conclusion
2Cr-2Nb alloy can be optimized by controlling the line energy above
1.85 J/mm. The cracking mechanism of the Ti-48A1-2Cr-2Nb alloy in single-track

melting at 850 °C preheating via powder bed fusion electron beam was
investigated under various building parameters. The transverse crack
after single-track melting was detected earlier than the longitudinal
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Fig. 20. Maximum von Mises stress in S22 of single-track melted Ti-48Al-2Cr-
2Nb alloy at 1100 °C depending on building parameters.

crack, which could be due to the high tensile stress along the scan di-
rection. The tensile strength of the single-track melted sample rapidly
decreased as the crack density increased owing to interdendritic frac-
ture. In the single-track melting of Ti-48Al1-2Cr-2Nb at 850 °C preheat-
ing, the solidification crack was restricted due to improved liquid
feeding by slow cooling, while crack opening was preferentially detected
in the /B2 region. A Scheil—Gulliver simulation revealed that the g
dendrite regions with almost no a phase could be due to the restricted
peritectic transformation of L + f§ — a by rapid cooling above 2.3 x 10*
K/s during solidification. The crack opening of Ti-48Al-2Cr-2Nb in the
single-track melting at 850 °C preheating can be restricted by increasing
the line energy above 1.85 J/mm. The critical residual stress causing the
crack opening of the B2 phase at 1100 °C was determined to be 117 MPa
via thermal-elastoplastic analysis. In conclusion, it is recommended that
the /B2 phase of the Ti-48Al-2Cr-2Nb alloy should be restricted by
facilitating peritectic transformation in the solidification process to
prevent residual stress-induced cold cracking in the powder bed fusion
electron beam melting process at 850 °C preheating.
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