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Improving the printability and high-temperature mechanical performance of high aluminum and titanium
content Inconel superalloys is of interest in aerospace, automotive, and energy industries. In aerospace appli-
cations, for instance, components such as turbine blades and engine parts require exceptional strength and
ductility under extreme temperatures (above 800 °C), which more common Inconel alloys such as In718 and
In625 struggle to provide. Therefore, this study explores the influence of TiB; on the additive manufacturing of
Inconel 939 superalloy (In939) by laser powder bed fusion (LPBF). TiBy powders with a size of approximately
1-3 pm were decorated on the surfaces of Inconel 939 alloy powders via high-speed blending. Both pure In939
and In939+TiB, samples were prepared by LPBF with varying laser power and scanning speed. Microstructural
analysis of the as-printed specimens revealed that the TiBy addition to Inconel 939 eliminated crack formation
under all LPBF conditions tested. Consequently, the as-printed In939-+TiB, exhibited superior room temperature
(RT) yield strength (1256 MPa) and ultimate tensile strength (1578 MPa) with reasonable tensile ductility
(13-15 %) compared to the as-printed In939. Furthermore, In939+TiB, shows exceptional high-temperature
strength, demonstrating superior performance up to 850°C in contrast to other additively manufactured and
cast In939 materials in the literature. This study paves the way for sectors including aerospace, automotive, and
energy to significantly enhance the performance of critical components like turbine blades and engine parts made
of In939 through LPBF.

1. Introduction

Nickel-based (Ni-based) superalloys, known for their high-
temperature strength and corrosion resistance, are widely used in
extreme-condition applications. Among the various alloys studied,
Inconel 939 (In939) has recently gained particular interest in the addi-
tive manufacturing (AM) research community for its unique capability
to retain superior mechanical stability at elevated temperatures up to
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800-850°C, which is higher than the typical operational limit of other
widely used superalloys like Inconel 625 and Inconel 718 [1-5]. How-
ever, Inconel 939 faces challenges in printability due to solidification
cracking, especially in AM processes such as laser powder bed fusion
(LPBF). These cracks, resulting from high residual stresses and phase
segregation, hinder its effective use without post-processing or modifi-
cation strategies [1-11]. Recent studies have demonstrated that
crack-free In939 can be produced via LPBF under strictly controlled
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process parameters or through modifications, such as the addition of Si
[4]. In contrast, this study introduces an approach to address these
challenges by incorporating TiB, particles into In939. In this way, we
aim to address two key concepts associated with the LPBF of In939 by
combining an enlarged printing process window with superior me-
chanical properties.

Currently, the AM research community is also focusing on devel-
oping novel metal matrix composites (MMCs), utilizing ceramic particle
reinforcing agents to improve the mechanical and other crucial prop-
erties of the base metals, aiming for durability in even more extreme
operational conditions [12-17]. A significant area of focus within these
developments is MMCs reinforced with TiB; ceramics. Transition metal
diborides, belonging to the category of ultra-high-temperature ceramics
(UHTCs), are strong candidates for fabricating Ni-based MMCs [18,19].
There have been multiple reports on TiB,-reinforced Ni-based MMCs
produced using various AM techniques [13,14,20], including a series of
studies by Zhang et al. [21-23]. In this context, the introduction of TiBy
in In939 is explored here as a strategy to mitigate cracking and enhance
the alloy’s high-temperature performance, making it more suitable for
demanding aerospace applications where components are subjected to
extreme thermal and mechanical stresses.

The literature suggests that transition metal diborides have sub-
stantial potential to enhance the mechanical performance of both solid-
solution and precipitation-strengthened Ni-based superalloys. Zhang
et al. [22,24] showed that incorporating TiB, into solid-solution
strengthened Ni-based superalloys (e.g., GH3230) leads to effective
bonding between TiBy and the matrix interface, as well as a higher
fraction of high-angle grain boundaries. This combination increases
strength and facilitates easier slip in the plastic zone compared to pure
GH3230. In a similar vein, Tekoglu et al. [25] reported strength im-
provements of precipitation-strengthened In625 reinforced with TiB; at
both room temperature (RT) and 800 °C. In the mentioned research,
TiBy was found to decompose during LPBF, which promoted the for-
mation of Cr-, Mo-, and Nb-rich complex borides due to the locally
increased concentration of these elements, contributing to the superior
high-temperature strength of In625 [25].

In parallel, several studies have focused on revealing the crack
initiation mechanisms and reducing the occurrence of cracks in hard-to-
print Ni-based superalloys [23,26-32]. Current strategies for suppress-
ing cracks in these challenging-to-print Ni-based superalloys include (1)
micro-alloying [4,31,32], (2) optimization of the LPBF process [30], and
(3) the incorporation of heterogeneous nucleating agents such as TiBy
[23]. The second approach primarily aims to facilitate a transition from
columnar to equiaxed grains by varying LPBF conditions, such as
altering the laser power, scanning speed, and hatch spacing. However,
the first and third methods have been more effective in reducing
cracking, as studies have shown crack inhibition by narrowing the so-
lidification temperature range (STR) and promoting grain boundary
precipitation of secondary additions during the LPBF process. For In939,
Zhang et al. [4] discovered that adding 1.5 and 3.0 wt% Si to In939
significantly reduced crack density in LPBF-processed In939 compo-
nents, an outcome attributed to a lower cooling rate during LPBF.
Additionally, the addition of Si increased the number of precipitates,
resulting in higher strength but lower tensile ductility [4]. On the other
hand, TiB; has proven remarkable effectiveness in mitigating cracking
and reducing porosity in Ni-based superalloys [22,23,25]. In one such
study, Zhang et al. [23] showed that adding 1 and 2 wt% TiB; inhibited
solidification and solid-state cracking in LPBF-processed GH3230. The
inhibition of cracking mechanisms was attributed to the formation of
finer grains, the presence of isolated liquid droplets during solidifica-
tion, and increased the topological complexity of the grain boundaries.

To date, the impact of TiBy or other ceramic reinforcements on the
microstructure, crack initiation, and consequent enhancements in ten-
sile properties of LPBF-processed Inconel 939 has not been investigated.
Contrary to other studies on TiBy-reinforced MMCs where TiB; particles
remain undecomposed [33-35], our study reveals that TiB, particles
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fully decompose, forming new intermetallic compounds that enhance
mechanical properties at both room and elevated temperatures. Addi-
tionally, the incorporation of TiB; demonstrates a remarkable capability
to suppress crack formation in the as-printed state. It is important to note
that additively manufactured materials exhibiting superior properties in
their as-printed state provide significant economic benefits through cost
and time savings derived from the streamlined manufacturing process.
In this context, our findings underscore the economic viability of
employing TiBy-reinforced In939 components fabricated by LPBF. The
following sections will delve into the microstructural features contrib-
uting to crack inhibition in TiBy-reinforced In939 and examine the room
and high-temperature mechanical properties of these components
fabricated using LPBF.

2. Methods
2.1. Feedstock preparation and LPBF process

The In939+TiB, feedstock was prepared by blending In939 powders
with 2 vol% TiB, particles. The TiB, powders, with a particle size of
approximately 1-3 pm, were purchased from US Research Nano-
materials Inc., as shown in the scanning electron microscope (SEM)
image in Supplementary Fig. 1(a). Supplementary Fig. 1(b) displays the
SEM image of commercially available In939 powders with a particle size
range of 15-45 pm (D10: 19.7 pm, D50: 29.9 um, D90: 45.3 pm) and
were procured from MATEXCEL. The ceramic powders were added to
the In939 powders to form a mixture containing 2 vol% TiBy. The
blending was performed in batches of 500 g in a high-speed blender
(VMO0104, Vita-Mix, USA) for 90 min, encompassing 9 cycles where each
cycle consisted of 10 min of blending followed by 10 min of cooling. Low
and high-magnification SEM images and corresponding EDX mappings
of the blended In939 + 2 vol% TiBy (hereafter referred to as
In939+TiBy) powders are provided in Fig. 1(a and b). The In939 pow-
ders mostly retained their sphericity after blending with TiBy. Energy
dispersive X-ray (EDX) mappings of the blended In939+TiB; particles
reveal that the TiB, particles (indicated by yellow arrows) were effec-
tively distributed on the surfaces of the In939 particles. The chemical
compositions of the commercial In939 and blended powders were
measured via SEM/EDX and are provided in Table 1.

After preparing the In939+2TiB, powders, a commercial LPBF sys-
tem (EOS M290) was utilized to perform AM on both the as-purchased,
unreinforced In939 powders and the In939+2TiB, powders. Fig. 1(c)
illustrates the printed In939 and In939+TiBy samples before their
removal from AISI 4140 steel build plates. In this study, two types of
sample geometries were fabricated. One was in cubic form with di-
mensions of 2 mm x 2 mm x 2 mm, used for microstructural charac-
terizations. The other was in plate form, measuring 20 mm x 20 mm x 2
mm, from which tensile specimens were cut out using wire electrical
discharge machining (EDM). Additionally, the dimensions of the dog-
bone specimens prepared for room temperature (RT) and high-
temperature (HT) tensile testing are presented in Fig. 1(d) and (e),
respectively. Fig. 1(f) shows a representative image of the In939+TiB,
samples fabricated via LPBF. Lastly, Table 2 shows volumetric energy
densities (VEDs) applied to the In939 and the 2 vol% TiB; reinforced
In939 composite samples.

2.2. Microstructure analysis

After LPBF, the samples were prepared for microstructural charac-
terization through cutting, grinding, and polishing. The relative den-
sities of the LPBF-processed samples were measured using Archimedes’
method. The distribution of microcracks and porosity in selected sam-
ples was analyzed using computed tomography (CT) with a Zeiss Xradia
620 Versa X-ray microscope. Computed Tomography (CT) was per-
formed to measure the porosity distribution and pore size in the printed
samples, using a Zeiss Xradia 620 Versa X-ray microscope. Scanning
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Fig. 1. (a, b) SEM micrographs and EDX mapping analysis of In939 particles decorated with TiB, after blending. (c) Illustration of samples produced via LPBF.
Geometry and dimensions of (d) room-temperature tensile specimens and (e) high-temperature tensile specimens machined by wire EDM. (f) In939+TiB, samples
fabricated by LPBF using the EOS M290 system, shown before removal from the build plates.

parameters included a pixel size of 1.75 pm, HE18 filter, 160 keV beam
energy, 25 W power, 5 s exposure time, and a full 360° rotation for 4X
scans of the 3D printed specimen. Post-processing was conducted using
Dragonfly software, where pores smaller than 9 voxels (equivalent to
less than 2 pm) were excluded. The phase composition of the powders
and LPBF-processed samples was characterized by X-ray diffraction,
using a PANalytical Empyrean diffractometer with Cu K, radiation (A =
1.54 A) over a range of scattering angles 20 = 10-90° and a step size of
0.01°. To determine the microstructural characteristics and chemical
composition, a Zeiss Merlin high-resolution scanning electron micro-
scope (SEM) (Carl Zeiss AG, Oberkochen, Germany) was employed.
Electron backscatter diffraction (EBSD) analyses were also performed
with a step size of 0.5 pm to ensure sufficient resolution for capturing the
microstructural features such as cracks. For transmission electron mi-
croscopy (TEM) sample preparation, a Raith VELION Focused Ion Beam
(FIB) was used. Following FIB preparation, scanning transmission elec-
tron microscopy (STEM) imaging, diffraction, and spectroscopy were
conducted in a probe-corrected Thermo Fisher Themis Z G3 operated at
200 kV and using a 19 mrad convergence angle. Energy dispersive X-ray
spectroscopy (EDX) was collected using a beam current of 200 pA with
Super-X detectors. Electron energy-loss spectroscopy (EELS) was also
performed in a probe-corrected Thermo Fisher Themis Z G3 equipped
with a Gatan Continuum EELS spectrometer. The CALPHAD (CALcula-
tion of PHAse Diagrams) method, using the Thermo-Calc software with
TTNI8 database, was applied to interpret the hot cracking susceptibility
of the LPBF-processed compositions. In this context, Scheil-Gulliver
curves were plotted based on the Aziz model [36] for solute trapping,
which accounts for the high solidification rates characteristic of additive
manufacturing.

2.3. Mechanical testing

Tensile tests were conducted at room temperature using an Instron
5969 with a strain rate of 2 x 10~* s™!. Three samples from each
category were tested to validate the obtained results. The tensile
displacement and strain were precisely recorded using a non-contact
AVE2 video extensometer. High-temperature tensile tests were per-
formed at 800 and 850°C with a strain rate of 2 x 10~% s™! using a
custom-built mechanical testing machine equipped with a furnace
capable of operating up to 1000 °C. Accurate measurement of the gauge
section strain was achieved using the digital image correlation (DIC)
technique. To ensure stable DIC strain measurement at elevated tem-
peratures, white aluminum oxide aerosol paint, and black heat-resistant
paint were sprayed onto the gauge section of each specimen to create
high-contrast speckle patterns. Sample images were captured every 2 s
during the test using a CCD camera (Teledyne FLIR, Inc.) equipped with
a telecentric lens (Edmund Optics, Inc.).

3. Results
3.1. Thermodynamic calculations to evaluate the effect of TiBy content

Before LPBF, Scheil-Gulliver simulations were performed to assess
the effect of TiB; content on the cracking sensitivity coefficient (CSC)
and of In939 alloys and determine the feasible composite formulation.
Fig. 2(a) shows the Scheil-Gulliver curves with respect to different TiB,
contents (0, 1, 2 and 5 vol%). Accordingly, the Scheil freezing temper-
ature range and CSC of different compositions are plotted in Fig. 2(b).
The criterion of Clyne and Davies [37] is used to calculate CSC:

csc=2. 6))
tr
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Table 1

EDX results obtained from raw In939 powders (Supplementary Fig. 1(b)) and In939 + 2TiB, powders after blending (Fig. 1 (b)).

Ti Al Ta Zr

Nb

Ni Cr Co

Element (wt%)

0.27 + 0.07
0.14 + 0.09

22.51 + 0.42 19.34 + 0.60 1.96 +0.11 0.94 + 0.13 3.71 £ 0.27 1.80 +0.11 1.21 + 0.07 0.12 + 0.04
18.51 + 0.23 0.85 + 0.17 1.33 +£0.10 0.04 + 0.06

22.02 £+ 0.36

48.14 + 0.33
47.81 £ 0.27

Commercial In939
In939 + TiB,

0.89 +0.13

1.62 £ 0.15

5.3+ 0.33

1.49 £ 0.15
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where ty is the solidifying time period of the alloy when it is vulnerable
to hot cracking, and tg is the time available for stress relief processes.
Katgerman [38] proposed a criterion as follows:

csg= oo e @
tcr - tcoh

ter and teoh, Where t¢; is the time when feeding becomes inadequate,
and tcop, is the time when the fraction solid is at the coherency point.

In this study, the duration of interdendritic separation was assumed
as the time required for the solid fraction to increase from 0.9 to 0.99
(to.99-to.9). Similarly, the duration of mass and liquid feeding was
defined as the time interval during which the solid fraction increases
from 0.4 to 0.9 (tg.o-tg.4). Therefore, the formulation becomes as follows:

t —t
CSC = 0.99 0.9 ) (3)
too —to4
It is worth noting that the assumption of linear cooling allows
replacing the time measurements with temperature measurements cor-
responding to the same fraction of solid, read directly from Scheil curves
[38]:

csC=-22—

> @
Toa — Too

It is evident that TiB, addition into In939 alloy substantially de-
creases the CSC values (~3 times). It is important to mention that the
melting point of In939+5TiB; is almost 1700°C, which is 350-450°C
higher than the other compositions (i.e., In939, In939+1TiBy and
In939+2TiBy). Therefore, the Scheil freezing temperature range of the
In939+5TiBy is also higher than that of other compositions. Based on
these calculations, In939+1TiB; and In939+2TiB, were selected as the
optimal composite formulation for LPBF studies since higher TiB, ad-
ditions are prone to other LPBF-related defects, such as lack of fusion
and delamination due to its higher melting temperature. Although the
CSC value of In939+1TiB; is the lowest, the difference compared to
In939+2TiBy is minimal, indicating no significant variation in terms of
CSC. However, the addition of 2 vol% TiB, is expected to have a greater
strengthening effect due to its microstructural characteristics than the
addition of 1 vol% TiB,. This strengthening effect of Ti and B has been
suggested in other studies for similar alloy systems, where the presence
of these elements in solution has been associated with improvements in
mechanical properties [39]. Therefore, from this perspective,
In939+2TiB, was chosen as the optimal composition for this study.

In parallel, Kou [40] proposed a criterion that links the solidification
cracking susceptibility (SCI) of an alloy to the slope of the temperature
versus square root of solid fraction (T - fg/ 2y curve:

SCI= ‘dT /d(fé) near(f?). (5)

This criterion captures the thermal behavior near the end of solidi-
fication by quantifying the steepness of the T - £ curve. A steeper slope
near f’? = 1 indicates a narrower mushy zone, corresponding to a
higher SCI and, consequently, a greater susceptibility to solidification
cracking. Higher SCI values imply a prolonged presence of liquid films
along the grain boundaries, which hinder adequate liquid feeding and
increase the risk of cracking. Mechanically, this facilitates the opening of
grain boundary channels under tensile stress, promoting crack propa-
gation. To compare SCI values across different compositions, Scheil
solidification data were processed using Python 3.10. The square root of
the solid fraction was computed, and the steepest temperature gradient
with respect to fg/ 2 near solidification completion (fsl/ 2 — 1) was iden-
tified. This maximum value of |dT/d((fs)1/ 2)| was used to define the SCI.

Fig. 3(a) shows the T - f}/2 curves for In939 with varying TiB, con-
tent. Among the four compositions, In939 exhibits the steepest T - fi/2
slope, indicating a higher susceptibility to solidification cracking. In
other words, the narrower mushy zone during the final stage of
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Table 2
Volumetric energy densities (VEDs) applied during LPBF process.
Parameter set P1 P2 P3 P4 P5 P6 P7 P8
Volumetric energy density (J/mm?) 148.8 104.2 80.1 65.1 178.6 125.0 96.2 78.1
(a) (b)
T T T T 1.2
1700 - In939 In939+1TiB, 6004 < = Freezing temperature range (=C) "
In939+2TiB, In939+5TiB, o < csc
1600 - 't 1.0
—_~ 5 500
© 1500 <
< o os
= 2 o
'(-:; 1400 © 400 »
= o o
] o
91300 4 £ 0.6
£ & 300
2 o
1200 A £ — X g
g T - <« 04
1100 4 w2004 N =
1000 - T T T T T T T T T 0.2
0.0 0.2 0.4 0.6 0.8 10 In939 In939+1TiB2 In939+2TiB2 In939+5TiB2

Solid fraction

Composition

Fig. 2. (a) Scheil-Gulliver curves of In939 with different TiB, contents, and (b) Scheil freezing temperature range and CSC values with respect to composite

formulations.
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In939+5Ti8,
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2000
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0.8 10

(d)

10
0.8

.06

Relative SCI

0.4

0.2

In939 In939+1TiB, In939+2TiB, In939+5TiB,

Composition

Fig. 3. (a) Temperature vs £2/2 for In939 and TiB,-modified composites, showing the evolution of solidification path, (b) SCI calculated as the absolute derivative |
dT/d(fy)| across the full solid fraction range (0 < f; < 0.99), (¢) zoomed-in view of SCI vs. solid fraction in the terminal solidification range (0.8 < f; < 0.99),
highlighting sensitivity differences between compositions, and (d) relative SCI values (0 < f; < 0.99) normalized to base In939, illustrating reduced cracking sus-

ceptibility with 1-2 vol% TiB, additions.

solidification renders In939 more prone to cracking compared to the
TiBy-reinforced variants. To quantitatively assess the solidification
cracking resistance, SCI values were calculated over the entire solidifi-
cation range (0< f; < 0.99) as well as a narrower interval 0.8< f; < 0.99.
Fig. 3(b) presents the SCI - f; curve over the full solidification range (0<
fs < 0.99), revealing that SCI increases with f;, particularly with a
notably sharper rate during the late stage of solidification. This trend is
highlighted in Fig. 3(c), which focuses on the interval 0.8<f; < 0.99. The
calculated SCI values across 0 < fs < 0.99 for each composition are as
follows: i) In939: 3883.81°C, ii) In939+1TiBy: 2251.90°C, iii)
In939+2TiBy: 2219.19OC, iv) In939+5TiBy: 2661.20 ‘C. For

comparative purposes, all calculated SCI values within the range of 0 <
fs < 0.99 were normalized relative to that of base In939 (Fig. 3(d)).
Based on both criteria employed in this study, In939 was consistently
identified as the most crack-susceptible composition, while
In939+2TiB, emerged as a balanced choice combining low suscepti-
bility and mechanical strengthening benefits. While SCI provides a
useful quantitative metric for evaluating solidification cracking sus-
ceptibility, it does not fully account for the influence of microstructural
features. In particular, the addition of TiB is known to promote grain
refinement, which can enhance crack resistance by increasing grain
boundary cohesion, improving interdendritic liquid feeding, and
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disrupting the continuity of hot tear-prone liquid films. Therefore, even
when SCI values are non-zero, the refinement-induced microstructural
benefits may still play a critical role in mitigating crack initiation and
propagation. To account for these effects, microstructural analyses were
conducted, as detailed in later sections, to provide complementary in-
sights beyond thermal susceptibility metrics.

3.2. Defect characterization under various printing conditions

To examine the defects in the as-printed samples fabricated under
various LPBF conditions, SEM images were taken from the cross-sections
of LPBF-processed In939 and In939-+TiB, (Fig. 4(a and b)). It is
important to note that cracks and porosities are indicated by red and
yellow arrows, respectively in Fig. 4. For In939, the optimized param-
eter set was identified as P4 (VED: 65.1 J/rnm3) (hereafter known as
In939), based on measured relative densities under different LPBF pa-
rameters (Fig. 4(c)). Regardless of the LPBF parameters, cracking
emerged as the prevailing defect formation mechanism in all In939
samples, although some porosities with a maximum diameter of 5-10
pm were also observed. Cross-sectional micrographs and relative
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densities from pure In939 samples revealed that the density of cracks
decreased under optimal LPBF conditions (i.e., P4). However, even
under these conditions, cracking of the In939 alloy was still evident. Our
results are consistent with the study by Li et al. [11], where
LPBF-fabricated In939 samples exhibited cracks across a wide range of
printing parameters. They reported that the cracking density was below
0.34 % only under specific printing conditions, while all other param-
eters resulted in a crack density exceeding 0.7 %. High-magnification
SEM images in Supplementary Fig. 2 show that the cracks possess den-
dritic morphology regardless of their lengths. The length of solid-state
cracks generally ranges from 100 to 300 pm—and in some cases, even
longer—according to the literature [29]. However, cracks longer than
this should not always be considered solid-state cracks; they might also
result from the propagation of cracks that initially formed as hot tears
[29]. Therefore, regardless of the crack length, it is believed that the
cracking mechanism in pure In939 was solidification cracking during
this study. Crack formation behavior was examined for all samples
produced under varying LPBF conditions. The addition of TiBy to the
In939 alloy led to a notable reduction in crack density across all process
parameters, indicating improved resistance to cracking. In contrast,

(b)

Laser power

Build direction

Build direction

®In939 @ In939+TiB2

o
o
L

*

Relative density (%)
g g9 B8

©
v
1

94 -
P1 P2 P3 P4

P5 P6 P7 P8

Parameter set

Fig. 4. SEM images of LPBF ed samples of (a) In939 and (b) In939+TiB, under varying laser power and scan speed. The images demonstrate that the addition of TiB,
particles notably inhibits cracking, as evident in the cross-sectional SEM images. Cracks and porosities are highlighted using red and yellow arrows, respectively. (c)
The relative densities of all samples. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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In939+TiB, composites exhibited both irregular and spherical pores,
suggesting the coexistence of gas porosity and lack-of-fusion porosity.
The porosity dimensions of the In939+TiB, samples reveal a clear
dependence on laser power and scanning speed. At lower laser power,
the pore size increased with increasing scanning speed. For example, in
P1, pores ranged between 15 and 20 pm, while in P4, the pore size
reached up to 140 pm, indicating insufficient energy input at high
scanning speeds, leading to a lack of fusion. At higher laser power,
porosity was significantly reduced. In P5 and P6, trace amounts of pores
were observed, with sizes remaining below 10 pm, reflecting improved
melt pool stability and better powder fusion. However, at the highest
scanning speed (P8), the pore size increased slightly to approximately
30 pm. These results demonstrate that increasing laser power improves
densification and reduces porosity, while the scanning speed must be
carefully optimized to avoid defects caused by insufficient melting or
excessive energy input. Therefore, the new optimal volumetric energy
input conditions for this composite were determined to be higher than
those for pure In939, identified as P6 (VED: 125 J/mm3) and hereafter
referred to as In939+2TiB,. It is believed that TiB, particles on the
surface of the Inconel 939 particles increased the effective thermal
conductivity of the blended powders [13,14]. However, further char-
acterizations of this study revealed the decomposition of TiBy during
LPBF. The energy used to decompose TiB; into Ti and B might have led
to an increase in the total VED to achieve high-density In939+TiB,
samples. As a result, a higher laser energy density was required to
achieve high-density In939+TiBy compared to pure In939. Conse-
quently, it is clear that incorporating TiB, has a more profound effect on
crack inhibition than merely altering LPBF conditions in pure In939.
X-ray CT analysis was conducted on samples of In939 and
In939+2TiBy to provide a detailed examination of the distribution of
cracks and pores following the LPBF process (Fig. 5). The 3D recon-
struction of the In939, as shown in Fig. 5(a), reveals significant cracks at
first glance. Fig. 5(c) presents a maximum Feret diameter distribution of
cracks, indicating a maximum crack length of 512 pm extending along
the build direction. Conversely, the 3D reconstruction of the
In939+2TiB, sample, as seen in Fig. 5(b), displays no cracks and only
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spherical pores large enough (maximum 68 pm) to be visible at the
captured resolution. As a note, Supplementary Fig. 3 shows an SEM
image of In939+5TiB,, which is also free of cracks. The pore size dis-
tribution of this In939+42TiB, sample, provided in Fig. 5(d), confirms
this finding, showing a collection of pores with maximum Feret di-
ameters in the tens of microns range. It is important to note that pores of
similar size, shape, and number density were also observable in the pure
In939 sample, along with the cracks. Overall, approximately 2.5 mm? of
In939 analyzed in the described reconstruction exhibited a relative
density of 99.86%, while adding TiB; increased it to 99.94%.

3.3. Microstructures of as-printed In939+TiBy composites

XRD analysis was performed to examine the overall phase distribu-
tion in In939 and In939+2TiBs. Fig. 6(a) displays XRD scans of various
Inconel samples: as-received In939 powder, blended In939-+2TiBy
powder, In939, and In939+2TiB,. In all specimens, the dominant phase
is the face-centered cubic (FCC) gamma nickel-chromium (Ni, Cr) phase
(y). Additionally, In939 reveals the XRD peak of MC, indicating the
formation of carbides in LPBF-processed In939, a finding commonly
reported in the literature as well [5,41]. Conversely, In939+2TiB,
showed peaks for CrB and CrB,, but not for MC or TiBy, which differs
from the XRD patterns of In939 and blended In939+-2TiB, powders. The
Cr-based boride peaks seen in the XRD plot were also confirmed by EELS
analysis, which shows overlapping Cr and B signals (Fig. 6(b)). There-
fore, it is inferred that the nano TiB; particles decomposed into Ti and B
during LPBF, and the free B reacted with Cr to form Cr-based borides.
The authors of this study have previously observed similar phenomena
during LPBF of ZrB, and SiC-doped In718 [17,42]. In one study, (Nb,
Ti)-based carbides and silicides formed due to SiC decomposition during
LPBF of In718+SiC [17]. In another study, ZrB, transformed into (Co,
Mo, Nb)-based borides in In718 during LPBF [42].

In Fig. 7, backscattered electron (BSE) mode SEM images and cor-
responding EDX mapping obtained from In939 are presented. In939
exhibits columnar grains extending along the build direction (Fig. 7(a)).
Additionally, the morphology of the cracks shows primary dendrite
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Fig. 5. (a-b) 3D reconstructions displaying pores and cracks formed during printing of In939 and In939+2TiB,. (c—d) Defect distribution plots of the respec-
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Fig. 6. (a) XRD analysis obtained from raw In939 powder, In939+2TiB, powder, In939, and In939+2TiB,. (b) STEM/EELS analysis obtained from In939+2TiB,

samples confirming the formation of Cr-based borides after LPBF.

arms, indicating the formation of solidification cracking in pure In939
(the region in red square in Fig. 7(a) and Supplementary Fig. 2) [4].
Solidification cracks typically form during the terminal stages of solid-
ification when insufficient liquid remains to accommodate shrinkage
strains, resulting in irregular and misaligned crack surfaces containing
dendritic features. These observations are consistent with the
well-established characteristics of solidification cracking described in
the literature [40]. Therefore, the observed cracks in pure In939 are
conclusively identified as solidification cracks, further supported by the
presence of dendritic features on the fracture surfaces [40]. Moreover,
higher magnification BSE-SEM images of the pure In939 sample display
darker regions, approximately 1-2 pum thick, extending along the build
direction (regions in yellow dashed squares in Fig. 7(b) and (c)). These
regions are enriched with Ti, Nb, Ta, and C, as confirmed by the
SEM/EDX mapping shown in Fig. 7(d). Thus, it can be inferred that the
elongated dark regions are the characteristic interdendritic areas formed
during the LPBF of In939 [5]. There are also small bright particles,
indicated by blue arrows (<500 nm), predominantly located in the
interdendritic regions. These particles exhibit stronger C signals, along
with Ti, Nb, and Ta, and are presumed to be part of the MC-type phase
identified in the XRD analysis. Therefore, it is likely that Ti-, Nb-, and
Ta-rich carbides formed in the interdendritic regions due to the segre-
gation of Ti, Nb, Ta, and C in the liquid during the later stages of so-
lidification. On the other hand, In939+2TiB; sample displays equiaxed
grain morphologies (Fig. 7(e)) dissimilar to those of In939 (Fig. 7(a)).
This suggests that the addition of TiB, significantly influenced the
microstructure of In939 during LPBF. This effect is more evident in
higher magnification BSE-SEM images (Fig. 7(f and g)). The micro-
structure of In939+2TiB, exhibits an even distribution of dark and
bright phases, indicated by red and green arrows, respectively. Ac-
cording to the SEM/EDX mapping shown in Fig. 7(h), the dark phases
exhibit strong Cr signals, while the bright regions show strong Ti and Nb
signals. Particularly, it can be observed that Ti forms the boundaries of
solidification cell structures, which measure approximately ~1.6ym. In
addition, the Cr-rich and Nb/Ti-rich regions are adjacent to each other
and form a network-type distribution throughout the microstructure.
Following the SEM analysis, STEM characterizations were carried
out to understand the microstructural aspects in more detail. Fig. 8
displays dark-field STEM and corresponding EDX characterizations
performed on In939. Firstly, Ti-, Nb- and Ta-based carbides, highlighted
in yellow dashed circles, are detected in higher resolution and their size

varies between 50 and 100 nm (Fig. 8(a) and Supplementary Fig. 4). Itis
also important to mention that no other precipitates were observed in
In939 except the MC carbide precipitates. This is also confirmed by the
SAED pattern captured from the y region, as indicated by the brown
point in Fig. 8(a). Furthermore, STEM/EDX results obtained from Sup-
plementary Fig. 5 and Supplementary Table 1 confirm that the type of
carbides appears to be MC-type carbides. Specifically, the SAED pattern
only shows diffraction patterns belonging to the y phase without any
secondary diffraction patterns, indicating the non-existence of pre-
cipitates. On the other hand, the In939+2TiB, specimen shows a Cr- and
B-rich phase region surrounded by Ti-enriched regions (Fig. 8(b)). This
phase is confirmed to be the CrB;, phase by the SAED pattern shown in
Fig. 8(f). These precipitates are indicated by red arrows. Furthermore,
STEM-EDX line analysis performed along the yellow line in Fig. 8(c)
reveals the compositional gradient in the interface between CrB, and Ti-
rich region, confirming the exchange reaction between TiB, and Cr
during LPBF. Besides that, it is evident that the CrB, region and matrix
have a good interface bonding thanks to the Ti gradient at the interface.
Lastly, In939+2TiB, specimens do not show any precipitates such as
delta, sigma, and R, as proven by the SAED pattern obtained from y
phase in In939+2TiB,.

Fig. 9 presents the EBSD inverse pole figure (IPF) maps, pole figures
(PF), and grain size distribution plots of In939 and In939+2TiB,. The
IPF maps clearly demonstrate a significant reduction in grain size after
the incorporation of TiB; into In939 (Fig. 9(a and b)). The PFs of In939
indicate that the undoped specimen has a strong cube texture of {100} <
001 > with a maximum texture intensity value of 14 (Fig. 9(c)). How-
ever, In939+2TiB, shows significantly lower texture intensity values in
all directions compared to In939 (Fig. 9(d)). The grain sizes in the dis-
tribution plots represent the maximum Feret diameters measured from
individual grains (Fig. 9(e)). This plot confirms a marked reduction in
grain size for In939+2TiB,, with an average grain size of 12.7 pm,
substantially smaller than the average grain size of over 100 pym in
In939. Furthermore, an IPF map shown in Supplementary Fig. 6 con-
firms the significant reduction in grain size achieved by the incorpora-
tion of TiB, particles when In939 and In939+TiB; are LPBF-processed
under the same parameters (i.e., P6). Our findings reveal that the
addition of TiBy particles promotes the formation of equiaxed grains in
LPBF-processed In939, significantly altering the microstructural evolu-
tion during solidification. This behavior is attributed to multiple
mechanisms arising from the decomposition of TiB, particles and their
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Fig. 7. (a—c) BSE-SEM images obtained from In939 sample, (d) SEM-EDX mapping analysis obtained from In939 sample. Please note that blue arrows indicate Ti-,
Nb- and Ta-based carbides, and Ti-Nb rich zones are highlighted by dashed yellow squares. (e-g) BSE-SEM images obtained from In939+-2TiB, sample, (h) SEM-EDX
mapping analysis obtained from In939+2TiB, sample. Please note that the Cr-rich and Ti-Nb rich are indicated by red and yellow arrows, respectively. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

subsequent impact on the solidification path. During the LPBF process,
TiB, particles decompose, releasing boron, which reacts with chromium
to form CrBy and other Cr-rich boride phases. These in-situ-formed bo-
rides act as highly effective heterogeneous nucleation sites, reducing the
energy barrier for nucleation and facilitating the formation of equiaxed
grains near the solid-liquid interface. By disrupting the unidirectional
growth of columnar grains, these borides alter the typical solidification
dynamics observed in pure In939. The effect of CrBy precipitates extends
beyond nucleation, influencing the local solidification conditions in
several critical ways. First, the high thermal conductivity of CrBy pre-
cipitates leads to a more uniform temperature distribution across the
melt pool, mitigating steep thermal gradients that drive columnar grain
growth. Second, the localized enrichment of Ti and B near the solid-
liquid interface enhances constitutional undercooling, promoting
simultaneous nucleation events and supporting the development of
equiaxed grains. Third, CrB, particles act as physical barriers to grain
boundary migration, exerting a Zener pinning effect that stabilizes the
equiaxed grain morphology by preventing the dominance of columnar
growth. The EBSD results provide clear evidence of these phenomena,

showing a refined, equiaxed grain structure in In939+TiB, with signif-
icantly reduced texture intensity compared to the columnar grain
structure of pure In939.

3.4. Exploring the mechanical behavior of TiBz-doped composites

Tensile and microhardness tests were conducted to evaluate the
mechanical properties of the TiBy-doped composite. As a result, the
addition of the TiBy significantly improved tensile strength in In939
with a satisfactory fracture strain (13-15 %). Accordingly, the average
hardness was observed to be 354 HV for In939 and rose to 535 HV for
In939+2TiB,, indicating a ~50 % increase in hardness for the composite
(Supplementary Fig. 7). Tensile stress-strain curves of In939,
In939+2TiB, and In939+5TiB, are provided in Fig. 10(a). Both
In939+2TiB; and In939+5TiB, show 1.5 times more yield strength (cys)
and ultimate tensile strength (cyrs) compared to In939. Although the
observed elongation of In939+2TiB, is around 13-15 % and lower
compared to In939 (which was around 30-35 %), this level of ductility is
still considered acceptable for a particle-reinforced superalloy produced
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Fig. 8. (a) Darkfield STEM image and corresponding STEM/EDX mapping showing the elemental distribution in the microstructure of In939, (b) Darkfield STEM
image and corresponding STEM/EDX mapping of In939+2TiB,,showing the Cr-based boride and surrounding Ti-rich zone revealing the exchange reaction between
TiB, and Cr, (c-d) STEM/EDX mapping of In939+2TiB,.and corresponding line scan analysis showing the concentration profile of Cr and Ti along exchange reaction
zone, (e) SAED pattern obtained from gamma matrix revealing the non-existence of other precipitates in In939+2TiB,. (i.e., gamma prime), and (f) SAED pattern
obtained from Cr and B rich region revealing the formation of CrB, in In939+2TiB,. Please note that the Cr-rich and Ti-Nb rich are indicated by red and green arrows,
respectively. Besides, Ti-, Nb-, and Ta-based carbides are highlighted by dashed yellow circles. (For interpretation of the references to colour in this figure legend, the

reader is referred to the Web version of this article.)

by LPBF. Another interesting result is that In939+5TiB, exhibits very
low ductility despite having similar strength to In939+2TiB,. This
suggests that adding 5 vol% TiB leads to excessive embrittlement in the
composite at RT. Fig. 10(b and c) provides 6ys and c6yrs comparison plots
of several LPBF processed In718 composites and LPBF’ed + heattreated
In939 [5,17,43-47]. oys, oyrs and tensile strain of non-heat treated
In939+2TiB, are higher than those of LPBF'ed and heat-treated
In718+SiC, In718+TiC and In939, which used to be the highest
strength-ductility pair among superalloys [4,5,17,43]. Furthermore, the
tensile properties of the as-printed In939+2TiB, exceed those of the
as-printed In939+-Si alloys and LPBF In738 and In713LC, with no cracks
observed in either instance [4,48,49].

Fig. 11(a—d) presents SEM images taken from the fractured surfaces
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of In939 and In939+2TiB,. The fracture surface of the LPBF-optimized
In939 alloy exhibits prominent voids, denoted by white arrows, and
dimples, highlighted by yellow circles, indicative of substantial plastic
deformation. In contrast, the fracture surface of In939+TiB, displays
regions of flat topography alongside dimples, implying a fracture
mechanism that is not solely ductile but also partially brittle (indicated
by red lines). This is within expectations since the elongation of In939
decreased by 50% after TiBy addition. Fig. 11(e) presents a schematic
representation of the microstructure of In939-+2TiB, and the interaction
between dislocations and intermetallic compounds. As depicted in
Fig. 11(f-h), CrB; and MC carbides demonstrate effective impediments
to dislocation movement, thereby enhancing the strength of the
material.
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Fig. 9. EBSD results for In939 and In939+2TiB,: (a, b) inverse pole figure (IPF) maps of In939 and In939+2TiB,, respectively; (c, d) corresponding pole figure (PF)
maps; and (e) grain size distribution plot. Equiaxed fine grains are highlighted with black dashed lines.

Considering the widespread high-temperature applications of Ni-
based superalloy, we investigate the high-temperature behavior of the
composites through tensile tests conducted at 800 °C and 850 °C.
Compared to the high-temperature behavior of pure In939, the addition
of TiB; was found to further enhance the high-temperature tensile
properties. This demonstrates that the strengthening effect of TiBy
addition is effective even at elevated temperatures. As depicted in
Fig. 12(a), pure In939 is observed to experience premature failure in the
elastic region. This phenomenon is likely due to the printing defects, e.g.
pre-existing cracks with lengths up to 0.5 mm and widths up to 0.01 mm
within the In939 samples, as shown in Fig. 4. Given the ~0.23 mm
thickness of the samples for high-temperature tensile testing, it is
inferred that these pre-existing cracks could easily lead to premature
failure. Fig. 12(c) and (d) present the fracture surfaces of In939 and
In939+5TiB;, after testing at 800 °C. In the case of In939+5TiB,, the
observations unveil cleavage fracture characteristics as well as in-
dications of ductile fracture, as evidenced by void and dimple formation.
In contrast, In939 exhibits surface features indicative of purely brittle
fracture, marked by rapid crack propagation from pre-existing cracks.
The high-temperature properties of In939+5TiB; composite are sum-
marized in Table 3 and Fig. 12(b), alongside the corresponding prop-
erties of In939 from the literature [2,5,9]. Fig. 12(b) demonstrates that
In939+-5TiBy possesses superior yield strength (YS) and ultimate tensile
strength (UTS) at elevated temperatures. Notably, at 800 °C, the YS, and
UTS of In939+5TiBy surpass those of both LPBF’ed and LPBF'ed +
heat-treated In939 [5]. Compared to electron beam melted (EBM) In939
tested at 700 °C [2]. In939+5TiB; exhibits higher YS and comparable
UTS at 800 °C, despite the 100 °C increase in the testing temperature.
Lastly, it is also striking that the YS and UTS of In939+5TiB; at 800 °C
are higher than those of cast + aged In939 at 750 °C [9].

One notable finding is that while the In939+2TiB; composite
showed the best tensile properties at room temperature, the
In939+5TiB, composite outperformed it at elevated temperatures. To
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understand these contrasting results, TEM analysis was conducted on
the sample fractured at 800 °C, and the findings are presented in Fig. 13.
For the In939-+5TiB, sample, the network of Cr-rich precipitates
remained relatively intact even after fracturing at 800 °C (Fig. 13(a)),
whereas these microstructural features were almost absent in the
In939+2TiB, sample (Fig. 13(b). This suggests that the strengthening
mechanism from the microstructural features in the In939+2TiB,
composite is effective at room temperature but loses its efficacy at high
temperatures. In contrast, the addition of 5 vol% TiBy results in a
composite with superior strength, while maintaining moderate ductility
at elevated temperatures, which are sufficient for structural applications
such as turbine shrouds, nozzle guide vanes, or combustor liners
requiring a balance between strength and deformability. The superior
high-temperature tensile properties of the 5TiBy composite compared to
those of the 2TiB; can be attributed to the enhanced thermal stability of
its CrBy network. The higher TiB, content in the 5TiB, alloy ensures
sufficient B solute availability in the matrix during solidification, pro-
moting the formation of a more complete and interconnected CrB,
network. This robust network, supported by strong covalent bonding
between B and Cr, effectively resists thermal dissolution and coarsening
at elevated temperatures, thereby preserving its structural integrity. In
contrast, the lower B content in the 2TiB, alloy results in a less stable
CrB, network, reducing its strengthening contribution under high-
temperature conditions.

4. Discussion
4.1. Crack inhibition and cracking mechanisms

It is well-known that the formation of equiaxed grains significantly
alleviates texture and promotes a random distribution of residual

stresses in LPBF-processed alloys [30]. The weaker texture intensity,
along with the smaller grain size (Fig. 9(b) and (d)), likely contributes to
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Fig. 10. (a) Room temperature tensile stress-strain curves of pure In939 and In939 + TiB; and (b-c) Tensile strain vs. YS (MPa) and Tensile strain vs. UTS (MPa) of
several AM In718 alloys and composites, and LPBF-processed In939 from the literature.

a more uniform macro-scale stress distribution in In939-+2TiB,,
enhancing crack resistance by reducing stress concentration points that
typically facilitate crack initiation. Another notable observation is the
substantially different KAM distribution patterns (Fig. 14(a) and (b)).
Specifically, larger KAM zones in In939 tend to extend along the build
direction with a stripe pattern, while larger KAM zones in In939+2TiBy
exhibit a more random distribution, overlapping with the equiaxed grain
zones (white dashed region).

The density of geometrically necessary dislocations (GNDs) can be
correlated with KAM, providing insights into the accumulation of re-
sidual stresses in LPBF-processed samples through the following equa-
tion [50]:

2¢
Panp = ;Tb

(6)
where pgnp is the average GND density, ¢ represents the local average
misorientation, y is the step size for the EBSD test (2 pm), b is the Burgers
vector (b 0.25 nm). The average KAM values of In939 and
In939+2TiB; are 0.88 and 0.98, respectively. Based on the formulation,
the calculated geometrically necessary dislocation (GND) densities for
In939 and In939+2TiBy are 0.61 x 10 m™2 and 0.69 x 10'* m™~2,
respectively. These results reflect localized micro-scale misorientations
and dislocations that contribute to enhanced strength without creating
detrimental residual stresses. Therefore, it is hypothesized that this
distinction between macro-scale and micro-scale stress distribution
helps clarify the observations, as In939+TiB,’s refined grain structure
and random orientation reduce macro-scale stress concentrations, while
localized microstructural heterogeneities can enhance the overall ma-
terial strength. In this context, subsequent characterizations are aimed
at more thoroughly elucidating the crack inhibition mechanism.
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Fig. 15 presents SEM/EDX mapping and EBSD characterizations
performed on cracked regions in In939. Fig. 15(a) clearly shows segre-
gation of multiple elements near the crack zones, particularly Ti, Nb, Ta,
C, Al and O, indicating solidification cracking during LPBF of unrein-
forced In939. The red arrows in Fig. 15(a) point to accumulations of Ti-,
Nb-, and Ta-rich carbides around the cracks. Such clustering can disrupt
local feeding of liquid during the final stages of solidification and act as
stress concentrators, promoting crack initiation and propagation [29].
Additionally, yellow-arrow regions exhibit strong Al and O signals,
suggesting oxide formation at or near grain boundaries. Oxide films can
hinder grain coalescence and have been linked to cracking mechanisms
such as dynamic embrittlement (DE) and stress-assisted grain boundary
oxidation (SAGBO) [28], particularly under conditions of elevated
temperature and tensile stress at crack tips. Moreover, EBSD analysis
(Fig. 15(c-f)) reveals that cracks propagate preferentially along
high-angle grain boundaries (HAGBs), confirming their intergranular
nature. High-resolution IPF maps show fine grains along crack paths
(Fig. 15(f)), which may have formed from backfilling of residual liquid
or solute-rich melt during solidification, followed by carbide and oxide
clustering. These microstructural features suggest a failure mechanism
governed not just by solute segregation, but also by insufficient ductility
and cohesion in the terminal solidification range.

To better understand these observations, the thermomechanical as-
pects of solidification cracking must be considered. During LPBF, rapid
solidification results in an extended mushy zone, where semi-solid re-
gions must accommodate thermal contraction and residual stresses. If
the terminal solidification range is broad, thin liquid films persist be-
tween dendrites for a longer duration, weakening the mushy zone and
increasing its susceptibility to cracking. In this context, we assessed the
solidification behavior of In939 and In939+TiB; using thermodynamic



J.-S. Bae et al.

CrB,
particle

Materials Science & Engineering A 939 (2025) 148446

(e) Dislocation
entangle  pinned
Pinned dislocation
dislocation

MC carbide

§ Pinned
dislocation

CrB, particle

MC carbide

Fig. 11. SEM images taken from the fracture surfaces of (a-b) In939, (c-d) In939+2TiB,. (e) Schematic illustration depicting interactions between CrB, and MC
particles with dislocations in the composite after RT tensile testing. (f) STEM image revealing the interaction of dislocations with CrB, and the matrix after LPBF.
(g-h) STEM images displaying dislocation interactions with CrB, and MC particles following RT tensile testing.

simulations. Scheil-Gulliver results (Fig. 16) show that the In939+2TiB,
sample has a ~70 °C narrower terminal freezing range (f; = 0.9 to 1.0)
compared to undoped In939. According to Kou’s criterion [40], this
narrower range enhances dendrite bridging and reduces exposure to
strain-sensitive semi-solid regions, thereby lowering the risk of cracking.
The total freezing range is also reduced by ~10 °C in the TiB,-doped
alloy. These findings suggest a stronger and more coherent mushy zone
in the composite. The solidification paths under both equilibrium and
non-equilibrium (Scheil) conditions are shown in Fig. 16(a and b). While
equilibrium calculations predict the formation of o, p, and n phases,
these phases are not observed in LPBF-processed microstructures, likely
due to the high cooling rates and kinetic constraints. Scheil simulations,
despite not accounting for back-diffusion in the solid and possibly
overestimating segregation, still reliably reflect trends in micro-
segregation [51]. For instance, enrichment of Ti and Ta in the final
liquid is predicted in both alloys and confirmed by EDS in Figs. 7 and 8,
validating the model’s qualitative accuracy. Scheil simulations also
predict early TiB, precipitation, represented as MB,-type borides in
Thermo-Calc. However, TiBs is not observed in the final microstructure,
indicating decomposition during processing. This is likely due to
non-equilibrium melt-particle interactions, leading to the formation of
Cr-rich borides, which are confirmed by SEM/EDS and STEM/EDS.
These secondary borides likely act as heterogeneous nucleation sites,
refining the grain structure. This mechanism is consistent with obser-
vations by Martin et al. [52] in Zr-doped Al alloys, where AlsZr particles
suppressed cracking and promoted equiaxed grains. Similarly, we pro-
pose that B released from decomposed TiB; reacts with Cr to form these
borides, which pin grain boundaries and facilitate equiaxed
solidification.
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Grain structure also plays a critical role. Intergranular cracking is
exacerbated in alloys with large columnar grains and strong texture,
which concentrate thermal stresses along specific crystallographic
planes. In contrast, equiaxed and randomly oriented grains are more
effective in distributing stresses during solidification. EBSD analysis
confirms that In939+2TiB, exhibits a finer and less textured grain
structure compared to pure In939 (Fig. 9(d)). This refinement, along
with the presence of potential heterogeneous nucleation sites provided
by in situ formed borides, results in increased grain boundary density
and improved strain accommodation during the final stages of solidifi-
cation. In summary, the observed reduction in solidification cracking in
In939-+2TiB5 can be attributed to a combination of: i) reduced terminal
freezing range (improved mushy zone strength), ii) a finer and more
equiaxed grain structure (enhanced strain accommodation), iii) sup-
pression of detrimental elemental segregation patterns (e.g., carbide/
oxide clustering at HAGBs), and iv) potential grain boundary pinning or
nucleation effects from Cr-rich borides. Collectively, these mechanisms
contribute to a more stable solidification front and enhanced resistance
to intergranular cracking during LPBF.

4.2. Strengthening mechanisms

The exceptional room-temperature strength of In939+2TiB, can be
attributed to various strengthening mechanisms. In general, the
strengthening mechanisms in reinforced composite materials can be
understood by considering two aspects: (i) load transfer strengthening,
based on continuum mechanics, and (ii) micromechanical strengthening
mechanisms, which involve the interaction between microstructural
features and dislocations [53,54]. The load transfer strengthening effect
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Fig. 12. (a) Representative stress-strain curves for In939 and In939+5TiB, at 800 °C and 850 °C; (b) Superior high-temperature strength of In939+5TiB, compared
to other In939 alloy as reported in the literature; Fracture surfaces of (¢) In939 and (d) In939+5TiB, at 800 °C.

Table 3
Comparison of 800 °C and 850 °C tensile properties of In939+5TiB, and other
In939 materials from the literature.

Material Condition Temp. YS UTS EL
(°C) (MPa) (MPa) (%)
In939 [2] EBM 700 601 843 11
850 282 397 7.5
In939 [5] LPBF 800 582 775 8
LPBF + heat- 800 694 720 9
treated
In939 [9] Cast + aged 750 713 825 3
In939+5TiB; (This LPBF (as- 800 734 + 845+2 25+
study) printed) 9 0.4
850 465 + 597+ 4 3.9+
6 0.4

can be estimated using the modified shear-lag model, which accounts for
the volume fraction (V) and aspect ratio (s) of the reinforcement par-
ticles [54]:

Vi(s+2
%4_ (1 _ Vf) . )

Oy composite = Oy,matrix

As indicated by the model, when reinforcement particles have a low

14

volume fraction and low aspect ratio (i.e., are not fiber-shaped), their
contribution to load transfer strengthening becomes limited [53,54]. In
this study, the CrB; particles are present at a volume fraction below 2 %
and exhibit a relatively low aspect ratio compared to fiber re-
inforcements. Therefore, the load transfer strengthening effect is
considered negligible in this system. Consequently, the strengthening of
the In939+TiB, composite is expected to be dominated by micro-
mechanical mechanisms related to its unique microstructural features
and their interactions with dislocations. By incorporating the strength-
ening effects arising from microstructural features of the composite into
the yield strength of pure In939, the superior strength of the In939+TiB,
composite can be rationalized as (Eq. (8)).

®

Compared to pure In939, the key microstructural characteristics
observed in the In939+TiB, composite can be summarized as follows: i)
Fine grain structure, ii) Well-defined Ti-rich cellular boundaries, ii) The
presence of CrB; ceramic particles. One important note is that
strengthening due to MC carbides impeding dislocation motion is
already reflected in the yield strength of pure In939, since MC carbides
are also present in the pure alloy.

The first dominant mechanism is grain boundary strengthening. The

Oy 1n939+TiB2 = Oy In939 + AO'strengthening effect.
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Fig. 13. BF-TEM image and STEM-EDS maps showing the distribution of precipitates in (a) In939+5TiB; and (b) In939+2TiB, deformed at 800 °C.

c

S
b+
£/8
-
-}
1)
a

Fig. 14. Kernel
(b) In939+2TiB,,

average misorientation (KAM) map of (a) In939,

grain size of In939+TiBy (d ~ 12.7 um) is significantly lower than that of
pure In939 (d ~ 101.6 ym), as previously shown in Fig. 8(g). Therefore,
grain refinement may contribute to strength enhancement in accordance
with the renowned Hall-Petch relationship [55]:

1
_ 2 2
ASHali—petch = K | dinozo-mipz — dimigzo

9

where d is the grain size, and kpp is the Hall-Petch coefficient
(710 MPa,/um [56]). In addition to the grain refinement effect, this
study has demonstrated that TiB, particles undergo decomposition
during the LPBF process, and the decomposed B subsequently reacts
with Cr. Therefore, a contribution from solid-solution strengthening
could also be expected. The effect of solid solution strengthening can be
quantitatively assessed using Labusch’s solution combined with the
Gypen and Deruyttere model, as represented by Eq. (10) [55,57,58]:

2/3

0ss — Z(ZLG):;/2 (aﬁ,- + ﬂ;)ZCi (10)

i

where Z; is a constant equal to 1/550, G denotes the shear modulus of
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the alloy (G = ﬁ), a is a dimensionless constant equal to 16

(3 < a < 16 for screw dislocations, and a > 16 for edge dislocations)
[55,56], and c; represents the atomic concentration of the solute. The
lattice misfit (6;) can be estimated by &; = (r;i —rni) /i [56], where r; is
the atomic radius of the solute, and ry; is that of the solvent Ni. 5
n/(1 + |n|/2), where 5 is the modulus misfit calculated as
1 = (Go —Gg) /Gg [55]. The use of ' instead of # is intended to account
for the relative change in shear modulus with solute concentration,
adjusted by a correction factor [57]. Gy is the shear modulus of the so-
lute, and Gg is that of the base metal. The parameters of the solute
element utilized for assessing solid solution strengthening are summa-
rized in Table 4. The influence of TiB, addition on solid solution
strengthening is quantified by considering the difference between In939
and In939-+TiBs:

Aoss = Aoss 1n939+TiB2 — A0ss 1m939- an

The as-printed In939+TiB, demonstrates clear segregation of Ti
atoms, forming the boundaries of the solidification cell structures, as
depicted in Fig. 7(h). The compositional microsegregation associated
with these cell features can significantly influence the overall material
strength. Internal lattice strain arising from atomic size and elastic
modulus differences between solute-enriched and solute-depleted re-
gions generates coherent internal stresses, which impede dislocation
motion and contribute to strengthening [67,68]. The effect of compo-
sitional microsegregation on strengthening can be estimated as [67]:

2
3

Adys — 0.57M(A, ¥)3(27Gb/d)5. a12)

where M is the mean orientation factor (3.06), d is approximated as the
mean cell size (1.6 yum) and Y is defined as % [68]. The amplitude
factor A, describing the compositional difference between the average Ti
composition at the cell boundary (c,) and the cell interior (c;), is
calculated as A = ©2%[68]. The lattice misfit, #,, caused by the increase
in lattice parameter (a) associated with elemental enrichment, is given
by 5, = 4129 = 0.000881 at% ! for Ti in Ni-based superalloys [69].
While Ti segregation occurs in both the pure alloy and the composite,
the enhanced strength in the composite is primarily attributed to the
evolution of the spatial morphology of the Ti-segregated network. The
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Fig. 15. (a,b) SEM/EDX analysis focusing on the cracked region, (c-f) inverse pole figure maps obtained from the cracking zones. Please note that Ti-, Nb-, Ta-based
carbides and Al-based oxides are indicated by red and yellow arrows, respectively. (For interpretation of the references to colour in this figure legend, the reader is

referred to the Web version of this article.)

CrB;, precipitates, which are distributed along the cell boundaries, create
a localized environment that facilitates the segregation of Ti. This
physical confinement imposed by the CrBy network restricts the diffu-
sion of Ti and concentrates its segregation along the boundaries, thereby
sharpening the morphological definition of the cells. Furthermore, the
CrB, particles stabilize the interface by acting as physical barriers to
perturbations, thereby suppressing morphological instability and pro-
moting more uniform solidification through interface pinning. This
alteration promotes more distinct solute partitioning during solidifica-
tion, resulting in sharper and more well-defined cell boundaries. This
refinement leads to a more continuous and interconnected Ti-segregated
network in the composite, which enhances mechanical interlocking and
impedes dislocation motion more effectively.

The final strengthening contribution considered is the direct
strengthening effect induced by CrB, particles. As discussed earlier, the
CrB, particles tend to align along Ti-rich cell boundaries in a network-
like configuration. This suggests that the dispersion strengthening ef-
fect through dislocation pinning may already be incorporated via
dislocation interactions with the Ti-segregated cell structures. There-
fore, in this context, only the coefficient of thermal expansion (CTE)
mismatch strengthening is treated as a distinct additional contribution.
The presence of CrBj particles at a size of several hundred nanometers
can lead to the development of thermal residual stress due to the dif-
ference in the CTE between the particles and the matrix. The thermal
residual stress can be large enough to result in an increase in the
dislocation density [70]. This increase in dislocation density contributes
to a further increase in the yield strength of In939+TiB,, which can be
expressed as a function of temperature as in Egs. (13) and (14) [71]:

Accre(T) = fGu(T)bv/ pers(T), (13)
12AaATV,

Ty=—"""7"""° 14

pere(T) bd, (1 - V,) (14)

Here, f is a constant of order 1, por(T) is the dislocation density
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resulting from the CTE mismatch, A« is the difference in CTE between
CrB; (10 x 107%/K [72]) and the In939 matrix (13.99 x 10¢/K [73]),
AT is the difference between the solidification completion temperature
(1075 °C, as determined from the Scheil curve) and the testing tem-
perature, V;, is the volume fraction of the CrB, particles (1.86 %), and d,
is the approximated CrBj particle size (~260 nm). The volume fraction
of CrBy is roughly estimated by assuming that all the Ti in the 2 vol% of
TiB, is substituted with Cr. The theoretical model of CTE mismatch
strengthening assumes a uniform distribution of dislocations, all of
which contribute to strengthening. However, this assumption may not
accurately reflect the behavior of a solution-hardened matrix [74].
Therefore, p.p; calculated from Eq. (14) should be regarded as a refer-
ence for estimating the strengthening potential of CTE
mismatch-induced dislocations, rather than as a representation of the
actual dislocation density in the material.

The increases in yield strength attributable to the various strength-
ening mechanisms are summarized in Table 5. By summing the contri-
butions from each mechanism according to Eq. (15), the predicted yield
strength of In939+2TiB; is approximately 1275 MPa, starting from the
base yield strength of pure In939 (842 MPa).

Oy 11939+TiB2 = Oy.1n039 + A0Ge + Adss + Aoys + Aocr. (15)

This predicted value is slightly higher than the experimentally
measured yield strength of In939+2TiB, (1256 MPa), but remains in
close agreement. The simple linear summation approach is commonly
used for predicting the yield strength of materials by considering various
strengthening mechanisms [35,56,61]. However, this approach assumes
that all mechanisms act independently and does not account for po-
tential interactions among them. Moreover, other strengthening effects
not explicitly addressed in this study—such as strengthening caused by
solute atom segregation to dislocations [75]—may also contribute to the
overall strength. As a result, while this approach provides a reasonable
estimate, it may not be universally applicable. Further studies are war-
ranted to develop a more rigorous and comprehensive predictive
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Fig. 16. Scheil solidification curves of specimens showing the difference between solidification patterns between undoped and TiB, doped In939: (a) In939, (b)
In939+2TiB,, and concentration profiles of elements in the liquid with respect to temperature derived from Scheil solidification data: (c) In939, (d) In939+2TiB.

Table 4

Parameters of the solute element for calculation on solid solution strengthening [59-66].
Element Ni Cr Co w Nb Ti Ta Zr B
Elastic modulus (GPa) 223.3 251.6 201 415.8 103.6 110 188 77.8 403.6
Poisson’s ratio 0.31 0.21 0.34 0.28 0.38 0.34 0.36 0.34 0.13
Atomic radius (nm) 0.117 0.13 0.118 0.15 0.156 0.148 0.158 0.164 0.084

Table 5
The calculated increment of yield strength contributed by various strengthening
mechanisms.

Strengthening Ao ( Aoss Aowms Aocre
mechanism MPa) (MPa) (MPa) (MPa)
Yield strength 90 49 205 89
increment
framework.

5. Conclusion

This study successfully demonstrated the fabrication of crack-free,
high-strength In939-based metal matrix composites reinforced with
TiB, using LPBF. The decomposition of TiBy during melting led to the in-
situ formation of Cr-based boride precipitates, which were uniformly
distributed in the In939 matrix. These precipitates suppressed grain
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growth during solidification, resulting in a refined microstructure and
significant crack inhibition, as validated through X-ray CT analysis.

The In939+2TiB, composite exhibited a remarkable improvement in
mechanical properties, achieving approximately 1.5 times the yield
strength and ultimate tensile strength of pure In939, while maintaining
favorable ductility (13-15 %). At elevated temperatures, the
In939+5TiBy composite outperformed both In939+2TiBy and previ-
ously reported additively manufactured In939 alloys, demonstrating the
beneficial effect of TiB, reinforcement in enhancing high-temperature
mechanical performance.

The enhanced properties of TiB,-reinforced composites arise from a
combination of strengthening mechanisms, including grain boundary
strengthening, solid solution strengthening, an increased dislocation
density due to the coefficient of thermal expansion (CTE) mismatch, and
compositional micro-segregation. These findings show the potential of
TiB, as an effective reinforcing agent to overcome printability chal-
lenges and improve the mechanical performance of In939 alloys.

Overall, the scalability and robustness of the LPBF process for TiB,-



J.-S. Bae et al.

doped composites demonstrate its promise for applications in extreme
environments, such as aerospace and energy sectors. Future work should
focus on optimizing the TiB; content, LPBF processing parameters, and
post-processing strategies to achieve balanced mechanical performance
at both room and elevated temperatures.
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