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The growing demands for high-temperature materials, especially in aerospace and energy production,
compel thorough explorations of innovative materials. Here, we demonstrate significantly enhanced
high-temperature mechanical properties of Inconel 625 (In625) based metal matrix composites (MMCs)
fabricated by laser powder bed fusion (LPBF) additive manufacturing. The MMC feedstocks for LPBF
were fabricated with fine ceramic particles (i.e., titanium diboride (TiB,), titanium carbide (TiC),
zirconium diboride (ZrB,) and zirconium carbide (ZrC)) separately mixed with In625 powders. Among
the printed specimens, the In625 + TiB, showed an exceptional strength-ductility combination at
800 °C as well as an outstanding creep resistance at 800 °C under 150 MPa tensile stress. The detailed
microstructural characterization, along with thermodynamic calculation and atomic simulations,
reveal that the addition of TiB, results in the formation of serrated grain boundaries, (Cr, Mo)-boride
phases near the grain boundaries, and nano-dispersed (Ti, Al, Nb)-oxide phases within the matrix.
These features effectively suppress the formation of detrimental high-temperature phases and enhance
the material’s high-temperature properties. Beyond amplifying the inherent thermal attributes of
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In625 superalloy, the research highlights the transformative potential of boride doping and the
composition design of MMCs specifically for the LPBF process.

Keywords: Laser powder bed fusion; Superalloy; Additive manufacturing; High-temperature properties; Metal matrix

composite; Boride; Carbide

Introduction

High-temperature environments present unique challenges
across multiple industries from aerospace to energy production.
Whether for designing next-generation jet engines or advanced
power plants, the scientific community finds itself navigating
the intricacies of material science to discover new material com-
positions, such as precipitation-strengthened superalloys, high-
entropy alloys (HEAs) [1-5] and refractory metals (i.e., niobium,
tungsten, molybdenum) [5-9]. Laser powder bed fusion (LPBF) is
an additive manufacturing technique that has gained significant
attention in recent years for its ability to form complex-geometry
and high-performance material components. In LPBF, a high-
powered laser selectively melts and fuses powders layer by layer
to create a solid object [3,10]. This method allows for the precise
control of microstructures and properties, making it ideal for pro-
ducing parts that can withstand extreme conditions, such as
high temperatures, stresses, and corrosive fluids [5,11]. Accord-
ingly, the study at hand focuses on such a pursuit: exploring
the high-temperature mechanical characteristics of laser powder
bed fusion (LPBF) fabricated Inconel 625 (In625) metal matrix
composites (MMCs).

Inconel alloys, encompassing compositions like Inconel 718
(with iron and niobium), and Inconel 939 (with cobalt and tita-
nium), are celebrated for their mechanical properties at high
temperatures. Among them, In625 distinguishes itself with its
notable strength and resistance to oxidation and corrosion at ele-
vated temperatures [12-14]. Traditionally, In625 has been
employed in applications from aerospace components, where
high strength-to-weight ratios are paramount, to the aggressive
corrosive environments of chemical processing plants. Yet, like
all materials, In625 has its limits. With increasing temperatures,
In625 suffers from significantly weakened tensile strength above
700 °C due to the limitation of work hardening capabilities,
emphasizing the need for reinforcements or modifications to
enhance its high-temperature performance [15,16].

Transition-metal borides and carbides, with their impressive
hardness and chemical stability, emerge as promising candidates
to enhance In625’s high-temperature properties [17-19]. How-
ever, seamlessly integrating a reinforcing agent into a base mate-
rial presents challenges that are often exacerbated by traditional
production methods. Many conventional techniques, such as
casting or powder metallurgy, struggle with achieving uniform
distribution of the reinforcing agent within the base matrix
[20,21]. Uneven dispersion can lead to regions of inconsistency,
undermining the overall performance of the composite. Addi-
tionally, the inadequate interfacial bonding between the base
material and the reinforcing agent can deteriorate the transfer
of load between the matrix and the reinforcements, diminishing
the desired strengthening effect [22]. The production technique
is thus of paramount importance as it directly influences the

microstructure and, by extension, the overall characteristics of
the material.

Within this context, additive manufacturing (AM) comes into
play in the fabrication of Inconel-based metal matrix composites
(MMCs) [11,17-19,23,24]. By melting powders layer by layer
with focused laser beam, LPBF facilitates a controlled, uniform
processing, which is essential for achieving the desired properties
in MMC [25-27]. In the context of this study, LPBF's capabilities
enable the integration of different reinforcing particles within
the In625 matrix, potentially overcoming the challenges faced
with traditional methods and setting the stage for superior
high-temperature properties.

While some studies have delved deep into the creep behavior
of In625 [28,29], the introduction of LPBF presents a renewed set
of challenges and opportunities [16,30,31]. There is a scarcity of
high-temperature creep studies on In625, especially lacking doc-
umentation above 800 °C. Based on the surveyed literature,
wrought In625 exhibits approximately 50 % creep rupture duc-
tility [29,32]. However, additively manufactured (AM) In625,
such as with the LPBF method, displays less than 15 % ductility
above 800 °C [30,31]. Incorporating ceramic particles may well
aggravate the reduced ductility. Yet in our previous study, we
showed that AM In718 + ZrB, has an exceptional tensile ductility
(10 times that of pure In718) with 10 % higher yield strength
(ovs) and 8 % higher ultimate tensile strength (oyrs) than pure
In718 at 800 °C [25]. It was suggested that the zirconium dibor-
ide (ZrB;) addition into In718 not only promotes grain boundary
serration but also reduces the as-printed porosity [25]. While
transition metal borides and carbides should promote strength
as ceramic strengtheners, their interactions with In625, espe-
cially under the LPBF process, remain an area ripe for explo-
rations in terms of the strength/ductility trade-off and high-
temperature creep performance.

This work employs a two-fold approach: LPBF process to com-
pare the high-temperature tensile properties of In625 MMC:s for-
tified with 2 wt% ceramic particles of different types including
TiB,, TiC, ZrB,, and ZrC, followed by an in-depth assessment of
the creep behaviors at 800 °C of these composites. Improving
the creep rupture resistance of In625, particularly through syner-
gistic integration with TiB, via LPBF, demonstrates significant
promise for its utilization as an engineering material in high-
temperature applications. Furthermore, these findings could cat-
alyze further research, setting the stage for the development of
ductile MMC:s tailored for specific high-temperature challenges.

Material and methods

Feedstock preparation

In this study, In625 powders were provided by MSE Supplies
LLC, Tuczon, AZ, USA. The SEM images of these powders are
shown in Supplementary Fig. 1, revealing a particle size distribu-
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tion between 15 to 45 pm. TiB,, ZrB,, TiC, and ZrC powders with
an average diameter below 2 pm were procured from US Research
Nanomaterials Inc. The scanning electron microscopy (SEM)
images of these powders (Supplementary Fig. 1) confirm their
size distribution not exceeding 2 pm. The ceramic powders were
blended with In625 to achieve a composition with 2 wt% TiB,,
ZrB,, TiC and ZrC, separately. A batch blend of 500 g was sub-
jected to a high-speed blender (VM0104, Vita-Mix, USA) for an
uninterrupted duration of 90 min.

LPBF process parameter

The as-received In625 powders and the composite powders
mixed with 2 wt% TiB,, ZrB,, TiC, and ZrC through blade mixing
were all subjected to LPBF using an EOS M290 system. The LPBF
parameters used in this study are shown in Supplementary
Table 1. These parameters were employed for both the unmodi-
fied In625 and the composite powders.

Materials characterization

Samples were first sectioned, ground and polished in preparation
for SEM characterization. The Zeiss Merlin high-precision SEM
(Carl Zeiss AG, Germany) was used for the assessment of
microstructural features and elemental distribution. The same
SEM facilitated Electron backscatter diffraction (EBSD) studies.
For transmission electron microscopy (TEM) sample preparation,
a Zeiss Vision 40 CrossBeam focused ion beam (FIB) was
employed. Post-FIB, scanning transmission electron microscopy
(STEM) imaging and spectroscopy were conducted using a JEOL
2010F field emission STEM (from JEOL Ltd., Japan) operating at
200 kV. Additional STEM imaging, energy dispersive X-ray spec-
troscopy (EDS), and electron energy-loss spectroscopy (EELS)
were performed using a probe-corrected Thermo Fisher Themis
Z G3 equipped with Super-X detectors and a Gatan Contiuum
EELS spectrometer. Images and spectra were collected with a con-
vergence angle of 19 mrad and probe current of 200 pA. The Zeiss
Xradia 620 Versa X-ray microscope was used to perform com-
puted tomography (CT) to measure the porosity distribution
and size in the printed samples. A pixel size of 1.75 pm, filter
of HE18, beam energy of 160 keV, a power of 25 W, exposure
time of 5 s, and full 360° rotation were used for 4X scans of
the 3D printed specimen. Dragonfly software was used for post-
processing of the data, where the pores lower than 9 voxel size
(i.e., pores below 1.75 pm) were removed. Room-temperature
tensile tests were performed using the Instron 5969 at a strain
rate of 2 x 107* s~!. A non-contacting AVE2 video extensometer
precisely recorded the tensile displacement and strain. Tensile
tests at 800 °C, with the same strain rate, were conducted in a
custom-built tensile testing rig, inclusive of a 1000 °C capable
furnace (Supplementary Fig. 2(a)). This setup consists of a linear
actuator (Physik Instrument (PI) GmbH & Co.), load cell (FUTEK
Advanced Sensor Technology, Inc.), and an XYZ linear stage.
Strain readings in the gauge section were measured through
the digital image correlation (DIC) method. For stable DIC strain
measurement at elevated temperatures, white aluminum oxide
aerosol paint and black heat-resistant paint were sprayed on
the gauge section of each specimen to create high-contrast
speckle patterns. Sample images were captured every 2 s during
the test using a charge-coupled device (CCD) camera (Teledyne

FLIR, Inc.) with a telecentric lens (Edmund Optics, Inc.). Creep
tests were conducted at 800 °C and 150 MPa using a customized
creep test equipment (Supplementary Fig. 2(b)). The equipment
comprises a furnace capable of heating up to 1200 °C, a linear
variable displacement transducer (LVDT) for measuring speci-
men displacement, a loading system for applying a constant load
on the specimen, a load cell for load measurement, and a con-
troller capable of overall temperature and load control. The
experimental procedure involves heating up to the experimental
temperature of 800 °C at a heating rate of 10 °C/min, followed by
a 60-minute temperature stabilization period at 800 °C. A stress
of 150 MPa was then applied to the specimen (Supplementary
Fig. 2(c)). Following specimen failure in the creep tests, the sys-
tem was promptly shut down, naturally cooling the specimen
inside the furnace. Schematic representations of the room tem-
perature (RT) and high-temperature tensile and creep test sam-
ples, along with their dimensions, are provided in
Supplementary Fig. 2(d). Atom probe tomography (APT) analysis
evaluated atomic segregation within the In625 + TiB, specimen.
APT tips were fabricated using FIB milling from the identified GB
area (Supplementary Fig. 3). Calculations of Phase
Diagram (CALPHAD) simulation was calculated based on Ther-
mocCalc ver. 2023b with ThermoTech TTNI8 database (Supple-
mentary Table 2).

Results and discussion

The SEM image and corresponding EDX mapping signals pre-
sented in Fig. 1(a) reveal the maintenance of the spherical mor-
phology of In625 particles, even after blending with TiB,.
Furthermore, EDX signals obtained from Ti and B elements
reveal the decoration of TiB, powders on the In625 particles,
highlighting the effective blending of these two materials with-
out sacrificing the overall sphericity of the In625 particles.
High-magnification SEM images and the corresponding EDX
mapping analysis of all the composite powders (i.e., In625 + TiB,,
In625 + TiC, In625 + ZrB,, and In625 + ZrC) are presented in Sup-
plementary Fig. 4. It is noteworthy that all the composite pow-
ders preserved their spherical morphology as well as effective
decoration of ceramic nanoparticles onto the In625 particulate
surface after the blending. Lastly, there is a marked contrast
between the surface morphology of the pure In625 particles
(Supplementary Fig. 1) and its composite counterparts (Supple-
mentary Fig. 4), further confirming the nanoparticle-decorated
In625 particle surfaces as opposed to un-decorated pure In625
particles.

After blending, the powders underwent the LPBF (Fig. 1(b)).
The 3D CT reconstructions of the as-printed In625 and
In625 + TiB, shown in Fig. 1(c, d) exhibit a nearly full density
range in both materials (>99.8 %). While In625 + TiB, displays
a slightly reduced mean pore size (23.3 pm) compared to pure
In625 (30.4 pm) (Supplementary Fig. 5), both materials predom-
inantly exhibit spherical pores (sphericity > 0.9), indicating that
porosities resulted from entrapped gas rather than insufficient
fusion (Supplementary Fig. 5). Cross-sectional SEM images pre-
sented in Fig. 1(e, f) highlight the gas porosities (indicated by
white arrows) in In625 and In625 + TiB, samples. However,
besides the similarity in pore morphology, remarkable differ-
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(@) SEM micrographs of TiB, decorated In625 particles after blending, (b) In625 + TiB, samples fabricated by LPBF using EOS M290 system, shown prior to
removal from the build plates, (c-d) 3D CT reconstructions displaying pores formed during printing of In625 and In625 + TiB, samples, (e-f) SEM images
obtained from In625 and In625 + TiB,, (g-h) EBSD orientation maps obtained from In625 and In625 + TiB, revealing the reduction in grain size, (i) STEM/EDX
mapping micrographs obtained from In625 + TiB, shows the exchange reaction zone between Cr, Mo, Nb, Ti, and B.

ences are observable in the grain structures between In625 and
In625 + TiB,. The variations in grain structures become clear
via the EBSD orientation maps provided in Fig. 1(g, h) and Sup-
plementary Fig. 6. These maps reveal that the In625 + TiB, com-
posites display a diminished and more equiaxed grain size in
contrast to pure In625 and other composites.

Cross-sectional SEM images of all as-printed samples and cor-
responding EDX results are shown in Supplementary Fig. 7 and
Supplementary Table 3, respectively. To characterize elemental
interactions during LPBF, high-angle annular dark-field
(HAADF)-STEM/EDX mapping in Fig. 1(i) unearths the exchange
reaction zones of the following elements: Cr, Mo, Nb, Ti, and B

(indicated by yellow circles). It is important to note that the
boron-rich regions overlap with Cr, Mo and Nb signals according
to high-magnification STEM/EDX mapping and quantitative
local EDX analysis. Boron's partition in the Cr-rich region is also
accentuated via the EELS analysis in Supplementary Fig. 8, which
discerns a Cr-including boride phase, and highlights TiB)s role as
a potential source of boron within the LPBF'ed composite. There-
fore, it could be stated that several transition metals reacted with
boron (i.e., Cr, Mo and Nb) to form complex boride precipitates
during LPBF. It is important to note that the decomposition
kinetics of TiB, could change with varying process conditions
such as laser power, scanning speed, and hatch spacing, as these
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parameters determine the local temperature trajectories during
LPBF. Therefore, it is worthwhile to study the effect of LPBF pro-
cess parameters on the formation and distribution of secondary
phases in In625 + TiB, and their relevant mechanical properties.
There are also spherical dark nano precipitates, as indicated by
red circles, adjacent to the boron-rich regions. These spherical
precipitates are Ti-Al based oxides, as confirmed via EDX analysis
(Supplementary Table 4) taken from Area 3 of Supplementary
Fig. 8. The oxide particles also show higher concentrations of
Nb (10.81 wt%) indicating the partition of Nb in the oxide-
particles.

In the examination of the tensile stress-strain behavior of
In625 and its composites, Fig. 2(a) and Table 1 shows the tensile
properties of pure In625 and its composite counterparts at room
temperature. Pure In625, serving as a baseline, demonstrates dis-
tinct ductility (~35 %) compared to its composite counterparts,
yet it exhibits the lowest yield strength (oys: 841 MPa) and ulti-
mate tensile strength values (oyrs: 1054 MPa). Among all com-
posites fabricated in this study, In625 + TiB, notably stands
out, achieving the highest oyrs value of approximately
1650 MPa, but with a low ductility (~7%). On the other hand,
In625 + ZrC shows the lowest strength-ductility pair. This could
be attributed to the presence of cracks in the microstructure, as
shown in Supplementary Figure 9. The cracks show strong Zr
and O signals, indicating the decomposition of ZrC followed
by the oxidation of Zr during LPBF. Consequently, these cracks
might have formed due to oxide formation, serving as sites for
crack propagation and contributing to a lower strength-
ductility pair. However, no trace of crack formation was observed
in the other composite specimens except the one doped with
ZrC. It is noteworthy that the In625 + TiB, composite, when
evaluated in terms of both oys and oyrs, resides in a region that
signifies superior room-temperature strength. SEM images taken
from the fractured surfaces of pure In625 and In625 + TiB, are
shown in Supplementary Figure 10. These images depict a higher
density of dimples (highlighted in yellow rectangles) on the frac-
ture surface of pure In625 compared to In625 + TiB,, which also
shows cleavage regions (highlighted by green rectangles). This
aligns with the tensile elongation of In625 + TiB, being remark-
ably lower than that of pure In625 [33-35]. Shifting the focus to
Fig. 2(b) and (c), a comprehensive comparison between our
In625 + TiB, and findings from the existing literature is illus-
trated. The data points are dispersed over a range of gys and oyrs,
offering a high-level view of where the strength of In625 + TiB,
from this investigation stands in relation to previous studies on
the tensile performance of several Inconel alloys (i.e., In718
and In939) [24,36-42].

After evaluation of the room-temperature tensile performance
of the samples, high-temperature tensile tests were performed.
Representative stress-strain curves of pure In625 and other
MMCs at 800 °C are depicted in Fig. 3(a), and the mechanical
properties are summarized in Table 2. The experimental findings
demonstrate that the MMC comprising In625 + TiB, exhibits
superior tensile properties at 800 °C. In particular, In625 + TiB,
displays significant enhancements of 56 %, 68 %, and 164 %
in yield strength, ultimate tensile strength, and ductility, respec-
tively, compared to pure In625 alloy. The Ashby map comparing
the strength-ductility pair of In625 + TiB, with various alloys
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Tensile stress—strain curves for In625 and its composites at (a) room
temperature, and the comparative performances of various materials in
terms of ays and oyrs Vvs. tensile strain are shown in (b) and (c), respectively,
with emphasis on the superior tensile strength of the In625 + TiB,
composite fabricated in this study.
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TABLE 1

Tensile properties of pure In625 and MMCs at room temperature.

Sample oys (MPa) ours (MPa) Elongation (%)
In625 841 1054 36.9
In625 + TiB, 1386 1649 7.2
In625 + TiC 1093 1364 19.7
2 In625 + ZrB, 1297 1471 6
4 IN625 + ZrC 998 1165 75
2
()
I
o
=)
=
o
F a b
2
e 700 o [IN625 700
3 o IN625+TiB2 . . 800 °C
600 ¢ IN625+TiC = In625+TiBz2 (This study)
+ [IN625+ZrB2 o
— 500 . o e S 600 A ino3s [10) * .
P -y ° Forged In718 [11]
= T IN740H [13
= 400 g’ 500 - n [ ]*
9 2 In625+ZrB2
g 200 e AM 1n625 [12]
»n 2 400 L
200 ‘® In62:+TiC M
5 * TiC/Ti composite [16]
°
100 = 300 me25+ziC @ TiC-y' Reinforced °
0 Ni Composite [14] Haynes 230 [15]
0.00 0.05 0.10 0.15 0.20 0 5 10 15 20 25 30 35 40 45
Strain Tensile Strain (%)

Pue In625 deforedat 0 C
Ni

Pure In6257

In625+TiB: deformed at 80 °C

Ni A‘,'M“o

(a) Stress-strain curves of pure In625 and MMCs at 800 °C; (b) Comparison of the strength-ductility pair at 800 °C: of In625 + TiB, vs. other additively
manufactured (AM) and conventional alloys in the literature; (c) BF-TEM image and STEM-EDS map of deformed In625 and (d) In625 + TiB,; (e) Characteristics
of grain boundaries in pure In625 and (f) In625 + TiB, as confirmed through IPF maps.
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TABLE 2

Tensile properties of pure In625 and MMCs at 800 °C.

Sample oys (MPa) outs (MPa) Elongation (%)
In625 332 358 54
In625 + TiB, 520 605 14.3
In625 + TiC 362 387 10.1
In625 + ZrB, 435 495 14.9
In625 + ZrC 313 331 34

from the literature [43-49] are shown in Fig. 3(b), where the
excellent combination of strength and ductility of In625 + TiB,
can be observed. Particularly, when compared to AM In939
and forged In718, it can be seen that In625 + TiB, possesses a
similar or superior strength-ductility pair at 800 °C. This result
implies that the MMC of In625 + TiB, presented in this study
has the potential to extend the application limits of traditional
In625 alloy. The superior high-temperature strength observed
in the In625 + TiB, MMC can be attributed to its microstructural
characteristics. TEM results, as shown in Fig. 3(c) and (d), reveal
the microstructural features of deformed In625 and In625 + TiB,
at 800 °C. A comparative analysis with pure In625 highlights the
presence of a dispersed array of fine spherical particles within
In625 + TiB,, accompanied by intermetallic compounds. Utiliz-
ing STEM-EDS mapping, the fine spherical particles have been
identified as Ti-Al oxide nanoparticles, and the surrounding
intermetallic compounds have been confirmed to be (Cr, Mo)-
based borides. The presence of stable Ti-Al oxide nanoparticles
in high-temperature environments, along with the formation
of (Cr, Mo)-based borides around them, effectively impedes dis-
location movement at room temperature as well as at elevated
temperatures [45,50,51]. To achieve a more comprehensive
understanding of the observed microstructural features, the cal-
culation of the phase diagram (CALPHAD) was conducted using
ThermoCalc based on the TTNI8 database. The CALPHAD results
presented in Supplementary Fig. 11 and Table 3 show the calcu-
lated secondary phase fraction at 800 °C for both pure In625 and
TiB,-doped In625. The In625 + TiB, result indicates that the
gamma prime (y) phase and the M3B, phase are predominant.
M3B, phase is considered to be the (Cr, Mo)-based boride phase
[52,53], as observed in Fig. 3(d). However, it is noteworthy that
the Ni3(Ti, Al) y phase was not readily apparent in the TEM
results of the deformed In625 + TiB, sample. Previous investiga-
tions on precipitate phase formation in nickel-based superalloys
have reported that an increased (Al + Ti)/Nb ratio promotes the
formation of the y’ phase [54,55]. It is presumed that these find-
ings have been integrated into the TTNIS8 database, thereby indi-
cating a substantial presence of the y’ phase in the MMC of

TABLE 3

In625 + TiB,. However, our experimental observation suggests
that during the L-PBF process to fabricate In625 + TiB, MMC,
Ti and Al, the primary elements of the )’ phase, are more inclined
to form Ti-Al oxide nanoparticles rather than the y’ phase. Previ-
ous studies have revealed the mechanism underlying the forma-
tion of oxide nanoparticles during the LPBF process. In the gas or
liquid atomization process employed to produce powders for
LPBF, a thin oxide layer develops on the powder’s surface [56].
This oxide layer is susceptible to fragmentation and melting by
high-energy laser or electron beam during the fabrication pro-
cess, releasing oxygen into the melt pool [57,58]. The released
oxygen can then react with alloy elements in the melt pool, such
as Ti, Al, Si and Mn, which are known for their high affinity to
oxygen [57,58]. This phenomenon is likely to result in the forma-
tion of nanosized oxide particles during the rapid solidification
process. Considering the characteristics of In625 + TiB, MMC
powders, decorated with nanosized TiB, particles on their sur-
face, the formation of oxide nanoparticles is expected to be fur-
ther facilitated. The unique microstructural features observed in
TiB,-fortified In625 can serve as the basis for various strengthen-
ing mechanisms that enhance the material’s strength. The pro-
posed model for strengthening mechanisms is discussed in
detail in the supplementary information (Supplementary
Fig.14, Supplementary Table 5 and 6). In625 + TiB, exhibits
exceptional ductility at 800 °C compared to other MMC:s of this
study (Fig. 3(a)). On the fracture surfaces of In625 + ZrB, and
In625 + TiB,, which experienced significant plastic deformation,
ductile fracture characteristics, such as the formation of voids
and dimples, were clearly evident (Supplementary Fig. 12). The
outstanding ductility of In625 + TiB, at 800 °C can be linked
to the distinct characteristics of its grain boundaries, as con-
firmed by the EBSD analysis. Fig. 3(e) and (f) illustrate the differ-
ences in grain boundary features between pure In625 and
In625 + TiB,. In contrast to pure In625, the grain boundaries
of In625 + TiB, display more pronounced serrated characteristics
and finer grain size. Given that the inverse pole figure (IPF) maps
were captured with a consistent step size (0.03 pm), the marked
difference in grain boundary characteristics between the pure
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In625 and In625 + TiB; is clearly discernible. The presence of ser-
rated grain boundaries is known to have a significant impact on
the mechanical properties of nickel-based superalloys by imped-
ing crack propagation along grain boundaries [59-61]. Specifi-
cally, it is postulated that voids and cavities along these
serrated grain boundaries resist easy percolation, thereby imped-
ing the formation of a continuous crack path [60,61]. This effect
is particularly dominant in environments characterized by high
temperatures and low strain rates, where failure mechanisms
are controlled by diffusional phenomena at grain boundaries
[60]. Thus, the enhanced ductility of In625 + TiB, over undoped
In625 at 800 °C is attributed to the presence of serrated grain
boundary features.

The question that arises is the mechanism behind the forma-
tion of serrated grain boundaries in TiB,-doped In625. Numerous
studies have been dedicated to elucidating the formation mech-
anism of serrated grain boundaries in nickel-based superalloys. It
is generally suggested that the development of serrated grain
boundaries results from the interaction between the precipitates
or solutes at the grain boundaries and the movement of these
boundaries [62,63]. Moreover, recent investigation has demon-
strated that the solution treatment temperature and slow cooling
rates that lead to strong elemental segregation at grain bound-
aries are critical factors influencing the formation of serrated
grain boundaries [59]. However, given that In625 + TiB, does
not undergo solution treatment, it is anticipated that an alterna-
tive mechanism must have played a role. It has also been
reported that such characteristics of grain boundaries may result
from differences in lattice strain energy around the grain bound-
aries, induced by the diffusion and segregation of alloying ele-
ments, even in the absence of precipitates at grain boundaries
[64]. Specifically, discontinuous segregation of Cr, C and B along
the grain boundaries has been suggested to contribute to the for-
mation of serrated grain boundaries [60,64,65]. Based on previ-
ous findings, it is reasonable to infer that the addition of B
likely contributed to the development of serrated grain boundary
characteristics in In625 + TiB,. To investigate the influence of B
atoms on the microstructure from an atomic perspective, in-
house Monte-Carlo-molecular-dynamics simulations were con-
ducted. The calculations were executed using version 5.0.0 of
the core neural network preferred potential (PFP) [66,67] on Mat-
lantis. The release of the PFP v5 included verified accuracy
against density functional theory calculations [68]. All simula-
tions were performed on a defect-free lattice at 800 °C. The
resulting 4 x 4 x 4 FCC super cell structures of the + ZrC
and + TiB, composites are depicted in Supplementary Figure 13.
It is important to note that C only occupied the octahedral inter-
stitial sites, while B atoms are found in both octahedral and tetra-
hedral interstitial sites of the FCC lattice. This gave rise to the
formation of more complex B-based phases with surrounding
metal atoms and suggests that B would have greater mobility
than C in the In625 lattice. Increased B mobility implies that
B-based phases would be more uniformly distributed throughout
the In625 matrix, leading to more significant changes in the ser-
rated GBs of the In625 + TiB, sample. Coupling these simulated
observations with the experimentally observed serrated grain
boundaries of the + TiB, sample, it is apparent that B has a pro-
found effect on the microstructural evolution of the system. The

ability of B to occupy multiple interstitial sites suggests that it
can significantly influence GB characteristics, promoting the for-
mation of serrated GBs. The following section will offer further
discussions on the superiority of In625 + TiB, compared to other
MMCs, with a specific focus on thermal creep behavior.

The creep test results for all specimens (In625, In625 + ZrC,
In625 + TiC, In625 + ZrB,, In625 + TiB,) are shown in Fig. 4(a).
TiB, and ZrB, doped In625 specimens consistently show
increased creep strain, followed by TiC and ZrC doped In625
and pure In625. Notably, In625 + ZrB, shows the highest creep
strain at 57.2 %, and In625 with the lowest creep strain at 8 %.
In terms of creep rupture time, In625 + TiB, demonstrates the
longest duration at 547 h, while In625 exhibits the shortest dura-
tion at 32 h. Pure In625 exhibits the highest steady-state creep
rate (Table 4). Consistently low steady-state creep rates are
observed for Ti-containing In625 composites, and Zr-
containing composites exhibit slightly increased, yet similar
steady-state creep rates. Looking at the creep results from the per-
spective of material functionality, although In625 + ZrB, exhibits
the highest creep strain (i.e., 57.2 % of creep deformation), the
material shows ~2.6 times lower time to rupture during creep
compared to that of In625 + TiB,. Fig. 4(b) compares the
obtained creep rupture strain with the creep rupture strain of
wrought In625 and AM In625 from previous studies [30-32].
Pure In625 exhibits a similar creep strain of ~8 % with In625
specimens manufactured by hot isostatic pressing [30,31]. The
AM composite specimens in this study consistently exhibit
increased rupture strains compared to AM In625, with
In625 + ZrB, specimens in this study exhibiting a similar rupture
strain to that of wrought In625 specimens. Fig. 4(c) compares the
time to rupture for the AM specimens in this study with those of
previously reported wrought In625 specimens. Interestingly, the
time to rupture for the In625 + TiB, specimen exceeds that of
wrought In625 by nearly an order of magnitude.

CALPHAD simulations help rationalize the observed creep
behavior as well. Fig. 4(d) shows the temperature-dependent
equilibrium phases for In625 and In625 + TiB,, assuming com-
plete dissolution of TiB,. Around 800 °C, In625 is calculated to
form topologically close-packed (TCP) phases (primarily delta
(9)- and sigma (o) precipitates), which are known to undermine
high-temperature creep performance [69]. Supplementary
Fig. 15 shows that the creep-deformed In625 specimen contains
needle-like phases (highlighted in white circles). These precipi-
tates are enriched with Ni and Nb, confirming the formation of
d-phase in the undoped specimen. On the other hand, c-phase
is not observed during SEM characterizations of creep-deformed
In625 specimen. 3- and o-phases are also observed in CALPHAD
simulations of In625 + ZrC, which exhibits the lowest ductility
during high-temperature tensile tests. In TiB, and ZrB, doped
composites and In625 + TiC composites, the o-phase is not
observed in the phase diagram, which could be one of the rea-
sons behind the better high-temperature tensile and creep prop-
erties in these specimens. Notably, (CrMo)3;B, borides form in
the In625 + TiB, specimen according to the phase diagram. It
is known that adding Cr and Mo to Ni often results in the nucle-
ation of o-phases (Ni-Cr-Mo) at high T (620 °C < T <900 °C) [69].
When boron is introduced, we observe from the CALPHAD cal-
culations that Cr and Mo atoms form (CrMo);B, phases in
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(a) Creep test results for specimens of In625, In625 + ZrC, In625 + TiC, In625 + ZrB,, In625 + TiB, under conditions of 800 °C and 150 MPa, (b) comparative
analysis of creep rupture strain vs applied stress with other creep test results based on applied stress, (c) comparative analysis of applied stress vs. time to
rupture with other creep test results (S.A. refers to solution annealing), (d) Temperature-dependent phase fraction graphs for In625 and In625 + TiB,
calculated using ThermoCalc, (e) atom probe tomography data on the In625 + TiB, after creeping at a stress of 150 MPa at a temperature of 800 °C, and (f)
atomic concentration graph from APT data within the region of interest (ROI).

TABLE 4

Secondary creep strain rate of pure In625 and MMCs at 800 °C and
150 MPa.

Sample Creep strain rate (1/s)
In625 357 x 1077
In625 + TiB, 102 x 1077
In625 + TiC 9.98 x 1078
In625 + ZrB, 268 x 1077
In625 + ZrC 225 x 1077

700-1000 °C ranges instead, effectively avoiding o-phases. Fur-
thermore, TEM/EDX mappings obtained from creep-deformed
In625 + TiB, specimens also confirm that there is no 8- and
o-phase formed in the TiB, doped composite (Supplementary
Fig. 16). The results indicate a substantial partitioning of Nb to
(Cr,Mo)-boride and Ti-Al oxide nanoparticles formation during
LPBF (Supplementary Fig. 8 and Supplementary Table 4), which
could have suppressed the precipitation of Nb-rich d-phase in

the In625 + TiB, specimen during creep test (Supplementary
Fig. 16(a) and (b)).

APT of the creep-deformed In625 + TiB, specimen near the
grain boundary region reveals that (Cr, Mo)-boride phases, which
formed during LPBF, remained near grain boundaries during
creep tests (Fig. 4(e)). A cylinder-shaped region of interest (ROI)
was set before and after the composition boundary (Fig. 4(f))
and shows that B concentration sharply increases to 35 % at
the grain boundary from 0.04 % beyond the boundary. Mo also
exhibits a concentration of 34 % at the grain boundary, com-
pared to 3 % in the bulk region. The approximate composition
of the boride from the compositional map corresponds to Mo,-
CrB;, matching well with the CALPHAD results.

Conclusions

A range of In625-based metal matrix composites (MMCs), specif-
ically those incorporating TiB,, TiC, ZrB,, and ZrC, were synthe-
sized utilizing the LPBF method. The incorporation of these
dopants led to notable microstructural alterations, which in turn
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significantly enhanced the mechanical performance of the
In625 + TiB, MMCs at both ambient and elevated temperatures,
particularly in terms of tensile strength and creep resistance,
when compared to the baseline In625 material and other MMC
variants. The observed exceptional increase in mechanical
strength for the TiB,-fortified MMC is attributed to synergistic
strengthening effects, including grain refinement, solute
strengthening, and dispersion hardening mechanisms. Specifi-
cally, at ambient conditions, the In625 composite fortified with
TiB, demonstrated superior yield strength (oys) and ultimate ten-
sile strength (oyrs) of 1386 MPa and 1649 MPa, respectively,
albeit at the expense of ductility, which was measured to be
7.2 % tensile elongation. When subjected to tensile tests at
800 °C, however, the In625 + TiB, composite exhibited a 70 %
improvement in gyrs and a threefold increase in elongation com-
pared to unmodified In625. Furthermore, the TiB,-fortified com-
posite showed a remarkable enhancement in creep resistance at
800 °C under a stress of 150 MPa, with the time to creep rupture
extending beyond 15 times that of pure In625. These findings
indicate that the development of TiB,-doped In625 MMCs could
substantially elevate the material's performance in high-
temperature applications, potentially expanding its use in high-
demand settings such as in nuclear fusion reactors and gas tur-
bines. Consequently, this study's demonstration of a scalable fab-
rication technique for In625 + TiB, MMCs presents a promising
avenue for the production of components designed for use in
challenging environmental conditions.
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