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Abstract

The nickel-based Hastelloy X (HX) superalloy is widely applied in the aerospace
industry because of its exceptional oxidation resistance and various beneficial
properties at high temperatures. HX-based nanocomposites manufactured by
additive-manufacturing processes based on powder-bed fusion, such as selective
laser melting (SLM), are expected to further enhance the material’s mechanical and
thermophysical performance. This paper systematically studies the effects of TiC
nanoparticle content on the microstructure and tensile performance of SLM-fabricated
HX nanocomposites. The results reveal that the microcracking that formed in pure HX
was successfully eliminated in the fabricated nanocomposites when 1 wt.% and 3 wt.%
TiC nanopatrticles were introduced. The fabricated HX-3 wt.% (HX-3) TiC
nanocomposite showed several TiC clusters and a much higher pore-volume
percentage (0.15%) compared to the HX-1 wt.% (HX-1) TiC nanocomposite, in which
this percentage was determined to be 0.026%. Compared to SLM-fabricated pure HX

alloy, the HX-1 nanocomposite exhibited over 19% and 10% improvements in ultimate



tensile strength and elongation to failure, respectively. A further increase in TiC content
to 3 wt.% was not found to further enhance the tensile strength but did result in a 10%
loss in elongation to failure in HX-3 nanocomposite. These findings offer a promising
pathway to employ SLM to manufacture both high-strength and high-ductility materials

through the careful selection of nanoparticle materials and their content.
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1. Introduction

Hastelloy X (HX) is a Ni—-Cr—Fe—Mo solid solution strengthened nickel-based
superalloy that exhibits outstanding oxidation, corrosion resistance and strength at
elevated temperatures [1]. For these reasons, HX has been widely employed in gas
turbine engine combustors, petrochemical reactors and power-generation applications
[2][3]. In additive-manufacturing processes based on powder-bed fusion, such as
selective laser melting (SLM), a high-power laser is employed to manufacture metallic
components with complex geometries through a layer-by-layer manufacturing
principle [4][5][6][7]. Given the acceptable weldability of HX alloy, the SLM of HX alloy
offers a promising pathway to fabricate high-performance HX components.

In recent years, researchers have investigated both the microstructure and
mechanical properties of HX alloy manufactured by SLM technology. For instance,
Tomus et al. [8] studied post heat treatments on the anisotropy of various mechanical
properties of SLM-fabricated HX. They found that the yield strength was reduced by
200 MPa after heat treatment due to the rearrangement of dislocations in the sub-
grain boundaries. Montero-Sistiaga et al. [9], who investigated the effects of a high-
power laser on the microstructure and mechanical performance of manufactured HX
components, found that the high-power laser (400 W) they employed led to a coarser
microstructure and induced a stronger morphological and crystallographic texture.
Even under the optimal manufacture condition, however, the authors detected
microcracks in the as-fabricated samples. In general, these microcracks can be closed

by employing a hot isostatic pressing (HIP) post treatment, but in that study, the use
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of HIP also resulted in over 200 MPa losses in yield strength. Marchese et al. [10],
who studied the microstructure and cracking mechanism of SLM-fabricated HX alloy,
demonstrated that the intergranular carbides, together with thermal residual stress,
contributed to the formation of microcracks.

The aforementioned studies indicate that microcracking is the primary defect that
occurs in the SLM of HX alloy. Microcracking significantly degrades HX’s mechanical
performance, as it acts as a fracture initiator, resulting in the material’s brittle fracturing
at low stress levels.

Metal matrix nanocomposites (MMNCs) are metal matrix composites (MMCSs) in
which nanopatrticles are employed as the reinforcement phase. Due to their nanoscale
structure, MMNCs exhibit an advantage over MMCs with microscale reinforcements
in terms of improved wear resistance, damping properties and mechanical strength,
thus making them more attractive for various applications [11][12][13][14]. Given these
reasons, researchers have successfully used SLM technology to manufacture various
nickel-based nanocomposites, such as TiC/Inconel 718 nanocomposites [15][16],
carbon nanotube/Inconel 625 composites [17] and TiN/Inconel 718C composites [18].
Their findings have revealed that, compared to as-fabricated matrix materials, SLM-
fabricated nanocomposites exhibit higher tensile strength but lower elongation due to

the ensuing grain refinement.

Although researchers anticipate that the SLM of HX-based nanocomposites offers
great potential for manufacturing high-performance HX nanocomposite components
with complex geometries, few studies of this potential have been conducted to date
because of the significant microcracking that occurs. Previous studies have suggested
that microcrack density can be reduced by reducing the content of the Mn and Si
elements in HX alloy. This reduction has been found to improve tensile strength,
although microcracks still cannot be eliminated [19]. While post-processing treatments
such as HIP are reportedly capable of closing the microcracks in fabricated HX
components, the HIP process results in a significant degradation of tensile strength

caused by grain growth within the heat-treatment process. Studies have shown the



reduction in yield strength to be up to 20%, although a 15% increase in elongation to
failure is reportedly achievable [8][9]. As a widely used ceramic reinforcement phase,
TiC has also been employed in the SLM of stainless steel-based and titanium-based
composites through either the ex-situ or in-situ method [20][21][22][23][24]. Their
findings indicated that TiC reinforcement played a significant role in the mechanical
properties’ enhancement. The mixing method used in the aforementioned studies is
ball milling process, which is capable of dispersing the TiC particles amongst the
matrix powder but this mixing process could also change the particles’ shape and
damage their crystallographic structures due to the generated intensive impact. The
mixing method used in the present work, however, is a high-speed mixing technique
which allows to mix HX and TiC particles under a rotation speed over 1500 rpm without
the addition of extra milling balls.

In one previous study by the authors, microcracking was successfully eliminated
by introducing 1 wt.% TiC nanoparticles in HX feedstock material (supplied by LPW
Technology, UK) [25]; the addition of 1 wt.% TiC nanoparticles also contributed to a 98
MPa increase in yield strength without undue sacrifices to ductility. A further increase
in TiC reinforcement content could potentially enable further enhancement in the
mechanical performance of SLM-fabricated HX nanocomposites. TiC nanoparticles
are prone to agglomeration when the content is beyond the threshold, however. The
agglomerated nanoparticles could function as stress-concentration sites and

accelerate the nanocomposites’ failure at low stress levels.

In this context, the present study systematically investigates the effect of TiC
nanoparticle content on the microstructure and mechanical performance of SLM-
fabricated HX nanocomposites. The study also examines the effects of TiC
reinforcement on microcracking elimination and strength enhancement. The aim is to
develop an improved understanding of the additive manufacturing of advanced nickel-
based nanocomposites and to provide practical insights into the selection of
nanoparticle-reinforcement content in order to manufacture both high-strength and

high-ductility nanocomposites.



2. Materials and methods

2.1. Feedstock powder and the selective laser melting process

The raw gas atomised Hastelloy X (HX) powder used in this work was supplied by
Sandvik Osprey (Neath, UK), with an alloying composition (wt.%) of 22.2Cr-19.1Fe—
8.9M0-2C0-0.13C-0.7W-0.18Si-0.17Mn-bal. The average particle size was
measured to be 32.5 ym. The majority of the HX particles had a spherical shape
suitable for additive manufacturing even after several rounds of recycling, while some
were observed to be imperfect (Fig. 1a-b). Typical imperfect HX particles were those
coated with lump-like structures that had been partially melted in previous melting
processes and then successfully recycled. In general, imperfect particles may affect
mixing with TiC nanoparticles, because the lump-like structures could trap the TiC

nanoparticles and form clusters.

Fig. 1. The raw materials used for this study: (a)-(b) pure Hastelloy X (HX) powder with
different magnifications, red circles showing the particle shape imperfection; (c) HX with 1
wt.% TiC nanocomposite powder; (d) HX with 3 wt.% TiC nanocomposite powder.

The TiC nanoparticles (< 200 nm) used in this work were obtained from Sigma
Aldrich (UK). Fig. 1c and 1d show the mixed nanocomposite powder with 1 wt.% and

3 wt.% TiC nanopatrticles, respectively. Typical high-speed mixing parameters included



a mixing speed of 1,200 rpm and a mixing time of 5 min. More detail about the high-
speed mixing may be found in a previous study [25]. The TiC nanoparticles were
uniformly coated on the surface of the HX powder without settling after the mixing. As
expected, the HX-3 wt.% (HX-3) TiC nanocomposite feedstock powder was observed
to offer a higher density of TiC nanoparticles compared to the HX-1 wt.% (HX-1) TiC
feedstock powder.

A Renishaw AM 250 system equipped with a modulated ytterbium-fibre laser was
used in this work to manufacture the pure HX, HX-1 and HX-3 nanocomposite
specimens. The cubic samples (8 x 8 x 8 mm?) were fabricated to optimise the typical
process parameters, such as laser-scanning speed and hatch spacing, while the laser
power and layer thickness were fixed at 200 W and 40 um, respectively. The optimal
process parameters were then employed to manufacture a few cubic samples and
tensile specimens that had been designed based on the ASTM-E8/E8M-13a
guidelines to investigate the effect of TiC content on the microstructure and

mechanical performance of the as-fabricated nanocomposites.
2.2. Material characterisation techniques

The cubic samples were vertically sectioned and polished based on standard
polishing procedures prior to optical microscopy (OM) and scanning electron
microscopy (SEM) inspection. The samples were subjected to electrochemical etching
in oxalic acid for 10-15 seconds to reveal the molten-pool boundaries and solidification
structures. Backscattered electron (BSE) SEM and electron backscatter diffraction
(EBSD) analysis were performed using a high resolution Jeol 7800F FEG-SEM
equipped with an Oxford Instruments AZtec EBSD system, to study the microstructure
evolution and grain crystallographic orientations, while phase identification was
analysed using X-ray diffraction (XRD) with Cu K radiation at 40 kV and 100 mA.
Transmission electron microscopy (TEM) inspection was performed with an FEI Titan
Themis 80-300 equipped with two aberration correctors and a highly efficient (four-
guadrant) energy-dispersive X-ray (EDX) system to further investigate the

microstructure of the as-fabricated samples. A Zeiss Xradia 520 Versa 3D X-ray micro-



computed tomography (CT) microscope was used to view internal defects within a
sampling volume of 1.45 x 1.45 x 1.45 mm3. The defects were reconstructed and
visualised from the CT dataset using a commercially available software package
Thermo Scientific™ Avizo 2019.4. The minimum pore size detected in the CT scans
was 3 voxels, equivalent to 2.9 um in diameter. However, any defects with diameter
less than 3.6 um were deliberately eliminated in the post CT data analysis to reduce
the noise. Uniaxial tensile testing was performed using a Zwick/Roell tester with a

strain rate of 1.33 x 1072 st at room temperature.

3. Results and discussion

3.1. Defects evolution

Fig. 2 shows the measured relative density of the as-fabricated pure HX, HX-1 and
HX-3 nanocomposite samples versus laser-energy density (LED). The relative density
for each sample was determined by measuring the sample three times and then
averaging the values based on Archimedes method. The LED (&) was correlated to
the laser power (P), scanning speed (v), hatch spacing (h) and powder-layer thickness
(t) employed in the study; LED can be expressed as ¢ = P/(v-h-t) [26][27]. The
three materials showed a similar trend, where the relative-density values rose with an
increase in LED until maximum relative density was achieved. The relative density was
reduced afterwards with further increasing of the LED due to insufficient energy input.
The optimal LED, however, was found to have significantly risen from an increase in
TiC reinforcement in order to produce the nearly full-density samples. The determined
optimal LED values to manufacture pure HX, HX-1 and HX-3 nanocomposites were
found to be 52, 83 and 125 J/mm?, respectively.

The significant increase in LED was attributable to the change in thermophysical
properties on the feedstock materials induced by TiC additions. Previous studies have
demonstrated that added ceramic reinforcement enhances the laser absorption of the
nanocomposite feedstock powder due to the increase of powder-surface roughness,
such that a lower LED is generally required to fabricate full-density components

compared to matrix materials [28][29]. The added ceramic phase coated on the



surface of the metal powder, however, also degrades the effective thermal conductivity
of the nanocomposite powder because of the increased interfacial thermal resistance
[30]. A higher laser-energy density is thus required to process nanocomposite
materials. Our findings indicate that the added TiC nanoparticles played a more
significant role in affecting thermal conductivity compared to laser absorption, because

the optimal LED rose because of an increase in TiC reinforcement content.
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Fig. 2. Measured relative density versus laser-energy density and optical microscopy (OM)
images under optimal conditions: (a)-(b) pure HX alloy; (c)-(d) HX-1 wt.% TiC
nanocomposite; (e)-(f) HX-3 wt.% TiC nanocomposite material.

Our study’s OM inspection showed that microcracks were the primary defects in
the as-fabricated pure HX, even under the optimal condition (Fig. 2b), while only open

pores were detected in both HX-1 and HX-3 nanocomposites (Fig. 2d/f). The average



density of the microcracks found in pure HX was measured to be 0.6% (based on
relative-density measurements), with sizes ranging from a few micrometres to over
100 micrometres. The open pores in the HX-3 nanocomposite were detected to be
much larger than those found in HX-1 nanocomposite, which may be explained by the
agglomeration of TiC nanoparticles in HX-3 nanocomposite. Larger pores thus formed
at the interface of the HX matrix and the TiC clusters.

Interestingly, some other studies that have reported the crack-free microstructure
of SLM-fabricated pure HX include those by Sanchez-Mata et al. [31], Esmaeilizadeh
et al. [32] and Keshavarzkermani et al. [33]. Although the employed laser power and
scanning speed varied between the literature and current study, the microcracks were
observed under all manufacture conditions in current study. This situation suggests
that the employed process parameters might not be the crucial factors to determine
the formation of microcracks. The chemical composition, in particular, the content of
the minor alloying elements (e.g. Si, Mn and C) is considered to be the primary factor
for hot cracking [7][34]. For instance, the content of C element in the present study
was measured to be 0.13 wt.% while the content in the literature was less than 0.06
wt.%. A higher C element content is generally associated with a higher amount of
carbide phase after the rapid solidification within SLM process; the carbides are more
prone to hot tearing. The difference in minor alloying elements content may be the
main contributor to microcracks that were observed in this study while they were not

inspected in the literature.
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Fig. 3. Reconstructed micro-CT images of the as-fabricated bulk samples: (a) pure HX
alloy; (b) HX-1 wt.% TiC nanocomposite; (c) HX-3 wt.% TiC nanocomposite; (d) pore size
versus index in the two composite samples.

Fig. 3 shows reconstructed micro-computed tomography (CT) images of the as-
fabricated samples manufactured under optimal conditions. The micro-CT
examination confirmed that irregular microcracks were the primary defects to occur
within the SLM of pure HX alloy; the defect-volume percentage was determined to be
0.67% (Fig. 3a). The pore-volume percentages in HX-1 and HX-3 nanocomposites
samples were found to be 0.026% and 0.15%, respectively, while no microcracks were
detected in the two materials, thus confirming the elimination of microcracking induced
by the addition of TiC nanoparticles (Fig. 3b-c). We should note that the extra 2 wt.%
TiC nanoparticles added in the HX-3 nanocomposite resulted in a significant difference

in pore size and quantity compared to the HX-1 nanocomposite: around 210 open



pores were detected in the HX-1 nanocomposite, with most less than 30 um in
diameter. More than 1,100 open pores formed in the HX-3 nanocomposite samples,

more than 100 of which were greater than 30 um in diameter (Fig. 3d).

TiC cluster

Fig. 4. Molten-pool features and microstructure of the as-fabricated samples under optimal
manufacture conditions: (a)-(b) pure HX alloy; (c)-(d) HX-1 wt.% TiC nanocomposite; (e)-(f)
HX-3 wt.% TiC nanocompaosite material.

Fig. 4 shows the molten pools and microstructure of as-fabricated pure HX, HX-1
and HX-3 nanocomposites specimens under optimal manufacture conditions. Typical
columnar grains along the build direction formed in the pure HX alloy, while the molten

pools that formed during the SLM process were not observed to have uniform shapes



even under the optimal conditions (Fig. 4a-b). The microcracks were distributed along
the grain boundaries, indicating that they were intergranular cracks after rapid
solidification had occurred. Previous studies have demonstrated that element
precipitation and residual thermal stress are the primary contributors to microcrack
formation in the additive manufacturing of nickel-based superalloys [9][10][35]. In
general, microcracks can significantly degrade mechanical performance and shorten
the lifetime of HX components, as the microcracks may function as brittle fracture
initiators and result in failure at low stress levels.

Compared to pure HX alloy, the as-fabricated HX-1 nanocomposite examined in
the present study had no microcracks detected, suggesting the added 1 wt.% TiC
nanoparticles enabled the elimination of microcracks under the OM inspection (Fig.
4c). The BSE-SEM inspection confirmed the elimination of microcracks, even though
columnar grains also formed in the HX-1 nanocomposite (Fig. 4d). Note that the added
TiC nanoparticles were uniformly distributed in the HX matrix, which implies that the
Marangoni stress caused by temperature gradients tended to disperse the TiC
nanoparticles rather than agglomerating them to form clusters.

A much higher LED (125 J/mm3) was required to fully melt the HX-3
nanocomposites within the SLM process. The OM inspection has indicated that a few
open pores formed even under the optimal manufacture condition; the open pores
were randomly distributed inside the molten pools and along the fusion boundaries
(Fig. 4e). The difference in optimal LED values confirmed that the increase in TiC
content was more influential on thermal conductivity compared to laser absorption in
the SLM of HX-TIiC nanocomposites. The BSE-SEM confirmed that TiC clusters
formed in the as-fabricated HX-3 nanocomposite samples that were not detected in
the HX-1 nanocomposite samples (Fig. 4f). The TiC clusters were formed partially
because the Marangoni stress was not strong enough to disperse the 3 wt.% TiC
nanoparticles within the molten pools. Another contributor may have been the lump-
like structures that coated the imperfect HX particles, which trapped the TiC
nanoparticles into forming clusters after the powder mixing. The clusters were not

dispersed after rapid solidification.



3.2.  Phase identification and microstructure

Fig. 5 shows the XRD patterns of the feedstock powder material and different
SLM-fabricated materials under optimal manufacture conditions. The phase of the
added TiC nanoparticles was detected in the HX-3 nanocomposite feedstock powder
but not in the as-fabricated HX-3 nanocomposite bulk samples. The TiC phase was
not identified in the bulk samples through XRD which is very likely due to the low
content and fine size of TiC nanoparticles. The typical peaks of the face-centred cubic
(FCC) austenite phase were clearly observed in all the as-fabricated bulk samples.
Given that XRD inspection has a relatively low-resolution limit, high-resolution EDX
and TEM examinations were conducted to further investigate the phases and

microstructures of these samples.
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Fig. 5. X-ray diffraction (XRD) patterns for the feedstock powder material and different SLM-
fabricated material samples under optimal conditions.

Our TEM investigation revealed that element segregation occurred in all the
fabricated bulk samples distributed along the columnar walls that had formed and that
this segregation was not particularly affected by the addition of TiC nanopatrticles. An
EDX line-scan analysis of the HX-3 nanocomposite sample is shown in Fig. 6. The
length of the scanned line was 680 nm, and the line’s midpoint was marked using 1

for reference. As the figure shows, the precipitate phase (marked as Al in Fig. 6a) was



analysed to be Cr- and Mo-rich carbide, while the A2 area was rich in TiC nanopatrticles.
The precipitated carbides and uniformly distributed TiC nanoparticles were expected
to enhance the tensile strength of the fabricated components by pinning the

dislocations’ motion.
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Fig. 6. EDX line-scan analysis for the fabricated bulk HX-3 wt.% TiC sample.

To further identify the chemical composition of the precipitates, selected area
electron diffraction (SAED) was conducted on the fabricated bulk HX-3 nanocomposite
sample, as shown in Fig. 7. The irregular precipitates that formed were clearly
observed along the solidified columnar walls (Fig. 7a), and the EDX point analysis also
revealed that the irregular precipitates were rich in Mo and Cr elements. Our SAED
analysis further confirmed that the precipitated carbide was M23Ce rather than MsC
(Fig. 7c). Finally, the SAED analysis confirmed that the uniformly distributed nanoscale
particles amongst the HX matrix were TiC nanoparticles (Fig. 7d-f). We should note
that the addition of TiC nanoparticles did not affect element-segregation behaviour, but
the microcracks that were formed in pure HX were successfully eliminated in the as-
fabricated HX-1 and HX-3 nanocomposites samples, which implies that the added 1
wt.% and 3 wt.% TiC reinforcements were more likely to have altered the residual

thermal-stress distribution to eliminate microcracking.



Fig. 7. Bright-field TEM images and corresponding SAED patterns for HX-3 wt. % TiC
nanocomposite: (a) bright-field TEM image; (b) EDX point analysis for the precipitate; (c)
SAED pattern for the precipitate marked in Fig. 6a; (d) bright-field TEM image taken from the
TiC nanoparticle area; (e) SAED pattern for nanoparticles with zone axis [022]; (f) SEAD
pattern for the selected matrix zone with zone axis [022].

Fig. 8 shows EBSD inverse pore figure mapping and bright-field TEM micrographs
of the as-fabricated pure HX and HX-1 nanocomposite samples. The HX-3
nanocomposite offered similar grain orientations compared to the HX-1
nanocomposite but had more open pores and TiC clusters. The EBSD images for HX-
3 nanocomposite are not presented in Fig. 8. These images are useful for the
investigation of the microcracking-elimination mechanism in the nanocomposite
materials. Both materials offered random grain orientations, indicating a relatively
weak texture in both materials after the SLM process (Fig. 8a and 8c). The grain size
and morphology, however, differed greatly between the two materials: the average
length of the columnar grains formed in the pure HX was greater than 500 ym, and
the maximum value was nearly 1 mm along the build direction. The grains formed in
the HX-1 nanocomposite were much smaller in both the length and width dimensions.

The difference in grain structure between pure HX and HX-1 samples may be



attributed to two factors. First, the optimal LED to manufacture pure HX was
determined to be 52 J/mm?, while this value was increased to 83 J/mm? to fabricate
the HX-1 nanocomposite. Since the dimensions of formed grains were positively
correlated to thermal gradient, the difference in LED could result in significant
differences in thermal gradient in both cases so that the grain structure differed
between both samples. Second, the addition of 1 wt.% TiC nanoparticles might be
another contributor for grain structure change in the as-fabricated HX-1
nanocomposite. This is because the added TiC nanoparticles may function as
nucleation sites to promote heterogeneous nucleation and further contribute to the

grain refinement.

Columnar wall

Fig. 8. EBSD and bright-field TEM images for (a)-(b) as-fabricated pure HX alloy; (c)-(d) as-
fabricated bulk HX-1 wt.% TiC nanocomposite sample.

Although the majority of the grains still showed a columnar morphology, the

average grain length was much smaller in the HX-1 nanocomposite, and a few



equiaxed grains had also formed compared to the grains formed in pure HX. The
significantly increased grain boundaries in the HX-1 nanocomposite enabled a uniform
distribution of the strains that had been induced by the accumulated residual thermal
stress within the components. The cohesion between adjacent grains may have been
enhanced because of the increase in grain boundaries. This increased cohesion
partially explains the elimination of microcracking in both the SLM-fabricated HX-1 and
HX-3 nanocomposites. Our finding is also consistent with findings from previous
studies, which have demonstrated that an increase in high-angle grain boundaries
contributes to hot-tearing resistance in the casting of nickel-based superalloys [36][37].

Our study’s TEM micrographs clearly show the columnar wall structures in both
pure HX and HX-1 nanocomposite samples; the EDX mapping analysis we conducted
had already indicated that the columnar wall structures were surrounded by M23Cs
precipitates (Fig. 7). We should note that the SLM-fabricated HX-1 nanocomposite
offered a much higher dislocation density compared to the as-fabricated pure HX. In
addition, several uniformly distributed TiC nanoparticles were detected in the bulk HX-
1 nanocomposite. The mismatch of the coefficient of thermal expansion (CTE)
between the HX matrix and the TiC ceramic nanopatrticles was the primary contributor
to the significant increase in dislocations. Previous studies have suggested that the
contribution of CTE mismatch strengthening is significant in SLM-fabricated
nanocomposites because the CTE difference between the matrix and ceramic
particles increases with temperature [38][24]. In our study, the entanglements of
dislocation lines functioned as pinning points, which hindered the dislocations’ motion
and could have enhanced the mechanical strength of both the HX-1 and HX-3
nanocomposites materials. In addition, the compressive stress induced by the stress
field around the dislocations was capable of counteracting the residual tensile thermal
stress, which we consider to have been a significant contributor to microcrack

formation.

3.3. Tensile performance



Fig. 9 shows the tensile properties of as-fabricated pure HX and nanocomposite
specimens as well as a comparison with various results reported in the literature.
Tensile performance was measured using uniaxial tensile testing at room temperature;
two specimens for each material were tested to generate the engineering stress-strain
curves. The dimensions of the tensile specimens (which were determined based on
ASTM guidelines) are also shown in Fig. 9a. Because of the large number of
microcracks that formed in the as-fabricated pure HX samples, the tensile behaviours
of the two specimens were found to be very consistent, with an ultimate tensile
strength (UTS) value of 920 £ 3 MPa; the elongation to failure was determined to be
13 + 2%. Due to the microcrack elimination in the HX-1 nanocomposite specimens,
significant increases in both UTS and elongation were achieved. The UTS and
elongation values were determined to be 1,100 + 4 MPa and 23 + 3%, respectively.
With an increased TiC content from 1 wt.% to 3 wt.%, the HX-3 nanocomposites did
not show an apparent increase in tensile strength. AUTS value that was only ~30 MPa
higher was obtained in the HX-3 nanocomposites, while a 11% elongation to failure

was sacrificed compared to the HX-1 nanocomposite material.
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Fig. 9. Tensile performance of the as-fabricated pure HX and nanocomposites materials: (a)
the engineering stress-strain curves of pure HX, HX-1 and HX-3 nanocomposite samples
obtained in this study; (b) ‘ultimate tensile strength’ versus ‘elongation to failure’ values for

HX alloy reported in the literature [8][19][9][35][39].

A comparison of the tensile performance of the three materials clearly indicates
that the SLM-fabricated HX-1 nanocomposite materials exhibited both high-strength

and high-ductility behaviours compared to the pure HX and HX-3 nanocomposites.



The HX-1 nanocomposites exhibited an over 19% increase in UTS, which we attribute
to the grain refinement and CTE mismatch strengthening compared to pure HX. The
10% improvement in elongation to failure was more likely to have been caused by the
elimination of microcracks. A further increase in TiC content to 3 wt.% did not
contribute further enhancement in tensile strength but did reduce elongation by ~10%.
This situation could be explained by the open pores and TiC clusters that formed,
which functioned as fracture initiators.

The ‘ultimate tensile strength’ versus ‘tensile elongation to failure’ values for HX
materials reported in the present study compared to the literature are shown in Fig.
9b. The SLM-fabricated HX alloys exhibited comparative UTS values, but the
elongation-to-failure values were much lower compared to the wrought HX alloy.
Previous studies have reported, however, that SLM-fabricated HX offers over 150 MPa
higher yield strength than wrought HX [9][39]. Due to the successful elimination of
microcracks in the present study, the UTS values for both HX-1 and HX-3
nanocomposites we obtained were superior compared to the reported wrought- and
SLM-fabricated HX alloy, but the open pores and TiC clusters that formed in the HX-
3 nanocomposite significantly degraded the material’s ductility. We may conclude that
the addition of 1 wt.% TiC nanoparticles enabled the achievement of both high strength
and high ductility for the SLM-manufactured HX material. This finding suggests that
high-strength and high-ductility performance for the SLM-fabricated materials could be

achieved by the selection of suitable reinforcement materials and content.



Fig. 1. SEM microgréphs showing the fracture surfaces of as-fabricated samples: (a.)-(B)
pure HX alloy; (c) HX-1 wt.% TiC nanocomposite; (d) HX-3 wt.% TiC nanocomposite.

Fig. 10 shows the fracture surfaces of the tensile specimens for the three materials
after tensile testing. Although the build direction was perpendicular to the force-loading
direction, the microcracks that formed along the build direction in pure HX were further
reopened due to the uniaxial tensile testing (Fig. 10a-b). Typical cleavage-fracture
surfaces had formed, suggesting a brittle fracture for the SLM-fabricated pure HX alloy.
This finding shows consistency with the stress-strain curves in which a relatively low
elongation-to-failure value was determined (13%, Fig. 9a). Despite the limited number
of open pores, HX-1 nanocomposite exhibited a smoother fracture surface with a large
number of fine dimples (void size of < 2 ym), indicating a ductile fracture for the as-
fabricated HX-1 nanocomposite (Fig. 10c).

In addition to open pores, several microcracks formed and were observed on the
fracture surfaces of the HX-3 nanocomposite tensile specimens (Fig. 10d). The

fracture surfaces were also found to be much coarser compared to the HX-1



nanocomposite. We should note that the microcracks that formed in the HX-3
nanocomposite were much smaller than the opened cracks that formed in the pure HX.
This situation occurred because the microcracks that formed in the HX-3
nanocomposite were caused by the TiC nanoparticle clusters after rapid solidification;
the clusters acted as stress-concentration sites and fracture initiators, which
accelerated rupturing during uniaxial tensile testing. This finding shows agreement
with the tensile performance we measured in which a relatively low elongation-to-

failure value (12%) was shown in the SLM-fabricated HX-3 nanocomposite.

4. Conclusions

This study has investigated the effects of TiC content on the microstructure and
tensile performance of Hastelloy X (HX)-based nanocomposites manufactured by the
selective laser melting (SLM) additive-manufacturing process. The experimental study
explored the possible microcracking-elimination mechanism induced by the addition
of TiC nanopatrticles. The following findings were derived from the experimental results.

(1) The addition of TiC nanoparticles was found to be more influential of effective
thermal conductivity compared to laser absorption on the feedstock powder
material. The increase in TiC content also led to the extra laser-energy density
required to manufacture nearly full-density nanocomposite specimens. The
optimal laser-energy densities for manufacturing pure HX, HX-1 wt.% (HX-1) and
3 wt.% (HX-3) TiC nanocomposites were determined to be 52, 83 and 125 J/mm?,
respectively.

(2) The primary defect in the SLM-fabricated pure HX alloy was found to be
microcracking, even under the optimal manufacture condition, although
microcracking was eliminated in the SLM-fabricated HX-1 and HX-3
nanocomposite materials. Our detailed EBSD and TEM investigations have
indicated that the significantly increased grain boundaries, together with the high
dislocation density, were most likely the primary contributors to microcracking
elimination.

(3) The addition of 1 wt.% TiC nanoparticles contributed to the elimination of



microcracking, with a pore-volume percentage of 0.026% based on micro-CT
examination. Although the addition of 3 wt.% TiC reinforcement also enabled the
elimination of microcracking, this addition also resulted in the formation of TiC
clusters and a pore-volume percentage of 0.15% in the SLM-fabricated HX-3
nanocomposite samples.

(4) Compared to SLM-fabricated pure HX alloy, the HX-1 nanocomposite exhibited
over 19% and 10% improvements in ultimate tensile strength and elongation to
failure, respectively. A further increase in TiC content to 3 wt.%, however, was not
found to further enhance tensile strength, while ~10% was lost in elongation. This
finding suggests that the added 3 wt.% TiC nanoparticles very likely went over
the threshold of the TiC nanoparticles, such that the Marangoni stress was not

strong enough to disperse the TiC nanoparticles within the molten pools.

Our findings demonstrate that the microcracking defect within SLM of Nickel-based
HX alloy can be eliminated by the addition the TiC nanoparticles, which improved both
the strength and ductility properties of the manufactured nanocomposites when an
optimal content was employed. The overall mechanical performance, however, could
be degraded while the TiC reinforcement content goes over the threshold. The present
study offers a promising pathway to employ the SLM process to manufacture both
high-strength and high-ductility metallic materials that will have practical engineering

applications through the careful selection of nanoparticle materials and content.
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