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Abstract  
The Hastelloy X (HX) nickel-based superalloy is increasingly applied in the aerospace 

industry because of its exceptional combination of oxidation resistance and high-

temperature strength. The addition of nanoscale ceramic reinforcements to the HX 

alloy is expected to further improve its mechanical and thermophysical performance. 

The research challenge is to manufacture HX nanocomposites using additive 

manufacturing (AM) technologies, particularly selective laser melting (SLM), which has 

been used successfully to produce other nanocomposites. This paper systematically 

studies the microstructure and tensile performance of HX-3 wt.% TiC nanocomposite 

fabricated via SLM and explores the effects of TiC nanoparticles on hot-cracking 

elimination and strength enhancement. The findings reveal that the addition of 3 wt.% 

TiC nanoparticles resulted in (1) an extra 73 J/mm3 laser-energy density needed to 

manufacture nearly full-density nanocomposite samples and (2) intergranular 

microcrack elimination due to the significant increase in grain boundaries induced by 

the grain refinement. The results showed a 17% increase in yield strength, while the 

elongation to failure was not significantly reduced. The results from the microstructure 



examination suggest that the strengthening mechanisms of load bearing and 

enhanced-dislocation density were the most pronounced mechanisms in the SLM-

fabricated nanocomposite. These findings offer a promising pathway to strengthen 

mechanical performance by addressing the hot-cracking issue in the AM of nickel-

based superalloys that suffer from cracking susceptibility. The results can also help to 

accelerate the uptake of AM in high-performance and defect-free superalloys for 

various applications. 

Keywords: selective laser melting; nickel-based Hastelloy X superalloy; 

nanocomposite; hot cracking; tensile performance 

1. Introduction  
Selective laser melting (SLM) is an additive manufacturing (AM) technology based 

on laser powder beds in which a high-power laser is used to manufacture advanced 

metallic components with very complex geometries [1][2][3]. One of the advantages of 

SLM is its ability to reduce production costs and lead times, especially for high-

performance parts that are required in limited quantities [4]. The SLM technology has 

been successfully employed to fabricate various high-performance metallic materials, 

including titanium [5][6], aluminum [7], nickel-based superalloys and their composites 

[8][9]. In addition, various post treatments have been used to achieve the trade-off 

between strength and ductility of the SLM-fabricated components. Hastelloy X (HX) is 

a solid-solution-strengthened, nickel-based, high-temperature alloy that is widely used 

in gas turbine engines, such as combustion-zone components, because of its 

exceptional combination of oxidation resistance, processability and high-temperature 

strength [10]. For these reasons, the SLM of HX alloy is thought to be a promising 

technology for the manufacture of the complex high-performance structural 

components used in gas turbine engine combustors and various petrochemical 

applications.  

Metal matrix nanocomposites (MMNCs) are metal matrix composites (MMCs) in 

which the nanoparticles are employed as the reinforcement phase. Due to their 

nanoscale structure, MMNCs exhibit an advantage over MMCs with microscale 

reinforcements in terms of wear resistance, improved damping properties and 

mechanical strength, thus making them more attractive for various applications 

[11][12] nd the growing interest in the field, 



the great potential of MMNCs has been limited, because the processing methods are 

expensive and difficult to scale up to manufacture large and complex shapes in bulk. 

The conventional methods for producing MMNCs can generally be categorised into 

three types: solid-state methods, semi-solid-state methods and liquid-state methods 

[13]. The significant disadvantages of these fabrication methods, however, include 

high energy consumption and difficulty in manufacturing complex-shaped components. 

Considering the layer-by-layer manufacturing principle of SLM, the SLM of MMNCs 

offers significant potential for manufacturing high-performance MMNCs with complex 

geometries. 

In recent years, researchers have used SLM technology to manufacture various 

MMNCs and biocomposites [4][14]. For instance, the typically investigated nickel-

based nanocomposites include TiC/Inconel 718 nanocomposites [15][16], carbon 

nanotube/Inconel 625 composites [17] and TiN/Inconel 718C composites [18]. The 

findings from these studies demonstrated that, compared to the as-fabricated matrix 

materials, SLM-fabricated nanocomposites exhibited higher tensile strength but lower 

elongation due to the ensuing grain refinement. Compared with the aforementioned 

nickel-based alloys, however, researchers have found HX alloy to be susceptible to 

hot cracking when processed using the SLM process. Previous studies have also 

revealed that microcracks cannot be eliminated even under optimum manufacturing 

conditions [19][20][21]. In one study, the hot-cracking defect was addressed by 

modifying the chemical composition; the reduction of Mn and Si content in that study 

elevated temperature (1,033 K) was achieved, but the microcracks still could not be 

eliminated [19]. Post-treatments such as hot isostatic pressing (HIP) are reportedly 

able to close hot cracks and improve the strength-ductility trade-off of SLM as-

fabricated HX components. Although the microcracks were successfully eliminated in 

the HIP-processed HX components in the present study, the HIP resulted in significant 

degradation of tensile strength due to grain growth within the heat-treatment process. 

The reduction in yield strength was found to be up to 20%, although a 15% increase 

in elongation to failure is reportedly achievable [22][23]. The cost of extra post-

processing significantly reduces the economic attractiveness of the SLM process, 

however, so this type of post-treatment is not an ideal alternative for mitigating hot-

cracking defects. Sanchez-Mata et al. [24] studied the microstructure of SLM-



fabricated HX alloy, and while they did not detect microcracks during their optical 

microscopy inspection, the authors also did not detail the manufacturing conditions 

they used.  

In one previous study by the authors, a novel method to eliminate hot-cracking 

defects was developed by introducing 1 wt.% TiC nanoparticles [25]. TiC nanoparticles 

were selected because the TiC lattice structure exhibits a smaller planar 

crystallographic disregistry with a nickel (Ni) lattice structure compared to other widely 

used nucleating agents such as SiC, Zr, ZrC and WC lattice structures. The results 

demonstrated that the addition of 1 wt.% TiC nanoparticles contributed to the 

elimination of microcracks and a 98 MPa increase in yield strength without undue 

sacrifices in ductility. An increase in TiC nanoparticle content could enable a further 

increase in tensile strength and wear performance of the fabricated HX 

nanocomposites, but the nanoparticles are prone to agglomeration due to the strong 

surface energy and poor wettability found within the molten metal matrices if the 

content is above the threshold. The TiC clusters may function as stress-concentration 

sites, thus degrading mechanical performance. 

In this context, the present study examines SLM-fabricated HX nanocomposite with 

an addition of 3 wt.% TiC nanoparticles, with an emphasis on the effect of the TiC 

nanoparticles on cracking elimination and tensile-performance enhancement. The 

significant contribution of the current study compared to the earlier work [25] is that 

with an increase in TiC nanoparticle content from 1 wt.% to 3 wt.%, the primary 

strengthening mechanisms were found to change from grain refinement strengthening 

and CTE (coefficient of thermal expansion) mismatch strengthening mechanisms to 

load bearing strengthening and CTE mismatch strengthening mechanisms. The study 

also examines any defects in the as-fabricated nanocomposite caused by the added 

3 wt.% nanoparticle reinforcements. Thus, this study provides practical insights into 

the selection of nanoscale reinforcement content in order to fabricate both high-

strength and defect-free nanocomposites using SLM technology.   

2. Materials and methods 

2.1. Feedstock for selective laser melting  



    The commercial gas-atomised Hastelloy X (HX) powder used in this work was 

supplied  from Sandvik Osprey (Neath, UK), with an alloying composition (wt.%) of 

22.2Cr 19.1Fe 8.9Mo 2Co 0.13C 0.7W 0.18Si 0.17Mn bal. Ni based on the 

inductively coupled plasma (ICP) analysis. The raw HX powder was measured to vary 

based on an 

analysis of particle-size distribution using the Malvern Mastersizer3000 (Malvern, UK) 

(Fig. 1a/c). Note that the HX powder used in the present study consisted of recycled 

powder rather than virgin HX. An electron backscatter diffraction (EBSD) analysis of 

the HX powder demonstrated that very fine grains (with an average grain size of < 7 

µm) formed in the powder during the gas-atomisation process, while no apparent 

defects such as pores or microcracks were observed (Fig. 1b). The TiC nanoparticles 

(< 200 nm), which functioned as a reinforcement phase in this work, were acquired 

from Sigma Aldrich (UK).  

 
Fig. 1. The feedstock used for selective laser melting: (a) recycled Hastelloy X; (b) 
EBSD orientation map for HX powder; (c) particle-size distribution of HX powder; 

(d) mixed Hastelloy X with 3 wt.% TiC. 
  

A commercial high-speed mixer (SpeedMixer, DAC 800.1 FVZ, Hauschild, 



HX-

speed with a tot

1d shows the prepared nanocomposite used for SLM, in which TiC nanoparticles were 

uniformly distributed amongst the HX particles without settling. This uniform 

distribution confirmed that the high-speed mixing technique was capable of breaking 

up the TiC clusters and properly coating the nanoparticles to prepare the 

nanocomposite feedstock for SLM. It should be noted that the added 3 wt.% of TiC 

nanoparticles were determined to be the highest percentage achieved suitable for 

SLM of HX superalloy. This is because significant TiC nanoparticles agglomeration 

occurred in the powder feedstock when the TiC content is greater than 3 wt.%, 

indicating that the high-speed mixing technique could not break up the TiC clusters 

while the TiC nanoparticle percentage is over the threshold of 3 wt.%. The powder 

feedstock with TiC clusters is not considered to be suitable for SLM process, because 

the TiC clusters could function as stress-concentration sites and degrade the 

mechanical properties through the formation of pores and cracks.   

2.2. Selective laser melting process 

The apparatus used for the specimens manufactured in this work was a Renishaw 

AM250 (Renishaw Plc, UK) equipped with a modulated ytterbium fibre laser 

(wavelength = 1,071 nm). The SLM process starts by slicing the 3D CAD file data into 

layers, usually from 20 to 100 m thick, creating a 2D image of each layer; thin layers 

of atomised fine metal powder are evenly distributed using a coating mechanism onto 

a substrate plate. This takes place inside a chamber containing a controlled 

atmosphere of inert gas, either argon or nitrogen. Once each layer is distributed, each 

2D slice of the part geometry is fused by selectively melting the powder. The process 

is repeated layer by layer until the part is complete [26]. The cubic samples (8 × 8 × 8 

mm3) were fabricated under different process-parameter combinations until 

optimisation was achieved; the optimum parameters were then employed to fabricate 

the tensile specimens. Table 1 shows the used SLM process parameters for 

optimisation. The criterion employed to achieve the parameters optimisation is the 

density based on the Archimedes principle; No. 7 and 14 (Table 1) were determined 

to be the optimal parameters to fabricate pure HX and the nanocomposite samples in 



the present study. Note that the substrate was not preheated before the build, and the 

tensile specimens were manufactured horizontally where the loading direction was 

perpendicular to the build direction. The shape and dimensions of the specimens were 

determined based on ASTM-E8/E8M-13a [27]. Although the vertically manufactured 

specimens exhibited higher tensile strength and toughness compared to the 

horizontally fabricated parts [22], the vertical manufacture scenario requires much 

more powder to fill the build volume. The horizontal manufacture strategy was thus 

employed in this work.  

Table 1. The used SLM parameters in this study.  

Laser power (P) = 200 W, Layer thickness (t) = 40 m 

No. Scanning speed 

(v, mm/s) 

Hatch spacing 

(h, m) 

No. Scanning speed 

(v, mm/s) 

Hatch spacing 

(h, m) 

1 300 80 9 800 100 

2 400 80 10 1000 100 

3 600 80 11 300 120 

4 800 80 12 400 120 

5 1000 80 13 600 120 

6 300 100 14  800 120 

7  400 100 15 1000 120 

8 600 100    

No.7 and 14 are the optimised parameters. 

2.3. Material characterisation techniques  

Both pure HX and nanocomposite samples were vertically sectioned parallel to the 

build direction and then ground and polished using standard techniques prior to optical 

microscopy (OM, Nikon S-Ke type, Japan) and scanning electron microscopy (SEM, 

Carl ZEISS EVO 40, Germany) inspections, as detailed in previous studies [28][29]. 

All samples were examined in the as-fabricated condition without any post-processing 

treatments. For the microstructure analysis, to reveal the rapid solidification structures 

and molten-pool boundaries, the polished cubic specimens were subjected to 

(BSE) SEM and electron backscatter diffraction (EBSD) analysis were polished only, 

without chemical etching.   



The EBSD analysis was performed using a high resolution Jeol 7800F FEG-SEM 

equipped with an Oxford Instruments Aztec EBSD system, to study the 

crystallographic orientation of the samples. The EBSD scanning was operated under 

20 kV and was performed on an area of 1 × 1 mm2, with a step size of 0.8 µm. Post-

data processing was conducted using the HKL Channel 5 EBSD software 

package. The optimum process parameters were determined by measuring the 

relative density of the as-fabricated cubic samples three times and then averaging 

those values based on the Archimedes principle. Transmission electron microscopy 

(TEM) inspection was performed to further examine the microstructure of the 

nanocomposite sample. TEM characterisation was performed with an FEI Titan 

Themis 80 300 equipped with two aberration correctors and a highly efficient (four-

quadrant) energy-dispersive X-ray (EDX) system. Uniaxial tensile testing was 

performed using a Zwick/Roell tester (Z050, Ulm, Germany) with a maximum load of 
3 s-1 at room temperature. The engineering 

stress-strain curves obtained from that process were determined from two specimens 

for both conditions (pure HX and nanocomposite materials). 

3. Results  

3.1. Relative density and defects distribution   

Fig. 2a shows the measured density of both pure HX and HX-3 wt. % TiC 

nanocomposite versus laser-energy density. The laser-energy density was calculated 

using the formula , where  represents the laser power and ,  and  

denote the scanning speed, hatch spacing and layer thickness, respectively. This is a 

commonly used method by other researchers to estimate the correlation between 

manufacture condition and the porosity of SLM-fabricated parts [30][31]. The relative 

density was determined in the present study by measuring the density of the cubic 

samples three times using the Archimedes method and then averaging the values. 

Both materials showed a trend in which relative-density values increased alongside 

increased energy density until the maximum relative density was achieved; the relative 

density decreased with further increases in energy density. The highest relative 

density of SLM-fabricated pure HX was measured to be 99.5% when a 52.08 J/mm3 

laser-energy density was employed; this point corresponded to laser power = 200 W, 



Both the laser-power and layer-thickness values remained fixed in the present study, 

while we optimised the scanning-speed and hatch-spacing variables to achieve the 

optimal manufacture condition.  

 
Fig. 2. The relative density of pure HX and HX-3 wt.% TiC nanocomposite: (a) relative 
density versus laser-energy density; (b) a typical optical micrograph showing irregular 

pores under insufficient laser-energy density. 

Compared to the pure HX material, the nanocomposite material required a higher 

laser-energy density (125 J/mm3) to achieve a relative density above 99.3%. The 

optimised parameters used to manufacture the highest-density nanocomposite 

samples included laser power = 200 W, scanning speed = 400 mm/s, hatch spacing = 

en the energy density employed 

was below 50 J/mm3, the relative density was measured to be only around 94%, 

whereas this value increased to 97.5% and even higher when the energy density was 

greater than 50 J/mm3. This finding suggests that insufficient melting occurred in the 

SLM of nanocomposite material when the energy density was below 50 J/mm3. This 

lack of melting may have caused the formation of irregular pores in the parts, as 

confirmed by the microstructure analysis (Fig. 2b).  

Fig. 3 shows the defect distribution and molten-pool boundaries in the as-fabricated 

HX and nanocomposite samples built under optimal conditions. Microcracks were 

found to be the primary defects and were uniformly distributed in the pure HX, with a 

defect density of about 0.5%, even under the optimum build condition. The length of 

the cracks varied from several micrometres to more than 100 micrometres, implying 

that the microcracks propagated to a few solidified layers along the build direction (Fig. 



3a). Compared to pure HX, a few residual pores with a volume fraction of around 0.6% 

were detected in the nanocomposite, but no microcracks were detected under OM 

inspection (Fig. 3c). When subjected to a proper etching, the solidified molten-pool 

boundaries were revealed; the nanocomposite was found to have exhibited wider and 

shallower molten pools compared to the pure HX (Fig. 3b/d). The microcracks in the 

pure HX did not form on the molten-pool boundaries; instead, they crossed the 

boundaries and propagated along the build direction (Fig. 3b).  

 

Fig. 3. Defect distribution and molten pools in the built samples under optimum 
conditions: (a)-(b) pure HX; (c)-(d) nanocomposite material. 

Interestingly, a very limited number of keyhole pores were observed in the 

nanocomposite but were not detected in the pure HX (Fig. 3d). This finding may be 

linked to the higher laser-energy density employed in the nanocomposite, but the 

majority of the molten pools in the nanocomposite were very shallow. Keyhole pores 

did not form in these cases, because such pores are generally accompanied by 

hopper-like molten pools [32][33]. The implication of this situation is that the TiC 

nanoparticles in the present study may not have been uniformly dispersed in the 

fabricated nanocomposite sample, so several nanoparticles could have agglomerated 

and formed clusters during the SLM process. These properties were further 



investigated via high-resolution BSE SEM and EDX inspections, as noted in the 

following section.  

 

3.2. Microstructure  

Fig. 4 shows BSE-SEM images of both pure HX and nanocomposite samples 

under optimum manufacture conditions. These images are useful for the investigation 

of the effects of TiC nanoparticles on microstructure and mechanical property 

alteration. Fig. 4a-b reveal the columnar grains that formed along the build direction in 

the pure HX. More specifically, the grains grew along the positive temperature 

gradients during the SLM process and crossed the fusion boundaries to form columnar 

grains. The temperature gradients formed because of the high-energy laser beam, in 

which a Gaussian distribution was used. The microcracks were observed to be 

distributed along the grain boundaries, implying that the cracks that formed were 

intergranular rather than transgranular in the pure HX. Numerous previous studies 

have examined the formation mechanism of intergranular cracks in SLM-fabricated 

HX alloy; element segregation and residual thermal-stress accumulation are generally 

considered to be the primary contributors to microcrack formation [20][34][35]. 



 

Fig. 4. Backscattered electron (BSE) SEM images showing the microstructure of as-
fabricated pure HX and nanocomposite samples: (a) (b) microstructure and microcracks in 
pure HX; (c) (d) microstructure and uniformly distributed TiC in the nanocomposite; (e) (f) 

agglomerated TiC clusters in the nanocomposite sample.  

Compared to pure HX, the nanocomposite was not found to have formed 

intergranular cracks, indicating that the added 3 wt.% TiC nanoparticles enabled the 

elimination of microcracks formed during the SLM process (Fig. 4c-d). Despite the 

removal of intergranular cracks, however, the TiC-reinforced nanoparticles resulted in 

defects that were found to be TiC clusters (Fig. 4e-f). Those TiC clusters with irregular 

shapes were smaller than open pores, and their formation may be attributable to the 



Marangoni effect within the SLM process, which in this study drove the nanoparticles 

to form several clusters, while the nanoparticle fraction was above a threshold.  

Another contributor could have stemmed from the imperfect HX particles from the 

feedstock, which typically exhibits defects such as cavities or satellite particles. The 

HX powder used in this study was recycled powder, so these cavity defects and 

satellite particles could have trapped the nanoparticles during high-speed mixing and 

hinder the uniform dispersion of TiC nanoparticles amongst HX particles. The trapped 

TiC clusters could not be dispersed by the Marangoni effect, and the cluster defect 

formed. This finding indicates that the spherical gas-atomised particles should offer as 

few defects as possible when processing high-quality and defect-free components via 

the SLM process. TiC-cluster defects are very likely to function as stress-concentration 

sites and to lead to the formation of microcracks during the SLM solidification stage. 

Very few transgranular microcracks were observed in the nanocomposite sample, but 

the formation mechanism differed from that of the intergranular microcracks. We 

should note that, apart from the TiC clusters, most of the TiC nanoparticles were 

evenly distributed in the matrix, and no interface defect was observed (Fig. 4d). These 

uniformly distributed TiC particles were able to improve the mechanical strength of 

SLM-fabricated nanocomposite specimens. 

Fig. 5 shows the EDX mapping of a zone from the HX-3 wt.% TiC nanocomposite 

specimen; this information is useful to understand the effects of TiC nanoparticles on 

microcrack elimination. The EDX mapping confirmed that the added TiC nanoparticles 

were uniformly distributed in the HX matrix following solidification; chemical reactions 

between TiC and other alloying elements were not found to have occurred as expected. 

As a typical SLM solidification structure, columnar walls surrounded by precipitates 

formed in the fabricated sample. The segregated phase was found to include Mo- and 

Cr-rich carbides. Previous studies have also detected segregation in SLM-fabricated 

pure HX alloy, as reported in [21][25], indicating that the added TiC nanoparticles in 

the present study were incapable of stopping the element segregation in the SLM of 

HX-based nanocomposites. Considering the two primary contributors to microcracking, 

since previous studies have found segregation to occur in both pure HX and HX-based 

nanocomposite (which increases hot-tearing susceptibility), thermal residual stress 

must play a significant role in microcrack formation in the SLM of pure HX. The added 

3 wt.% TiC nanoparticles in the present study were very likely to have somehow 



degraded the residual stress accumulation, since intergranular microcracks had been 

eliminated in the fabricated nanocomposite sample.  

 
Fig. 5. Compositional mapping of a zone from the nanocomposite sample.  

Fig. 6 shows the EBSD inverse pole figure (IPF) mapping of the as-fabricated pure 

HX and HX-3 wt.% TiC nanocomposite samples. The random grain orientations 

instead of the (001) orientation imply a relatively weak texture in the pure HX. This 

finding differs from those of previous studies, where the (001) orientation was the 

preferential grain-growth orientation for face-centred cubic (FCC) structure materials 

[36][37]. In the present study, the grains in the pure HX grew along the direction of 

heat flow to form epitaxial grains (Fig. 6a). In addition, the EBSD inspection confirmed 

that the microcracks that formed in pure HX were intergranular, as they were 

distributed along the high-angle grain boundaries (Fig. 6c). Compared to the pure HX, 

the added 3 wt.% TiC nanoparticles contributed to a strong (001) orientation for the 

columnar grains that formed (Fig. 6b).  

Using 1 mm × 1 mm regions taken from the IPF orientation maps for both samples, 

-over-width value for the grains was 

calculated, as shown in Fig. 6d. A higher length-over-width AR indicates a more 

columnar grain, while a value of 1 represents a perfectly circular fitted shape. The 

calculated number of grains in the measured regions were 4,484 and 5,402 for pure 



HX and nanocomposite, respectively. The significantly increased grains in the 

nanocomposite indicate that the added 3 wt.% TiC nanoparticles had resulted in grain 

refinement in the nanocomposite. In particular, the effects seemed to be more 

influential on grain-width refinement (Fig. 6b). Under the AR range of 1 2, the number 

of grains in the pure HX and nanocomposite were found to be 804 and 1,503, 

respectively. When the AR range increased to 2 5, the nanocomposite underwent 

another increase by 700 relatively circular grains compared to pure HX. We may 

conclude that the TiC nanoparticles functioned as a heterogeneous nucleation agent 

and promoted nucleation, which generated fine grains. With further increases in AR 

(value > 5), where a value of 5 generally represents typical epitaxial grains, pure HX 

underwent the formation of more columnar grains than the nanocomposite.  

 
Fig. 6. EBSD images of as-fabricated pure HX and nanocomposite samples: (a) 

IPF orientation map for pure HX; (b) IPF orientation map for the nanocomposite; (c) 
IPF map showing intergranular cracks in pure HX; (d) number of grains compared 

to aspect ratio (AR) in both samples. 

The grain refinement enabled more grain boundaries in the nanocomposite sample, 

which may have strengthened the cohesion of the grain boundaries. We may conclude 



that the extra grain boundaries induced by the TiC nanoparticles played a crucial role 

in intergranular microcrack elimination.  

In addition to microcrack elimination, the added 3 wt.% TiC nanoparticles 

enhanced the mechanical strength of the SLM-fabricated nanocomposite. The grain-

refinement strengthening was very likely to be a significant strengthening mechanism 

in this composite, based on Hall-Petch theory [38]. Fig. 7 shows bright-field TEM 

images of as-fabricated HX-3 wt.% TiC nanocomposite; these images are useful for 

interface of TiC reinforcements and the matrix was found to exhibit a higher dislocation 

density compared to other areas in the matrix (Fig. 7a-b), implying that the enhanced 

dislocation-density strengthening would be a non-negligible mechanism for improving 

mechanical strength. The significant increase in dislocation density occurred because 

of the mismatch of the coefficient of thermal expansion (CTE) between the matrix and 

the TiC nanoparticles. The CTE values for TiC and HX at room temperature are 7.7 × 

10-6 m/m-°C and 13.9 × 10-6 m/m-°C, respectively. A previous study has found that the 

contribution of CTE mismatch was significant in SLM-fabricated nanocomposite 

materials, because the CTE difference between the matrix and ceramic nanoparticles 

increased with temperature, which led to an increase in dislocation density near the 

interface [4]. Selected area electron diffraction (SAED) was conducted to analyse the 

phase formed amongst the matrix after rapid solidification. The irregular precipitates 

that formed were clearly observed in the matrix and the SAED analysis confirmed that 

the precipitated carbide phase was M23C6, which generally has a lower melting 

temperature compared to the matrix material (Fig. 7c-d). This phase analysis shows 

agreement with the EDX mapping (Fig. 5) that the formed columnar walls were rich in 

Mo and Cr elements. In addition, since TiC nanoparticles have been observed 

uniformly distributed in the matrix and the formed precipitated phase was examined to 

be M23C6, indicating that no interfacial reactions occurred between TiC nanoparticles 

and the austenite matrix.   

 
 



 
Fig. 7. Bright-field TEM images of HX-3 wt.% TiC nanoparticles: (a)-(b) TEM images 

showing the effects the TiC nanoparticles on dislocation density; (c)-(d) brightfield TEM 
image and corresponding SAED patterns for the precipitated phase; (e)-(f) TEM images 

showing the TiC nanoparticles distribution and strong interface;.  

     Fig. 7e-f show strong bonding between TiC and the HX matrix, with no defects 

observed at the interface. The d-spacing was measured to be 0.25 nm, indicating the 



TiC nanoparticles were embedded in the matrix. Since the temperature induced by the 

laser irradiation was below the melting-point temperature of TiC, the HX was fully 

melted and solidified rapidly, while the TiC nanoparticles remained in solid state. 

Strong bonding at the atomic level between TiC and the matrix was achieved due to 

the nanoscale connection and rapid solidification. The strong coherent bonding was 

expected to facilitate the load transfer at the interface and further increase the strength 

of the nanocomposite material. This bonding suggests that load-bearing strengthening 

would be another mechanism that could enhance the mechanical strength of the SLM-

fabricated nanocomposite material. We should note, however, that the TiC cluster 

defects induced by the nanoparticle agglomeration resulted in the loss of interphase 

cohesion, which is generally detrimental to strength improvement [39]. Considering 

-

speed mixing, which is a typical ex situ processing technique, an effective in situ 

processing method might facilitate finer and more thermodynamically stable particles 

with more uniform size distribution in the matrix to minimise interface defects.      

3.3. Tensile performance    

    Fig. 8 shows the tensile properties of as-fabricated pure HX and nanocomposite 

specimens as well as a comparison with results reported in the literature. Tensile 

performance was measured using uniaxial tensile testing at room temperature. The 

tensile behaviours of the two pure HX specimens were found to be consistent, with a 

690 ± 4 MPa yield strength, 920 ± 2 MPa ultimate tensile strength (UTS) and 13 ± 2% 

elongation to failure (Fig. 8a). Compared to pure HX alloy, the nanocomposite 

materials exhibited approximately 140 MPa and 230 MPa higher yield strength and 

UTS, respectively, while the elongation to failure was not detected to exhibit an 

obvious decrease; the elongation was measured to be 12 ± 1.4%. The remarkable 

increase in tensile performance can be attributed to the addition of 3 wt.% TiC 

nanoparticle reinforcements, which eliminated the intergranular microcracks in HX 

during the SLM process. Table 2 shows the tensile performance of the as-fabricated 

pure HX, HX-3 wt.% TiC nanocomposite and HX-1 wt.% TiC nanocomposite from the 

previous work [25]. It should be noted that the strength of the crack-free HX-1 wt.% 

TiC nanocomposite from [25] was slightly lower compared to the as-fabricated pure 

HX in this study which suffered from hot cracking. This difference in mechanical 

performance could be explained by the slight difference in the chemical composition 



of the HX materials used; in particular, the carbon content was found to have a 

significant effect in mechanical strength enhancement of the SLM-fabricated HX [20]. 

Indeed, the carbon content in this study was measured to be 0.13 wt.% while the value 

was 0.06 wt.% in the previous work [25].   

 
Fig. 8. Tensile properties of as-fabricated pure HX and nanocomposite materials: (a) 

representative engineering stress-strain curves of the as-fabricated materials in this study; 
(b) yield strength (0.2% offset) versus tensile elongation to failure for HX alloy reported in the 

literature [19][22][23] [25][34][40].  

Table 2. Tensile performance of as-fabricated HX materials.  

Material  Yield strength (MPa) UTS (MPa) Elongation (%) 

Pure HX 690± 4 920± 2 13± 2 

HX-3 wt.% TiC 830± 2 1150± 3 12± 1.4 

HX-1 wt.% TiC 
(previous work) 

682± 5.6 849± 1 15± 4.2 

the present study compared to the literature are shown in Fig. 8b. The SLM-

manufactured HX exhibited a higher yield strength of over 100 MPa compared to 

wrought HX alloy because of the specialised layer-by-layer and rapid-cooling 

manufacture principle of additive manufacturing (AM). Note that for the as-fabricated 

HX alloy, the reported yield strength from different types of AM equipment varied from 

500 MPa to 700 MPa, while the elongation to failure varied from about 10% to 50%, 

suggesting that the mechanical performance of SLM-fabricated HX could depend on 

different AM machines and process parameters. Another significant contributor is the 



difference in chemical composition between the raw HX powders [41]. For instance, 

the nominal percentage range of the carbon (C) element in HX is 0.05 0.15%, based 

on ASTM standards. The increase in C content can improve tensile strength, but 

ductility might be sacrificed.  

The yield strength of HX-3 wt.% TiC nanocomposite we obtained in this study was 

superior compared to the reported wrought- and SLM-fabricated HX, but the TiC 

clusters and newly formed microcrack defects, together with the formed open pores 

resulted in the degradation in both tensile strength and ductility to some degree. In 

addition, the pores and microcrack defects that located nearby the sample surface 

may act as the stress-concentration sites at the crack initiation stage and further to 

accelerate the failure when subjected to fatigue testing. It is anticipated that further 

improvements to ductility could be achieved through the careful manipulation of the 

raw HX powder and the amount of TiC reinforcement used.  

Fig. 9 shows typical micrographs of the tensile specimens from both materials after 

tensile testing. The intergranular microcracks were further opened under uniaxial 

loading, and several cleavage-like fractures formed in the pure HX alloy (Fig. 9a-c). 

Cleavage fracturing generally indicates a brittle fracture and stems from tiny defects 

such as microcracks, inclusions and the lack of fusion in SLM-fabricated parts, all of 

which induce high-stress triaxiality but are easily ignored [42].  

Fine dimples were observed in the fracture surfaces, suggesting a ductile fracture 

at the crack-free areas. This finding indicates that the fracturing found in the as-

fabricated pure HX was a combination of both brittle and ductile fractures, which 

eventually contributed to a 14% elongation to failure (Fig. 8a). In contrast, the fracture 

surface of the nanocomposite sample was smoother than that of pure HX, whereas a 

few pores and small cracks had formed. The length and width of the cracks that formed 

in the nanocomposite were much smaller than the opened cracks in pure HX. The 

micro-voids (void size of < 1 µm) that formed with coalesced dimples implied a ductile 

fracture of the nanocomposite sample (Fig. 9d-f).  



 

Fig. 9. SEM micrographs showing the fracture surfaces of as-fabricated samples: (a) (c) 
pure HX alloy; (d) (f) HX-3 wt.% TiC nanocomposite.   

4. Discussion  

4.1. The effect of TiC addition on thermophysical properties    

When comparing the optimal laser-energy density between the pure HX and HX-3 

wt.% TiC nanocomposite, a finding that should be mentioned relates to the added 3 

wt.% TiC nanoparticles, which significantly increased the laser-energy density before 

achieving a nearly full-density nanocomposite manufactured via SLM. This 

achievement can be explained by the physical properties changed by the added 

nanoparticles. The nanocomposite feedstock increased in laser absorption compared 

to the pure HX feedstock because of the increment of surface roughness, which led to 

multiple reflections and numerous absorptions of the laser [43][44]. From the laser-

absorption perspective, the nanocomposite was expected to enable a lower laser-

energy density being necessary compared to pure HX material. The added TiC 

nanoparticles, however, also changed the effective thermal conductivity of the 

nanocomposite feedstock. Previous studies have demonstrated that nanoparticles 

decrease thermal conductivity, whether they exhibit a higher or lower thermal 

conductivity compared to the matrices, because they introduce interfacial thermal 

resistance and scatter the energy carriers (electrons and phonons) [4][45][46]. In 



general, reductions in the thermal conductivity of both powder and the bulk system 

result in slower heat conduction among nanocomposite powders and in the solidified 

bulk layers during SLM. In the present study, the addition of 3 wt.% TiC ceramic 

particles reduced the thermal conductivity of both powder feedstock and solidified bulk 

layers so that a higher laser-energy density was required to fabricate the nearly full-

density nanocomposite.   

Considering the above changes in both laser absorption and thermal conductivity, 

the added 3 wt.% TiC nanoparticles in this study seemed to be more influential on the 

effective thermal conductivity than the laser-absorption aspect. This is because an 

extra 73 J/mm3 laser-energy density was required to fabricate the full-density 

nanocomposite compared to the pure HX material.  

4.2. Possible strengthening mechanisms  

The experimental results from this study have demonstrated that microcracking is 

the primary defect within the SLM of HX alloy. The microcracks could not be eliminated 

even under the optimal manufacture conditions, where the crack density was about 

0.5%. The addition of 3 wt. % TiC nanoparticles was found to not only enhance tensile 

strength but also to eliminate intergranular microcracks. Available studies in the 

literature have revealed possible strengthening mechanisms in tensile strength by the 

introduction of a nanoscale reinforcement phase, such as the Orowan, load-bearing 

and CTE mismatch strengthening mechanisms [47][48][49][50]. Based on the tensile 

strength analysis, the addition of 3 wt.% TiC nanoparticles contributed to about 140 

MPa increase in yield strength, while Orowan dislocation rings have not been 

observed via the TEM analysis (Fig. 7a), indicating the Orowan strengthening may not 

be the key strengthening mechanism in the HX-3 wt.% nanocomposite. The CTE 

mismatch strengthening can be estimated by  [38], where  is 

the Taylor factor,  is the dislocation strengthening coefficient,  is the shear 

modulus of the matrix,   is the density of 

dislocations generated from the CTE difference. The estimated  is determined to 

be over 80 MPa in this study. In addition, a large number of strong interfaces without 

apparent interfacial defects have been formed between the matrix and the 3 wt.% TiC 

nanoparticles (Fig. 7e-f), indicating that the load-bearing strengthening is another 

significant strengthening mechanism in the as-fabricated nanocomposite.  



4.3. Microcracking formation and elimination mechanisms   

Another interesting finding in this research was the elimination of microcracks by the 

added TiC nanoparticles, as illustrated in Fig. 10. Within the SLM of pure HX, the rapid 

cooling rate of up to 106 K/s resulted in element segregation to form carbides [19]. Our 

experimental results and results from the available literature both confirm that the 

segregated materials were Mo- and Cr-rich carbides [21][24]. The addition of the C 

element, which was 0.13 wt.% in the HX, strengthened the endurance properties of 

HX, because those carbides that formed and were dispersed inside grains and on 

grain boundaries functioned as a reinforcement phase to strengthen the grain 

boundaries. The carbides on the grain boundaries, however, made the grain 

boundaries more susceptible to hot cracking. Considering the significant temperature 

gradient and cooling rate induced by laser irradiation, and because thermal residual 

stresses constantly accumulated as the build continued, intergranular microcracks 

could have formed if the thermal stress had been greater than the ultimate tensile 

strength of the grain boundaries at that temperature.  

 

Fig. 10. Schematic illustration of microcrack elimination by the addition of TiC nanoparticles.  

Segregation was still detected in the SLM-fabricated nanocomposite, which 

indicates that the added nanoparticles were unable to prevent element segregation. 

The microcrack elimination thus may have been caused by reductions in thermal 

stresses. Our EBSD analysis has demonstrated that the grains formed in the 

nanocomposite were smaller than those in pure HX. In particular, the reduction in grain 

width was found to have been more influential, which indicates that the added 3 wt.% 



TiC nanoparticles enabled grain refinement and an increasing of grain boundaries in 

the nanocomposite. This situation probably occurred because the TiC particles 

functioned as heterogeneous nucleation sites, as confirmed by the uniform distribution 

of the majority of the nanoparticles found in the HX matrix. The significantly increased 

feeding of molten material is always easier to accomplish at the grain boundaries 

compared to the interdendritic areas. In addition, the large number of grain boundaries 

made the strains caused by the thermal stresses to be uniform. The hot cracking was 

thus eliminated, even though the segregation took place in the nanocomposite. This 

finding is also consistent with that of a previous study, which found that an increase in 

grain boundaries contributed to hot-tearing resistance in the casting of nickel-based 

superalloys [51]. 

nanocomposite sample. This microcracking was more likely to have been induced by 

the TiC 

where 1 wt.% TiC nanoparticles were added to enhance the HX alloy [25]. In addition, 

in terms of the BSE-SEM inspection, the TiC nanoparticles were not found to have 

uniformly distributed - anocomposite; some were 

located along the grain boundaries and some tended to form clusters (Fig. 4e). One 

possible explanation might be that the non-uniformly coated TiC nanoparticles 

changed the thermophysical properties of the nanocomposite powder feedstock, 

which further induced unstable molten pools and some TiC nanoparticles were pushed 

to be located along the grain boundaries. Another contributor could be the poor 

wettability of the TiC ceramic particles when the content was above the allowed 

threshold so that the TiC nanoparticles were non-uniformly distributed in the HX matrix 

after the rapid solidification. The situation suggests that the added 3 wt. % TiC 

nanoparticles may have sufficiently reached the threshold of the allowable 

reinforcement content, such that the Marangoni force caused by surface tension was 

not strong enough to separate the nanoparticles during the liquid-solid-phase 

transformation.  

 

 



5. Conclusions  

    This study has investigated the effects of TiC nanoparticles on microcrack 

elimination and tensile-strength enhancement in Hastelloy X (HX)-based 

nanocomposite fabricated by selective laser melting (SLM). The experimental study 

explored the possible hot-cracking formation principle and elimination mechanism by 

the added nanoparticles and showed the following findings.  

(1) An extra 73 J/mm3 laser-energy density was required to fabricate nearly full-

density nanocomposite samples compared to pure HX alloy. This finding 

indicates that the added 3 wt.% TiC nanoparticles were more influential in the 

-conductivity reduction than the increase in laser 

absorptivity.  

(2) Intergranular microcrack elimination was achieved in the SLM-fabricated 

nanocomposite material due to the addition of TiC nanoparticles. The increased 

grain boundaries induced by grain refinement were found to have been the 

adhesion and to make the strains caused by thermal residual stresses uniform.  

(3) The addition of 3 wt.% TiC nanoparticles contributed to an approximately 17% 

increase in yield strength in the nanocomposite material, while the elongation 

to failure was not found to show significant reduction compared to the pure HX 

alloy. Our microstructure examination revealed that the strengthening 

mechanisms of grain refinement, load bearing and enhanced-dislocation 

density were very likely to be the most pronounced mechanisms in the SLM-

fabricated HX-3 wt.% TiC nanocomposite.  

These findings indicate that titanium carbide nanoparticles facilitated hot-cracking 

elimination and tensile-strength enhancement in the SLM of the HX superalloy. We 

expect that this significant finding will accelerate the adoption of the additive 

manufacturing of high-performance and defect-free nickel-based superalloys in the 

aerospace industry and other applications. The 3 wt.% TiC nanoparticles, however, 

led to the formation of a limited number of TiC clusters and transgranular microcracks, 

anticipate that further improvements to cluster elimination could be achieved through 

the careful manipulation of the raw HX powder and the amount of TiC reinforcement 

used in the process. 
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