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Abstract 

Near-fully dense CoCrFeMnNi high-entropy alloy (HEA) matrix composites 

reinforced with 5 wt% TiB2 nanoparticles were successfully additively manufactured 

via the laser-engineered net shaping technique. Compared to the monolithic 

CoCrFeMnNi printing process, a higher energy density input is shown to produce a 

synergic combination of Marangoni flow and capillary force in the laser-generated melt 

pool. It facilitates the enhancement of wettability, and hence a more uniform 

distribution of the reinforcement material and a high degree of densification of 99.72%, 

which are able to delay the early fracture of the material. The as-deposited composites 

exhibit improved yield strength, surpassing that of the monolithic HEA by 42%. The 

enhanced strength is mainly ascribed to dispersion strengthening. Besides, the refined 

grain size, the increased dislocation density, and the additional load transfer effect also 
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contribute to the strength enhancement. Furthermore, the wear resistance properties of 

the CoCrFeMnNi/TiB2 composite are also shown to be superior to those of the 

CoCrFeMnNi, indicating a decrease in friction coefficient by 22.4%. The enhanced 

tribological properties are attributed to the synergic effect of high-hardness and self-

lubrication of TiB2 nanoparticles. The findings provide guidelines for achieving high-

performance HEA-matrix composites. 

Keywords: High-entropy alloy; Additive manufacturing; Metal matrix composite; 

Mechanical property 

1. Introduction 

The high-entropy alloys (HEAs) concept has opened up a new avenue for alloy 

design in the metallurgical research area [1], which encompasses broad-spectrum 

microstructures and properties. In recent years, a large majority of HEAs have been 

developed, and CoCrFeMnNi HEA with a single face-centered cubic (FCC) structure 

has received considerable attention in terms of its extraordinary fracture toughness and 

exceptional ductility, especially at cryogenic temperatures [2, 3]. Nevertheless, the 

insufficient strength and wear resistance of the CoCrFeMnNi HEA preclude its 

widespread applications as structural materials [3, 4].  

Metal matrix composites (MMCs), introducing high-stiffness second phase 

dispersions into the soft matrix, possess superior strength and excellent tribology 

performance. Traditional consolidation techniques within the community of MMCs 

include high-pressure diffusion bonding [5], powder metallurgy [6], and hot pressing 

[7], etc. However, these techniques still have unresolved issues associated with the high 

agglomeration tendency of nano-reinforcements, and hence a high propensity for 

microstructural inhomogeneity and reduced wettability [7, 8]. Likewise, undesirable 

grain coarsening observed in conventionally fabricated-MMCs also impairs their 

mechanical properties [9]. Additive manufacturing (AM), as an emerging technology 

in fabricating parts in a layer-wise manner, provides a new possibility for fabricating 
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intricate geometric and high-performance MMCs [10-12]. The super-fast solidification 

characteristics (cooling rate of 103-106 K/s) intrinsic to AM facilitate the uniform 

dispersion of reinforcements and formation of fine-grained microstructures, thus 

alleviating some of the issues of MMCs produced by conventional methods[13, 14]. In 

the literature, several attempts have been made to manufacture metallic matrix with 

different reinforcements via AM, such as TiN/AlSi10Mg nanocomposite [15], TiB2-

reinforced 316L stainless steel [16], and (FeCrNiCu)1-x-NbCx composites [17]. As 

reported by the aforementioned studies, ceramic reinforcements exhibit significant 

strengthening capability. However, the degraded densification of the composites 

induced by ceramic addition may in turn exert a limitation to the mechanical 

improvement of the AM-ed MMCs. This is in line with the fact that the coexistence of 

solid particles in the melt pool reduces the dynamic viscosity, thereby weakening the 

overall rheological property of the solidification front [18]. The suppressed fluidity is 

believed to be one of the main causes leading to the balling effect and gas pore 

formation in the metal printing process [19, 20]. Xi et al. [21] demonstrated that a low 

porosity percentage (~1%) of TiB2 reinforced Al-based composites could only be 

obtained at a low reinforcement content of 1 wt%. Further addition of ceramic particles 

to 5 wt% introduced negative effects on both tensile strength and ductility due to the 

promoted formation of defects. Abolhasani et al. [18] prepared eutectic Al2O3-ZrO2 

reinforced AISI 304 via selective laser melting (SLM), which was capable of a 200% 

enhancement in microhardness. Nevertheless, increasing the content of nanoparticles 

deteriorated the density of the composite, resulting in a low relative density of 97.5% 

with 3 wt% eutectic ceramic mixture addition. Similar arguments hold for in-situ 

nano/submicro-sized carbides reinforced iron by SLM [8], TiC/Inconel 690 composite 

by direct laser deposition [22], and nano-TiN modified HEA by SLM [23]. Generally, 

the defects act as stress raisers and undergo abrupt failure during service. The 

insufficient manufacturing quality hinders the further pursuit of high-performance 

structural materials. Herein, care must be exercised while applying this strategy. 
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Achieving a high degree of densification above 99% is an existing challenge within 

AM fabricated MMCs research community.  

TiB2 exhibits superior thermal stability (melting point: 3243 K) and low density 

(4.52 g/cm³) and is therefore recognized as an appealing reinforcement for various alloy 

systems [12, 16, 21]. In this work, near-fully dense 5 wt% TiB2 nano-particle reinforced 

CoCrFeMnNi HEA matrix composites are additively manufactured by laser engineered 

net shaping (LENS). A comprehensive examination of defects and microstructural 

features of the as-printed composites is carried out. Both the tensile properties and wear 

resistance ability, together with the corresponding strengthening mechanisms are 

further investigated. These findings are expected to open a broader processing window 

for achieving a wide spectrum of mechanical properties for HEAs. 

2. Experimental methods

2.1 Powder preparation 

The CoCrFeMnNi pre-alloyed particles were prepared using a plasma rotating 

electrode process (PREP). The HEA particles (45-150 μm in diameter) were further 

blended with hexagonal prismatic TiB2 powders (average size of 50 nm) in a planter 

ball mill. The weight ratio between HEA and TiB2 powders was 95:5, and the blending 

time was 3.5 h.  A low milling speed of 230 rpm was adopted to maintain the powder 

sphericity while homogenizing the whole mixture, thereby guaranteeing the LENS 

process-applicable fluidity. Fig. 1a and Fig. 1b show the morphologies of 

CoCrFeMnNi HEA powder, with and without TiB2 particles. Indicated by Fig. 1b, the 

accumulated TiB2 particles adhered to the HEA powder surface after ball milling and 

the sphericity of the powder was well preserved. 
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Fig. 1. SEM images of (a) CoCrFeMnNi HEA powders and (b) CoCrFeMnNi 

HEA/TiB2 powders. 

2.2 LENS fabrication process 

The original CoCrFeMnNi HEA powders and their as-milled mixture were used 

as the feedstock for LENS (MR7) processing. The LENS technique that adopts a 

powder feeding system enables rapid solidification by the speedy movement of the 

coaxial powder feeding laser head, leading to an ultrafast metallurgical process. A laser 

scanning speed of 5 mm/s, a layer thickness of 300 µm, and a hatching distance of 460 

µm were adopted, while different laser powers with an interval of 50 W were used to 

obtain varied linear energy densities (i.e. the ratio of applied laser energy (W) and scan 

speed (mm/s)) input and optimize the densification of the as-printed specimens. A 

bidirectional scan strategy with a rotation of 90° between adjacent layers was used in 

the printing process. A two-wavelength imaging pyrometer (ThermaViz system), with 

a high resolution of 12.1 μm/pixel, was used to monitor the thermal behavior of the 

melt pool during the fabrication process.  Real-time temperature thermal imagery data 

was captured to evaluate the solidification behavior. 

2.3 Material characterization 

X-ray-Computed tomography (CT) and the Archimedes method were used to

quantify the porosity of the as-printed specimens. CT examination (YXLON FF35) was 

operated at the dual tube mode with a 160 kV transmission X-ray source. The 3D 

panoramic images for the detection of internal defects were reconstructed via a total of 
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1200 projections to obtain defect size and spatial distribution. Considering the 

resolution limits of the CT (3 μm) technique, the Archimedes method was used to 

accurately characterize the defect level. 

The samples were ground up to 2000-grit SiC grinding papers and further 

electropolished in a perchloric acid (10% vol)-ethanol electrolyte with a voltage of 30 

V for 12 s. The phase identification was conducted by X-ray Diffractometer (XRD, 

Rigaku SmartLab) with a scan speed of 1°/min and a scan range of 40~100°. The as-

print microstructures were observed and analyzed with the aid of optical microscopy 

(OM, Leica), scanning electron microscopy (SEM, Tescan VEGA3) equipped with 

electron backscatter diffraction (EBSD) and energy dispersive X-ray (EDX) techniques, 

and transmission electron microscopy (TEM, FEI Talos F200X).  

2.4 Mechanical property test and wear test 

The as-deposited blocks fabricated by optimized laser parameters were wire-cut 

and machined into tensile coupons. The gauge dimensions of the rectangular dog-bone-

shaped tensile specimens were 7×3×1 mm, with their tensile axis along the direction 

perpendicular to the printing direction. Room temperature uniaxial tensile tests were 

performed on an INSTRON 5565 material testing machine with an engineering strain 

rate of 1 × 10−3/𝑠. To ensure the reproducibility of the results, three samples were

tested for each condition. Hardness measurements were conducted on an HVS-5 

hardness tester with a load of 0.5 kgf and a dwell time of 15 s. Dry sliding tribological 

tests were performed on a PLINT Tribology TE99 universal wear machine in a ball-on-

flat configuration. A Si3N4 ball (Φ 6.35 mm) was used as the counterface material 

against the as-printed specimen. The duration of sliding time for each experiment was 

1800 s. The tests were carried out at a constant load of 5 N with an oscillating frequency 

of 2 Hz and a stroke length of 16 mm. The wear rate (mm3/Nm) was determined as the 

ratio of wear volume (mm3) divided by the product of applied load (N) and sliding 

distance (m) [24]. SEM was employed to characterize the morphologies of the worn 

surface. The 3D profiles of the wear surface were measured by offline measurement 

technology (ZYGO Nexview profiler system).  
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3. Results and discussion

3.1 Densification characterization and solidification behavior 

Based on the criterion of the least defects, the linear energy density input (P) 

was optimized for the achievement of highly dense samples. The relative density was 

calculated as the ratio of Archimedes method measured density and theoretical density 

of CoCrFeMnNi/TiB2 (7.69 g/cm3) and CoCrFeMnNi HEA (7.98 g/cm3). Fig. 2 

demonstrates the variation of the relative density with respect to the input linear energy 

density. It reveals that the degree of densification increases obviously as the elevated 

energy input and decreases afterwards. The effect of linear energy density input on the 

densification behavior of the LENS-printed CoCrFeMnNi/TiB2 composite is similar to 

that of the monolithic CoCrFeMnNi as shown in Fig. 2. In the low energy input region, 

only relative density below 99% can be achieved for the two compositions. The lack-

of-fusion induced pores highly degrade the densification quality, which is attributed to 

insufficient overall rheological property in the melt pool. Further increasing the linear 

energy density input has led to the formation of strong particle-particle bonding and the 

reduction of large-sized imperfections, causing higher densification for both 

compositions. For the as-deposited CoCrFeMnNi HEA samples, the linear energy 

inputs of 80 J/mm and 90 J/mm are more appropriated to fabricate specimens with a 

lower content of defects, leading to a relative density of 99.82% and 99.74%, 

respectively. Additionally, the CoCrFeMnNi fabricated with 80 J/mm enjoys the 

refined microstructures which are confirmed by the subsequent EBSD characterization 

(Section 3.2), and it outperforms the CoCrFeMnNi fabricated with 90 J/mm in the 

tensile test (Section 3.3). The optimized parameter of the monolithic CoCrFeMnNi is 

determined to be 80 J/mm. In comparison, a higher linear energy input (90 J/mm) is 

required for achieving a high density of 99.72% for the CoCrFeMnNi/TiB2. However, 

a further increase of the linear energy input has led to a drop of the densification to 

below 98% with P=110 J/mm for both compositions, due to the overburnt metallic 

particles and the exacerbated balling effect. 
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Fig. 2. The variation of the relative density with respect to the input linear 

energy density. 

To further confirm the dense structure of the CoCrFeMnNi/TiB2 composite 

fabricated with P=90 J/mm, the reconstructed X-ray CT 3D images are shown in Fig. 

3. Small cubic regions with a length of 200 μm randomly selected from the 1st, 3rd, 6th,

and 10th layers are chosen to evaluate the defects distribution along the printing 

direction. The results indicate that the pores are relatively distributed randomly 

throughout the sample, and its average volume fraction is as low as 0.1%. It was slightly 

lower than the porosity ratio determined by the Archimedes method. The measuring 

error may arise from the resolution limit of X-ray CT [25]. It is also noteworthy that 

the extremely large pores, which are commonly reported to deteriorate the deformation 

response, are not observed. Such a small amount of defects suggests the extremely good 

printability of the CoCrFeMnNi/TiB2 composite by additive manufacturing.  
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Fig. 3. Defect distributions for the CoCrFeMnNi/TiB2 composite fabricated with 

P=90 J/mm. (a-d) are the corresponding high-resolution 3D X-ray CT micrograph of 

small regions chosen from the as-deposited (a) 1st, (b) 3rd, (c) 6th, and (d) 10th layer, 

respectively. 

Fig. 4. The thermal maps of melt pool of (a) CoCrFeMnNi (80J/mm), (b) 

CoCrFeMnNi (90J/mm) and (c) CoCrFeMnNi/TiB2 (90J/mm); (d) Temperature 

distribution (solid lines) and thermal gradient (dash lines) in the melt pool during 
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printing. The melting point of CoCrFeMnNi (1613 K) is indicated by the bule broken 

line in (d). 

As discussed above, it is reasonable to believe that the densification behavior of 

MMCs is affected by the processing conditions. Therefore, it is instructive to examine 

the solidification behavior for densification optimization. Fig. 4a-c show the 

solidification conditions of the CoCrFeMnNi/TiB2 composite fabricated with P=90 

J/mm as well as the CoCrFeMnNi with both P=80 J/mm and P=90 J/mm. For all these 

samples, the peak temperature occurred approximately in the central melt pool. Taking 

the peak temperature as the dividing line, the side of the melt pool opposite to the laser 

scanning direction is regarded as the cooling zone [26]. The temperature distribution 

and the thermal gradient in the cooling zone are plotted in Fig. 4d to estimate the 

cooling rate during the laser deposition process.  

When comparing the temperature distribution of the melt pool observed under 

the conditions of P=80 J/mm for CoCrFeMnNi and P=90 J/mm for CoCrFeMnNi with 

and without TiB2 addition, a higher linear energy suggests the broadening of melt pool 

boundary and the increase of peak temperature. The intensified heat accumulation also 

retards the cooling rate, leading to the largest thermal gradient of the CoCrFeMnNi with 

P=80 J/mm. Whereas, when the temperature distributions of the two compositions 

fabricated with the same linear energy density (P=90 J/mm) are compared, there is no 

obvious difference in the peak temperature as the limited amount of TiB2 has no 

significant effect on the instantaneous material-laser interaction. Under the same linear 

energy input of 90 J/mm, the temperature in the central region of the melt pool of the 

CoCrFeMnNi specimen is shown to be slightly higher than that of the 

CoCrFeMnNi/TiB2 composite. Due to the large difference in thermal conductivity 

between the two components (CoCrFeMnNi: 12.5 W/m/K [27]; TiB2:100 W/m/K [28]), 

the addition of ceramic particles enhances the thermal conductivity of the whole system 

and accelerates the heat dissipation in the melt pool [22]. 
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The peak temperature during the fabrication of CoCrFeMnNi/TiB2 composite 

was about 2145 K, which was much lower than the melting point of TiB2 (3253 K). It 

is also consistent with the XRD spectrum for the as-deposited specimen in which there 

is no interaction between the two components (shown in Section 3.2). The melting point 

of CoCrFeMnNi (1613 K) [2] was used as a dividing line between the liquids and 

starting area where solidification occurs, and it is indicated by the blue broken line in 

Fig. 4(d). The thermal gradient (G) at the liquid solidification boundary was determined 

to be 334 K/mm, 196 K/mm and 210 K/mm for CoCrFeMnNi (P=80 J/mm), 

CoCrFeMnNi (P=90 J/mm) and CoCrFeMnNi/TiB2 (P=90 J/mm) composite, 

respectively. The cooling rate (C) can be expressed as: 

C GS= (1)

where, S represents the solidification rate, which is assumed to be 5 mm/s in this study. 

Hence, the calculated cooling rate of the laser fabrication process is 1670 K/s 

(CoCrFeMnNi; P=80 J/mm), 980 K/s (CoCrFeMnNi; P=90 J/mm), and 1050 K/s 

(CoCrFeMnNi/TiB2 composite; P=90 J/mm), respectively. It should be noted that the 

cooling rate of the additive manufacturing process is much higher than the conventional 

fabrication techniques, in which the cooling speed is generally reported between 200 

K/s to 600 K/s. Whatsmore, the addition of TiB2 particles slightly increases the cooling 

rate as compared to the monotonic HEA by the same processing parameter, which 

contributes to the retarding of the grain growth. 

During LENS printing, the gradually decayed temperature distribution from the 

central region of the melt pool to the periphery induces surface tension and spatial flow 

outward.  Benefiting from the intrinsic high cooling speed of additive manufacturing, 

this kind of speedy Marangoni flow penetrating the solid-liquid interface can serve as 

the main driving for the rearrangement of particles [29, 30]. As the different thermal 

physical properties of the metallic matrix and the ceramic reinforcement clusters are an 

important cause of defects in MMCs, such kind of strong convective activity in the melt 

pool effectively avoids the formation of large ceramic agglomeration, thus reducing the 
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defects ratio. Besides, reinforcement addition increases the dynamic viscosity of the 

solidification system [21], which weakens the rheological properties as well as the 

wetting characteristics of the melt. That accounts for the reason why the optimized 

linear energy input for monolithic CoCrFeMnNi (80 J/mm) is insufficient to form 

highly dense CoCrFeMnNi/TiB2 composites. With the selected higher energy input for 

the composites, the viscosity of the melt decreases accordingly. The promoted 

wettability in solid/liquid interfaces enables the full rearrangement of ceramic particles 

and effectively alleviates the balling effect, thus forming strong particle-matrix 

metallurgical bonding [12, 22], and finally enhanced densification. Compared with the 

monolithic CoCrFeMnNi fabricated with the same high linear energy input (90 J/mm), 

highly dense samples can be obtained without obvious degradation. 

3.2 Microstructural characterization 

Fig. 5a presents the SEM image of the as-electropolished CoCrFeMnNi/TiB2 

composites. The sample is free of any visible cracks, despite the presence of a few 

micro-sized voids. Dispersed TiB2 particles can be observed in the enlarged SEM 

images. SEM/EDS mapping (Fig. 5d-i) confirms the homogenous elemental 

distribution. Fig. 6 shows the XRD patterns of the as-deposited CoCrFeMnNi HEA and 

CoCrFeMnNi/TiB2 composite. The CoCrFeMnNi HEA specimen shows a single-phase 

FCC structure, which is consistent with previous studies [30, 31]. In contrast, additional 

peaks corresponding to the TiB2 phases have been identified from the XRD pattern of 

the as-deposited CoCrFeMnNi/TiB2 composite.  
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Fig. 5. (a) Low and (b-c) high magnification SEM images of the as-printed 

CoCrFeMnNi/TiB2 composites; (d-i) EDS mapping of the area in (a). 

Fig. 6. XRD patterns of the as-deposited CoCrFeMnNi and 

CoCrFeMnNi/TiB2 composite. 
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Fig .7. (a) OM and (b) SEM images of as-deposited CoCrFeMnNi/TiB2 

composite. The layer boundary and melt pool boundary are highlighted in red and 

white dashed lines, respectively. 

Fig. 7 illustrates the representative optical and SEM images of the etched 

CoCrFeMnNi/TiB2 composite. As shown in Fig.7a, the LENS fabricated specimen 

exhibits a laminated pattern. The enlarged SEM micrograph (Fig .7b) shows the 

geometry of the curved melt pool boundary as indicated by the white dash lines. A 

hierarchical structure could be observed, consisting of cellular epitaxial grown 

columnar grains dominating in the inner side of the melt pool and cellular structures 

predominantly existing in the outer side. Moreover, the corresponding optical 

micrographs of the CoCrFeMnNi fabricate with P=80 J/mm and P=90 J/mm are 

provided in the Supplementary Information as Figs. 1, and the laminated patterns 

similar to the as-deposited CoCrFeMnNi/TiB2 composites are observed. Such typical 

laser-scanning generated features intrinsic to metal printing were also reported in Ref. 

[2, 15]. 
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Fig.8 (a, c, e) IPF and (b, d, f) KAM maps of the (a, b) CoCrFeMnNi HEA 

fabricated with P=80 J/mm, (c, d) CoCrFeMnNi HEA fabricated with P=90 J/mm, 
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and (e,f) CoCrFeMnNi/TiB2 composite fabricated with P=90 J/mm. The reference 

axis for the IPF map is the Z direction (i.e. build direction). 

Fig. 8 gives the EBSD build-direction inverse pole figure (IPF) and the Kernel 

average misorientation (KAM) maps of the as-printed CoCrFeMnNi/TiB2 specimen, 

together with those of the as-printed CoCrFeMnNi with P=80 J/mm and P=90 J/mm. 

The grain sizes of CoCrFeMnNi samples fabricated with the two linear energy inputs 

are determined to be 19 μm (P=80 J/mm) and 28 μm (P=90 J/mm), respectively. Higher 

energy input into the melt pool reduces the cooling rate, thereby coarsening the grains. 

In comparison, the CoCrFeMnNi/TiB2 composite fabricated by 90 J/mm demonstrates 

the smallest grain size (13 μm). Such grain refinement phenomenon is mainly due to 

the high cooling rate and the increased number of grain nuclei sites via the addition of 

ceramic particles. The average radius of the heterogeneously formed nuclei decreases 

with ceramic particle size. Whereas, the critical undercooling required for the activation 

of solid transition (∆T) is inversely proportional to the ceramic particle size [32]. Thus, 

the addition of small particles (i.e. below 2 μm in the casting process) may suffer from 

the risk of inadequate undercooling rate [2, 32], even though they are effective in grain 

refinement. During the laser deposition process, ∆𝑇  can be contributed by both 

constitutional supercooling (∆𝑇𝑐) and thermal supercooling (∆𝑇𝑡) [33, 34]. ∆𝑇𝑡  is 

profoundly enhanced due to the high cooling rate intrinsic to LENS, which guarantees 

the undercooling rate required and further contributes to more nucleation in the 

solidification front. Additionally, the enhanced cooling rate shortens the grain growth 

time compared to the CoCrFeMnNi by the same printing condition (P=90 J/mm). 

TEM images (Fig. 9) show that TiB2  reinforcements exist in the form of 

individual particles rather than agglomerated clusters. This may be attributed to the 

large thermal gradient in the melt pool, enhancing the radial circulating flow and the 

self-stirring effect of the liquid phase [14]. Furthermore, such separated reinforcements 

can provide more pronounced strengthening effects as compared with the agglomerated 

ones observed in conventionally processed MMCs. A high density of dislocations is 



17 

generated to accommodate the thermal mismatch originating from discrepancies of the 

thermal expansion and the elastic moduli between the dispersed particles and the matrix 

during printing. 

Fig .9 (a) Low and (b) high magnification of TEM images showing TiB2 

particles and dislocations in the as-deposited CoCrFeMnNi/TiB2 composite. 

. 

3.3 Tensile properties and strengthening mechanisms 

Fig. 10. (a) Engineering tensile stress-strain curves and (b) tensile properties 

summary of the as-deposited CoCrFeMnNi HEA (P= 80 J/mm; P= 90 J/mm) and 

CoCrFeMnNi/TiB2 composite (P= 90 J/mm). 

Fig. 10a exhibits the engineering tensile stress-strain curves of the as-printed 

CoCrFeMnNi/TiB2 composite and CoCrFeMnNi HEA tested at ambient temperature. 

The extracted yield strength (y), ultimate tensile strength (u), and tensile strain (f) 
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are summarized in Fig. 10b. Compared to the CoCrFeMnNi prepared under the 

optimized processing condition (P=80 J/mm), the addition of ceramic nanoparticles 

increases y from 387 MPa to 567 MPa and the u from 577 MPa to 861 MPa. The 

CoCrFeMnNi fabricated with P=90 J/mm shows a lower value of both y  (351 MPa) 

and u  (552 MPa). Even though the strength enhancement was achieved at the slight 

sacrifice of ductility, the average elongation to fracture (37%) of the composites still 

surpasses many reported CoCrFeMnNi HEAs in the absence of reinforcement [2, 4, 10]. 

For the as-printed CoCrFeMnNi, the yield strength (σY-HEA) is related to (i) the 

instinct lattice friction stress (σ0), (ii) the grain boundaries strengthening (σGB), and the 

dislocations strengthening (σDis): 

0 is= + +Y HEA GB D   −     (2)    

For the yield strength (σY-HEA/TiB2) of as-deposited CoCrFeMnNi/TiB2 composite, there 

also exists incremental contributions of dispersion strengthening (σD) and load-transfer 

effect strengthening (σL):   

2/ 0 is= + + + +Y HEA TiB GB D D L     −
(3)

The analysis of the strengthening mechanisms has been illustrated in the 

Supplementary Information. The theoretical yield strengths are 362 MPa, 342 MPa and 

570 MPa for CoCrFeMnNi (80 J/mm), CoCrFeMnNi (90 J/mm) and 

CoCrFeMnNi/TiB2 composite (90 J/mm), respectively. The calculated values are close 

to the experimental results. Fig. 11 clarifies the effects of each strengthening 

mechanism. It is discernible that dispersion strengthening accounts for 26.7% of the 

total yield strength, and is the most important reason for the improved yield strength of 

TiB2/CoCrFeMnNi HEA composite. Meanwhile, the enhanced yield strengthen is also 

attributed to the refined grain sizes, increased dislocation density, and additional load 

transfer effect. 
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Fig. 11. Summary of contributions of different strengthening mechanisms. 

3.4 Enhanced tribological properties 

We also examined the tribological properties of the as-print CoCrFeMnNi and 

CoCrFeMnNi/TiB2 composite. As the microhardness of the CoCrFeMnNi fabricated 

with 80 J/mm (191 HV) outperforms that with 90 J/mm (180 HV), the former is used 

to evaluate the advantages of TiB2 addition. Accompanying the TiB2 phases, the 

microhardness of the as-printed specimen increases to 275 HV, and the wear rate 

decreases from 3.42 mm3/Nm to 1.48 mm3/Nm. The 3D surface profiles observed by 

the Zygo microscope are displayed in Fig. 12a and Fig. 12b. The color difference 

demonstrates the depth variation of the worn surface. It also indicates that the 

CoCrFeMnNi specimen suffers more severe abrasive wear in the sliding duration. The 

cross-section profile of the wear tracks, as plotted in Fig. 12c, reveals the narrowed 

wear track of the CoCrFeMnNi/TiB2 composite. Due to the repeated accumulation and 

elimination of wear debris, some fluctuations are observed in the curves of Fig. 12c. 

The maximum wear depth and an average width of CoCrFeMnNi reach 5.7 μm and 585 

μm, respectively. Whereas, the corresponding values for as-printed CoCrFeMnNi/TiB2 

composite are 4.3 μm and 405 μm, respectively. The typical friction coefficient curves 

are presented in Fig. 12d. The average friction coefficient of CoCrFeMnNi/TiB2 

composite is 0.45, which is 22.4% lower than that of the CoCrFeMnNi (0.58).  
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The decrease in friction coefficient and wear rate is mainly attributed to the 

improved surface resistance via high-hardness TiB2 addition. The oxides formed in the 

wear tracks also contribute to reducing the degree of wear. The BSE-EDS morphologies 

of the worn surface of CoCrFeMnNi/TiB2 composite are given in Fig. 13a-h. These 

figures reveal that there are obvious tribo-oxide products on the worn surface. 

Characterized by low friction coefficient, the metal oxides are commonly known to be 

in-situ lubricants during the sliding wear [35, 36]. Besides, the TiB2 particles can also 

serve as a self-lubricant component through serial oxidization from TiO2, B2O3 to 

H3BO3, which was also reported in Ref. [35, 37]. 

Fig. 12. 3D profiles of (a) CoCrFeMnNi (P=80 J/mm) and (b) 

CoCrFeMnNi/TiB2 composite specimens (P=90 J/mm) after wear test; Cross-sectionl 

profile of (c) wear track and (d) friction coefficient of the specimens. 
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Fig. 13. (a) BSE and (b-h) EDS maps of the worn surface of the 

CoCrFeMnNi/TiB2 composite (P=90 J/mm). The scale bar for (b-g) is the same as (h). 

4. Conclusions

Near-fully dense TiB2-reinforced CoCrFeMnNi HEA composites were 

successfully manufactured by LENS. Valuable insights were gained into understanding 

the effect of ceramic particle addition on the densification behavior, solidification 

behavior, as-printed microstructure, and tensile deformation behavior, and wear 

resistance in the TiB2-reinforced CoCrFeMnNi HEA. The main conclusions drawn 

from this study are: 
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(1) The selected higher energy input for the LENS process of the composite

reduced the viscosity of the melt and provided an enhanced self-stirring effect via 

Marangoni flow. Benefiting from the improved wettability between two components, 

the LENS-deposited CoCrFeMnNi/TiB2 composite exhibited a high degree of 

densification of 99.72%, which was much higher than those of commonly reported 

MMCs. 

(2) Under the combined effect of heterogeneous nucleation and altered thermal

behavior during the printing process, grain-refined and dislocation-populated 

microstructures were formed in the CoCrFeMnNi/TiB2 composite compared to the as-

deposited CoCrFeMnNi.  

(3) Different strengthening contributions during deformation at room

temperature were quantitatively investigated, and the results show that the yield 

strengthening was predominantly attributed to dispersion strengthening, along with 

refined grain sizes, increased dislocation density, and additional load transfer effect. 

(4) The wear resistance properties of CoCrFeMnNi/TiB2 composite were

superior to those of the CoCrFeMnNi due to the high hardness and self-lubrication of 

TiB2. 
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