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High entropy alloys (HEAs) are a relatively new class of material that have shown the potential to 
exhibit excellent combinations of mechanical properties. Various microstructural modifications 
have been explored to further enhance their mechanical properties for use in demanding structural 
applications. The main focus of the present work is an investigation of the effect of adding varying 
amounts of hard ceramic material (WC) to a tough HEA matrix (CoCrFeNi) by arc melting under 
an argon atmosphere, including microstructural changes, and evaluation of the WC additions on 
mechanical properties. X‑ray diffraction analysis of the HEA‑WC composites showed the presence of 
both fcc and carbide phases. Scanning electron microscope investigations, including energy dispersive 
spectroscopy, reveal that chromium diffuses from the matrix and interacts with WC to form an alloyed 
carbide phase. The amount of alloyed carbide was found to increase with increasing amount of WC 
addition to the HEA matrix. Mechanical characterization revealed that hardness and yield strength 
of the HEA‑WC composites increase with increasing amount of the carbide phase in the matrix. The 
hardness of HEA‑20wt.% WC sample was found to be as high as 3.3 times (593 HV) the hardness of the 
base HEA (180 HV), while the yield strength increased from 278 MPa for the base HEA to 1098 MPa 
for the CoCrFeNi‑20 wt.% WC composite. The investigated composites also showed excellent values 
of ductility (~ 50% strain for CoCrFeNi‑10 wt% WC and ~ 20% strain for CoCrFeNi‑20 wt% WC). It is 
therefore believed that ceramic‑reinforced high entropy matrix composites have the potential to 
provide outstanding combinations of mechanical properties for demanding structural applications.

Strength and toughness are the two key properties required in structural materials for safe endurance of high 
loads. Increases in strength, however, are in many materials inevitably accompanied by some sacrifice in ductil-
ity, with a corresponding loss of toughness. Grain refinement of coarse-grained Ni metal to the nanoscale, for 
example, has been reported to lead to an increase in yield strength from just 53 MPa to 1.3 GPa, but at the cost 
of a severe decrease in ductility (to < 5%)1. A number of different attempts have been made to overcome this 
strength-ductility trade off. Some notable approaches that have been tried in this regard include development 
of heterogeneous  nanostructures2 or hierarchical  microstructures3,4, use of nano-precipitation  strengthening5, 
 austempering6, and  spheroidization7, as well as alloy design to encourage either transformation induced plastic-
ity (TRIP)8 or twinning induced plasticity (TWIP)9,10. Nevertheless, the strength- ductility tradeoff remains an 
outstanding issue and it increasingly seems that the mechanical properties of conventional alloys are approaching 
their capacity limits.

High entropy alloys (HEAs) form a relatively new class of material that are based on the simultaneous pres-
ence of four or five or more elements in equal  amounts11,12. HEAs are characterized by the presence of four 
characteristic effects, namely configurational entropy, severe lattice distortion, sluggish diffusion and the cocktail 
 effect11,13,14. These effects are considered to be responsible for better combinations of properties in comparison 
to conventional alloys, including outstanding thermal stability, corrosion resistance, and fatigue strength, as 
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well as superplastic elongation and better mechanical properties even at cryogenic  temperatures12,15–26. HEAs 
have also shown the potential to exhibit enhanced combinations of strength and ductility. Excellent ductility 
can be achieved in fcc HEAs, albeit with limited strength, whereas high strength but limited ductility has been 
reported for bcc HEAs Different attempts have been carried out, therefore, to further enhance the strength-
ductility combinations in HEAs by design of HEAs containing both fcc and bcc solid-solution phases, where 
some promising results have already been  achieved27–29. Development of HEAs strengthened by interstitial 
solid-solutions has also been explored. Addition of  nitrogen30,  oxygen31 and  carbon32,33 atoms into a HEA matrix 
has been reported to improve strength, but at the expense of limited ductility. HEAs utilizing the TRIP effect 
have also been developed in a quest for better combinations of mechanical  properties8,34,35. Transformation of 
metastable phases under stress has in some cases been reported to improve the ability to resist fracture, however 
at present only a few systems have been shown to exhibit good results in this  regard8,34. Development of a thin 
deformed layer and an undeformed core, connected by a gradient hierarchical  microstructure36 in a HEA was 
also shown to improve ductility, but with only a small corresponding increase in strength. Additionally, eutectic 
HEAs, consisting of fine lamellae of hard and soft  phases37,38, have also been developed by employing different 
alloy design strategies. The use of such eutectic microstructures in HEAs has shown promising results. Design 
and control of eutectic microstructures in HEAs is, however, an extremely difficult task, due to the simultaneous 
presence of multiple elements.

The idea of reinforcing a HEA matrix with a ceramic phase in order to obtain better combinations of mechani-
cal properties has also recently emerged. Development of such HEA composites has been tried both by ex-situ 
additions of discrete ceramic particles and also by in-situ formation of ceramic phases in an HEA  matrix39. The 
main focus in the case of HEA composites based on a fcc matrix is to improve the yield and tensile strength with-
out compromising ductility, based on the idea that a fcc matrix may provide good toughness while the ceramic 
phase contributes to high strength. In a recent study, a CoCrFeMnNi fcc HEA was reinforced with TiC and TiN 
particles, resulting in a significant improvement in mechanical  properties40–42. Similarly, in-situ formation of 
TiC has also been explored in the (CoCrFeNi)AlxCuy HEA  system43. Improvement in the plasticity and fracture 
toughness of bcc HEAs may also help towards the goal of obtaining better combinations of strength and ductility. 
For example, addition of TiC and TaC to the  Mo0.5NbHf0.5ZrTi bcc  HEA44,45 resulted in the development of a 
eutectic microstructure and the presence of metal carbide precipitates, with the bcc phase in the microstructure 
helped to obtain high strength combined with good ductility.

In the present study we focus on development of ceramic-reinforced HEA composites with a fcc matrix as 
part of a wider search of materials with improved combinations of strength and ductility. The CoCrFeNi system, 
as one of the most widely studied fcc HEAs, was selected as the matrix material for the study. For the ceramic 
phase WC is chosen, due to is relatively good toughness and its widespread use as a high density ceramic mate-
rial in demanding applications. Using these starting materials CoCrFeNi-WC composites were prepared by an 
arc melting process. The evolution of microstructure and crystal structure were studied as a function of WC 
weight fraction, together with an investigation of the mechanical properties of the HEA-ceramic composites.

Experimental procedure
High purity elemental powders of cobalt, chromium, iron, and nickel, together with tungsten carbide (WC) 
ceramic powder (purity > 99.95%) were used as raw materials. Metal powders with varying additions of WC 
powder (0, 5, 10, or 20 wt%) were mixed in an agate mortar, followed by arc melting under a high-purity argon 
atmosphere to produce HEA composite buttons of 20 g weight. Each composition was re-melted five times, with 
samples flipped over after each melting to ensure chemical homogeneity. Measurements taken before and after 
melting showed a weight difference of less than 0.5%. Sectioning of the HEA composite buttons for characteriza-
tion of mechanical properties, as well as for investigation of the phase composition, microstructure and chemical 
analysis, was carried out using electrical discharge wire cutting. Samples for microstructural evaluation were 
carefully prepared using standard metallographic preparation procedures and then etched with aqua regia. The 
microstructure was examined both using an optical microscope (OPTIKA-600) and a scanning electron micro-
scope (SEM; JEOL JSM-6490LA and VEGA-3), equipped with a Bruker energy-dispersive X-ray spectroscopy 
(EDS) system. Crystal structure characterization of the composites was carried out using an X-ray diffraction 
(XRD) system, operated with a CuKα source at a step size of 0.04°. Vickers microhardness measurements were 
performed on polished cross-sectional surfaces using a 136° Vickers diamond pyramid indenter. The Vickers 
hardness  (HV0.3) was measured under 300 N force using a 15 s dwell time. Room temperature compression 
testing was performed using a SHIMADZU universal testing machine with tests carried out at an initial strain 
rate of 1 ×  10–3  s−1.

Compliance with ethical standards. This study was funded by the Higher Education Commission of 
Pakistan (HEC-NRPU Project # 6019).

Results and discussion
A sample of HEA matrix without WC addition was characterized prior to investigation of the HEA-ceramic 
composites to provide a reference material. An example SEM micrograph of the as-cast CoCrFeNi HEA is shown 
in Fig. 1a, together with accompanying EDS analysis at selected locations in Fig. 1b. The similarity of the EDS 
results in different locations confirms the chemical homogeneity of the single phase HEA. The XRD pattern of 
the base CoCrFeNi HEA, shown in Fig. 1c, also confirms that the base alloy was a single-phase fcc solid solution, 
in good agreement with the SEM microstructural observations.

XRD patterns of HEA composites prepared by arc melting under argon atmosphere using 5, 10 and 20 wt% 
of WC are shown in Fig. 2, where the data for the single phase HEA over the same 2θ range are also reproduced 
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Chemical Composition (at. %) 

Element Position 
A 

Position 
B 

Position 
C 

Co 24.14 23.80 25.98 

Cr 25.86 26.54 23.86 

Fe 25.47 24.84 25.50 

Ni 24.54 24.82` 24.66 

)b()a(

(c) 

Figure 1.  Characterization of the base CoCrFeNi HEA: (a) SEM micrograph, (b) EDS analysis of the three 
regions labelled in (a), and (c) XRD pattern showing the single fcc phase composition.

Figure 2.  X-ray diffraction patterns of the CoCrFeNi-WC composites together with data for the single phase 
CoCrFeNi HEA.
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for reference. The XRD data clearly show the presence of peaks corresponding to the fcc phase, as well from an 
alloyed carbide phase. No peaks corresponding to the presence of the pure WC were observed. The chemical 
affinity of chromium for carbon is much higher than the affinity of W for carbon (the Gibbs free energies of 
 Cr23C6,  Cr7C3 and  Cr3C2 are − 343.9 kJ/mol, − 144.4 kJ/mol, − 72.3 kJ/mol,  respectively46). It is therefore assumed 
that chemical interaction of WC and chromium takes place during melting, resulting in disintegration of the 
WC and formation of chromium carbides. Scanning electron microscopy and EDS analysis were carried out 
to further investigate this hypothesis and to evaluate the effect of WC additions on the microstructure of the 
CoCrFeNi HEA phase. Example SEM images of the high entropy composites with initial WC contents of 5, 10, 
and 20 wt% are shown in Fig. 3.

The SEM observations revealed the presence of a two phase microstructure, seen in the micrographs of Fig. 3 
as grey matrix phase and lighter alloyed carbide phase (referred to in the following as white, though depending 
on SEM conditions this can also appear as light grey). The presence of a eutectic microstructure (consisting of 
a dark grey phase and white phase) is also seen at grain boundaries in the HEA-5wt%WC alloy (Fig. 3a). The 
amount of the eutectic phase was found to increase with increasing amount of WC addition.

Example chemical compositions of both the matrix and carbide regions in the CoCrFeNi-20 wt% WC alloy, 
as determined from EDS measurements, are shown in Fig. 4a,b. EDS analysis of the matrix (typified by position 
A in Fig. 4a) revealed more or less equiatomic concentrations of Co, Fe, and Ni, with a significant decrease in 
the amount of chromium as compared to the reference alloy (without WC addition). A small amount of W was 
also found in the matrix. Chemical analysis of the phase with white contrast (e.g., position B in Fig. 4a) showed 

Figure 3.  Example scanning electron micrographs of composite samples prepared from (a) CoCrFeNi-5 wt% 
WC (b) CoCrFeNi-10 wt% WC (c) CoCrFeNi-20 wt% WC. A eutectic microstructure consisting of an alloyed 
carbide phase (white) and a matrix phase (grey) can be seen, with an obvious increase in the eutectic phase 
volume fraction with increasing WC addition.
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relatively high amounts of Cr and W, consistent with diffusion of chromium from the matrix and chemical inter-
action with WC. This white phase was identified as an alloyed carbide, on the basis that the relative intensity of 
the peaks corresponding to an alloyed carbide phase in the XRD patterns also increased with increasing amount 
of WC addition in the HEA-ceramic composite.

Based on these observations it is believed that during melting interaction between WC and the HEA compo-
nents, especially Cr, takes place, leading to the formation of an alloyed carbide phase. As a result the W becomes 
partially dissolved in the matrix and partially dissolved in the carbide phase. A comparison of the SEM images 
shown in Fig. 3 also reveals that addition of WC leads to a grain size refinement, both in the case of the 5 wt% WC 
composite and also for the higher wt% composites, as a result of the formation of the eutectic and alloy carbide 
phases. The volume fraction of the alloy carbide phase increases with increasing amount of WC addition, with 
a corresponding decrease in grain size A slight shift of the fcc peaks in the HEA-WC composites towards the 
left for the 5 wt% WC and 10 wt% WC alloys (in comparison to the base HEA), despite the outward diffusion 
of chromium, is explained by the fact that W, with large atomic size, becomes dissolved in the matrix. For the 
20 wt% WC alloy a large amount of carbide phase is formed. As a result the effect on lattice parameter of outward 
diffusion of chromium from the fcc matrix dominates over that from addition of W to the matrix, resulting in 
a slight shift of the fcc peak to the right.

The effect of the aforementioned microstructural changes on the mechanical properties of the HEA com-
posites was evaluated by use of hardness and compression testing. The results of the hardness measurements 
are shown in Fig. 5a. The hardness of the base HEA was found to be 180 HV, increasing linearly with increasing 
amount of WC addition. The hardness of the HEA-20 wt% WC sample was found to be as high as 3.3 times (593 
HV) the hardness of the base HEA. The increase in hardness was attributed both to lattice distortion resulting 
from diffusion of W into the matrix, as well as to the increase in the amount of the alloy carbide phase. The 
yield strength and ductility of the HEA-WC composites were evaluated by compression testing. Engineering 
stress–strain curves of HEA composites are shown in Fig. 5b, while the variation of yield strength (defined as the 
0.2% proof stress) as a function of the amount of added WC in the master alloy is shown in Fig. 5c.

Compression test curves for the CoCrFeNi HEA and CoCrFeNi-5 wt% WC composites show a concave 
appearance, while compression curves of the CoCrFeNi-10 wt% WC composite and CoCrFeNi-20 wt% WC 
composite exhibit a convex shape. A stress–strain with concave appearance is typically characteristic of the 
activation of either twinning or TRIP effects, while dislocation glide-dominated deformation results typically 
in a convex  profile47,48. The observations therefore suggest a change in the deformation mode as the amount of 
added WC in the base HEA (master alloy) increases to 10% and above. The variation of yield strength as a func-
tion of amount of WC in the HEA composite is shown in Fig. 5c. The yield strength increases from 278 MPa for 
the base HEA to 1098 MPa for the CoCrFeNi-20 wt% WC composite, mirroring the increase observed from the 
hardness measurements. In addition to the significant increase in the yield strength observed, the composites 
were found also to retain excellent values of ductility. In particular the HEAs with 10 wt% WC and 20 wt% WC 
addition exhibited good elongation before fracture, reaching values of about ~ 50% and ~ 20% strain, respectively, 
along with high values of compressive strength. An increase in strength resulting from the WC additions without 
significant decrease in ductility was attributed to three different aspects of the microstructural changes in the 
HEA composites: (1) grain size refinement, (2) dispersion strengthening, and (3) the presence of a fine eutectic 
microstructure consisting of hard (carbides) and soft (fcc) phases.

Grain size refinement is attributed to the promotion of heterogenous nucleation during solidification by chro-
mium carbides, formed as a result of disintegration of WC and interaction of the released C with Cr in the HEA 
matrix. A fine grain size is known to help with slip homogenization, promoting ductility, and also leads directly 
to strengthening via the Hall–Petch relationship. Enhanced work hardening in the alloy due to twinning also 

Chemical Composition (at.%) 

Element Position A Position B 

Co 17.30 9.08 

Cr 11.56 12.59 

Fe 16.93 7.17 

Ni 18.74 7.50 

W 4.17 20.41 

C 31.30 43.25 

)b()a(

Figure 4.  (a) SEM image and (b) EDS analysis of the CoCrFeNi-20 wt% WC composite.
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extends the necking stage, thereby enhancing  ductility29. Alloyed carbide particles are expected also be present 
in the form of fine particles dispersed in the matrix phase. The presence of such fine carbides can be expected to 
lead to an increase in work-hardening capability through dislocation-particle interactions, as well as to promotion 
of slip homogeneity within each grain. The latter results in a delayed build-up of dislocation pile-up stresses at 
the coarse grain boundary carbides, contributing also to the improved balance of strength and ductility in the 
composites. Similarly the presence of a mesoscale distribution of the larger alloy carbides (as seen in Figs. 3 and 
4) can be expected to promote an increase during deformation in the density of geometrically necessary disloca-
tions in regions of the HEA matrix adjacent to the harder alloy carbides. A difference in the both the thermal 
expansion coefficients and the elastic modulii between the HEA matrix and precipitated carbides has also been 
previously reported to enhance composite  properties40,49.

The development of a fine-scale eutectic microstructure, consisting of a hard (carbide) phase and a softer 
fcc phase, also directly contributes to an improvement in strength. Moreover, the micrometer-scale distribu-
tion of this eutectic phase, in particular in the 10% WC composite sample, results in a hierarchical hard/soft 
microstructure, benefitting both the strength and plasticity of the HEA-WC composites. It can be noted also 
that the presence of the eutectic phase can also help to reduce castability problems, by reducing the possibility 
for deleterious segregation.

The results of the present study show that ceramic-reinforced high entropy matrix composites can help to 
achieve the goal of attaining alloys with improved combinations of strength and ductility. The selection of the 
ceramic reinforcement for a particular HEA matrix, and of the accompanying processing route is, however, very 
important in this regard. Among the elements present in the CoCrFeNi matrix, chromium has the strongest 
affinity for the formation of carbides, and therefore results in disintegration of WC due to the negative enthalpy 
for Cr carbide  formation46,50. In a previous study the same HEA matrix was reinforced with WC by spark plasma 
sintering of mechanically alloyed HEA/WC powder. In that work the presence of four different phases, namely 
a fcc matrix phase, WC,  M23C6-type carbides and  M7C3-type carbides, was  found50. The strength of the as-
sintered composites was high, but the composite suffered from low ductility, as a result of the formation of the 
various carbides. This was attributed to the presence of a process control agent as well as other contamination 
during mechanical alloying. In another study, the CoCrFeNi HEA system was reinforced with WC and applied 
as a coating on a steel substrate by vacuum hot-press sintering, with the goal of improving the surface proper-
ties of the steel. The resulting microstructure contained some WC as well as other carbides, all of which were 

Figure 5.  Mechanical properties of the HEA–WC composites: (a) variation of hardness as a function of amount 
of added WC (loading fraction); (b) compressive stress–strain curves; and (c) variation of yield strength (0.2% 
proof stress) as a function of amount of added WC.
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uniformly distributed in the fcc  phase51, and an improvement in both hardness and wear resistance was found. 
Taken together with the present study, these results indicate that the same combination of ceramic reinforcement 
phase and HEA system can lead to the formation of different types of microstructure depending on the applied 
processing route, resulting in a modification of the mechanical properties to a different extent in each case.

Conclusions

• Ceramic reinforced HEA-matrix composites have been successfully prepared by addition of WC to a CoCr-
FeNi matrix through an arc melting route.

• Chemical analysis and crystal structure analysis reveal interaction of WC with the HEA components. Specifi-
cally, chromium combines with decomposed WC to form an alloyed carbide phase in the fcc HEA matrix.

• Microstructural investigations reveal the presence of alloyed carbides both at the grain boundaries and as 
part of a eutectic phase. The amount of alloyed carbide phase was found to increase with increasing amount 
of WC addition in the HEA composite.

• Mechanical characterization reveals that the hardness and yield strength of the HEA composites increase 
with increasing amount of carbide phase in the matrix. The hardness of the HEA-20 wt% WC composite 
sample (593 HV) was found to be as high as 3.3 times that of the base HEA (180 HV), while the yield strength 
increased from 278 MPa for the base HEA to 1098 MPa for the CoCrFeNi-20 wt% WC composite.

• The HEA composites retain excellent ductility to failure (~ 50% strain for CoCrFeNi-10 wt% WC and ~ 20% 
strain for CoCrFeNi-20 wt% WC). It is therefore believed that development of HEA composites can help in 
achieving alloys with improved combinations of strength, ductility and toughness.

Data availability
The data used to support the findings of this study are included within the article.
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References
 1. Wu, X. et al. Nanodomained nickel unite nanocrystal strength with coarse-grain ductility. Sci. Rep. 5, 11728 (2015).
 2. Ma, E. & Zhu, T. Towards strength-ductility synergy through the design of heterogeneous nanostructures in metals. Mater. Today 

20(6), 323–331 (2017).
 3. Dang, B. et al. Breaking through the strength-ductility trade-off dilemma in an Al-Si-based casting alloy. Sci. Rep. 6, 30874 (2016).
 4. Liddicoat, P. V. et al. Nanostructural hierarchy increases the strength of aluminium alloys. Nat. Commun. 1, 63 (2010).
 5. Liu, G. et al. Nanostructured high-strength molybdenum alloys with unprecedented tensile ductility. Nat. Mater. 12(4), 344–350 

(2013).
 6. Bilal, M. M. et al. Effect of austempering conditions on the microstructure and mechanical properties of AISI 4340 and AISI 4140 

steels. J. Market. Res. 8(6), 5194–5200 (2019).
 7. Wang, Y. et al. A low-alloy high-carbon martensite steel with 2.6 GPa tensile strength and good ductility. Acta Mater. 158, 247–256 

(2018).
 8. Li, Z. et al. Metastable high-entropy dual-phase alloys overcome the strength-ductility trade-off. Nature 534(7606), 227–230 (2016).
 9. Haase, C. & Barrales-Mora, L. A. Influence of deformation and annealing twinning on the microstructure and texture evolution 

of face-centered cubic high-entropy alloys. Acta Mater. 150, 88–103 (2018).
 10. Wei, Y. et al. Evading the strength-ductility trade-off dilemma in steel through gradient hierarchical nanotwins. Nat. Commun. 5, 

3580 (2014).
 11. Yeh, J.-W. Recent progress in high-entropy alloys. Annales de Chimie Science des Matériaux 31(6), 633–648 (2006).
 12. Miracle, D. et al. Exploration and development of high entropy alloys for structural applications. Entropy 16(1), 494–525 (2014).
 13. Yeh, J.-W. Alloy design strategies and future trends in high-entropy alloys. JOM 65(12), 1759–1771 (2013).
 14. Tong, C.-J. et al. Microstructure characterization of AlxCoCrCuFeNi high-entropy alloy system with multiprincipal elements. 

Metall. Mater. Trans. A. 36(4), 881–893 (2005).
 15. Shahmir, H. et al. Evidence for superplasticity in a CoCrFeNiMn high-entropy alloy processed by high-pressure torsion. Mater. 

Sci. Eng. A 685, 342–348 (2017).
 16. Zhang, Y. et al. Microstructures and properties of high-entropy alloys. Prog. Mater. Sci. 61, 1–93 (2014).
 17. Gludovatz, B. et al. A fracture-resistant high-entropy alloy for cryogenic applications. Science 345(6201), 1153–1158 (2014).
 18. Senkov, O. et al. Development of a refractory high entropy superalloy. Entropy 18(3), 102 (2016).
 19. Senkov, O. N. et al. Development and exploration of refractory high entropy alloys—A review. J. Mater. Res. 33(19), 3092–3128 

(2018).
 20. Gali, A. & George, E. P. Tensile properties of high- and medium-entropy alloys. Intermetallics 39, 74–78 (2013).
 21. Yeh, J.-W. et al. Nanostructured high-entropy alloys with multiple principal elements: Novel alloy design concepts and outcomes. 

Adv. Eng. Mater. 6(5), 299–303 (2004).
 22. Tsai, M.-H. & Yeh, J.-W. High-entropy alloys: A critical review. Mater. Res. Lett. 2(3), 107–123 (2014).
 23. Tang, Z. et al. Alloying and processing effects on the aqueous corrosion behavior of high-entropy alloys. Entropy 16(2), 895–911 

(2014).
 24. Chen, Y. Y. et al. Microstructure and electrochemical properties of high entropy alloys—A comparison with type-304 stainless 

steel. Corros. Sci. 47(9), 2257–2279 (2005).
 25. Chou, Y. L. et al. Pitting corrosion of the high-entropy alloy Co1.5CrFeNi1.5Ti0.5Mo0.1 in chloride-containing sulphate solutions. 

Corros. Sci. 52(10), 3481–3491 (2010).
 26. Kao, Y.-F. et al. Electrochemical passive properties of AlxCoCrFeNi (x = 0, 0.25, 0.50, 1.00) alloys in sulfuric acids. Corros. Sci. 

52(3), 1026–1034 (2010).
 27. Tang, Z. et al. Designing high entropy alloys with dual fcc and bcc solid-solution phases: Structures and mechanical properties. 

Metall. Mater. Trans. A. 50(4), 1888–1901 (2019).
 28. Zhang, T. et al. Transformation-enhanced strength and ductility in a FeCoCrNiMn dual phase high-entropy alloy. Mater. Sci. Eng. 

A 780, 139182 (2020).



8

Vol:.(1234567890)

Scientific Reports |         (2022) 12:9822  | https://doi.org/10.1038/s41598-022-13649-5

www.nature.com/scientificreports/

 29. Xu, D. et al. A critical review of the mechanical properties of CoCrNi-based medium-entropy alloys. Microstructures 2, 2022001 
(2022).

 30. Moravcik, I. et al. Yield strength increase of a CoCrNi medium entropy alloy by interstitial nitrogen doping at maintained ductility. 
Scripta Mater. 178, 391–397 (2020).

 31. Lei, Z. et al. Enhanced strength and ductility in a high-entropy alloy via ordered oxygen complexes. Nature 563, 546–550 (2018).
 32. Shang, Y. Y. et al. Solving the strength-ductility tradeoff in the medium-entropy NiCoCr alloy via interstitial strengthening of 

carbon. Intermetallics 106, 77–87 (2019).
 33. Wang, Z. et al. The effect of interstitial carbon on the mechanical properties and dislocation substructure evolution in 

Fe40.4Ni11.3Mn34.8Al7.5Cr6 high entropy alloys. Acta Mater. 120, 228–239 (2016).
 34. Liu, J. et al. Excellent ductility and serration feature of metastable CoCrFeNi high-entropy alloy at extremely low temperatures. 

Sci. China Mater. 62(6), 853–863 (2018).
 35. George, E. P., Curtin, W. A. & Tasan, C. C. High entropy alloys: A focused review of mechanical properties and deformation 

mechanisms. Acta Mater. 188, 435–474 (2020).
 36. Hasan, M. N. et al. Simultaneously enhancing strength and ductility of a high-entropy alloy via gradient hierarchical microstruc-

tures. Int. J. Plast 123, 178–195 (2019).
 37. Shi, P. et al. Enhanced strength-ductility synergy in ultrafine-grained eutectic high-entropy alloys by inheriting microstructural 

lamellae. Nat. Commun. 10(1), 489 (2019).
 38. Mukarram, M., Mujahid, M. & Yaqoob, K. Design and development of CoCrFeNiTa eutectic high entropy alloys. J. Market. Res. 

10, 1243–1249 (2021).
 39. Stepanov, N. D. et al. Effect of carbon content and annealing on structure and hardness of the CoCrFeNiMn-based high entropy 

alloys. J. Alloy. Compd. 687, 59–71 (2016).
 40. Yim, D. et al. Fabrication and mechanical properties of TiC reinforced CoCrFeMnNi high-entropy alloy composite by water 

atomization and spark plasma sintering. J. Alloy. Compd. 781, 389–396 (2019).
 41. Amar, A. et al. Additive manufacturing of high-strength CrMnFeCoNi-based high entropy alloys with TiC addition. Intermetallics 

109, 162–166 (2019).
 42. Li, B. et al. Fine-structured CoCrFeNiMn high-entropy alloy matrix composite with 12 wt% TiN particle reinforcements via selec-

tive laser melting assisted additive manufacturing. Mater. Lett. 252, 88–91 (2019).
 43. Fan, Q. C., Li, B. S. & Zhang, Y. The microstructure and properties of (FeCrNiCo)Al Cu high-entropy alloys and their TiC-

reinforced composites. Mater. Sci. Eng. A 598, 244–250 (2014).
 44. Wei, Q. et al. Designing high entropy alloy-ceramic eutectic composites of MoNbRe0.5TaW(TiC)x with high compressive strength. 

J. Alloys Compd. 818, 152846 (2020).
 45. Wei, Q. et al. Microstructure evolution, mechanical properties and strengthening mechanism of refractory high-entropy alloy 

matrix composites with addition of TaC. J. Alloy. Compd. 777, 1168–1175 (2019).
 46. Kleykamp, H. Thermodynamic studies on chromium carbides by the electromotive force q (emf) method. J. Alloy. Compd. 321, 

138–145 (2001).
 47. Zhang, H. et al. Compressive deformation behavior of AZ31Mg alloy containing 10–12 extension twins at different temperature. 

Met. Mater. Int. 25(5), 1170–1181 (2019).
 48. Kaviani, M. et al. Relationship between mechanical properties, microstructure and texture evaluations during hot deformation of 

AZ63 magnesium alloy. Mater. Res. Express 6(6), 066509 (2019).
 49. Casati, R. & Vedani, M. Metal matrix composites reinforced by nano-particles—A review. Metals 4(1), 65–83 (2014).
 50. Zhou, R. et al. Microstructures and wear behaviour of (FeCoCrNi)1–x(WC)x high entropy alloy composites. Int. J. Refract Met. 

Hard Mater. 75, 56–62 (2018).
 51. Xu, J. et al. Microstructure and properties of CoCrFeNi(WC) high-entropy alloy coatings prepared using mechanical alloying and 

hot pressing sintering. Coatings 9(1), 16 (2018).

Author contributions
S.W.H. and M.A.M. performed experimental work and written the main manuscript. M.R.A.K. and A.G. provided 
raw materials and helped in explaining mechanical response of developed composites. K.Y. envisaged the topic, 
supervised the experimental work and finalized thesis draft manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to K.Y.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2022

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Microstructural evolution and mechanical characterization of a WC-reinforced CoCrFeNi HEA matrix composite
	Experimental procedure
	Compliance with ethical standards. 

	Results and discussion
	Conclusions
	References


