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Abstract 1 

Equimolar CoCrNi medium entropy alloy (MEA) has a broad potential for 2 

industrial applications due to its excellent strength-ductility synergy. In this study, the 3 

emerging solid-state cold spray additive manufacturing (CSAM) approach was applied 4 

to fabricate bulk CoCrNi MEA deposits for the first time. However, due to its nature, 5 

CSAM  normally results in limited metallurgical bonding and weak interfacial bonding 6 

between deformed particles, particularly for high-strength alloys such as the CoCrNi 7 

MEA used in this work. Therefore, a post-sintering treatment with temperatures 8 

ranging from 1200 °C to 1350 °C was applied after CSAM to improve the interparticle 9 

bonding and strengthen the as-fabricated MEA deposits. During the sintering process, 10 

recovery, recrystallization, sintering necks and grain migration for polycrystalline 11 

growth were observed at different stages. The sintering treatment significantly 12 

enhanced the tensile strength and ductility of the as-fabricated sample from ~240 MPa 13 

and ~2% to ~660 MPa and 43%. This study validates the potential of the united 14 

CSAM-sintering strategy in additive manufacturing of  CoCrNi MEA.  15 

 16 

Key words: CoCrNi medium entropy alloy; cold spraying additive manufacturing; 17 

sintering strategies; microstructures evolution; properties improvement  18 
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1. Introduction  1 

Different from traditional alloys, high entropy alloys (HEAs) are constructed with 2 

five or more principal alloying elements in equimolar or near-equimolar ratios, and 3 

have no main component [1]. They are novel materials with superior properties such as 4 

good ductility-strength synergy, excellent damping properties, wear, corrosion and 5 

oxidation resistance [2–6], which of importance to engineering materials Based on  6 

similar material designing philosophy, medium entropy alloys (MEAs), represented by 7 

equimolar CoCrNi alloy, have been developed in recent years. Such kinds of MEAs 8 

exhibit comparable or even superior properties to the CoCrFeNiMn HEA [7–9]. 9 

The traditional method for the fabrication of bulk CoCrNi MEA is casting. 10 

However, post-machining is necessary for shaping the cast MEA into final components 11 

for industrial applications. Conventional subtractive machining process results in 12 

massive material waste, and is difficult to fabricate components with complex 13 

structures. In contrast, additive manufacturing technologies can fabricate MEA 14 

components directly into near-net-shape with little to no post-machining effort. Cold 15 

spray additive manufacturing (CSAM) is an emerging solid-state additive 16 

manufacturing process [10–12]. During CSAM, powders are accelerated to a high speed 17 

in a De-Laval nozzle, and sprayed onto a substrate [13,14]. Upon impact, significant 18 

plastic deformation occurs in these powders, resulting in temperature rise at localized 19 

contact region and leading to metallurgical bonding at interparticle interfaces. As such, 20 

powders are deposited layer by layer and eventually consolidate into a near-net-shape 21 
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component. CSAM can fabricate free-standing metal components and also restore 1 

damaged metal components with little post-machining work [10,11,15]. As compared 2 

to fusion-based additive manufacturing technologies, such as selective laser melting 3 

and laser metal deposition, one of the major attractive advantages of CSAM is the 4 

ability for fabricating components made of high-reflectivity metals (e.g., Cu and Al), 5 

which are considered difficult to manufacture using laser-based additive manufacturing 6 

processes [16]. Short production time, large product size, high efficiency, low thermal 7 

effect, and higher flexibility also render CSAM a promising additive manufacturing 8 

process. 9 

However, the major drawback of CSAM is the unfavorable mechanical properties 10 

of the deposits in their as-fabricated state, particularly when using high-strength alloy 11 

powders such as stainless steel [17], Ti alloys [18] and HEAs [4,6]. Higher gas pressure 12 

or temperature or using helium as propulsive gas can improve the strength and ductility 13 

of the deposits to some extent, however, such improvement is insufficient to result in 14 

high-performance CSAM components from the perspective of practical industrial 15 

applications. Therefore, post-treatment for improving the mechanical properties of 16 

CSAM deposits is vital. Some post-treatment processes such as hot-rolling [16,19–22], 17 

friction stir processing [23] and hot isostatic pressing [18,24] can improve the 18 

mechanical performance of CSAM deposits, but their complicated and/or costly 19 

procedures limit their wide applications. Annealing is the simplest and the most 20 

economical method for improving the microstructure and mechanical properties of 21 
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CSAM deposits [17,19,20,25–31]. The improvement is achieved through  1 

recrystallization and complete metallurgical bonding within deformed particles and 2 

across adjacent particles [17]. However, the applied annealing temperatures are 3 

typically too low to induce strong interparticle metallurgical connections, and thus the 4 

improvement of the properties of CSAM deposits is limited [17,25,30]. It is known that 5 

sintering occurs when the heat-treated temperatures are higher than 70% of the melting 6 

temperature (Tm/K) [32]. The sintering necks that are formed during sintering process 7 

can result in a much stronger metallurgical bonding between adjacent powders as 8 

compared to conventional annealing [17,25,30]. Therefore, sintering could be another 9 

potential heat treatment method for CSAM deposits.  10 

In our study, CSAM was applied for the first time to deposit CoCrNi MEA. Since 11 

CoCrNi is a high-strength alloy, its CSAM deposit may possess unfavorable mechanical 12 

properties in the as-fabricated state. Therefore, sintering was used as a post-treatment 13 

method to strengthen the as-fabricated deposits. Different sintering strategies were used 14 

to reveal their influence on the microstructure evolution and mechanical properties of 15 

CSAM CoCrNi deposit.  16 

2. Experimental procedure 17 

2.1 Powder materials 18 

Pre-alloyed equimolar CoCrNi powder (Vilory Ltd. China) was used as the 19 

feedstock. The median size of the powders was measured as 13.6 μm by a laser particle 20 

size analyzer (Mastersizer 3000), shown in Fig. 1. Fig. 2 shows the morphology of 21 
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powders used in our study, characterized by scanning electron microscopy (SEM, 1 

Merlin, Zeiss) equipped with electron backscattering diffraction (EBSD, Digview 4, 2 

EDAX). From Fig. 2 (a), it is seen that the pre-alloyed CoCrNi powders have a spherical 3 

shape with a uniform size distribution. The results of EBSD and energy disperse 4 

spectroscopy (EDS, Octane Pro, EDAX) reveals that the equiaxed grains with an evenly 5 

distributed alloying element were produced after the gas atomization process. The 6 

chemical composition of the powders was measured as 34.72 at.% for Co, 32.53 at.% 7 

for Cr, and 32.75 at.% for Ni by EDS.   8 
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Fig. 1 CoCrNi MEA powder size distribution 10 
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 1 

Fig. 2 CoCrNi MEA powders: (a) morphology in SEM with (b) corresponding EDS spectrums; (c) 2 

inverse pole figure (IPF) map with (d) corresponding elements EDS maps (scale bar is 10 μm) 3 

2.2 Cold spray procedure 4 

The powders were sprayed onto a 5mm thick 6082 Al alloy substrate via a 5 

commercial cold spray system (Plasma Giken, Japan), using compressed nitrogen as 6 

the propulsion gas. The inlet pressure and temperature of the nitrogen were 5.0 MPa 7 

and 1000  °C, respectively. The standoff distance between the substrate and nozzle was 8 

30 mm, and the nozzle traversal speed was 50 mm/s. The movement of the nozzle 9 

followed a zig-zag pattern. The morphology and dimensions of the deposits are given 10 

in Fig. S1 (seen supplementary information). After spraying, the substrate was removed 11 

and a layer of the deposit with a thickness of more than 2 mm was extracted by electrical 12 

wire cutting for further analysis. 13 
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2.3 Sintering process 1 

The melting point of CoCrNi MEA powder was confirmed by a differential 2 

scanning calorimeter (DSC, Netzsch, STA449F3), from room temperature to 1450 °C, 3 

under a heating rate of 10 °C/min in a flowing argon atmosphere, as shown in Fig. 3 (a). 4 

As there was no obvious dimensional shrinkage during sintering as-fabricated CSAM 5 

deposit, the shrinkage behavior of cold pressed MEA sample was also analyzed by 6 

dilatometer (DIL, 402C, Netzsch) to identify proper sintering temperatures of CoCrNi 7 

alloy. For the as-fabricated sample, no obvious shrinkage behavior was found during 8 

sintering as the temperature was increased to 1350  °C (Fig. 3 (b), blue line), showing 9 

a superior dimension accuracy after sintering the as-deposited specimens. However, a 10 

starting temperature of shrinkage was identified at approximately 1160  °C for the cold-11 

pressed samples, which means that sintering could be activated at a temperature higher 12 

than 1160  °C. In general, the effect of the sintering time on the densification is not as 13 

great as that of sintering temperature [33]. This is because the density of sintered sample 14 

changes rapidly with holding time in the initial sintering stage. If only prolonging 15 

sintering time, which can reduce the productivity, it is difficult to achieve fully dense 16 

samples.  Therefore, increasing the sintering temperature as much as possible adopted 17 

to ensure product performance. Based on these measurements, different sintering 18 

strategies were designed and applied to the as-fabricated deposits. The deposits were 19 

sintered at the temperatures of 1200 °C, 1250 °C, 1300 °C and 1350  °C for 30 mins in 20 

an argon environment in a tube furnace with a heating rate of 10  °C /min, followed by 21 
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furnace cooling. After sintering, the densities of the sintered deposits were determined 1 

by a density balance (Sartorius SQP). 2 
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Fig. 3 (a) DSC curve of CoCrNi MEA powder shows the melting point (Tm) and (b) DIL curves of 4 

sintered CSAM (blue line) and cold-pressed samples (red line) 5 

2.4 Materials characterization  6 

The as-fabricated and sintered samples were sectioned by electrical wire cutting 7 

for microstructure characterization. The samples were prepared by grinding on fine 8 

sandpaper and then polishing. And stress-free surfaces for the EBSD experiment were 9 

produced by fine polishing with oxides particle solution (OPS, SiO2, 50nm). The 10 

synchronous acquirement of EBSD and EDS signal was achieved in a SEM system 11 

(Merlin, Zeiss). For investigating the microstructure at sub-micron level, the polished 12 

samples were also characterized through electron channel contrast imaging (ECCI, 13 

Sigma 300, Zeiss) and transmission electron microscopy (TEM, Talos F200X, FEI).  14 

The TEM specimens were prepared by different procedures: for the as-fabricated 15 

sample, a focused ion beam system (FIB, Helios G4, FEI) was used for sampling TEM 16 

specimen until the thickness was under 100 nm; for the sintered and deformed samples 17 
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(sampling from the 1350 ℃ sintered deposits), the 3mm diameter discs were ground 1 

down to 30 μm and then polished via a precision ion polishing system (Gatan 695). 2 

2.5 Mechanical tests  3 

The hardness experiment was conducted on the deposits as well as the sintered 4 

samples by using a Vickers hardness tester (HV-1000Z) under a load of 2 N. Fig. 4 5 

shows the dimensions of the tensile samples prepared by electrical wire cutting. Room 6 

temperature tensile testing was performed on a universal testing machine (TestStar, 7 

Wance) with a laser extensometer at a strain rate of 10-3/s. The average mechanical 8 

properties from the three samples, from the as-fabricated and 1350  °C sintered samples, 9 

were used in this study. After tensile testing, the fracture surfaces were characterized 10 

by SEM (Merlin, Zeiss). In addition, EBSD (Digview 4, EDAX) and TEM (Talos 11 

F200X, FEI) analysis were conducted on the deformed sample in the vicinity of the 12 

fracture surfaces to investigate the deformation mechanism of the 1350 ℃ sintered 13 

CoCrNi sample. Pre-stretching tests on the 1350  °C sintered samples were undertaken 14 

and terminated at the strain levels of 5%, 20%, respectively. ECCI was also applied to 15 

study the deformation mechanism of the 1350 ℃  sintered CoCrNi samples.  16 

 17 

Fig. 4 Geometric dimensions of the tensile sample in (a) top view and (b) left side view 18 
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3. Experimental results 1 

3.1 Microstructures 2 

Fig. 5 (a-c) illustrate the cross-sectional EBSD IPF, Kernel Average Misorientation 3 

(KAM) and corresponding EDS maps of the as-fabricated CoCrNi MEA samples. As 4 

compared to the grain structure of the initial powders (Fig. 2 (c)), the grains of the 5 

deformed particles showed a typical bimodal distribution with coarse grains in the 6 

center surrounded by refined nanograins. The refined nanograins were resulted from 7 

dynamic recrystallization at the highly deformed regions near the interparticle 8 

interfaces [34]. The plastic deformation levels in the local area of the as-fabricated 9 

specimens were revealed by the KAM map in Fig. 5 (b). Typically, a higher KAM 10 

indicates a larger deformation and a higher dislocation density [35]. As such, the local 11 

area near the interparticle interfaces was of higher plastic deformation as compared to 12 

the interiors of the deformed particles.  The EDS maps shown in Fig. 5 (c) indicate that 13 

there was no segregation of alloying elements in the deposit after CSAM. 14 
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 1 

Fig. 5 EBSD results on the as-fabricated CSAM sample. (a) IPF map, (b) KAM map with 2 

corresponding misorientation counts, and (c) EDS maps (scale bar is 20 μm) 3 

Fig. 6 shows the cross-sectional EBSD IPF, image quality (IQ) and EDS maps of 4 

the sintered deposits at different sintering temperatures. When the sintering 5 

temperatures were 1200 °C and 1250  °C, as shown in Fig. 6 (a) and (b), the 6 

recrystallization process was incomplete with some fine-grain regions remaining in the 7 

deposits, as marked by red-dash circles. Irregular interparticle pores were also found in 8 

the deposits. By increasing the sintering temperature to 1300  °C, the fine-grain zones 9 

were completely eliminated through recrystallization, and a transformation of the 10 

irregular pores to spherical pores was triggered (Fig. 6 (c)). In addition, the pores were 11 

mainly located at grain boundaries. However, the incomplete sintered powders were 12 

still recognized at the area indicated by the black arrow, where sintering necks were 13 

found between the two grains with different orientations. The ECCI image of the 14 

1200 °C sintered sample can also support the formation of sintering necks, given in Fig. 15 
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S2 (seen supplementary information). As the sintering temperature was further 1 

increased to 1350  °C, the grain size increased significantly to well exceed the median 2 

size of the powders (Fig. 7 (b)), indicating a nearly full transformation from sintering 3 

necks (between adjacent powders) to grain boundaries. Pores were formed not only at 4 

the grain boundaries but also in the grains (Fig. 6 (d)), which indicate the final sintering 5 

stage. Hence, 1350  °C was shown to be the optimal temperature condition for sintering 6 

the CoCrNi deposits in this study. Moreover, the EDS map shown in Fig. 6 demonstrates 7 

that no segregation of Cr occurred after sintering. For quantitatively revealing the 8 

difference in grain structure among the starting powders, the as-fabricated samples and 9 

the sintered samples, Fig. 7 and Table 1 show the comparison among the powders, the 10 

as-fabricated, and the sintered samples in terms of grain size distributions and average 11 

grain size. Clearly, the CSAM process resulted in a grain refinement due to severe 12 

plastic deformation, while the sintering process caused a significant grain growth 13 

through recrystallization, and a higher sintering temperature led to larger grains.  14 
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  1 

Fig. 6 The IPF maps (first column), the corresponding element EDS maps as well as IQ maps (last 2 

maps) of CSAM samples sintered at (a) 1200  °C, (b) 1250  °C, (c) 1300  °C and (d) 1350  °C for 30 3 

min (scale bar is 50 μm)  4 

 5 

Fig. 7 Grain structure information of the starting powders, as-fabricated samples and sintered 6 

samples. (a) grain size distribution and (b) average grain size  7 

Table 1 Basic properties of the starting powders, as-fabricated samples and sintered samples.  8 
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Density (g/cm3) - 7.78±0.02 7.79±0.03 7.78±0.03 7.82±0.03 7.82±0.02 

Grain size (μm) 3.2 2.7 12 16.3 18 23.6 

Hardness (HV) 166.3±5.2 375.8±1.9 239.3±0.9 211.1±1.6 172.7±2.4 169.4±4.3 

 1 

The as-fabricated and the 1350  °C sintered samples were further studied by ECCI 2 

and TEM, and the results are shown in Fig. 8. Deformed grains and interparticle pores 3 

were found in the as-fabricated sample (Fig. 8 (a)). The TEM image with the inserted 4 

selected area electron diffraction (SAED) pattern and the corresponding EDS maps of 5 

the as-fabricated sample indicate that ultra-fine grains were formed in the deposit. After 6 

sintering, recrystallization was activated, resulting in grain growth and the formation of 7 

sintering twins as illustrated in Fig. 8 (b). Furthermore, from the TEM results shown in 8 

Fig. 8 (c, d), it is found that no elemental segregation occurred after CSAM and even 9 

after sintering.  10 
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 1 

Fig. 8 ECCI and TEM images of the as-fabricated and  the 1350  °C sintered samples: (a) ECCI 2 

image of the as-fabricated sample, (b) ECCI image of the sintered sample, (c) TEM images and the 3 

corresponding EDS maps of the as-fabricated sample, (d) TEM images and the corresponding EDS 4 

maps of the sintered sample. The SAED patterns in (c) and (d) show ultra-fine polycrystalline with 5 

FCC structure in the as-fabricated sample and large FCC grains in the sintered sample (z=[0 1 1
-

]) 6 
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3.2 Mechanical properties 1 

The hardness measurements were conducted on the as-received powder, the 2 

deposit as well as the sintered samples, which results are listed in Table 1 with the 3 

indentation morphologies given in Fig. S3 (seen Supplementary information). As the 4 

powder was fabricated via the gas atomization process, the as-received MEA powder 5 

has a relatively low Vickers hardness of 166.3 HV, while the hardness of deposit  (375.8 6 

HV) was more than twice of that in powder due to the highly deformed structure in the 7 

deposit. After sintering at low temperatures (1200 and 1250 °C), the hardness of the as-8 

sintered samples was down to 239.3 and 211.1 HV, respectively, which is slightly higher 9 

than the as-received powder. This is because that the incomplete recrystallization 10 

process after sintering at those temperatures. By increasing the sintering temperatures, 11 

the hardness of sintered samples was stabilized at ~170 HV, similar to that of the as-12 

received powder. 13 

Room temperature tensile test was performed on the as-fabricated as well as the 14 

sintered samples. Fig. 9 (a) shows the tensile strain-stress curves of the as-fabricated 15 

sample and the 1350  °C sintered sample. As can be seen, the as-fabricated sample was 16 

rather brittle; the ultimate tensile strength (UTS) and elongation were ~220 MPa and 17 

~2%, respectively. After sintering treatment, both the UTS and elongation significantly 18 

increased to ~660 MPa and ~43% respectively, indicating a synchronous improvement 19 

of strength and ductility after sintering. Fig. 9 (b) shows the work hardening rate as a 20 

function of true strain for the sintered sample. Based on the true strain-hardening rate 21 



 

18 

 

curve, the plastic deformation process of the sample can be divided into three stages. 1 

In stage I, a high strain-hardening rate with a dramatic decrease was identified until the 2 

strain reached ~ 5% [36]. After that, the strain-hardening rate remained at a constant 3 

value of ~1500 MPa until reaching a true strain of 34%. In the last stage, a sudden 4 

decrease was observed, indicating the occurrence of fracture.  5 

Fig. 9 (c) compares the UTS and the fracture strain of the sintered sample 6 

fabricated in this study and  other samples  reported in the literature prepared by other 7 

techniques including spark plasma sintering (SPS) [37–40], selective laser melting 8 

(SLM) [41], laser aided additive manufacturing (LAAM) [42] and direct energy 9 

deposition (DED) [43]. As can be seen, the UTS of the sintered sample was not 10 

comparable to most of the other MEAs, but the fracture strain of the sintered sample 11 

was the second-highest among these MEAs.  12 

 13 

Fig. 9 Mechanical properties of the as-fabricated and 1350 ℃ sintered sample: (a) typical 14 

engineering strain-stress curves of the as-fabricated and sintered samples; (b) work hardening rate-true 15 

strain curves of the 1350 °C sintered sample, and  (c) comparison of the UTS and fracture strain 16 

between the sintered sample fabricated in this study and the CoCrNi MEAs made by other PM  [37–40] 17 

and AM techniques [41–43]. 18 

(c)b)
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Fig. 10 shows the fracture surface of the as-fabricated and the 1350 ℃ sintered 1 

samples after tensile test. For the as-fabricated sample shown in Fig. 10 (a), the fracture 2 

surface was characterized by intergranular-like features with few dimples, and the 3 

fracture mainly occurred at the interparticle interfaces. This indicates that the 4 

interparticle bonding was dominated by mechanical interlocking and physical bonding 5 

[44]. After sintering (Fig. 10 (b)), dimple-like features were rather prominent, and it is 6 

hard to see any interparticle interfaces, which suggests a significant improvement of 7 

ductility.  8 

 9 

Fig. 10 Fracture morphologies of (a) the as-fabricated sample and (b) the1350 ℃ sintered sample 10 

(scale bar is 20 μm) 11 

3.3 Deformation behaviors in sintered deposits  12 

After sintering, there were no obvious fibber texture observed on the sintered 13 

samples (supported by Fig. S4 in supplementary information), which renders these 14 

samples suitable for the investigation of deformation mechanisms. The deformed 15 

microstructure of the 1350 °C sintered deposits was characterized by EBSD, ECCI and 16 

TEM in the region next to the fracture, as shown in Fig. 11. Fig. 11 (a) illustrates that 17 

the deformation twins were formed after dramatic deformation, whereas no phase 18 
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transformation was observed in Fig. 11 (b) indicating that hexagonal close-packed 1 

(HCP) phase was observed in the deformed area. In general, the content of HCP phase 2 

after deformation would increase when the deformation occurred at a low temperature 3 

[45]. However, during room temperature deformation, only a little HCP phase with 4 

several atomic layer thicknesses next to twin boundaries [46,47] can be formed. This is 5 

why HCP phase was not detected in the deformed CoCrNi sample by EBSD. The TEM 6 

map of the deformed area as shown in Fig. 11 (c) also reveals the presence of 7 

deformation twins, which is further supported by the SAED pattern detected in the same 8 

area.  9 
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 1 

Fig. 11 Deformed microstructure next to the fracture surface of the 1350 ℃ sintered sample. (a) 2 

EBSD IPF map, (b) EBSD phase map, (c) TEM image showing the formation of deformation twins, 3 

and (d) SAED pattern showing the formation of deformation twins (Z = [1 0 1]) 4 

To further reveal the deformation mechanism of the sintered sample, Fig. 12 shows 5 

the ECCI images of the 1350 °C sintered sample at the local strain of 0, 5%, 20% and 6 

~45% (with the highest fracture strain) during the pre-tensile test. Before the sample 7 

was subject to tensile deformation, twins that were formed during the sintering process 8 

were observed in Fig. 12 (a) due to a relatively low stacking fault energy [9]. The 9 

sintering process caused the occurrence of recrystallization which resulted in the growth 10 

of grains through the migration of grain boundaries [48]. During grain growing, when 11 



 

22 

 

a layer of atoms was hindered at grain boundaries corner, stacking sequences were 1 

changed to form a twin boundary [49]. For the deformed samples, as can be seen in Fig. 2 

9 (b), the deformation of can be divided into three different stages. The ECCI images 3 

in Fig. 12 (b, c, d) show the microstructure of the deformed sample at the end of stage 4 

I (εloc=0.05), stage II (εloc=0.2) and stage III (εloc≈0.45), respectively. From Fig. 12 (b), 5 

only a system of slip planes, represented by the bright broken lines [47], were observed 6 

in the grain. As the local strain was increased to 0.2, bright lines were visible as shown 7 

Fig. 12 (c), which indicates the formation of deformation twins at this stage [47]. At 8 

this strain level, deformation twins played an important role in deforming CoCrNi MEA 9 

[38,45–47]. At the final stage (εloc≈0.45), rupture took place after the deformation twins 10 

were heavily formed as shown in Fig. 12 (d).  11 

 12 

Fig. 12 ECCI images of the 1350  °C sintered deposits at the local strain of (a) 0, (b) 5%, (c) 20% 13 

and (d) ~45% during the pre-tensile test (scale bar is 5 μm) 14 
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4. Discussion 1 

4.1 Sintering mechanism on CSAM deposits 2 

For HEAs and MEAs, the sintering temperature would be increased to a high level 3 

due to the sluggish diffusion effects [50], as proven in a previous study [51]. The DSC 4 

curve shown in Fig. 3 (a) confirms that no phase transformation occurred during the 5 

sintering process under the applied sintering temperature (i.e., 1200 °C – 1350 °C). In 6 

sintering process, the deformation energy generated during the CSAM process provides 7 

a driving force for recrystallization in the first stage, which is similar to the sintering of 8 

cold-pressed green samples [17,25,30,52]. Recrystallization, sintering necks and 9 

polycrystalline growth occur consecutively [32]. The DIL curve of the cold-pressed 10 

sample in Fig. 3 (b) (red line) gives the starting sintering temperature of CoCrNi MEA 11 

of ~ 1160 °C, meaning that a sintering temperature higher than that temperature would 12 

promote the dramatic atomic diffusion as well as the formation and growth of sintering 13 

necks formed between adjacent particles. The whole sintering process can be 14 

summarized as follows: 15 

Fine grains were formed (Fig. 6 (a-b)) due to the incomplete recrystallization by 16 

inadequate sintering temperature，when the temperatures were lower than 1300 °C. 17 

Under these low sintering temperatures, interparticle boundaries as seen in Fig. 8 (a) 18 

could be eliminated and replaced by neck formation (Fig. 6). On the other hand, 19 

irregular openings were found in the sample, as can be seen in Fig. 6 (a-b), which 20 

indicates the initial stage of the sintering process [53]. With the sintering temperature 21 
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increased to 1300 °C, the transformation of pores from irregular to spherical shape was 1 

promoted. At this intermediate sintering, the merge of adjacent necks and atomic 2 

diffusion were promoted. However, the characteristics of incompletely sintered 3 

powders, as seen in Fig. 6 (c), indicate an unfinished migration of sintering necks 4 

between adjacent powders at a sintering temperature of 1300 °C. By further increasing 5 

the sintering temperature to 1350 °C, the isolated spherical shape pores (shown in Fig. 6 

6 (d)) were transformed from irregular openings, which was activated by the migration 7 

of vacancies around these openings [54]. At the final stage of sintering, the growth of 8 

grains and strengthening of deposits occurred. The transformation of the bonding 9 

mechanism from the interparticle mechanical interlocks in as-fabricated specimens to 10 

metallurgical bonding in sintered samples was achieved, which led to the synchronous 11 

enhancement of strength and ductility.   12 

The interfaces between the particles after CSAM are generally the weak points 13 

during deformation [10,55]. When the grains became larger than the particle size, a total 14 

transformation from mechanical to metallurgical bonding was achieved. Hence, it is 15 

important to unravel the laws of grain growth in the CoCrNi MEA. The grain growth is 16 

a function of temperature (Arrhenius law), given as follows [56], 17 

𝐺𝐺𝑠𝑠 = 𝐺𝐺0 · exp[−𝐴𝐴/(𝑅𝑅 · 𝑇𝑇)]   (Eq. 1) 18 

where Gs and G0 are grain size in the sintered and initial samples, A denotes the 19 

activation energy of grain growth, R is the ideal gas constant and T is the sintered 20 

temperature (K). Taking the logarithm of Eq. 1, gives the following equation, 21 
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ln (𝐺𝐺𝑠𝑠/𝐺𝐺0) = −𝐴𝐴/(𝑅𝑅 · 𝑇𝑇)   (Eq. 2) 1 

By using the grain size listed in Table 1 and the sintering temperatures, the logarithms 2 

of (𝐺𝐺𝑠𝑠/𝐺𝐺0) versus 1/T were plotted in Fig. 13. In addition, the best fitting line was found 3 

in Fig. 13 for the calculation of effective activation energy of grain growth. By 4 

calculating the slope of the fitted line, the activation energy for grain growth of CoCrNi 5 

MEA was 84.15 kJ/mol, and can be used for predicting the level of grain growth during 6 

sintering. 7 
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Fig. 13 Logarithm of average grain size versus the inverse of sintering temperature for CoCrNi 9 

MEA solid solution 10 

4.2 Enhancement mechanism on mechanical properties of sintered deposits 11 

The as-fabricated CoCrNi deposit showed unfavorable mechanical properties, and 12 

this is a common phenomenon that has been frequently seen in CSAM deposits, 13 

particularly for high-strength materials [17,25,30]. Extreme compressive stress 14 

generated during the supersonic impact of powders can promote local adiabatic shear 15 
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instability at an ultra-high strain rate [57]. The extensive plastic deformation of the 1 

CoCrNi powders caused by high-speed impact led to the formation of a large number 2 

of deformed grains as well as high local strain [58,59] (Fig. 5). On the fracture surface 3 

of the tensile sample, very few dimple-like features could be observed for the as-4 

fabricated sample, which implies limited metallurgical bonding formed. When the 5 

powders were deposited on the previous layer, energy transformation from kinetic 6 

energy to thermal energy occurred [13]. Such transformation could lead to the localized 7 

temperature at the highly deformed interfacial region reaching a temperature close to 8 

the material melting temperature [60]. However, the area of such high-temperature 9 

interfaces was very limited which led to interparticle fracture and the poor mechanical 10 

properties given in Fig. 9 (a). 11 

Annealing has been proven to be an effective method to strengthen and toughen 12 

as-fabricated deposits [17,19,20,25–31]. It improves the mechanical properties mainly 13 

through inducing recovery and recrystallization, and partially promotes the atomic 14 

diffusion between adjacent particles at the same time [17]. However, as the annealing 15 

temperature is normally set at a level of 0.4 to 0.5 of melting temperature [61], the 16 

migration of grain boundaries through the interface of adjacent particles cannot be 17 

greatly activated [32]. Therefore, sintering which requires a processing temperature of 18 

0.7 to 0.8 of the melting temperature has been applied to induce the migration of the 19 

grain boundaries and to significantly improve the mechanical properties of 20 

conventional alloys [32]. Different from the limited metallurgical bonding between 21 
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adjacent particles after the annealing, sintering resulted in the extension of sintering 1 

neck and grain growth. By increasing the sintering temperature to 1350 °C, grain 2 

boundaries can migrate across pores resulting in the annihilation of pores (Fig. 8) and 3 

an increase of strength in sintered deposits as shown in Fig. 9 (a), and  a ductile fracture 4 

mode was identified in sintered specimens (Fig. 10 (b)). 5 

5.  Conclusions  6 

A combined CSAM-sintering strategy was applied to fabricate high-performance 7 

CoCrNi MEA deposits. Samples were firstly fabricated via CSAM using nitrogen as 8 

propulsive gas at 5.0 MPa and 1000 °C, and the as-fabricated samples were then subject 9 

to sintering at different temperatures. Based on the experimental results, the 10 

microstructures, mechanical properties and tensile deformation mechanisms of the 11 

samples were discussed, and the conclusions of the study are as follows: 12 

1) CSAM is capable of fabricating dense CoCrNi MEA deposits. After the CSAM 13 

process, interparticle boundaries could be found along the fracture surface of the 14 

as-fabricated sample, indicating the weak bonding between adjacent particles. Due 15 

to the high strain rate deformation of the CoCrNi particles during CSAM, grains 16 

severely deformed, which provides a driving force for the recovery and 17 

recrystallization during the following sintering process. 18 

2) The CSAM samples sintered at different temperatures were characterized by 19 

different microscopic techniques. At lower sintering temperatures (1200 °C and 20 

1250 °C), incomplete recrystallization processes were identified, while irregular 21 
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pores were found on the grain boundaries of the sample sintered at 1300 °C, which 1 

indicates imperfect sintering. By increasing the sintering temperature to 1350 °C, 2 

the microstructure and intragranular pores reflect the characteristics of the last 3 

sintering stage, indicating a complete sintering process.  4 

3) Room temperature tensile tests reveal that sintering treatment significantly 5 

improved the UTS and elongation from 220 MPa and 2% respectively for the as-6 

fabricated sample to ~660 MPa and ~ 43% for the 1350 °C sintered sample.  7 

4) The deformation mechanism of the 1350 °C sintered deposits was studied. Under a 8 

low local strain level (5%), slip planes were triggered in grains. Increasing the strain 9 

level resulted in the formation of deformation twins and  a high working hardening 10 

rate. 11 
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