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Highlights: 

1. Compression tests with a constant strain rate of 2 × 10-3 s-1 on CoCrNi and CoCrNiSi0.3 

nanopillars in a transmission electron microscope have been investigated.  

2. In the CoCrNi nanopillar, slip bands rather than deformation twins formed during 

compression along [110]. 

3. The first strain burst in the CoCrNiSi0.3 nanopillar occurred later than that in CoCrNi, with 

39 % higher strength. 

4. The formation of deformation nanotwins in the CoCrNiSi0.3 nanopillar inhibited the 

formation of slip-bands. 
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Abstract  

CoCrNi and CoCrNiSi0.3 nanopillars exhibited distinct deformation behaviors under in-

situ compression experiments with a strain rate of 2 × 10-3 s-1 in a transmission electron 

microscope. The former was mainly deformed through slip-dislocations and the formation of 

slip-bands with edges extending to the nanopillar’s boundaries; in contrast, the latter was 

primarily deformed by twinning and partitioned by deformation nanotwins, with different 

variants intersecting each other to form closed nano-blocks. Si addition not only enhanced the 

solid solution strengthening effect but also facilitated the formation of nanotwins, resulting in 

a delayed first strain burst in the CoCrNiSi0.3 nanopillar at a strain of 9.6 % with strength 39 % 

higher than that in CoCrNi at a strain of 7.1 % during the in-situ deformation. In addition, 

closed nano-blocks effectively strengthened the CoCrNiSi0.3 nanopillar, which possessed 

strength 24 % higher than that of the CoCrNi nanopillar at the same strain of ~20 %. 

 

Keywords: In-situ compression transmission electron microscopy; CoCrNi nanopillar; Silicon 

addition; Deformation nanotwins; Dislocations  
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In recent years, single-phase FCC-type high entropy alloys (HEAs) have been innovated 

[1, 2], and rapid advancements have followed due to their exceptional attributes, including their 

corrosion resistance [3] and mechanical properties [4-7]. Extensive research [4-12] has been 

dedicated to HEAs, which overcome the trade-off dilemma between strength and ductility in 

common materials. During deformation, the low stacking fault energy (SFE) in CoCrFeMnNi 

HEAs, in the range of only 20–30 mJm-2 [10, 13], facilitates the formation of deformation twins 

during plastic deformation, leading to simultaneous enhancements in both strength and ductility, 

particularly at cryogenic temperatures [5, 7] and high strain rates [6].  

Moreover, FCC-type CoCrNi medium entropy alloys (MEAs), with a stacking fault of 

17.4 mJm-2 [14], have garnered considerable attention owing to their superior mechanical 

properties [15-17]. Equal-molar HEAs exhibit mixing entropy values greater than 1.61R (13.38 

J/K∙mol, where R is the gas constant, 8.314 J/K∙mol), while MEAs fall within the range of 

0.69R to 1.61R [18]. A previous work [19] claimed that CoCrNi MEAs possessed nearly the 

same critical twinning stress as that of CoCrFeMnNi HEAs, but the earlier formation of 

deformation twins in the former (ε = 13 % with σ = 1230 MPa) led to the higher UTS than that 

of the latter (ε = 20 % with σ = 870 MPa). Nonetheless, a weakness of FCC-type HEAs and 

MEAs is their low strength at room temperature. To address this limitation, various minor 

elements, both metallic (e.g., Al [8], V [9]) and non-metallic (e.g., C [11], Si [12, 14, 20], B 
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[21], N [22]), have been incorporated into FCC-type HEAs and MEAs to enhance their 

mechanical strength. 

Prior works indicated that a suitable addition of Si to CoCrFeMnNi HEAs [12, 23] and 

CoCrNi MEAs [14, 20, 24, 25] could significantly enhance their overall mechanical properties. 

The improvement was attributed not only to solid solution strengthening but also to the 

reduction of the stacking fault energy resulting from Si addition [12, 14, 23]. A previous 

investigation [12] on CoCrFeMnNiSix, (x denoted the content of 1-5 at. %) HEAs claimed that 

the Si content was a critical factor in the alloys’ strength and deformation mechanism. It was 

claimed [12 ] that CoCrFeMnNi HEAs with a higher Si content (5 at. %) mainly deformed 

through dislocation movement, while those with a lower Si content (1 - 4 at. %) exhibited 

deformation twinning. However, in ternary CrCoNi MEAs, a previous work [14] reported that 

the ultimate tensile strength (UTS) of CrCoNiSi0.3 MEA (an addition of 9.1 at. % Si) was 22 % 

higher than that of CrCoNi MEA, primarily due to the lower SFE (4.7 mJm-2) in the former 

alloy, which facilitated the formation of nanotwins and a hexagonal close-packed (HCP) 

structure during deformation. Another work [20] on CrCoNi MEA also confirmed that the 

ultimate tensile strength of CrCoNiSi0.2 MEA was 16 % higher than that of the equiatomic 

CrCoNi MEA. In addition, the CrCoNiSi0.3 MEA compressed at different strain rates has also 

been investigated [25]. A higher strain rate led to the earlier occurrence of deformation twins, 

with a true strain of 16 % at the high compression rate (6 × 103 s-1) but that of 30 % at the low 
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one (10-3 s-1). Although the above works claimed the benefits of Si addition, the deformation 

in the alloys was investigated only in ex-situ experiments, which might not have allowed 

observation of more details of the corresponding defect structures correlated to the mechanical 

properties during the course of deformation. 

Recently, a few in-situ deformation investigations of CoCrFeNiMn [26, 27] and 

FeCoNiCrAl0.1 [28] were observed by transmission electron microscopy (TEM); however, the 

related evolution of defects during the course of deformation was not reported. The correlation 

of deformed structures with mechanical properties in small-sized applications such as micro-

electro-mechanical systems has become an essential focus in recent years. In the present work, 

CoCrNiSi0.3 and CoCrNi nanopillars were directly investigated by in-situ compression tests in 

a transmission electron microscope. 

The equiatomic CoCrNi and CoCrNiSi0.3 (molar ratio) MEAs employed in the present 

work were prepared via arc-melting using high-purity (> 99.9 wt. %) metals. To eliminate 

dendrite formation during the casting process, both samples were homogenized at 1100 °C for 

2 days in a vacuum furnace, followed by cold rolling with a 70 % thickness reduction and 

annealing treatment at 1100 °C for 2 h to attain an optimal grain size. Subsequently, the samples 

were abraded with 800# to 4000# SiC sandpaper and twin-jet polished at 25 V using a mixture 

of 5% HClO4 and 95% CH3COOH to eliminate scratches and strains on the sample surfaces. 

For the compression direction in the in-situ TEM experiments, the 110 pole of the specimen 
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was determined by electron backscatter diffraction (EBSD) in a scanning electron microscope 

(SEM, FEI Nova NanoSEM 450), as illustrated in Supplementary Fig. 1a of Supplementary 

Material I. The selected area was then processed with a focused ion beam (FIB, FEI Helios 

600i) to extract a 20 μm × 20 μm × 1 μm thin plate, which was affixed to a mesh through Pt 

deposition (Supplementary Fig. 1b of Supplementary Material I). Subsequently, nanopillars 

measuring 300 nm in width, 600 nm in length, and approximately 100 nm in thickness were 

shaped by FIB (Supplementary Fig. 1c of Supplementary Material I). In-situ compression tests 

and observations (Supplementary Fig. 1d of Supplementary Material I) were conducted in a 

transmission electron microscope (TEM, JEOL ARM300F) equipped with a Hysitron 

PicoIndenter. The larger magnification was chosen during the in-situ tests to ensure the 

detection of the formation of deformation nanotwins. These experiments were performed under 

the two-beam condition, with the g = [1 1 0] orientation (Supplementary Fig. 1e of 

Supplementary Material I), and the compression tests employed a constant strain rate of 

approximately 2 × 10-3 s-1. The chemical compositions of CoCrNi and CoCrNiSi0.3 nanopillars 

were analyzed using Energy-Dispersive X-ray Spectroscopy (EDS) mapping in the TEM and 

were found to be nearly identical to those of the bulk materials. 

Figs. 1a and b respectively present the initial TEM images of the CoCrNi and CoCrNiSi0.3 

nanopillars before deformation. After annealing at 1100 °C for 2 h, both nanopillars displayed 

a single crystal structure, without the presence of annealing nanotwins. The nanopillars were 
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consistently deformed by nano-indenter from the lower right corner toward the upper left corner, 

along the [110] direction. 

 
Fig. 1. TEM images of the (a) CoCrNi and (b) CoCrNiSi0.3 nanopillars prior to deformation. 

 

Fig. 2a shows the stress–strain curve obtained from the execution load divided by the 

contact area on the CoCrNi nanopillars. Figs. 2 b-f illustrate the image frames captured from 

Video 1 (provided in Supplementary Material II), recording the in-situ compression test 

conducted on the CoCrNi nanopillar. As the chosen compression direction was [110], four of 

the twelve slip systems, <01"1>/ {111}, were presumably activated. The reduction in activated 

slip systems made it more difficult to achieve the critical shear stress required for twining. In 

addition, under TEM observation of the [11"0] zone axis, two slip planes, (111") and (111), are 

in edge-on configuration, which facilitates to estimate the thickness of deformation nanotwins 

and further explore their development in CoCrNi and CoCrNiSi0.3 nanopillars during 
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compressive deformation. Following elastic deformation, as depicted in Fig. 2a, the strength 

reached 2.26 GPa (with ε = 7.1 %), followed by the first strain burst at 1.97 GPa (with ε = 7.3 

%). It is important to note that the pop-in event was caused by the escape of dislocations and 

does not signify a weakening of the sample. Previous works on nanopillars of BCC steels in a 

TEM [29, 30] activated eight of the {01"1}/ <111> , {2"11}/ <111> , and {3"21}/ <111> slip 

systems [31]. The strain burst here occurred due to the escape of a substantial number of 

dislocations, which moved to the surfaces of the nanopillars, known as dislocation avalanches 

[32, 33]. In contrast to the BCC structure, the present work on the FCC structure, which 

activated four of the twelve slip systems on the {111} plane, showed that the first two slip 

bands formed and extended beyond the two side boundaries (denoted as Slip bands 1 and 2 in 

Fig. 2b) This sudden reduction in the pillar's length resulted in a gap between the specimen and 

the indenter, leading to the stress relaxation. In addition, the forming process might have 

induced lateral diffusion of Ga damage, potentially reducing the thickness at the top of the 

pillar, leading to a slightly smaller contact area than the rest of the pillar, and resulting in a 

lower calculated Young's modulus. In current work, this phenomenon is difficult to avoid. 

As the deformation continued, the strength increased and then experienced a slight 

decrease to 2.20 GPa at 8.9 % strain, resulting from the formation of an extended step in the 

left side of the pillar (Slip band 1), as shown in Fig. 2c. As the deformation proceeded, the 

compression process further enhanced the strength to 2.60 GPa (Fig. 2a) due to the prevalence 



11 
 

of newly formed dislocations outweighing those escaping to the surface. Subsequently, a large 

number of dislocations suddenly disappeared while the step size of Slip band 1 increased 

beyond the pillar surface, creating substantial gaps between the specimen and the indenter and 

causing a significant strain burst at ε = 10.9 % until σ = 1.50 GPa, as depicted in Fig. 2d. As 

the load increased further, another strain burst took place at strain of 15.8 %, which was 

associated with the formation of the third slip band (Slip band 3) on the right side of the pillar 

(Fig. 2e). As the compression continued, a fluctuation in the stress–strain curve occurred (Fig. 

2a), attributed to the escape of dislocations and the extension of a newly formed slip band (Slip 

band 4) beyond the specimen surface, as illustrated in Fig. 2f. The previous works on the bulk 

materials of CoCrNi MEAs [15-17] claimed that deformation twins could occur during the 

course of standard tensile deformation; however, only slip bands were observed on the CoCrNi 

nanopillar in the present work. 
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Fig. 2. CoCrNi nanopillar’s (a) Stress–strain curve. TEM images of (b)-(f) strain burst with escape of dislocations 
and formation of slip bands in the nanopillar. 

 

Fig. 3a presents the stress–strain curve of the CoCrNiSi0.3 nanopillar. Figs. 3b-f display 

individual frames extracted from Supplementary Material III (Video 2), depicting the in-situ 

compression deformation of the CoCrNiSi0.3 nanopillar. The critical strength for deformation 

twin occurrence in the CoCrNiSi0.3 nanopillar was measured at 2.65 GPa (with ε = 5.8 %), as 

shown in Fig. 3b. Notably, despite the yielding point being exceeded, no obvious initial strain 

burst was observed in the CoCrNiSi0.3 nanopillar. This phenomenon can presumedly be 

attributed to two factors. First, the addition of Si yielded a more effective solid solution 

strengthening effect in comparison to that of the CoCrNi nanopillar. This effect hindered the 

mobility of dislocations, thus suppressing the serration in the stress–strain curve. Secondly, the 
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Si addition in CoCrNiSi0.3 MEA reduced the stacking fault energy [14], decreasing the critical 

shear stress required for activating Shockley partial dislocations. Instead of dislocations 

escaping to the surface, Shockley partials in the CoCrNiSi0.3 nanopillar glided on (111) planes 

to form deformation twins [28] during the compression, preventing the strain burst at strength 

of 2.65 GPa (point b in Fig. 3a). 

As the load progressed, more deformation twins formed on two slip planes, (11"1) and 

(1"11), and efficiently impeded the movement of dislocations, leading to a higher strength of 

3.11 GPa (with strain of 9.6 %), which was 39 % higher than that of the CoCrNi nanopillar. 

Suddenly, the first strain burst occurred in the CoCrNiSi0.3 nanopillar at strain of 10.1 % (with 

strength of 2.86 GPa) because the dislocations avalanched at the position where deformation 

twins had yet to form (as indicated in Fig. 3c by the red arrow). As shown in Fig. 3d, densely 

distributed deformation twins throughout the CoCrNiSi0.3 nanopillar, accompanied by a large 

number of dislocations (with dark contrast strain field), contributed to the strength increment 

(σ = 3.49 GPa with ε = 13.8 %). Subsequent to a small amount of strain, certain deformation 

twins and dislocations disappeared (Fig. 3e), causing a slight strain burst at σ = 3.02 GPa (with 

ε = 14.7 %). Following this decrement, a significant drop immediately occurred, leading to σ 

= 1.95 GPa (with ε = 17.0 %), as shown in Fig. 3a. Fig. 3f presents the corresponding TEM 

image elucidating that this huge strain burst can be attributed to the depletion of substantial 

deformation twins and dislocations. Interestingly, no slip bands were observed at the 
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boundaries, implying the presence of other sites for defects to be annihilated, as will be 

discussed in later paragraphs. 

 
Fig. 3. CoCrNiSi0.3 nanopillar’s (a) Stress–strain curve. TEM images of (b)-(d) deformation twins impeding 
dislocations, and (e) and (f) strain bursts with escape of deformation twins and dislocations in the nanopillar. 

 

Figs. 4a and c respectively show TEM images of the CoCrNi and CoCrNiSi0.3 nanopillars 

at the final stage, along with their corresponding magnified images under the [11"0] exact zone 

axis (Figs. 4b and d). Unlike the standard tensile tests performed on the CoCrNi alloy in 

previous works [15, 34], which revealed a twinning mechanism after a certain level of strain 

was reached, the slow compression test on nanopillars deformed along the [110] direction 

revealed that, instead of deformation twins, only dislocations were introduced into the CoCrNi 

nanopillar even when the strain reached 21.2 % (with σ = 2.91 GPa), as shown in Fig. 4b. The 
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corresponding diffraction pattern exhibited merely diffraction spots from the matrix. This result 

can probably be attributed to the chosen compression direction, [110], which activated only 

one third of the 12 slip systems in the FCC structure, resulting in a lack of dislocation 

accumulation to reach the critical shear stress for Shockley partial dislocations.      

In contrast, the addition of Si to the CoCrNi nanopillar led to the immediate formation of 

deformation twins after the elastic deformation, as shown in Fig. 3b. This observation 

confirmed that the addition of Si indeed reduced the stacking fault energy, which was consistent 

with the theorical calculation results [14], leading to enhancement of the work hardening rate. 

The formation of deformation twins on two slip planes, (1"11) and (1"11"), efficiently hindered 

the movement of dislocations. Furthermore, following a certain level of deformation, a notable 

abundance of defects was observed in the CoCrNiSi0.3 nanopillar. These saturated defects 

rendered the deformation process more challenging, forcing the pillar to deform in an easier 

way, i.e., distortion, as shown in Fig. 4c. Consequently, deformation twins and dislocations 

could escape from the nanopillar at the upper and lower surfaces through this distortion, as 

shown in Fig. 3e, marking the beginning of bending that caused the deformation twins to 

deviate each other (clockwise by 5° indicated by yellow and orange line as indicated in Fig. 

3e). The distortion led to the formation of a bending contour, as shown in Fig. 4c, and thus no 

contribution to the increment in strength (Fig. 3a). The enlarged image from Fig. 4c shown in 

Fig. 4d shows that at the high strain level (ε = 22.6 % with σ = 3.61 GPa ), deformation 
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nanotwins with an average thickness of 2.24 nm on (111) and (111") intersected and formed 

plenty of closed blocks of about 10-20 nanometer sizes which possessed a dynamic grain 

refinement effect [6]. 

 
Fig. 4. (a) The final stage TEM image of the CoCrNi nanopillar with (b) the enlarged image from (a). (c) The final 
stage TEM image of the CoCrNiSi0.3 nanopillar with (d) the enlarged image from (c).  

 

In summary, in-situ compression tests were conducted under a transmission electron 

microscope to investigate the deformation behaviors of CoCrNi and CoCrNiSi0.3 nanopillars. 
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The CoCrNi nanopillar primarily involved dislocation movement, leading to the formation of 

slip bands extending beyond the boundaries. This behavior was different from that of CoCrNi 

general tensile-test bulk samples, which deformed via deformation twins after undergoing a 

certain strain. The Si addition in the CoCrNi nanopillar not only contributed to the solid 

solution strengthening effect but also lowered the stacking fault energy, leading to easier 

formation of Shockley partial dislocations. The prevalence of partial dislocations contributed 

to higher strength and a delay in the first strain burst in the CoCrNiSi0.3 nanopillar, the strength 

of which was 39 % higher than that of the CoCrNi nanopillar. In addition, deformation 

nanotwins formed closed blocks (with a size of about 20 nm x 20 nm) in the CoCrNiSi0.3 

nanopillar, interrupting dislocation movement and preventing the escape of dislocations to the 

nanopillar's boundaries. The CoCrNiSi0.3 nanopillar is more stable during the compressive 

deformation, and can be suggested for tiny-sized applications. 
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