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a b s t r a c t   

Face-centered-cubic (FCC) high-entropy alloys (HEAs) can be strengthened through boron doping. However, 
the existing form of boron and its effect on the deformation mechanism of FCC HEAs have been rarely 
reported. The present work demonstrates for the first time the effect of the interstitial boron and boron-rich 
precipitate on the deformation mechanisms of the FCC (CoCrFeNi) HEAs. The dominant deformation me
chanism of CoCrFeNi HEAs is dislocation slip, whereas the interstitial boron atoms dissolved in the matrix, 
thereby reducing the stacking fault energy (SFE) and transforming the dominant deformation mechanism to 
deformation twins. The loss of Cr from the matrix after boride formation increased the SFE, which led to 
transforming the dominant deformation mechanism from deformation twins to dislocation slip. Based on 
the results, we firstly propose to tune the deformation mechanism of FCC HEAs via boron doping, which 
provide a new strategy for designing and optimizing the HEAs. 

© 2022 Elsevier B.V. All rights reserved.    

1. Introduction 

High-entropy alloys (HEAs) composed of multiple elements (≥ 4) 
break the shackles of the traditional alloy-design ideas [1,2]. Due to 
the high configurational mixing entropy, HEAs generally have a 
single crystal structure, such as face-centered-cubic (FCC) or body- 
centered-cubic (BCC) instead of complex intermetallic compounds  
[3–5]. Usually, FCC-structured HEAs, such as the CoCrFeNi HEAs, 
with a simple FCC phase have excellent ductility, but low strength 
that limits their industrial applications [6]. Many methods have been 
applied to improve the yield strengths of the FCC-structured HEAs, 
such as interstitial solid solution strengthening, precipitation 
strengthening, and grain-refinement strengthening [7–10]. Adding a 
nonmetal element (such as carbon, oxygen or nitrogen) to the HEAs 
can simultaneously satisfy these strengthening methods [11–15]. For 
instance, Wang et al. showed that the addition of 1.1 at. percent (at%) 

carbon to a single-phase FCC Fe40.4Ni11.3Mn34.8Al7.5Cr6 HEA, not 
only markedly increased the yield strength, but also led to a 25% 
increase in the elongation to fracture [16]. Another study demon
strated that adding 0.5 at% nitrogen to the NiCoCr medium-entropy 
alloy increased the yield strength without losing the ductility [17]. In 
contrast, boron preferentially precipitated on the grain boundary. 
The boron segregation is driven by the reduction of Gibbs free en
ergy, and the bond property and load-bearing capacity of the alloy 
are improved by the interfacial strengthening [18–20]. 

Boron as an ideal dopant can significantly improve the me
chanical properties of traditional alloys and HEAs. By adding boron 
to Ni3Al, the yield strength can be increased by 242–387 MPa per 
atomic percent, and its ductility can also be significantly improved  
[20]. Ultra-high strength and excellent ductility can be obtained by 
adding boron to an equiatomic Fe20Mn20Cr20Co20Ni20 HEA and a 
non-equiatomic Fe40Mn40Cr10Co10 HEA [21]. 

The aforementioned research results demonstrate that it is pro
mising to improve the mechanical properties of the HEAs by inter
stitial strengthening, but solubility of boron is quite limited in the 
HEAs. When boron is heavily doped, borides are often formed, which 
may change the alloy composition of the HEAs [22]. In HEAs, the 
deformation mechanism mainly depends on the stacking fault 
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energy (SFE), and one of the main factors affecting SFE is attributed 
to the alloy composition [23]. Consequently, the formation of borides 
may change the deformation mechanism of the HEAs, thereby in
fluencing their mechanical properties. At present, researchers are 
still limited to the study of the effect of interstitial solution of boron 
on the deformation mechanism of HEA, but the effect of borides on 
the deformation mechanism has not been involved. It is of great 
significance to understand the effect of boron on the SFE of HEAs, 
which can reveal the deeper reasons for the change of deformation 
mechanism. Thus, the relationship between boron and the de
formation mechanism is established. 

In the present study, the CoCrFeNiB0.3 HEA was prepared to 
realize the coexistence of the interstitial solid solution and pre
cipitation of boron atoms. The existing form of boron and its effect 
on the deformation mechanism of the CoCeFeNi HEA was system
atically investigated by micro-cantilever tests [24–28]. In order to 
reveal the effect of boron on the deformation mechanism, stacking 
fault (SF) widths were measured to characterize the SFE [29]. Ac
cording to the research results, the deformation mechanism of 
CoCrFeNi HEAs could be tuned via boron doping, which might pro
vide a new insight for designing and optimizing HEAs through the 
interstitial atoms. 

2. Materials and methods 

The CoCrFeNi and CoCrFeNiB0.3 HEAs were prepared by vacuum 
arc melting. Electron probe microanalysis (JXA-8530 F PLUS) with a 
wavelength-dispersive spectrometer (WDS) was used to observe the 
microstructures and identify the elemental distributions of the 
CoCrFeNi and CoCrFeNiB0.3 HEAs. To ensure the data accuracy, the 
corresponding area of each sample was tested seven times to cal
culate the average value. 

To investigate the effect of existing form of boron, such as the 
interstitial solution and precipitation on the strengthening me
chanism and deformation mechanism, micro-cantilever beams were 
fabricated from the matrix of the CoCrFeNi HEA and the 
CoCrFeNiB0.3 matrix and dendrite, using the focused ion beam (FIB) 
instrument (Helios GX40). The lengths (L0) of all cantilever beams 
were 12 µm and the widths (W) were 2 µm, with an equilateral 

triangular cross-section. To avoid the indenter offset during loading, 
a 1.5 × 1.2 × 0.5 µm pit was fabricated at the lower pressing end of 
the sample to restrain the indenter. The micro-bending tests were 
performed on a nanoindentation system (Hysitron TI 950). The de
flection rate at the free end was 10 nm/s, and the downward dis
placement was 2 µm. Subsequently, the TEM samples were 
fabricated from the root of the deformed micro-cantilevers by the 
FIB instrument. The microstructure was characterized, employing 
TEM (JSM-F200), operating at 200 kV. 

3. Result and discussion 

The CoCrFeNi HEA only contains a single phase (Fig. 1a). The 
experimental result was in good agreement with the previous re
ports [30]. After adding boron, borides were formed in the CoCr
FeNiB0.3 HEA (Fig. 1b). As shown in Table 1, the content of boron was 
0.3104 at% in the CoCrFeNiB0.3 matrix (a red rectangular box), which 
indicates that boron was dissolved in the form of interstitial atoms. 
By contrast, there was almost no presence of boron in the matrix of 
the CoCrFeNiB0.3 dendrite (a blue rectangular box). Fig. 1(c-f) show 
that the matrix is the FCC phase, and the boride is Cr2B, which was 
observed by transmission electron microscopy (JSM-F200, TEM) [31]. 

Fig. 2(a) is the representative SEM image of a micro-cantilever 
beam with an equilateral triangular cross section. As shown in  
Fig. 1(a-b), the green, red, and blue rectangular boxes represent the 
selected sample positions corresponding to the sample that does not 
contain boron (green), contains the boron in forms of the interstitial 
solid solution (red) and precipitates (blue), respectively. The corre
sponding load-displacement curves were obtained as shown in  
Fig. 2(b). The yield strengths of the micro-cantilever beams were 
calculated from the load versus displacement data, using standard 
slender beam equations [Fig. 2(b), see the Supplementary Materials 
for more details]. The yield strengths of the CoCrFeNi HEA, CoCr
FeNiB0.3 matrix and dendrite were 230, 330, and 405 MPa, respec
tively. For the CoCrFeNi HEA, the obvious fluctuation can be found in 
the curve, which could be attributed to the dislocation slip [32]. By 
contrast, the fluctuations of curves corresponding to the CoCr
FeNiB0.3 matrix and dendrite were very slight, because boron atoms 
pin the dislocation, and the precipitates hinder the dislocation 

Fig. 1. (a) and (b) Backscattered electron images of the CoCrFeNi HEA and CoCrFeNiB0.3 HEA. (c) TEM image of the CoCrFeNiB0.3 HEA. (d-f) The corresponding selected area 
electron diffraction patterns of FCC and Cr2B in CoCrFeNi and CoCrFeNiB0.3 HEAs. 
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movement. Subsequently, the strengthening mechanism of CoCr
FeNiB0.3 HEA, including the precipitation strengthening and solid 
solution strengthening was investigated. Compared with CoCrFeNi 
HEA, the yield strength of CoCrFeNiB0.3 matrix and dendrite were 
enhanced by the interstitial solid solution strengthening and pre
cipitation strengthening, and the corresponding values were 
100 MPa and 175 MPa, respectively. Since the micro-cantilever beam 
was obtained on one grain, the effect of grain size on strength was 
not discussed in this study. 

Fig. 3 shows the deformation mechanisms of the CoCrFeNi HEA 
during the micro-cantilever-bending tests. A large number of dis
location lines were seen in the deformed CoCrFeNi HEA [Fig. 3(a)]. A 
small number of deformation twins were activated in some areas, as 
presented in Fig. 3(b). The experimental results were consistent with 
those of other FCC HEAs [33]. Fig. 3(c) shows the HRTEM and FFT 
patterns corresponding to the rectangular box in Fig. 3(b). The dark 
fringes were identified as the deformation twins. Fig. 3(d) indicates 
that the deformation twins occurred on the (111) plane, which were 
(111)[211] type. In FCC metals with the low SFE, the dissociation of a 
1/2  <  110  >  perfect dislocation into a pair of 1/6  <  112  >  Shockley 
partial dislocation in the {111} close-packed plane results in an in
trinsic stacking fault. This process was repeated on successive {111} 
planes, thus forming a twin structure [34]. However, compared with 
the dislocations, the content of deformation twins and SFs was very 
small. Thus, the dislocation slip is the dominant deformation me
chanism of the CoCrFeNi HEA. 

Fig. 4 shows the deformation mechanisms of the CoCrFeNiB0.3 
matrix and dendrite during the micro-cantilever bending tests. After 
adding boron, the deformation mechanism of the CoCrFeNiB0.3 HEA 
is obviously different from that of the CoCrFeNi HEA. Fig. 4(a) and 
the inset show that numerous deformation twins were activated in 
the CoCrFeNiB0.3 matrix, which were much larger than that in the 
CoCrFeNi HEA (Fig. 3). Fig. 4(b) is an enlarged image corresponding 
to the red rectangular box in Fig. 4(a). The interaction between the 
deformation twins and SFs can also be found in Fig. 4(b). After 
adding boron to the CoCrFeNi HEA, the dominant deformation me
chanism of the CoCrFeNiB0.3 matrix was transformed from the 
dislocation slip to deformation twins. 

Fig. 4(c-d) show the deformation mechanisms of the CoCr
FeNiB0.3 dendrite, and some borides can be observed in Fig. 4(c). The 

microstructure near the borides was further magnified (to better 
investigate the mechanism), as demonstrated in Fig. 4(d). The dis
location accumulation could be observed in the vicinity of borides, 
indicating that the dislocation movement was hindered by borides. 
Thus, the dominant deformation mechanism of the CoCrFeNiB0.3 
dendrite mechanism is the dislocation slip. 

The results indicate that adding boron to the CoCrFeNi HEA sig
nificantly affected the deformation mechanism, which can be at
tributed to the change of the SFE. To characterize the SFE of HEAs, we 
measured the width of SF in the CoCrFeNi HEA, CoCrFeNiB0.3 matrix 
and dendrite by HRTEM. Fig. 5 shows the typical microstructure of 
the SF formed by the dissociation of a full dislocation. The type of full 
dislocations was determined by drawing the Burgers circuits around 
entire SFs. The close failure of the Burgers circuit was measured to be 
a/4[211], which presented the projection vector of the Burgers vector 
of the full dislocation to form the SF by dissociation [29]. The re
lationship between the SFE and SF width can be expressed as fol
lows [35]: 

= b b
d

G ·
2

1 2

where G is the shear modulus, is the stacking fault energy, b1 and 
b2 are Burgers vectors of two partial dislocations, d is the width of SF. 
According to the formula, the SF width is inversely proportional to 
the SFE. The corresponding SF widths of the CoCrFeNi HEA and the 
CoCrFeNiB0.3 matrix and dendrite were approximately 4.3 nm, 
6.9 nm, and 1.5 nm, respectively. Thus, the order of SFE was as fol
lows: CoCrFeNiB0.3 dendrite >  CoCrFeNi HEA >  CoCrFeNiB0.3 
matrix. 

For the CoCrFeNi HEA, numerous dislocation lines were gener
ated after deformation, indicating that the dominant deformation 
mechanism was dislocation slip [Fig. 3(a)]. Since the CoCrFeNi HEA 
with an FCC structure had a low SFE, a small number of deformation 
twins were activated, as shown in Fig. 3(b) and (c) [36]. A basic 
principle of this behavior is that the perfect dislocations are dis
sociated into the Shockley partials and formed SFs. Then, the SFs 
formed in the same way on same adjacent slip planes were dyna
mically superimposed to the previous SFs one by one. Eventually, the 
SFs were superimposed to form the deformation twins. Similar 

Table 1 
Chemical compositions (at%) of different regions in CoCrFeNi and CoCrFeNiB0.3 HEAs.         

Alloys Regions Co Cr Fe Ni B  

CoCrFeNi HEA Matrix  25.3732  24.5609  25.7164  24.3494  0 
CoCrFeNiB0.3 

HEA 
Matrix  25.0057  22.1752  26.8200  25.5939 0.3104 
Matrix of Dendrite  25.1337  24.3881  26.775  25.4661 0.073 

Fig. 2. (a) Representative SEM image of a micro-cantilever beam with an equilateral triangular cross section. (b) Load-displacement curves of micro-cantilever beams of CoCrFeNi 
and CoCrFeNiB0.3 HEAs. 
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Fig. 3. Deformation mechanisms of the CoCrFeNi HEA during the micro-cantilever bending tests. (a) Dislocation structures after deformation. (b) Bright field image and cor
responding dark-field image of the deformation twins. (c) and (d) Representative high resolution transmission electron microscopy (HRTEM) and inverse fast Fourier transform 
(IFFT) images of the deformation twins, (the inset is the corresponding fast Fourier transform (FFT)). 

Fig. 4. Deformation mechanisms of the CoCrFeNiB0.3 matrix and dendrite during the micro-cantilever-bending tests. (a) Bright field image of the CoCrFeNiB0.3 matrix with a 
selected area electron diffraction pattern as the inset image, showing many deformation twins. (b) Interaction between the deformation twins and the stacking faults in the 
CoCrFeNiB0.3 matrix. (c) Bright-field image of the CoCrFeNiB0.3 dendrite. (d) Interaction between the dislocations and precipitates in the CoCrFeNiB0.3 dendrite. 
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phenomena have been found in other HEAs with an FCC struc
ture [37–41]. 

Compared with the CoCrFeNi HEA, the deformation twins of the 
CoCrFeNiB0.3 matrix increased significantly, indicating that the 
dominant deformation mechanism is the deformation twins (Fig. 4). 
Yamakov et al. found that the twinning ability increased with the 
decrease of SFE. Alloys with lower SFE have a better deformation 
twining ability [42]. In this study, the SFE of the CoCrFeNiB0.3 matrix 
was obviously lower than that of the CoCrFeNi HEA. Regarding the 
specific reasons for the decrease of SFE in alloys, Mishra et.al claimed 
that the high lattice distortion might decrease the SFE [43]. Ac
cording to the X-ray diffraction (XRD) results (see the Supplemen
tary Materials for more details), the solid solution of boron in the 
matrix increased the lattice distortion, thus reducing the SFE in the 
CoCrFeNiB0.3 matrix. In terms of the effect of boron on the SFE of 
alloys, Shi et al. found that the trace boron doping could lead to the 
decrease of the SFE in CoCrNi alloys, thereby generating more SFs as 
new embryos within the deformation twins with increasing the 
strain [44]. 

When boron existed in the form of borides, the dominant de
formation mechanism transformed from deformation twins to dis
location slip (Fig. 4), which was mainly attributed to the increase of 
SFE (Fig. 5). Similarly, according to the SF width in Fig. 5, it can be 
found that the SFE of the CoCrFeNiB0.3 dendrite was higher than 
that of the CoCrFeNi HEA, which indicates that the formation of large 
numbers of borides can increase the SFE. According to the experi
mental results and density functional theory (DFT) calculations, Ni 
has a very high SFE of ~150 mJ/m2 [45]. Adding Co, Cr, or Fe to Ni can 
decrease its SFE. Cr has the strongest effect on SFE, followed by Co, 
and Fe presents the weakest effect [45]. For the current CoCrFeNi 
HEA, Ni was regarded as a solvent. Thus, the SFE of CoCrFeNi HEA 
was ~30 mJ/m2 [36]. According to the differences in the chemical 
compositions of Cr in the CoCrFeNi HEA and CoCrFeNiB0.3 dendrite 
listed in Table 1, the loss of Cr in the matrix, accompanied by the 
formation of Cr2B, led to a relatively-higher SFE of the CoCrFeNiB0.3 
dendrite than the CoCrFeNi HEA. The increase of the SFE inhibited 
the formation of the deformation twins and promoted the rate of 
dislocation cross-slip or climb. When the dislocations encountered 
the borides during slip, dislocation accumulation occurred near the 
borides (Fig. 4). 

4. Conclusion 

In summary, the present work demonstrates that the existing 
form of boron has a significant effect on the deformation mechanism 
of the FCC HEAs by varying the SFE. The dominant deformation 
mechanism of CoCrFeNi HEAs is dislocation slip. When boron atoms 
were interstitials of solid solutions, large lattice distortion was 
produced, reducing the SFE of CoCrFeNi HEAs, thereby leading to the 
transformation of the deformation mechanism from dislocation slip 
to deformation twins. When Cr2B was formed, Cr2B reduced the 
content of Cr in the matrix, thus increasing the SFE of the matrix and 
resulting in the transformation of deformation mechanism from the 
deformation twin to dislocation slip. These discoveries may tune the 
deformation mechanism of FCC HEAs via interstitial atom doping, as 
well as provides new insights for designing HEAs. 
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