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A B S T R A C T

A novel designed Ni48Co33Cr9Mo4W6 multi-principal element alloy (MPEA) with single face-centered cubic (FCC) 
solid-solution phase was fabricated by casting, homogenization, cold rolling, and various post deformation 
annealing (PDA) heat treatments. The single-phase FCC structured samples with homogeneous grains exhibited 
average grain sizes ranging from ~1.4 to ~47.8 μm. In addition, a single-phase FCC structured heterogeneous 
sample consisting of partially un-recrystallized region (~47.1 vol%) and fully recrystallized region (~52.9 vol%) 
was also achieved. Among all the samples with homogeneous grains, the sample processed using PDA treatment 
at 900 ◦C for 3 min (named as PDA900-3min) showed an average grain size of ~1.4 μm, displaying the best 
mechanical properties. In detail, it exhibited a yield strength of ~811 MPa and a total elongation of ~40.2 % at 
ambient temperature (298 K), and these values were increased to ~1085 MPa and ~42.7 % at LN2 (77 K) 
temperature. Due to heterogeneous deformation induced (HDI) strengthening, the hetero-structured sample 
(named as PDA900-90s) present markedly higher strength and slightly lower ductility in comparison with the 
PDA900-3min sample at 298 K and 77 K. These two samples demonstrated synergetic improvement of strength 
and ductility through Mo/W co-doping and PDA heat treatments both at ambient and LN2 temperatures, 
attributing to solid solution strengthening and grain boundary strengthening, as well as heterogeneous defor
mation induced (HDI) strengthening. Additionally, Mo/W co-doping, reduces the stacking fault energy (SFE) of 
the alloy, facilitates the generation of stacking faults (SFs) and twins, which is prone to maintaining the higher 
work hardening rate. Therefore, our work suggests that Mo and W co-doping is an effective strategy for achieving 
enhanced strength-ductility synergy in FCC structured MPEAs.   

1. Introduction

Recently, multi-principal element alloys (MPEAs) have garnered
considerable attention from researchers due to their remarkable me
chanical properties, which can be achieved through careful regulation of 
composition and utilization of various processing methods [1–4]. 
Among the reported MPEAs, those with face-center cubic (FCC) struc
tures provide broad range of opportunities to achieve the synergetic 
enhancement of strength and ductility [5–8], in comparison with the 
ones with body-center cubic (BCC) and hexagonal close-packed (HCP) 
structures. However, relatively low yield strength of FCC MPEAs limits 
their engineering applications. 

To enhance the strength of FCC MPEAs, several approaches have 
been exploited. The typical strengthening mechanisms provide diversi
fied methods for strengthening FCC structured alloys, including 

introduction of nano-sized precipitates, solid solution strengthening 
induced by doping minor other elements, and grain boundary 
strengthening [9–11]. In terms of single-phase FCC alloys, solid solution 
strengthening and grain boundary strengthening are typically applied 
simultaneously. He et al. [12] reported that minor additions of Al and Ti 
elements to the Ni2CoCrFe matrix induced an increased degree of 
short-range ordering (SRO), enhancing the resistance to dislocation 
motion, leading to excellent work-hardening ability. Accordingly, 
enhanced strength and ductility were obtained. Additionally, Li et al. 
[13] utilized a misfit-volume-maximization strategy to improve ultimate
tensile strength without significant sacrifice in ductility. As such, the
binary single-phase FCC structured Ni–Mo20 alloy was designed with
superb strength (1.05 GPa) and good ductility (37 %) by restricting the
motion of dislocation through volume misfit and grain boundary.
Nevertheless, it should be noted that the excessive addition of solute
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The cast ingots in this work were fabricated by electric arc-melting 

under the high purity argon atmosphere with the nominal composition 
of Ni48Co33Cr9Mo4W6, then these ingots were processed into cubic with 
the dimension of 60 × 30 × 7.5 mm3 by electric discharged machine 
(EDM). The as-cast samples were homogenized at 1200 ◦C for 6 h in a 
tubular heat treatment furnace under a flowing argon gas environment 
(denoted as Homo). After cold rolling process with a 80 % total reduc
tion (from 7.5 to 1.5 mm), the sample was annealed through an electric- 
resistant furnace at 900 ◦C for 90 s, 3 min, 15 min, at 950 ◦C, 975 ◦C, 
1000 ◦C, 1100 ◦C, 1200 ◦C for 15 min, at 1200 ◦C for 1 h, which defined 
as PDA900-90s, PDA900-3min, PDA900-15min, PDA950-15mn, 
PDA975-15min, PDA1000-15min, PDA1200-15min and PDA1200-1h, 
respectively. The calculation of phase diagram (CALPHAD) was con
ducted by Thermo-Calc using the TECH6 database. 

2.2. Tensile test 

The flat dog-bone-shaped specimens used for tensile test were 
fabricated by EDM with a gauge length of 10 mm, a width of 3 mm, and 
the thickness is 1.2 mm. All samples were polished with SiC abrasive 
paper from 180# to 2000# to remove the surface defects. These tensile 
tests at ambient temperature (298 K) and cryogenic temperature (77 K) 
were conducted by universal testing machine (MTS) with the strain rate 
of 10 3 s 1 under the control of a mechanical extensometer. Three 
samples for each test were prepared to ensure data accuracy. 

2.3. Microstructure characterization 

The phase constitution was identified by X-ray diffraction (XRD) 
with Cu Kɑ radiation at the speed of 6◦/min from 20◦ to 100◦. The back- 
scattered electron images (BSE) were conducted by Phenom X1, and the 
microstructure evolution was investigated through electron back- 
scattered diffraction (EBSD) and electron channeling contrast imaging 
(ECCI) equipped on a field emission scanning electron microscope (FE- 
SEM). Detailed microstructures were explored by transmission electron 
microscopy (TEM) coupled with energy dispersive X-ray spectroscopy 
(EDS). The samples used for BSE, EBSD, and ECCI were prepared by 
electrochemical polished with a solution (HClO4:C2H6O = 1:9 vol%) at 
298 K with the voltage of 24 V. And the thin foils needed by TEM were 
grid to 80 μm by 2000# SiC abrasive paper. Subsequently, an automatic 
twin-jet electro-polisher and ion-polishing system (PIPS, Gatan 695) 
were applied to get required samples. 

3. Results

3.1. Phase constitutions

XRD and CALPHAD analyses were carried out to confirm the exis
tence of single FCC phase in the Ni48Co33Cr9Mo4W6 MPEA samples. The 
XRD patterns of the selected samples are shown in Fig. 1(a). The 2θ 
degree of diffraction peaks correspond to the FCC structure, and their 
primary diffraction peaks are (111) plane. In addition, the XRD patterns 
also indicate that the phase constitution is identical among different 
samples. The lattice constant of the studied MPEA is measured to be 
~3.592 Å based on the XRD patterns. 

Additionally, the phase diagram of the studied MPEA is provided in 
Fig. 1(b). Clearly, the MPEA exhibits a single FCC structure over a wide 
temperature range, i.e., from 767 to 1392 ◦C, which is consistent with 
the XRD results. It suggests that the chosen heat treatment temperatures 
(ranging from 900 to 1200 ◦C) are within the single FCC phase range. 
The other phases mentioned in the calculated phase diagram are un
likely to form during the process due to insufficient nucleation condi
tions induced by the water quenching process. 

3.2. Microstructure 

To ascertain the phase constitution and microstructure, BSE images 

atoms may lead to the formation of undesired precipitates, which can 
significantly reduce ductility [14,15]. Additionally, noticeable reduc-
tion in ductility often occurs when the grain size of alloys refined to 
lower than 1 μm [16]. 

A phenomenon known as heterogeneous deformation induced (HDI) 
strengthening [17,18], has been accepted that heterogeneous structure 
could lead to higher strength with acceptable ductility [19]. Typically, 
dual-phase structured alloys possess outstanding strengths attributed to 
the hetero-deformation of the soft and hard phases. Jiang et al. [2] 
constructed a fibrous heterogeneous structure through casting, dis-
playing fibers-like FCC phase which was wrapped with shell-like or-
dered BCC phase. With a true strain of 3.5 %, a high-density dislocation 
was detected in the fiber-like FCC phase and FCC/B2 interface, con-
firming the HDI strengthening effect during the deformation process. 
Additionally, HCP phases can also serve as hard phases to impede the 
motion of dislocation within the soft FCC matrix. Zhou et al. [20] ach-
ieved synergetic improvement of strength and elongation in the 
Fe50Mn30Co10Cr10 HEA through ultra-fast annealing-deep cryogenic 
treatment-tempering method. The nano-scale needle-like HCP phase 
formed during the deep cryogenic treatment contributed to the higher 
strength without sacrificing ductility. For single-phase FCC alloys, the 
uncrystallized region with severe residual stress, and the region with 
finer grain size and higher strength can also play a similar role during 
deformation as the hard phase mentioned above. Slone et al. [21] 
explored the influence of residual deformation structure and 
multi-modal grain size distribution on the strength of CrCoNi alloy, 
confirming that partially recrystallized region acted as hard inclusions 
during deformation. Therefore, the HDI strengthening induced by 
inhomogeneous deformation leaded to better mechanical properties 
compared to the sole grain boundary strengthening. Meanwhile, several 
studies have shown that the combination of heterogeneous structure, 
solid solution strengthening and grain boundary strengthening is an 
effective method to enhance the strength-ductility synergy in 
single-phase FCC alloys [22,23]. In addition, as is known to all, FCC 
alloys, usually possess appealing mechanical properties at cryogenic 
temperatures due to the conjugated mechanisms of planar slip, stacking 
faults, and deformation-induced twinning [24–28]. Unfortunately, there 
have been few reports on the differences in strengthening and defor-
mation mechanisms between heterogeneous and homogeneous struc-
tured FCC MPEAs at both cryogenic and ambient temperatures [29], and 
therefore the underlying mechanisms remains unclearly. 

Therefore, on the basis of the above-mentioned discussion, we 
designed a novel Ni48Co33Cr9Mo4W6 MPEA based on the equi-atomic 
CoCrNi MPEA [30]. In detail, the concentration of Ni element was 
creased to realize higher solubility of Mo and W elements, which would 
be in favor of achieving a proper combination of solid solution 
strengthening and grain boundary strengthening. The addition of Mo 
and W elements can also reduce stacking fault energy (SFE) of the alloy 
[31,32], which would facilitate the occurrence of annealing twins, 
stacking faults (SFs) and deformation twins (DTs), giving rise to achieve 
a higher work hardening rate. The Ni48Co33Cr9Mo4W6 MPEA was first 
prepared by casting, homogenization, and PDA heat treatments. Finally, 
various grain sizes were achieved in the homogeneous structured sam-
ples, and a heterogeneous structured sample comprising partially 
un-recrystallized region and fully recrystallized grains was also ob-
tained. Mechanical tests and microstructural characterizations have 
been employed to understand the influence of temperature on the 
strengthening and deformation mechanisms between 
heterogeneous-structured and homogeneous-structured samples, ulti-
mately achieving synergistic improvements in strength and ductility. 

2. Methods

2.1. Materials



of the selected samples are shown in Fig. 2, while the others are provided 
in Fig. S1. The Homo sample (Fig. 2(a)) exhibits a large grain size 
without any precipitates in the grains or grain boundaries. After un
dergoing cold rolling and annealing treatment, the samples exhibit 

typically equiaxed grains (Fig. 2(b)–(e)), revealing a recrystallized 
microstructure with no observable precipitates. Notably, there is a 
prominent gradual increase in grain size with increasing annealing 
temperature. Fig. 2(f) stitched together from several BSE images 

Fig. 1. (a) XRD patterns of the selected samples; (b) Calculated phase diagram of the studied alloy.  

Fig. 2. BSE images of the samples after different treatments. (a) Homo; (b) PDA900-3min; (c) PDA900-15min; (d) PDA1000-15min; (e) PDA1200-15min; (f) 
PDA900-90s. 



are quite limited, and accordingly the estimated volume fractions are 
not reliable. Thus, the volume fractions of the recrystallized region and 
un-recrystallized region were taken from the BSE images. 

Microstructural evolution of the fully recrystallized samples is 
depicted in Fig. 6. As observed in the orientation map, the average grain 
size of the MPEA gradually increased from ~1.4 to ~47.8 μm with the 
increasing of annealing time and temperatures. IPF maps of other 
recrystallized samples are shown in Fig. S2, and the grain size distri
bution map concluded from the EBSD results is exhibited in Fig. S3. In 
the meantime, specific values of grain sizes for different samples are 
listed in Table 2. In addition to the variation in average grain size, the 
standard deviation of grain size follows a similar trend, which is 
consistent with observations reported in FCC alloys subjected to the 
similar process [33,34]. 

3.3. Mechanical properties 

Fig. 7 displays the tensile properties of the alloys at 298 K and 77 K, 
with the yield strength (σy), ultimate tensile strength (σuts), and total 
elongation (εte) are listed in Table 2. At 298 K, the PDA900-90s sample 
possesses the highest strength, with a σy of ~1083 MPa, a σuts of ~1247 
MPa, and a εte of ~24.2 %, respectively. Meanwhile, for the recrystal
lized samples, the strength decreases (σy: from ~811 MPa to ~359 MPa, 
σuts: from ~1131 MPa to ~836 MPa) with longer annealing time and 
higher annealing temperatures, while the ductility exhibits the opposite 
trend, i.e., εte is increased from ~40.2 % to ~64.3 %. Additionally, the 
engineering tensile stress-strain curves of the other recrystallized sam
ples are shown in Fig. S4. There is an evident relation between the 
mechanical strength and average grain sizes, which will be discussed 
hereinafter. Overall, the mechanical strength of this MPEA has been 
significantly enhanced by cold rolling and PDA annealing treatments 
compared to the Homo sample (σy: ~252 MPa, σuts: ~546 MPa, εte: 
~60.3 %). 

It is worth noting that there is a yield platform in the engineering 

Fig. 3. (a) BF-TEM image of PDA900-90s with SAED patterns taken along [011] corresponding to the recrystallized region; (b–d) HR-TEM images of the un- 
recrystallized region and corresponding FFT patterns of the selected region; (e) BF-TEM image of PDA900-15min with SAED patterns taken along [011]; (f) HR- 
TEM of PDA900-15min and corresponding FFT pattern. 

illustrates the microstructure of PDA900-90s sample, revealing a het-
erogeneous structure attributed to the inhomogeneity of the recrystal-
lization process. This sample contains fully recrystallized region 
(marked by the orange rectangular) and un-recrystallized region 
(marked by the yellow rectangular), and their volume fractions are 
estimated to be ~47.1 vol% and ~52.9 vol%, respectively. 

TEM images of PDA900-90s and PDA900-15min samples are shown 
in Fig. 3. The PDA900-90s sample consists of un-recrystallized regions 
and recrystallized regions with annealing twins (Fig. 3(a2)), while the 
SAED pattern (Fig. 3(a1)) along [011] zone axis confirms the disordered 
FCC structure of the MPEA. Additionally, high-magnification BF-TEM 
image and HRTEM images with corresponding FFT patterns in Fig. 3(b)– 
(d) indicate the presence of defects, i.e., high-density dislocations, twins, 
and stacking faults (marked by the white rectangular) in the un- 
recrystallized region. The BF-TEM image and SAED patterns of 
PDA900-15min are shown in Fig. 3(e), confirming the presence of the 
same disordered FCC structure and annealing twins. In Fig. 3(f), the 
HRTEM images and FFT patterns demonstrate that no evident defects 
exist in the fully recrystallized grain.

The compositional analysis of PDA900-15min sample using the EDS/ 
TEM (Fig. 4) indicates that no evident elemental segregation is observed, 
confirming this sample has a single FCC structured solid-solution phase. 
The nominal and experimental compositions of the MEPA are listed in 
Table 1, suggesting that they have almost identical compositions. 

EBSD results of the PDA900-90s are depicted in Fig. 5. The inverse 
pole figure (IPF) map indicates the coexistence of recrystallized region 
and un-recrystallized region. Clearly, the recrystallized region is 
composed of equiaxed grains with abundant annealing twins. Addi-
tionally, the kernel average misorientation (KAM) map reveals higher 
misorientation in the un-recrystallized region, suggesting the accumu-
lation of high-density geometrically necessary dislocations (GNDs) in 
this area. The grain orientation spread (GOS) map reveals that the vol-
ume fractions of the recrystallized region and un-recrystallized region 
are ~79 vol% and ~21 vol%, respectively. Note that the EBSD images 



tensile stress-strain curves of the PDA900-15min sample, inducing an 
up-turn in the corresponding work-hardening rate curve. This phe
nomenon was also observed in deformation-twin-strengthened CoCrNi 
medium-entropy alloy [35] and precipitate-strengthened superalloys 
[36], which have been shown to maintain a higher work-hardening rate 

and improved ductility [37,38]. As for the other samples, the 
work-hardening rate curves present similar tendency, which steeply 
drops within the elastoplastic transition stage, and then slowly decreases 
as the plastic deformation further increases, and finally deteriorates 
drastically to fracture. 

At 77 K, the selected samples show enhanced mechanical properties 
with synergetic improvement of strength and ductility. In addition to 
significant increases in ductility, the values of σy are also enhanced 
noticeably, i.e., from ~1083 MPa to ~1407 MPa for PDA900-90s, from 
~811 MPa to ~1085 MPa for PDA900-3min, from ~682 MPa to ~880 
MPa for PDA900-15min, from ~420 MPa to ~692 MPa for PDA1000- 
15min, from ~359 MPa to ~573 MPa for PDA1200-15min. Note that 
the enhancement of PDA1000-15min and PDA1200-15min samples 

Fig. 4. (a) HAADF image of PDA900-15min and (b–f) EDS element mapping of the MPEA with the element of Ni, Co, Cr, Mo, W.  

Table 1 
Nominal and experimental compositions of this alloy (in at. %).   

Ni Co Cr Mo W 

Nominal 48 33 9 4 6 
Experimental 48.4 ±

0.32 
33.50 ±
0.48 

8.61 ±
0.27 

4.13 ±
0.21 

5.33 ±
0.57  

Fig. 5. EBSD analysis of PDA900-90s with recrystallized and un-recrystallized region: (a) IPF map; (b) KAM map; (c) GOS map.  



exceeds 50 %. The corresponding work-hardening rate curves shown in 
Fig. 7(d), suggests that the work-hardening rate could be significantly 
improved at lower temperature, ascribing to the existence of deforma
tion twins. 

4. Discussion

4.1. Strengthening mechanisms

At ambient temperature, the current MPEA achieved the synergetic 
improvement of strength and ductility through appropriate treatment. 
The selected PDA900-90s, PDA900-3min and PDA900-15min samples 
possess excellent strength compared with the reported single FCC 
structure MPEAs at 298K, as shown in Fig. 8(a). Compare to the equi- 
atomic CoCrNi base alloy with the mean grain size of ~1.26 μm [39], 
the PDA900-3min (mean grain size: ~1.4 μm) sample showed remark
able improvement in yield strength (from ~420 MPa to ~811 MPa), 
maintaining a good ductility of ~40.2 %. In addition, for most 
single-phase alloys, the optimum grain size served as a valid indicator to 
analyze the strength-ductility combination [16], which indexed by: εte 

× (σy +σuts)/2. During the process of plastic deformation, the GNDs 
accumulated at grain boundary and interior, introducing plastic strain 
gradient in these regions, which contributes to achieving extreme effects 
of grain-boundary strengthening. Thus, the optimum grain size could be 
considered as the critical value to achieve the strength-ductility com
bination through grain-boundary strengthening. Relevant data is plotted 
in Fig. 9(a), the optimum grain size of this MPEA is ~2.9 μm 
(PDA900-15min). 

As for the studied MPEA with homogenous equiaxed grains, the yield 
strength consists of intrinsic lattice resistance to dis-location motion (σi), 
solid-solution strengthening (σss), and grain-boundary strengthening 
(σgb), expressed as follows: 

σy = σi + σss + σgb (1) 

To further reveal the strengthening mechanism of this MPEA, the 
Hall-Petch equation was concluded from Table 2: 

σy = σo + kHP • d− 1/2 (2)  

where σo is the sum of σi and σss (indicating the lattice friction stress in 
MPEAs), kHP is the Hall-Petch coefficient (MPa/μm1/2), and d is the 
average grain size (μm). In Fig. 9(b)–a linear relationship is observed, 
and the slope and intercept are calculated to be ~261 MPa and ~676 
MPa/μm1/2, respectively. Thus, the sum of σi and σss is ~261 MPa, and 
the kHP is ~676 MPa/μm1/2. Additionally, the dependence of yield 
strength on the grain size of this alloy is satisfactory among the other 
alloys, as shown in Fig. 9(c). 

The lattice distortion induced by atomic volume misfit effectively 
hindered the dislocation motion, contributing to the higher solid- 
solution strength. According to the previous study [13], the contribu
tion of the volume misfit to strengthening can be estimated by δ 
parameter [40–44]: 

δ=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅∑
ncnΔV2

n

√

3Valloy
(3)  

where cn refers to the concentration of composition, ΔVn = Vn -Valloy is 
the misfit volume of each type-n constituent element, Vn is the apparent 

Fig. 6. IPF maps of the samples: (a) PDA900-3min; (b) PDA900-15min; (c) PDA1000-15min; (d) PDA1200-15min.  

Table 2 
Average grain size and mechanical properties of the samples at 298 K and 77 K.  

Samples Temperature 
(K) 

Yield 
Strength 
(MPa) 

Ultimate 
Tensile 
Strength 
(MPa) 

Total 
Elongation 
(%) 

Average 
Grain 
Size (μm) 

PDA900- 
90s 

298 1083 1247 24.2 1.4 
77 1407 1699 30.6 

PDA900- 
3min 

298 811 1131 40.2 1.4 
77 1085 1620 42.7 

PDA900- 
15min 

298 682 1063 50.4 2.9 
77 880 1535 62.3 

PDA1000- 
15min 

298 420 929 60.6 19.0 
77 692 1405 68.7 

PDA1200- 
15min 

298 359 859 65.5 34.9 
77 573 1270 80.8 

Homo 298 252 546 60.3 – 
77 413 848 71.3 –  



volume of elements in FCC-structured alloy, Valloy =
∑

ncn⋅Vn is the alloy 
atomic volume, and the required apparent volume of elements (Vn) are 
as follows: Ni ~10.94, Co ~11.12, Cr ~12.27, Mo ~16.04, W ~16.46 
(Å3) [13,45]. Compared with the reported FCC structured alloy, i.e., 
Ni63.2V36.8 ~3.834, NiCo ~0.272, NiCoV ~3.647, NiCoCr ~1.716, 
CoCrFeNi ~1.672, CoCrFeMnNi ~1.850 [42], this MPEA presents se
vere volume misfit of ~4.458, ascribing to the addition of Mo and W 
elements. Hence, the method developed by Labusch could be used to 
calculate the value of solid-solution strengthening [46–48]: 

Δσs =M •
G • ε2/3

s • c1/2

700
(4)  

G=
E

2(1 + μ) (5)  

Wherein M is the Taylor factor (constant for FCC-structure alloy: 3.06), 
G is the shear modulus obtained from Poisson’s ratio v (0.3 for NiCoCr 
system [49]) and shear modulus E (212 GPa for this alloy), c refers to the 
concentration of the solute in this alloy (Cr, Mo, W elements), ℇs is the 
parameter to access the size and modulus misfit around the solute atoms, 
as follows: 

εs =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

ε2
G + α2ε2

a

√

(6)  

εG =
1
G
•

∂G
∂c

; εa =
1
a
•

∂a
∂c

(7)  

where ɑ serves as a dimensionless parameter that accounts for the dif
ference in the interaction forces between the screw (ɑ = 3) and edge (ɑ
= 16) dislocations [50]. Furthermore, ℇa and ℇG, the change of lattice
constant and modulus induced by the addition of solute atoms, could be 
assumed by the linear relationship between NiCo (3.534, 84) [49] and 
this alloy (3.592, 84) since the σss of this alloy is 64 MPa (screw dislo
cation dominate) and 197 MPa (edge dislocation dominate). The solid 
solution strength of the MPEA located in this interval, attributing to the 
coexistence of screw and edge dislocations. The proportion of disloca
tion type cannot be accurately measured, thus the strength contribution 
induced by volume misfit integrates into the lattice friction stress (σo). 
Furthermore, the relationship between the atomic radius differences of 
the alloy and the dominant dislocation type was proposed by Li et, al 
[13]. The difference in atomic volume breaks the spherical symmetry of 
the stress field introduced by solute atoms addition, allowing screw 
dislocations to play a leading role in strengthening during the defor
mation process. This theory explained the correlation between the se
vere volume misfit induced by solutes and the deviation of σss to a 
certain extent. Additionally, it has been reported that Mo/W addition 
introduced brittle intermetallic compounds at grain boundaries which 
devastate the ductility [31,51]. Whereas in this work, Mo and W ele
ments dissolved into the matrix through component regulation and 
proper homogenization treatment. Thus, this alloy finally achieved 
effective solid-solution strengthening. 

Differing from the samples with equiaxed grains, the hetero- 
structured sample displays higher strength owing to the HDI strength

Fig. 7. Engineering tensile stress-strain curves of the selected samples: (a) at 298 K; (c) at 77 K. And the work-hardening rate curves (b) at 298 K; (d) at 77 K.  



ening induced by the inhomogeneous plastic deformation [52,53]. To 
further evaluate the strengthening mechanism of the hetero-structured 
sample, the loading-unloading-reloading (LUR) cyclic tensile test was 
conducted to analyze the back stress (σb) quantitatively [54]. Fig. 10(a) 
shows the LUR curve of PDA900-90s sample, and the hysteresis loop in 
the second load displayed in Fig. 10(b) illustrates the calculation method 
as follows: 

σb =
σu + σr

2
(8)  

σeff = σflow σb (9)  

where σflow is the flow stress, σeff is the non-directional short-range local 
stress required for a dislocation to move, and σb refers to the directional 
long-range internal stress caused by the pile-up of GNDs [55], σup is 
reloading yield stress, σdown is unloading yield stress. The evolution of σb, 
σeff, and σflow are plotted in Fig. 10(c), the σb and σeff increased simul
taneously accompanied by increasing true strain, except for the sixth 
load. The proportion of the back stress is over 50 %, indicating the 
dominant role of the back stress in the strengthening mechanism. For 
this hetero-structured alloy, the HDI strengthening is another constitu
ent of engineering yield strength compared with the homo-structured 
alloy, expressed as follows: 

σy = σi + σss + σgb + σHDI (10)  

wherein the sum of σi and σss is 261 MPa, σb is calculated based on the 
first hysteresis loop near the yield point (~629 MPa), and σgb (~267 
MPa) is taken from the aforementioned Hall-Petch equation (grain size: 
~1.4 μm) with the volume fraction of the recrystallized region (~47.1 

%). It is to be further analyzed that the predicted yield strength (~1157 
MPa) slightly deviates from the experimental value (~1084 MPa), 
which could be primarily interpreted as a statistical error of the phase 
fraction and the grain size of the recrystallized region. 

The contribution of the yield strength can be divided into two parts, 
which are classified based on their temperature dependence. The 
temperature-independent part relates to the obstacles hindering the 
dislocation within a long range (>10 nm), indicating the grain/ 
annealing twin boundary of this MPEA. Additionally, the temperature- 
dependent part is considered as the lattice friction stress (σ0), reflect
ing the resistance of dislocation thermal activation within a short range 
(<10 nm), and the lattice friction stress is a manifestation of the solid 
solution strengthening effect. Hence, the cryogenic environment will 
have a significant impact on the solute-strengthening contribution of 
this MPEA [25,49,56,57]. 

To reveal the variation of the strengthening mechanism at 77 K, the 
Hall-Petch relation is concluded, plotted in Fig. 9(d). Wherein σ0 is 488 
MPa, and the Hall-Petch coefficient is 698 MPa/um1/2. Compared with 
the ambient temperature (298 K), the lattice friction stress increased due 
to higher thermal-activated energy at lower temperature, while a slight 
increase of the Hall-Petch coefficient is observed. 

As for the heterogeneous structure, the un-recrystallized region is 
considered as the long-range obstacle, serving as a thermal-independent 
part. Hence the effect of cryogenic temperature on the back stress will be 
slight. To elucidate this conclusion, the HDI stress should be departed 
from the yield strength at 77 K. Referring to Eq (5), the back stress could 
be given as: 

σHDI = σy σi σss σgb (11)  

Where the sum of σi and σss is lattice friction stress σ0 (488 MPa), and σgb 
is 279 MPa using the prediction method mentioned above. Thus, the HDI 
stress (77 K) is ~640 MPa, slightly higher than that of at 298 K (~629 
MPa), confirming that the HDI stress strengthening is thermal- 
independent. 

4.2. Deformation mechanisms 

Due to the Mo and W co-doping, the SFE of this alloy significantly 
decreased and facilitated the formation of annealing twins, SFs and DTs. 
Besides, the severe lattice distortion induced by the Mo and W addition 
promote the generation of screw dislocation and the cross-slip. The 
divergent deformation mechanisms mentioned above are conductive to 
maintaining higher work hardening rate. Thus, a detailed study was 
carried out to reveal the deformation mechanism at ambient and cryo
genic temperature. 

The deformation microstructure of PDA900-90s and PDA900-15min 
samples within different strains at 298K are displayed in Figs. 11 and 12, 
respectively. Regarding the PDA900-15min with equiaxed grains (in 
Fig. 11(a)–(d)), slip traces are observed in some grains at a strain of 
~1.5 %. With a higher strain of ~10 %, the increasing internal stress can 
activate cross-slip, indicating that the dislocations predominate plastic 
deformation at early stage. Moreover, more details could be revealed by 
TEM image after fracture. The interaction between the annealing twin 
boundary and the high-density dislocation shown in Fig. 11(e)–(f) 
manifests that the annealing twins can be considered as an obstacle to 
restrict the dislocation. While high-density dislocation piled up could 
stimulate the twin boundary to become a Frank-Read source [58], which 
is prone to maintaining work-hardening rates by propagating more 
dislocations. Apart from the dislocation cells, SFs and Lomer-Cottrell 
locks (L-C locks) are also identified in the same area, reducing the 
mean free path of dislocations slip, according to the HRTEM image and 
SAED pattern in Fig. 11(g)–(h). It could conclude that dislocations and 
SFs play a dominant role in the deformation process. 

Regarding PDA900-90s, this sample possesses higher strength due to 
the existing deformation structure in un-recrystallized region. In Fig. 12 

Fig. 8. Comparison of the engineering yield strength and total elongation be
tween the studied MPEA after different treatments and (a) the reported single- 
FCC structured MPEAs at 298 K; (b) some typical MPEAs at 77 K (references are 
listed in Tables S1–S2). 



(a)–(d), nano-sized deformation twins and discrete dislocations are 
detected in the equiaxed grain near the un-recrystallized region at the 
strain of ~1.5 %. More deformation twins and higher density disloca
tions are observed as the strain increased to ~10 %, indicating that 
enough stress has been applied to induce deformation twins. To further 
expound this phenomenon, the critical stress required for twinning is 
shown as follows [59]: 

σT =
2γSFE

m • bp
(12)  

Where σT is the critical stress, γSFE is the stacking fault energy (taken 
from the NiCoCr [60], 26 mJ/m 2), m is the Schmid factor (0.33 for 
most alloys [59]), and bp is the Burgers vector of the Shockley partial 
dislocation (1/6a [112] for FCC, 0.1466 nm). The estimated σT is about 
~1074 MPa at 298 K, and the yield strength of PDA900-90s is ~1083 

Fig. 9. (a) The plot of optimum grain size indexed by εte × (σy +σuts)/2; (b) the Hall-Petch relation of this alloy at 298 K; (c) Dependence of yield strength on the 
grain size of this alloy and some MPEAs (references are listed in Table S3); (d) the Hall-Petch relation of this MPEA at 77 K. 

Fig. 10. (a) LUR true stress-strain curve of PDA900-90s; (b) magnification of the second hysteresis loop; (c) true stress evolution of σflow, σb, and σeff with increasing 
true strain. 



MPa, validating the appearance of deformation twins. As the deforma
tion further proceeds to fracture, high-density deformation twins and 
dislocation cells could be identified in Fig. 12(e)–(f). Meanwhile, the L-C 
locks (with faint streaks in the SAED pattern) in the recrystallized grain 
and the hereditary deformation twins in the un-recrystallized region are 
shown in Fig. 12(g)–(h). In a word, the conjugated effect of high-density 

dislocation, L-C locks, and deformation-induced twinning are applied to 
achieve synergetic improvement of strength and ductility [61–63]. 

The effect of HDI strengthening depends on the structure. For most 
eutectic and multi-phase alloys, the significant difference between the 
phases leads to a large accumulation of GNDs at the incoherent inter
face, which significantly affects the HDI strengthening [64,65]. 

Fig. 11. The deformation microstructure of PDA900-15min at 298 K. ECCI images at the tensile strain of (a–b) ~1.5 %, (c–d) ~10 %. (e–f) BF-TEM images of the 
fractured sample; (h) HR-TEM image and corresponding FFT pattern of L-C locks. 

Fig. 12. The deformation microstructure of PDA 900-90s at 298 K. ECCI images at the tensile strain of (a–b) ~1.5 %, (c–d) ~10 %, (e) BF-TEM images of the 
fractured sample, (f) HR-TEM image and corresponding FFT pattern of L-C locks, (g) BF-TEM images of the fractured sample and the SAED pattern of DTs, (h) HR- 
TEM image and corresponding FFT pattern of DTs. 



deformation twins is attributed to the lower temperature-dependent 
γSFE. As mentioned in Eq (12), lower critical stress is required for twin
ning. The alloys achieved higher work-hardening rates at 77 K compared 
to 298 K (in Fig. 7), attributing to the high-density deformation twins. 
And the high work-hardening rate is considered the primary reason for 
preventing necking, which helps to achieve high strength and ductility. 
Furthermore, the intersection between the deformation twins can 
further hinder the dislocation operation, which is so-called dynamic 
Hall-Petch effect, so that the work-hardening rate paradoxically in
creases to reach the synergistical improvement of strength and ductility 
[27]. 

5. Conclusions

In this work, a single-phase FCC structured Ni48Co33Cr9Mo4W6 
MPEA was designed and fabricated. A comprehensive array of tests and 
characterizations were employed to investigate microstructural evolu
tion, mechanical behavior, strengthening and deformation mechanisms. 
The key conclusions can be drawn as follows:  

(1) The cold rolled Ni48Co33Cr9Mo4W6 MPEA with a single FCC
phase was processed by different PDA annealing treatments. The
average grain sizes ranging from ~1.4 μm to ~47.8 μm were
achieved in the samples with homogenous grains and single FCC
structure. Undoubtedly, the PDA900-3min sample with the
smallest grain size (~1.4 μm) possessed the best combination of
strength and ductility among all the homogenous samples. In
detail, it exhibited a yield strength of ~811 MPa, an ultimate
tensile strength of ~1131 MPa, and a total elongation of ~40.2 %
at ambient temperature (298 K). At LN2 temperature (77 K), all
the homogenous samples showed higher strength and better
ductility.

(2) Utilizing a short time annealing at 900 ◦C, a heterogeneous
microstructure composed of fully recrystallized (~47.1 vol%)
and partial un-recrystallized (~52.9 vol%) regions was realized
in the PDA900-90s sample. At ambient temperature, its tensile
yield strength and total elongation were ~1083 MPa and ~24.2

Fig. 13. Quasi in-situ EBSD results of PDA900-90s. (a) IPF map of the selected region, (b–d) KAM maps of the selected region with different strains (~0, 5, 15 %).  

However, at non-cohesive interfaces, it is also prone site for crack 
initiation and subsequently damages the plasticity of alloys. When it 
comes to the heterogeneous structures with coherent interface, the 
varying grain sizes and partial recrystallization, GNDs also accumulate 
at the interface. These structures present pronounced HDI strengthening 
effect, whilst the probability of crack generation is significantly reduced 
and conduce to maintain ductility. Furthermore, the non-coordinated 
deformation between the recrystallized region and the unrecrystal-
lized region was revealed by quasi-in-situ EBSD shown in Fig. 13. With 
the gradual increase in deformation, GNDs piled up in the grain 
boundary which located in the interface between the recrystallized re-
gion and the unrecrystallized region (marked by red arrows), confirming 
the HDI stress strengthening induced by the non-coordinated deforma-
tion. In addition, the recrystallized grains surrounded by the unrec-
rystallized region presented obvious delayed deformation compared to 
the recrystallized region (marked by white arrows), less GNDs accu-
mulated in these grains. And the non-simultaneous deformation 
confirmed that the unrecrystallized region delivered the stress to the 
recrystallized grains during the deformation and went through plastic 
deformation within high enough stress. 

Combining with work-hardening rate curves in Fig. 7, the non- 
coordinated deformation within the heterogeneous structure presents 
obvious work-hardening effects at the initial stage, contributing to the 
higher strength. In comparison to the recrystallized sample with ho-
mogeneous structure, the heterogeneous structure sample possesses an 
un-recrystallized region maintained high-density dislocation from the 
cold-rolling process, providing less region to store GNDs during defor-
mation. Hence, at the later stage, it is difficult to relieve the stress 
concentration, which induces the final fracture. 

The fractured morphologies of PDA900-15min and PDA900-90s 
sample at 77 K are shown in Fig. 14. Nano-sized deformation twins 
and high-density dislocations coexist in the fractured PDA900-15min 
sample, while deformation twins dominated in the fractured PDA900- 
90s sample, possessing higher density due to the higher flow stress. At 
ambient temperature, dislocations, SFs and L-C locks apply critical role 
in deformation, only a few deformation twins existed in the fractured 
PDA900-90s sample. While the cryogenic environment is beneficial for 
the activation of deformation twins, the observation of high-density 



%, and these values were increased to ~1407 MPa and ~30.6 % 
at LN2 temperature (77 K).  

(3) Compared to the reported single-phase FCC-structured MPEAs in
the literature, both the PDA900-3min and PDA900-90s samples
exhibited a more remarkable combination of strength and
ductility, indicating that they have successfully achieved an
enhanced synergy between strength and ductility. Note that at
ambient temperature, the PDA900-3min sample with an average
grain size of ~1.4 μm showed noticeably higher yield strength in
comparison with the equi-atomic NiCoCr base alloy possessing an
average grain size of ~1.26 μm and a yield strength of ~420 MPa.
This suggests that Mo and W co-doping is an effective strategy for
achieving enhanced strength-ductility synergy in MPEAs with
FCC structure.

(4) At 298 K, grain boundary strengthening and solid solution
strengthening predominated the homo-structured samples,
whereas HDI strengthening occupies the dominant role in the
heterogeneous structured sample (PDA900-90s). Additionally,

lower temperature (77 K) has significantly influence on the lattice 
friction stress of the studied Ni48Co33Cr9Mo4W6 MPEA, with 
decreased effects in grain boundary strengthening and HDI 
strengthening. Deformation mechanisms were also temperature- 
dependent. At 298 K, dislocations, SFs and L-C locks played 
vital roles in the deformation of homo- and hetero-structured 
samples, and only a few DTs were observed in hetero- 
structured sample during deformation. Conversely, at 77 K, the 
generation of high-density nano-sized DTs during deformation 
contributed to the enhancement of strength and ductility. In a 
word, the coupling of diversified strengthening and deformation 
mechanisms renders this alloy exceptionally well-suited for 
cryogenic temperature environments. 
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Fig. 14. The deformation microstructure of fractured PDA900-15min and PDA900-90s at 77 K. For PDA900-15min sample, (a–c) BF-TEM image and SAED pattern of 
deformation twins, (d) DF-TEM image of deformation twins, (e) corresponding HR-TEM image and FFT pattern of deformation twins; For PDA900-90s sample, (f–g) 
BF-TEM image and SAED pattern of deformation twins, (h) DF-TEM image of deformation twins, (i) corresponding HR-TEM image and FFT pattern of deforma
tion twins. 
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