
 

 

  

 

 

 
www.tnmsc.cn 

Contents lists available at ScienceDirect 
 

Transactions of Nonferrous Metals Society of China 

36(2026) 818−829 
 

 
Mechanical properties and deformation mechanisms of Ni−Co-based 
wrought superalloy via solution−rolling−aging treatment 
 
Yao ZHANG a, Jin-lin LI a, Yan-cheng LI a, Jin-xin DONG b,c, Cai-yu GUO b,d, Hong-yao YU b,d,**, Qing WANG a,* 
 
a School of Materials Science and Engineering, Dalian University of Technology, Dalian 116024, China; 
b Beijing Key Laboratory of Advanced High Temperature Materials, Central Iron & Steel Research Institute, Beijing 

100081, China; 
c School of Materials Science and Engineering, Lanzhou University of Technology, Lanzhou 730050, China; 
d Gaona Aero Material Co., Ltd., Beijing 100081, China 
                                                                                                  

 
Abstract: To achieve high strength in Ni−Co-based wrought superalloys, cold-rolling was introduced into the solution 
and aging treatments. The alloys were characterized and tested using EBSD, SEM, TEM, and tensile tester to analyze 
their microstructure and mechanical properties at different temperatures, revealing their strengthening and deformation 
mechanisms. Results indicated that after solution, cold-rolling, and double aging, the alloy contained high-density 
dislocations, stacking faults, Lomer−Cottrell locks, and nanotwins. The yield strengths of the alloy at room temperature, 
923, and 1023 K were 1855, 1406, and 1086 MPa, respectively, which were significantly higher than those of typical Ni-
based wrought superalloys. This enhancement was primarily attributed to the dislocations and nanotwins. Additionally, 
during the cold-rolling process, plastic deformation mainly occurred through dislocation slip. With the temperature 
increasing to 923 and 1023 K, the main deformation mechanisms of the alloy transformed to stacking faults and nanotwins, 
respectively. 
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1 Introduction 
 

Ni-based wrought superalloys have been widely 
used as fasteners, blades, and discs for advanced 
aircraft engines due to their excellent mechanical 
properties at high-temperatures (HTs), such as  
high strength and creep rupture lifetime [1−3].  
These superalloys are usually strengthened by    
γ'-Ni3Al (L12-Cu3Au type) or γ''-Ni3Nb (tetragonal 
D022-Al3Ti type) [4]. By contrast, the γ/γ' coherent 
microstructure is more stable at HTs because the L12-
γ' phase is the ordered super-structure of FCC-γ solid 
solution [5]. Thus, the IN 718 Plus alloy (Ni−9Co− 
9.2Fe−19Cr−2.8Mo−1.08W−1.58Al−0.8Ti−5.5Nb− 

0.04C−0.005B, in wt.%, hereafter the same) exhibits 
a higher strength (σYS=940 MPa at 973 K) than 
IN 718 (Ni−19Fe−19Cr−3.1Mo−0.55Al−0.95Ti− 
5.3Nb−0.03C−0.005B) alloy (σYS=760 MPa at 973 K), 
which is ascribed to the strengthening of γ' 
nanoprecipitates with a volume fraction of about  
25% [1,4]. In order to further enhance the HT strength, 
the U720 (Ni−14.8Co−18.0Cr−3.0Mo−1.5W−2.4Al− 
4.8Ti−0.05C−0.040B−0.03Zr) [6], U720Li (Ni− 
14.4Co−15.9Cr−3.0Mo−1.3W−2.5Al−5.0Ti−0.014C− 
0.014B) [7], and TMW-4M3 (Ni−25Co−13.5Cr− 
2.8Mo−1.2W−2.3Al−6.2Ti−0.03C−0.02B−0.03Zr) 
alloys have been developed by increasing the amount 
of γ'-forming elements [8], in which the volume 
fraction of γ' nanoprecipitates exceeds 40%. Especially, 
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the TMW-4M3 superalloy demonstrates an impressive 
yield strength of 1008 MPa at 1023 K and shows 
exceptional creep resistance, with a lifetime 
exceeding 850 h when subjected to conditions of 
998 K and 480 MPa [9]. Although the HT 
mechanical properties and thermal stability of γ/γ' 
coherent microstructure have been further enhanced 
by composition optimization, the solvus temperature 
and volume fraction of γ' phase increase, which 
significantly degrades the processibility of 
superalloys [10]. 

Recently, the prefabrication and tailoring of 
substructures (such as nanotwins) in alloys have 
been widely applied to improving both strength and 
ductility [11]. For instance, the introduction of high-
density nanotwins into Ni-based superalloy can 
increase the yield strength from 1030 to 1235 MPa 
at room temperature (RT) and from 924 to 1077 MPa 
at 1033 K, respectively [12]. In fact, the formation of 
nanotwins is strongly dependent on the stacking  
fault energy (SFE), which is related to the alloy 
composition [13]. It has been demonstrated that the 
addition of Co can decrease the SFE of the TMW 
series alloys, in which the lowest SFE appears in the 
superalloy containing 25 wt.% Co [14]. Additionally, 
the deformation conditions can also affect the 
formation of SFs and nanotwins [15], as evidenced 
by the fact that the deformation mechanism of TMW-
4M3 alloy with low SFE ((19.9±2.5) mJ/m2) at RT is 
dominated by dislocation pairs shearing precipitates, 
while the deformation mechanisms at 923 and  
998 K are controlled by SFs and nanotwins shearing 
precipitates, respectively. By contrast, only the 
Orowan looping process combining dislocation  
slip and climb occurs in the U720Li alloy with a 
higher SFE ((35.9±3.7) mJ/m2) during the tensile 
deformation from RT to 998 K, resulting in lower 
strength at 923−1023 K [16]. 

In previous works, most research focused 
mainly on the change of chemical composition and 
heat-treated processing to modulate the γ' particles 
(particle size, morphology, and volume fraction)  
for achieving high strength of Ni-based wrought 
superalloys. However, the introduction of cold 
working during complex heat treatments to improve 
the mechanical properties of superalloys has   
rarely been investigated. In the present work, we 
introduced substructures by cold-rolling process to 
improve the strength of a novel Ni−Co-based 
wrought superalloy. The alloy has a composition of 

Ni−24.96Co−13.12Cr−2.80Mo−1.16W−2.51Al− 
4.43(Ti+Nb)−0.07(C+B+Zr). A complete processing 
sequence, including solid-solution treatment, cold-
rolling, and double-aging, was executed. The 
microstructure of the treated superalloy was firstly 
characterized, followed by measurements of its 
tensile properties at RT and HTs (923 and 1023 K), 
along with a detailed discussion of the strengthening 
mechanisms at RT. Combined with the micro-
structural characterization of the deformed alloy, the 
deformation mechanisms at HTs were also explored. 
These results will be essential for understanding the 
effects of cold-rolling and optimizing the properties 
of Ni−Co-based superalloys. 
 
2 Experimental 
 

The material used in the present investigation 
was prepared via vacuum induction melting (VIM), 
electroslag remelting (ESR), and vacuum consumable 
remelting (VAR). After the high-temperature 
homogenization treatment, the superalloy ingot was 
forged into disc measuring d500 mm × 65 mm. 
Experimental samples were taken in tangential 
direction from the center to 1/2 of the disk rim. The 
hot-forged alloy samples were subjected to solution 
treatment at 1323 K for 4 h, cold-rolling with a 
deformation of 40%, and double-aging at 923 K for 
24 h and then at 1033 K for 16 h. After each heat 
treatment, the samples were cooled to room 
temperature in air. 

The (111) diffraction peak was precisely 
scanned at a rate of 1 (°)/min using a Bruker D8 X-
ray diffractometer with Cu Kα radiation (XRD, 
λ=0.15406 nm). The resulting peak was then fitted 
with the pseudo-Voigt function in Origin software  
to calculate the lattice constants of γ and γ'    
phases [17]. The microstructure characterization was 
carried out using an IT800−SHL field emission 
scanning electron microscope (FE-SEM) equipped 
with an electron backscatter diffraction (EBSD) 
system. For SEM analysis, the etching solution 
comprised 42 mL H3PO4, 34 mL H2SO4, and 24 mL 
H2O. For EBSD analysis, the electro-polishing 
solution comprised 10 mL HClO4 and 90 mL 
C2H5OH. The EBSD acceleration voltage was set  
as 20 kV, the step size was 0.3, and the sample 
inclination angle was 70°. More detailed micro-
structure characterization was carried out with a 
JEM2100FFEG transmission electron microscope 
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(TEM). TEM specimens were firstly punched into 
circular sheets with a diameter of 3 mm and     
then ground to approximately 50 µm. They were 
subsequently subjected to twin-jet electron-polishing 
using the mixed solution of 5 mL HClO4 and 95 mL 
CH3OH at a temperature around 243 K. Using 
ImageJ software, a large number of precipitates for 
the aged state were hand-traced across more than 6 
SEM morphology images. The average radius (r) of 
precipitates was calculated via a circular-equivalent 
[18]. Additionally, the volume fraction ( f ) of 
precipitates was determined based on the area 
fraction. Uniaxial tensile tests at RT, 923 K, and 
1023 K were carried out on a UTM 5504 Material 
Test System (MTS) with a nominal strain rate of 
3×10−4 s−1. Three tensile samples with a gauge 
diameter of 5 mm and a length of 30 mm for each 
state were tested. 
 
3 Results 
 
3.1 Microstructure characteristics 

Figure 1(a) shows the microstructure of the 
current Ni−Co-based wrought superalloy in the aged 

state, which clearly indicates that the alloy consists 
of elongated grains along the rolling direction with  
a size of (16±5) µm. In addition, it can be clearly 
observed from the corresponding kernel average 
misorientation (KAM) map that a large number of 
dislocations still exist in the aged alloy, as shown  
in Fig. 1(b). The SEM observations presented in 
Figs. 1(c, d) reveal that the current alloy displays a 
classical multi-size distribution of γ' precipitates. 
This includes coarse primary γ' precipitates located 
at grain boundaries (GBs), fine secondary γ' 
precipitates within the FCC-matrix, and ultrafine 
tertiary γ' nanoprecipitates surrounding the primary 
γ' particles. The particle size and volume fraction of 
three types of γ' particles were measured, being rp= 
(378±112) nm and fp=(11.6±2.3)%, rs=(26±5) nm 
and fs=(29.8±3.1)%, as well as rt=(5±2) nm and 
ft≈1%, respectively. 

The aged alloy was further analyzed by the 
TEM to characterize the substructures, from which it 
could be found that a large number of dislocations 
prefabricated by cold-rolling were preserved in   
the FCC-γ matrix after aging, as presented in 
Figs. 2(a, b). Moreover, the tangled dislocations and 

 

 
Fig. 1 Microstructural characterization results of aged superalloy: (a) Inverse pole figure (IPF); (b): KAM map; (c, d) SEM 
images 
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anti-phase boundaries (APBs) were also found in the 
coarse primary γ' particles (Fig. 2(a)). In addition, 
the SFs with a length of ~45 nm occurred in the     
γ matrix and some secondary γ' particles, in which 
the SFs with different orientations could be 
intersected at 71° to form Lomer−Cottrell (L−C) 
locks (Figs. 2(c, d)). Besides, nanotwins with a 
thickness of ~40 nm were also observed, as evidenced 
by the selected-area electron diffraction (SAED) 
patterns along the [110] direction (Figs. 2(e, f)). 

3.2 Mechanical properties 
Uniaxial tensile tests of the current superalloy 

were carried out at RT, 923 K, and 1023 K, and the 
engineering stress−strain curves are shown in Fig. 3. 
It can be seen that this superalloy has prominent 
mechanical properties, as exhibited by a high yield 
strength of σYS=1855 MPa and an ultimate tensile 
strength of σUTS=1986 MPa at RT. Although the 
strength decreases with increasing temperature, it 
still maintains a high level at HTs, being σYS=1406 MPa 

 

 
Fig. 2 TEM images of substructures in aged superalloy: (a−c) Bright-filed (BF) images showing tangled dislocations, 
APBs, slip lines, and SFs, respectively; (d) High-resolution TEM (HRTEM) image showing L−C locks; (e, f) BF and 
dark-field (DF) images showing nanotwins, respectively 
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Fig. 3 Engineering stress−strain of current superalloy 
curves measured at RT, 923 K and 1023 K (Data from our 
previous work [19], re-plotted for the present study) 
 
and σUTS=1663 MPa at 923 K, σYS=1086 MPa and 
σUTS=1208 MPa at 1023 K, respectively. Moreover, the 
elongation increases gradually from 7.6% to 13.0%, 
and then to 17.3% as the temperature changes from 
RT to 923 K, and then to 1023 K, respectively. 
 
3.3 Microstructures after tensile tests 

Figure 4 shows the TEM images of the alloy 
after tensile tests at 923 K, from which it can be seen 
that a large number of dislocations and SFs exist in 
the γ matrix, similar to those in the aged state. But 
differently, SFs were also observed in the primary γ' 
particles, besides the tangled dislocations and APBs, 
and the secondary γ' nanoparticles were severely 
deformed with abundant SFs with an average length 
of ~50 nm (Figs. 4(a, b)). Thus, the deformation   
of the alloy at 923 K was mainly dominated by 
shearing mechanism of SFs. The inverse fast Fourier 
transform (IFFT) image in Fig. 4(c) shows an 
enlarged view of the superlattice intrinsic stacking 
faults (SISFs) formed by the misalignment       
of ABCABCBCAB atoms. In addition, the number 
of nanotwins crossing the γ matrix and γ' 
nanoprecipitates increases while the thickness 
decreases to ~30 nm (Figs. 4(d, e)). The interactions 
among dislocations, SFs, and nanotwins in the 
deformed sample are more complex, as shown in 
Fig. 4(f). 

Figure 5 exhibits the TEM images of the alloy 
after tensile test at 1023 K, from which it can be  
seen that the deformation mechanism was dominated 
by nanotwins. A large number of nanotwins crossing 
the γ matrix and γ' nanoparticles (primary and 
secondary) were observed in the alloy, as seen in the 

BF and DF images, as well as the inserted SAED 
patterns (Figs. 5(a−d)). Compared to the 
substructures in the 923 K-deformed sample, the 
amount of L−C locks and nanotwins was further 
increased, and a large number of multilayered 
nanotwins appeared, as presented in Fig. 5(e). In 
addition, SFs and SFs, nanotwins and nanotwins, and 
SFs and nanotwins were all intersected at 71°, 
indicating a more complex interaction among these 
substructures (Fig. 5(f)). 
 
4 Discussion 
 
4.1 Strengthening mechanism in Ni−Co-based 

wrought superalloy 
The yield strength of the novel Ni−Co-based 

wrought superalloy subjected to solid-solution, cold-
rolling, and double-aging in this study exhibited a 
significant enhancement at both RT and HTs. 
Specifically, we analyzed the contributions to the  
RT yield strength in light of the strengthening 
mechanisms, which came mainly from the lattice 
friction stress of pure Ni (∆σ0=22 MPa) [20], atoms 
in solid-solution (∆σS), grain boundary (∆σG), and 
three types of γ′ precipitates (∆σP), dislocation (∆σD) 
and nanotwin (∆σT). Therefore, the theoretical yield 
strength (∆σYS) of the alloy could be obtained from 
Eq. (1):  
∆σYS=∆σ0+∆σS+∆σG+∆σP+∆σD+∆σT                 (1)  

For the solid-solution strengthening, the 
contributions of the alloying elements in FCC-γ 
matrix are accounted with Eq. (2) [21]:  

/2
S

12=(1 [ ( ]) )γγ i
i

σ f S′∆ − ∑                    (2a) 
 

1/2( )γ γ γ
i i iS β X=                             (2b) 

 
where γf ′   is the volume fraction of γʹ phase; γ

iβ
represents the solid-solution strengthening coefficient, 
reflecting the strengthening effects of solid-solution 
elements; γ

iX  denotes the content of element i in 
FCC matrix. The specific values of γ

iβ  for Al, Ti, 
Nb, Cr, Mo, W, and Co in this current alloy are 
typically reported as 22.5, 77.5, 118.3, 33.7, 101.5, 
235.9, and 39.4 MPa·at.%−1/2, respectively [21]. 
Consequently, the enhancement in strength due    
to solid-solution strengthening of the alloy is 
ΔσS=210 MPa. 

The enhancement in strength resulting from 
grain boundary could be described using the 
Hall−Petch relationship, as shown in Eq. (3) [22,23]: 
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Fig. 4 TEM images of substructures in alloy deformed at 923 K: (a, b) BF images showing SFs in primary and secondary 
γ' nanoparticles; (c) IFFT image showing atomic structure of SISFs; (d, e) BF and DF images showing nanotwins, 
respectively; (f) HRTEM image showing interactions among nanotwins and SFs 
 
∆σG=Kd−1/2                                              (3) 
where K and d are Hall−Petch coefficient and 
average grain size, respectively. For this current 
Ni−Co-based superalloy, the above parameters are 
K=750 MPa·μm1/2 [21] and d≈16 µm. Therefore, the 
strength contribution from grain boundary in the 
current alloy is ΔσG=188 MPa. 

The precipitation strengthening could be 
categorized into two mechanisms: the Orowan 
mechanism and the shearing mechanism, which 

depend on how moving dislocations interact    
with precipitates [24,25]. The Orowan mechanism 
(ΔσOrowan) dominates when the particles are large   
or incoherent with the matrix. In contrast, when 
nanoprecipitates are tiny and coherent with the 
matrix, particle shearing mechanism becomes 
effective. It contributes through both coherency 
strengthening (ΔσCS) and modulus mismatch 
strengthening (ΔσMS). The contribution from order 
strengthening (ΔσOS) is considered negligible as  
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Fig. 5 TEM images of substructures in deformed alloy at 1023 K: (a−d) BF and DF images showing nanotwins across γ 
matrix and γ' nanoparticles; (e) HRTEM image showing multilayer nanotwins; (f) HRTEM image showing more complex 
interaction among substructures; (f1, f2) Corresponding FFT patterns of Regions f1 and f2, respectively 
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L12-γ' precipitates exhibit a low APB energy [26].  
In fact, the Orowan bypassing and shearing 
mechanisms operate independently at the same time, 
while the contribution of the overall strengthening  
is governed by the minimum of (ΔσCS+ΔσMS) or 
ΔσOrowan [27]. The formulas used to obtain the 
strength enhancements are given by Eq. (4) [27,28]:  

3/2 1/2
CS c= ( ) [ /(0.5 )]ε γσ Mα G rf Gbδ ′∆           (4a) 

3 13/2 1/2 2
MS =0.0055 ( ) (2 / ) ( / )

m

γσ M G f G r b
−

′∆ ∆    (4b) 
 

Orowan p= [0.4 /(π 1 )][ln(2 2/3 / )/ ]σ M Gb v r b λ∆ −  
 (4c) 

p 2 2 / 3 π (4 ) 1γr fλ ′ = −                  (4d) 
 
where M, αε, m, δc, G, ΔG, b, ν, and λp are Taylor 
factor, constant, constant, constrained lattice misfit, 
shear modulus for FCC-γ, shear modulus difference 
between FCC-γ and L12-γʹ, magnitude of Burgers 
vector, Poisson’s ratio, and inter-precipitate distance, 
respectively. For the current Ni−Co-based superalloy, 
the above parameters are M=3.06 [29], αε=2.6, 
m=0.85 [30,31], G=81 GPa, ΔG=4 GPa [30,32], 
b=0.253 nm, ν=0.35 [30,33], and λp can be obtained 
from the particle radius. The δc was calculated as 
δc=2ε/3=0.24% [34], where ε=0.36% is the lattice 
misfit obtained from Fig. S1 (Supplementary 
Materials). The current alloy exhibits three distinct 
sizes of γ' particles: the coarse primary precipitates 
alongside secondary and tertiary particles, which 
provide precipitation strengthening in significantly 
different ways. Due to their coarse size, primary   
γ' particles predominantly activate the Orowan 
mechanism, whereas the shearing mechanism becomes 
operative owing to the nano-scale dimensions of 
secondary and tertiary γ' particles, as shown in 
Fig. 6(a). Thus, the overall contribution of the 
precipitation strengthening is the sum of strength 
enhancement of the primary, secondary and tertiary 
γ' particles. This results in ΔσP=(ΔσOrowan)p + (ΔσCS+ 
ΔσMS)s + (ΔσCS+ΔσMS)t = 81 MPa + 635 MPa + 
52 MPa = 768 MPa. Notably, the primary source  
of enhancement stems from secondary γ' nano-
precipitates, being (ΔσCS+ΔσMS)s= 635 MPa. 

The current alloy has a high density of 
dislocations after cold-rolling and aging, leading   
to an increase in strength. The dislocation 
strengthening can be calculated according to 
Taylor’s hardening law [35,36]: 

 

 
Fig. 6 (a) Calculation results of precipitation strengthening 
of three kinds of γ' particles; (b) Comparison of calculated 
and experimental values of yield strength at RT 
 
ΔσD=MαGbρ1/2                           (5) 
 
where ρ is the dislocation density. For the current 
Ni−Co-based superalloy, the above parameters are 
α=0.2 [37], and ρ=9.5×1014 m−2 calculated by EBSD 
(as seen in Fig. 1(b)). Consequently, the contribution 
of ΔσD is 387 MPa, which plays a key role in the 
increment of the yield strength of this alloy. 

Twin boundary is a special kind of grain 
boundary. It can effectively impede dislocation 
motion and thus increase the yield strength of  
alloys [13,14,16]. In this study, a large number of 
nanotwins were prefabricated by cold-rolling, and 
thus the contribution of nanotwins to the yield 
strength is not negligible. The increment in yield 
strength from nanotwin boundaries can be described 
by Eq. (6) [38]: 
 
∆σT=KVTt−1/2                                 (6) 
 
where VT and t are volume fraction of nanotwins and 
average thickness of nanotwins, respectively. For  
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the current Ni−Co-based superalloy, the above 
parameters VT≈4% and t ≈40 nm (Figs. 2(e, f)). 
Consequently, the enhancement of nanotwins to 
yield strength in the current alloy is ΔσT=150 MPa. 

Finally, Fig. 6(b) presents a summary of the 
total contributions from each individual strength 
mechanism in the current alloy. The theoretical yield 
strength for the current alloy is calculated as ΔσYS= 
Δσ0 + ΔσS + ΔσG + ΔσP + ΔσD + ΔσT, which equals 
1725 MPa. It is clear that the theoretical result is in 
reasonable agreement with the experimental result. 

Moreover, the yield strength values of the alloy 
deformed at 923 and 1023 K are still high, being 
1406 and 1086 MPa respectively, which are 
significantly higher than those of typically existing 
superalloys, indicating that the substructures of  
high-density dislocations, SFs, and nanotwins 
prefabricated by cold-rolling can play a crucial role 
in the enhancement of yield strength at elevated 
temperatures. Thus, treatment processes such as 
solid-solution treatment, cold-rolling, and double-
aging can serve as effective means to improve the  
HT mechanical properties of Ni−Co-based wrought 
superalloys. 
 
4.2 Deformation mechanisms in Ni−Co-based 

wrought superalloy 
At low and intermediate temperatures (298− 

1073 K), dislocations interact with the γ' particles in 
two main ways, i.e., a pair of a/2〈110〉 dislocations 
shear the γ' nanoparticles to form APBs or dissociate 
into partial dislocations to form SFs. These two 
modes are competitive, with the former prevailing in 
superalloys at temperatures below 873 K, whereas 
the latter is usually observed at higher temperatures 
[8,16]. It is shown that both the volume fraction   
of the γ' phase and temperature determine the 
dominance of the two mechanisms by affecting the 
relative magnitudes of the APB energy and the SF 
energy [14]. In the temperature range below 1023 K, 
the APB energy of the γ' phase changes slightly  
with increasing temperature, while the SF energy 
decreases significantly with increasing temperature 
[39]. In this study, temperature is the main factor 
affecting the two mechanisms since the tensile 
testing at different temperatures has little effect on 
the volume fraction of γ' particles. A large number of 
slip bands after the cold-rolling and double-aging 
treatment appear in the current alloy, indicating that 
plastic deformation in cold-rolling state is dominated 

by plane slip of dislocations in the γ matrix. This   
is mainly ascribed to the addition of Ti and Nb 
elements that increase the APB energy and create a 
stronger barrier to the dislocation shearing the γ' 
particle. In fact, SFs and nanotwins were also 
observed in the aged alloy (Fig. 2), which suggested 
that the SF and nanotwin shearing mechanisms  
also occurred during the cold-rolling. Moreover, 
dislocation reactions can occur during the 
deformation, as shown in Fig. 7(a). This often results 
in two partial dislocations interacting to form a L−C 
lock. In order to further view this reaction between 
dislocations, an IFFT image of the L−C lock is 
shown in Fig. 7(b), featuring a Burgers vector of 
a/6[011]. It is shown that the L−C lock is formed  
by the interaction of two partial dislocations, which 
are produced by the a/2[110] and /2[110]a   full 
dislocations on (111)  and (111) slip planes, 
respectively. The specific reaction processes can be 
represented by Eq. (7): 
 

 
Fig. 7 (a) HRTEM image showing NTs and SFs along 
[110] direction; (b) IFFT atomic structure obtained from 
green square in (a) showing formation of L−C lock 
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a/2[110] → /6[121]a  +a/6[211]             (7a) 
 

/2[101]a  → /6[1 12]a  + /6[211]a              (7b)  
/6[121]a  + /6[1 12]a  → /6[011]a              (7c) 

 
Finally, the resultant a/6[011] dislocation 

cannot slip on the original slip planes, rendering it 
fixed. Actually, these immobile dislocation locks can 
further pin dislocations, effectively increasing the 
strength of the alloy [40,41]. During the deformation 
at 923 K, the deformation mechanism of the alloy is 
controlled by the SFs to shear the γ' nanoparticles, 
which is because the SFE decreases significantly 
with increasing temperature although the APB 
energy remains almost constant. In order to relax the 
stress and reduce the overall energy, the a/2〈110〉 
dislocations with two different Burgers vectors    
in the {111} plane at the γ/γ' interface interact   
with each other: /2[101]a  + /2[011]a  → /3[112]a  + 
SISF on (111) + /6[1 12],a  where the dissociated 

/3[112]a   dislocation cuts into the γ' phase and 
generates the SFs in the γ' particles [42]. By   
further increasing the temperature to 1023 K, the 
main deformation mechanism is dominated by the 
nanotwins to shear γ matrix and γ' particles 
continuously, as shown in Fig. 5. It has been 
demonstrated that the generation of nanotwins 
extending on the γ matrix and γ' nanoprecipitates 
during deformation is ascribed to the dissociation of 
a/2[110] dislocations followed by the obtained 
a/6〈112〉 Shockley partial dislocations to shear the  
γ matrix and γ' particles, leaving behind the 
superlattice extrinsic stacking fault (SESF). Actually, 
the SESF can be considered to be the nucleation site 
of the nanotwins, which would be thickened by 
atomic rearrangement under thermal activation to 
form a nanotwin [43]. In addition, the L−C locks also 
contribute to the formation of nanotwins. It is shown 
that leading dislocation reacts with the sessile 
a/3〈110〉 dislocation when it moves to a L−C lock, 
forming two partial dislocations. These dislocations 
undergo double-cross slip on adjacent planes, 
leaving behind a Frank partial dislocation. 
Subsequently, the incoming Shockley dislocation 
effectively bypasses around the L−C lock and 
transforms to the upper or lower {111} plane,  
which is attributed to the Burgers vector of the Frank 
dislocation [44]. This movement facilitates the 
reorganization of the crystal structure, ultimately 
leading to the formation of nanotwins [25,45,46]. In 
summary, the change in the deformation mechanism 

of the current superalloy leads to an increase in the 
elongation from 13.0% at 923 K to 17.3% at 1023 K. 
 
5 Conclusions 
 

(1) After solid-solution, cold-rolling and 
double-aging treatments, the novel Ni−Co-based 
wrought superalloy exhibits a special microstructure 
with trimodal L12-γ' nanoparticles (coarse primary γ', 
fine secondary γ', and tertiary γ') precipitating into 
the FCC-γ matrix, in which the substructures, 
including high-density dislocations, SFs, L−C locks, 
and nanotwins are introduced during the cold-rolling 
and remain stable even after subsequent double-
aging. 

(2) A higher yield strength (σYS=1855 MPa at 
RT, σYS=1406 MPa at 923 K, and σYS=1086 MPa  
at 1023 K) can be achieved in this superalloy, 
compared to other typical commercial wrought 
superalloys. The strengthening mechanisms are 
further discussed, indicating that the precipitation 
strengthening is dominant, and the high-density 
dislocations and nanotwins prefabricated by cold-
rolling contribute to the strength increment at RT and 
elevated temperatures. 

(3) The existence of a large number of slip 
bands in the aged alloy indicates that the plastic 
deformation during cold-rolling is controlled by the 
planar slip of dislocations. However, at 923 K, the 
deformation mechanism is dominated by SFs to 
shear the γ' nanoparticles, while at 1023 K, the 
deformation mechanism is closely related to 
nanotwins crossing the γ and γ' phases. This change 
contributes to an increase in elongation of the alloy 
from 13.0% at 923 K to 17.3% at 1023 K. 
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固溶−轧制−时效处理 Ni−Co 基变形高温合金的力学性能和变形机理 
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摘  要：为了获得高强度的 Ni−Co 基变形高温合金，在固溶和时效处理中引入冷轧工艺。使用 EBSD、SEM、TEM
和拉伸试验机对合金进行表征与测试，分析其在不同温度下的显微组织与力学性能，并揭示其强化和变形机制。

结果表明，经过固溶、冷轧和双级时效处理后，合金中存在高密度位错、层错、Lomer−Cottrell 锁和纳米孪晶。合

金在室温、923 和 1023 K 下的屈服强度分别为 1855、1406 和 1086 MPa，显著高于典型的镍基变形高温合金的屈

服强度。这种增强主要归因于位错和纳米孪晶。此外，在冷轧过程中，塑性变形主要通过位错滑移进行。当温度

升高到 923 和 1023 K 时，合金的主要变形机制分别转变为层错和纳米孪晶。 
关键词：Ni−Co 基变形高温合金；力学性能；位错；层错；纳米孪晶 
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