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A B S T R A C T   

Understanding the temperature-dependent yield strength of Ni-based single crystal superalloys is of great sig-
nificance for their microstructural design and engineering applications. In this Communication, from an atom-
istic perspective, the yield strength of a Ni-based single crystal superalloy varying with temperature, especially at 
extremely low (− 272 ◦C) and high (1227 ◦C) temperatures, has been investigated. The atomic-scale mechanisms 
are elaborated by extracting several types of dislocation activities at various temperatures. The anomalous 
behavior of yield strength dominated by the atomic-scale dislocation evolution is visualized in Ni-based single 
crystal superalloys.   

1. Introduction 

Ni-based single crystal superalloys are widely used to fabricate gas 
turbine and aircraft engine components in aerospace industries because 
of their excellent thermomechanical performance and creep, corrosion 
and oxidation resistance [1,2]. These alloys mainly consist of Ni matrix, 
Ni3Al dispersion precipitates and other alloying elements, such as me-
chanically strengthening elements (B, Re), the long-term stability 
element (Ru), and oxidation resistance elements (Al, Cr) [3]. Their 
excellent thermomechanical properties are mainly attributed to the 
superlattice structure of Ni3Al precipitates and an interface misfit 
dislocation (IMD) network, which is created on Ni/Ni3Al interface due 
to non-identical lattice parameters of Ni and Ni3Al. The superlattice 
structure of Ni3Al precipitates causes the cross-slip of dislocations, 
indicating the high-temperature strengthening mechanisms [4,5]. 
Moreover, the IMD network can absorb and accommodate slip disloca-
tions in Ni matrix, and further impede dislocations in matrix from 
approaching or shearing into Ni3Al phase [6,7]. These are the main 
factors resulting in the emergence of an anomalous yield strength. That 
is, the yield strength increases with temperatures for Ni-based single 
crystal superalloys [8,9]. 

Over the past decades, numerous experiments and theoretical ana-
lyses have been carried out to focus on the yield strength anomaly and its 

intrinsic mechanism in Ni-based single crystal superalloys [10–20]. For 
example, based on the new directionally solidified Ni-based superalloys 
M4706 [11], the yield strength anomaly behavior was revealed, which 
indicates that as temperature is less than 750℃, the anti-phase boundary 
and stacking fault shearing dominate plastic deformation. Moreover, as 
temperature is extremely high over 900℃, deformation is achieved 
mainly with dislocations bypassing Ni3Al precipitates. Such behaviors 
were also observed by Tan et al. [12] in ZGD-15 and by Zhang et al. [13] 
in CMSX-4. However, the yield strength anomaly is also attributed to 
dislocation cross-slip mechanisms of Ni3Al precipitates. As temperature 
is less than that corresponding to the highest yield strength, slip mainly 
occurs on the octahedral {111} planes. Otherwise, slip on {100} cubic 
planes becomes dominant [16,17]. Furthermore, several theoretical 
models for the yield strength anomaly of Ni-base superalloys have been 
established at elevated temperature, which can possess an amazing 
predicted ability of experimental results [18,19]. 

Nevertheless, most of these studies are generally performed on 
severely deformed or fractured specimens to identify the predominant 
deformation mechanisms. Due to lack of real-time and in-situ experi-
mental results and a visible dislocation evolution process, it is difficult to 
have a consensus among these deformation mechanisms. Here it is worth 
noting that, to the best of our knowledge, there are still no reports on the 
temperature-dependence of yield strength in Ni-based single crystal 
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superalloys at extremely low temperatures (below 27 ◦C) and the 
atomic-scale related mechanism of yield strength anomaly. As is well 
known, molecular dynamic simulations can be used to elaborate the 
microstructural evolution in a mechanical process [21,22]. Therefore, in 
this work, a molecular dynamic method is adopted to comprehensively 
investigate the influence of temperature on the yield strength of a 
Ni-based single crystal superalloy, from an extremely low temperature 
of − 272 ◦C to an elevated temperature of 1227 ◦C. The densities and 
activation order of dominant dislocations are extracted to clarify the 
atomic-scale dislocation evolution mechanism. This work aims to visu-
alize the dislocation activities such as dislocations from Ni matrix 
interacting with the IMD network and the evolution of an IMD network, 
which result in the temperature-dependent yield strength of a Ni-based 
single crystal superalloy. 

2. Simulation model and methods 

A Ni-based single crystal superalloy consists of pure face-centered 
cubic Ni matrix and L12 Ni3Al precipitate, which cause the mismatch 
of a Ni/Ni3Al interfacial lattice. Considering the concept of a coinci-
dence site lattice on misfit interphase interface, there are at least 66 
Ni3Al lattices and 67 Ni lattices to relax stress induced by the difference 
of lattice parameters with 3.52 Å for Ni and 3.573 Å for Ni3Al [23,24]. 
Thus, the volume and shape of a Ni3Al precipitate structural unit of 
66 × 66 × 66 are almost the same as that of a Ni matrix structural unit of 
67 × 67 × 67. By substituting the Ni3Al structural unit for the Ni 
structural unit in the center of a 75 × 75 × 75 Ni block with the same 
lattice directions, an initial mosaic cubic model of Ni-based single 
crystal superalloy can be constructed, as shown in Fig. 1a. The <100>
crystallographic orientations are along with three orthogonal co-
ordinates and the model has a volume of 26.4 × 26.4 × 26.4 nm3 con-
sisting of 1.6 million atoms. In the model, the volume fraction of Ni3Al is 
71 %, which is in agreement with the experimental value of 70 % [2,3]. 
Due to the lattice misfit of Ni and Ni3Al, the IMD network can be formed 
on interphase interface to reduce distorted energy of the system and 
accommodate the misfit strain [25,26]. The three-dimensional IMD 
network is formed on the Ni/Ni3Al {100} interface as illustrated in 
Fig. 1b. 

Atomistic simulations were performed by using the Largescale 
Atomic/Molecular Massively Parallel Simulator [27]. The 
embedded-atom potential function for a Ni− Al system developed by 
Mishin [28] was taken to define atomic interactions of Ni and Ni3Al. 
Periodic boundary conditions were implemented in three directions and 
initial configurations were energetically minimized by relaxing all 
samples for 100 ps. Tensile simulations were carried out by integrating 
Newton’s equations of motion for all atoms with a time step of 1 fs, and 

to investigate the temperature effect, temperatures were selected from 
− 272 to 1227 ◦C. The strain rate was controlled at 5 × 108 s− 1. The 
microstructural evolution was recognized via dislocation analysis visu-
alized with software OVITO [29]. 

3. Results 

Fig. 2 shows the tensile stress-strain curves of a Ni-based single 
crystal superalloy with various temperatures. It is seen that stress line-
arly increases with strain till reaching the yield strength. To avoid the 
sample specificity, yield strengths are averaged in five simulations with 
a diversely initial atomic velocity distribution at a given temperature. 
The temperature-dependence of yield strength can be divided into three 
parts, namely low temperature (< 27 ◦C), intermediate temperature 
(27–627 ◦C), and elevated temperature (> 627 ◦C) zones (see Fig. 3a). In 
a low temperature zone, the yield strength of a Ni-based single crystal 
superalloy decreases from 4.9 GPa to its local minimum of 4.2 GPa as 
temperature increases from − 272 to − 123 ◦C, indicating a thermal 
activation softening process. Then, with temperature rising to 27 ◦C, it 
goes up to 4.6 GPa, i.e., the value of yield strength within an interme-
diate temperature zone, where the yield strength remains almost un-
changed with temperature. However, in an elevated temperature zone, 
as temperature ascends from 627 to 927 ◦C, yield strength rises and 

Fig. 1. (a) The initial mosaic cubic model and (b) the IMD network in a Ni-based single crystal superalloy, where atoms were removed for clarity and blue lines 
indicate the 1/2 <110> perfect dislocations. 

Fig. 2. The stress-strain curves of a Ni-based single crystal superalloy under 
tension with various temperatures. 
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reaches its local peak value of 4.8 GPa, showing an anomalous yield 
strength behavior. After that, as temperature increases to 1227 ◦C, the 
yield strength falls to 4.5 GPa. Similar experimental results in interme-
diate and elevated temperature zones are shown in Fig. 3b. 

Real-time detection on densities and activities of dislocations in-
dicates that yield strength is closely related to them as illustrated in 
Fig. 4. The huge stress overshoots at the yielding point are corre-
sponding to the remarkable dislocation nucleation and growth, which 
change the density of dominant dislocation lines. Taking cases at − 272, 
− 73, 227 and 927 ◦C as examples, with strain increasing, the densities of 
1/6 <110> stair-rod and 1/6 < 112> Shockley dislocation lines first 
maintain stable. Then, they slightly increase with the yielding point 
being approached. Finally, they rise sharply at the yielding point. The 

largest growth rates of 1/6 <112> Shockley dislocation appear at 
strains of 3.4, 3.8, 4.4 and 5.4 %, which echo precisely the yielding 
points at four temperatures. However, the density of 1/2 <110> perfect 
dislocation undergoes exactly an opposite trend due to damage of the 
original IMD network structure and decomposition of 1/2 <110> per-
fect dislocations. Specifically, at − 272 ◦C, the IMD network structure 
consists of purely 1/2 <110> perfect dislocations with a density 
maintaining at 2.1 × 10− 4 Å− 2 in the early elastic stage. It gradually 
reduces around the yielding point and then tends to stable, indicating 
decomposition of 1/2 <110> with further increase of strain (see 
Fig. 4a). At temperatures of − 73, 227 and 927 ◦C, due to temperature- 
induced relaxation, initial IMD network structures are composed of 
not only 1/2 <110> perfect but also 1/6 <112> Shockley, 1/6 <110>

Fig. 3. (a) The yield strength of a Ni-based single crystal superalloy varying with temperature obtained by molecular dynamics simulations and (b) the experimental 
results of yield strength for Ni-based single crystal superalloys. 

Fig. 4. Evolution of densities of different types of dislocations during tension at various temperatures of (a) − 272, (b) − 73, (c) 227 and (d) 927 ◦C. Insets in (b–d) are 
initial configurations of IMD networks at − 73, 227 and (d) 927 ◦C, respectively, where atoms were removed for clarity and blue, cyan, green, orange, and red lines 
indicating 1/2 <110> perfect, 1/6 <112> Shockley, 1/6 <110> stair-rod, 1/3 <001> Hirth and 1/3 <111> Frank dislocations. 
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stair-rod, 1/3 <001> Hirth and 1/3 <111> Frank dislocations (see in-
sets in Fig. 4b–d). The latter three belong to immovable dislocations. 

Further analysis reveals that the densities of immovable 1/6 < 110>
stair-rod, 1/3 < 001> Hirth, and 1/3 < 111> Frank dislocation lines at 
yield points depend heavily on temperature, as shown in Fig. 5a. At 
− 272 ◦C, the density of 1/6 < 110> stair-rods produced by decompo-
sition of 1/2 < 110> perfect on the {111} plane of IMD network is the 
largest. At the yielding point (strain of 3.4 %), some 1/2 < 110> perfect 
dislocations on the {111} plane of IMD network begin to decompose. 
Each dislocation can decompose into one 1/6 < 110> stair-rod and two 
1/6 < 112> Shockley dislocations. The reaction can be written as 1/2 
[110] → 1/6[110] + 1/6[112] +1/6[11 2]. Meanwhile, at the inter-
section of 1/2 < 110> perfect, other 1/6 < 112> Shockley dislocations 
nucleate on the {111} side plane and expand in the Ni phase (see 
Fig. 5b). With temperature increasing to 227 ◦C, the density of 1/ 
3 < 001> Hirth dislocations grows rapidly in comparison with that at 
other temperatures, declaring its contribution to yield strength in an 
intermediate temperature zone. The microstructure of IMD network is 
also partially distorted with part of 1/2 < 110> perfect dislocations 
decomposing and disappearing gradually. At the same time, the 1/ 
6 < 112> Shockley dislocations from decomposition of 1/2 < 110>
perfect on the (1 00) plane of IMD network gradually shear into the 
Ni3Al precipitate phase and begin to expand to inside (see Fig. 5c). As 
temperature further reaches 927 ◦C, 1/3 < 111> Frank dislocations are 
dominant since their density reaches the maximum in contrast to that at 
other temperatures. Due to high-temperature thermal activation, the 
IMD network becomes unstable. More 1/2 < 110> perfect dislocations 
decompose into 1/6 < 112> Shockley dislocation segments. The inter-
action of these dislocation segments cause a large number of 1/3 < 111>
Frank and 1/3 < 001> Hirth dislocations to exist on the trajectory of the 
original perfect dislocation of IMD network. Thus, the IMD network is 
damaged and deformed, with the 1/6 < 112> Shockley dislocation 
segments on the (1 00) plane of the IMD expanding into Ni matrix phase 
and part of Shockley fragments on the (100) plane of the top surface 

shearing into Ni3Al precipitate phase (see Fig. 5d). 

4. Discussion 

Molecular dynamic simulations show that, in an intermediate tem-
perature zone, the yield strength of a Ni-based single crystal superalloy 
remains unchanged. In an elevated temperatures zone, however, yield 
strength first increases to its peak value at 927 ◦C and then decreases 
with temperature. This kind of anomalous behavior for Ni-based single 
crystal superalloys in intermediate and elevated temperature zones are 
well consistent with experimental results (see Fig. 3b) [10–16]. The 
discrepancy on yield strengths between our results and experimental 
tests mainly results from the two facts: One is the strain rate in simu-
lations (5 × 108 s− 1) that is much larger than that in experiments 
(10− 3–10− 2 s− 1). It is shown that variation of strain rates with ten orders 
generates a discrepancy of yield strength by three times [30]. The other 
is the Ni-based single crystal superalloy model that only contains Ni 
matrix and Ni3Al precipitate, while experimental samples contain other 
alloying elements to tailor yield strength [3]. In a low temperature zone, 
the yield strength approaches its minimum value at the critical value of 
temperature, − 123 ◦C. Below the temperature, yield strength decreases 
with temperature since decomposition of 1/2 <110> perfect disloca-
tions in the IMD network is the main deformation mechanism during a 
thermal activation process. However, the opposite trend emerges 
beyond the critical temperature because 1/6 <110> stair-rod and 
1/3 <001> Hirth dislocations start to nucleate at the intersection of 
perfect dislocations and dominate further microstructural evolution of a 
sample. They are immovable dislocations and form the Hirth and 
Lomer-Cottrell locks, which contribute to the stability of yield strength 
with temperature further rising to an intermediate zone [31,32]. 

Densities of various types of dislocations and dislocation activation 
order varying with temperature demonstrate that, at an extremely low 
temperature of − 272 ◦C, the 1/6 <110> stair-rod dislocations generated 
by decomposition of perfect dislocations are dominant. The activated 
dislocation slip system is <110> {111} and the maximum yield strength 

Fig. 5. (a) Densities of various dislocations at yielding points vary with temperature. Atomic configurations of deformed three-dimensional IMD networks at various 
temperatures of (b) − 272, (c) 227 and (d) 927 ◦C, with atoms being removed for clarity and blue, cyan, green, orange, and red lines indicating 1/2 <110> perfect, 1/ 
6 <112> Shockley, 1/6 <110> stair-rod, 1/3 <001> Hirth and 1/3 <111> Frank dislocations. 
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is achieved at − 272 ◦C. However, as temperature increases to − 123 ◦C, 
thermal softening makes such decomposition and slip easier, resulting in 
reduction of yield strength. These results are consistent with the thermal 
activation process in materials [33]. Beyond − 123 ◦C, 1/6 <110>
stair-rod and 1/3 <001> Hirth dislocations start to take the initiative to 
nucleate at the corners of IMD network and form dislocations locks to 
produce pinning effects. This results in yield strength increasing with 
temperature. In an intermediate temperature zone, dislocation locks 
formed by 1/3 <001> Hirth and 1/6 <110> stair-rod dislocations have 
completely controlled the microstructural evolution, generating a stable 
yield strength. However, in an elevated temperature region, locks 
formed by 1/3 <111> Frank and 1/3 <001> Hirth dislocations are the 
main strengthening mechanism, accompanying by lots of 1/6 <112>
Shockley dislocation segments on the {100} plane of IMD expanding 
into Ni phase and shearing into Ni3Al phase. These phenomena are 
consistent with the results of Kear–Wilsdorf lock in experimental ob-
servations [8,10,13,34], which result in pinning dislocations and 
improve yield strength. 

5. Conclusions 

In summary, the temperature-dependence of yield strength in Ni- 
based single crystal superalloys has been clarified from an atomistic- 
scale modeling. Analysis on densities and activation order of diverse 
types of dislocations provides an obvious image of the temperature- 
dependent yield strength anomalous behavior. It is shown that, as 
temperature raises from − 272 to − 123 ◦C, yield strength first decreases 
due to thermal softening effect on decomposition of 1/2 <110> to 1/ 
6 <110> and activation of <110> {111} slip system. Then, 1/3 <001>
Hirth and 1/6 <110> stair-rod dislocations gradually form locks to 
promote yield strength until temperature reaches 27 ◦C. After that, locks 
formed by 1/3 <001> Hirth and 1/6 <110> stair-rod dislocations play 
the roles in stabilizing the yield strength as temperature goes up to 
627 ◦C. Finally, nucleation and pinning effects of 1/3 <111> Frank and 
1/3 <001> Hirth dislocations push the yield strength to its local peak at 
927 ◦C before thermal softening effect recovers. 
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