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A B S T R A C T   

This work attempts to explore a method to characterize the effect of loading rate on the power-law constitutive 
parameters of nickel-based single crystal superalloys (NBSX) by nanoindentation, which avoids the influence of 
indentation sinking-in or piling-up and indentation size effects. Specifically, combing the reduced modulus ob
tained from a cylindrical flat punch indentation test with the indentation contact stiffness obtained from two 
pyramidal indentation tests with different equivalent half cone angles, the actual indentation projected contact 
area of two pyramidal indenters can be acquired. Based on the actual projected contact area and the intrinsic 
hardness results calculated by Nix-Gao model, the corrected indentation load-depth curves from two pyramidal 
indenters are constructed. The elastic modulus can be known from the reduced modulus in advance, and then 
according to the equivalent half cone angle of the pyramidal indenters and the corrected indentation load-depth 
curves, the representative strain and stress of two pyramidal indenters are obtained, respectively. The power-law 
constitutive parameters of NBSX along [001] orientation under different loading rates are accomplished by 
inverse analyses of the representative stress and strain of two pyramidal indenters, and verified by the test results 
of a pyramidal indenter with another equivalent half cone angle. Results demonstrate the effectiveness of the 
explored method.   

1. Introduction 

As an excellent high temperature metal material, nickel-based single 
crystal superalloys (NBSX) have been selected as substrate alloys for 
aeroengine turbine blades (Reed et al., 2009; Tsukada et al., 2011; Xiong 
et al., 2015). Compared with traditional superalloys, the internal grain 
boundaries of NBSX are eliminated, and its microstructure is composed 
of matrix phase (γ phase) and strengthening phase (γ’ phase), which 
with a volume fraction of ~ 70 % embedded in matrix phase. It is this 
two-phase microstructure that makes NBSX having a series of complex 
deformation mechanisms, and excellent mechanical properties, corro
sion resistance and oxidation resistance (Liu et al., 2020; Durst and 
Göken, 2004; Salehi et al., 2012; Zhang et al., 2020). With the increase 
of thrust weight ratio of aeroengine and gas temperature in the front of 
turbine, thermal barrier coating and gas film pore structure are applied 

to turbine blades for cooling and protection, and turbine blades undergo 
complex loading conditions in service (Sun et al., 2020). Therefore, it is 
significant to effectively characterize the mechanical properties of NBSX 
(Zhang et al., 2015; Ji et al., 2022). 

As an advanced material surface contact mechanical property testing 
technology, nanoindentation has been extensively used in character
izing the mechanical properties of thin films and substrate alloys (Xiao 
et al., 2021; Xiao et al., 2017; Yu et al., 2021). In previous works, 
nanoindentation was used to study the creep properties, and the crystal 
orientation or temperature effect on the mechanical response of NBSX 
(Xu et al., 2008; Han et al., 2020; Sawant and Tin, 2008). It is rarely 
involved in exploring the power-law constitutive relationship of NBSX 
along the [001] orientation, which is the main load bearing orientation 
of NBSX. 

During nanoindentation, the test results of indentation hardness and 
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elastic modulus depend on the precision of the indentation projected 
contact area. The indentation sinking-in effect occurs when the plastic 
deformation of tested material is accommodated by the surrounding 
elastic deformation space, on the opposite, the piling-up effect occurs 
(Iracheta et al., 2019). Obviously, the occurrence of indentation sinking- 
in or piling-up effect will affect the accuracy of test results. Various 
works were carried out to study the relationship between sinking-in or 
piling-up effect and the mechanical response of tested material (Taljat 
and Pharr, 2004; Cheng and Cheng, 1998; Bolshakov and Pharr, 1998). 
Furthermore, Oliver and Pharr (Oliver and Pharr, 1992) established a 

model for calculating the actual projected contact area without 
considering the piling-up effect. A method was given by N’jock et al. 
(N’Jock et al., 2015) to approximately calculate the actual projected 
contact area when the piling-up effect is dominant. Based on finite- 
element simulation, Xu et al. (Xu and Agren, 2004) proposed an 
empirical model for obtaining the actual projected contact area under 
sinking-in or piling-up effect. In addition, finite element simulation or 
scanning electron microscope observation can be also used to calculate 
the actual projected contact area (Chen et al., 2006; Fang et al., 2016). 

The results of scaling analyses show that the indentation hardness is 
a constant value and independent of indentation depth (Cheng and 
Cheng, 2004). However, during nanoindentation, the value of indenta
tion hardness shows an increasing regime as indentation depth de
creases, this phenomenon is termed as indentation size effect (ISE). For 
the purpose of describing this phenomenon, Fleck et al. (Fleck and 
Hutchinson, 1997) proposed a strain gradient theory including rota
tional strain gradient and tensile strain gradient. Shu et al. (Shu and 
Fleck, 1999) further developed Fleck’s work to establish a strain 
gradient model suitable for crystals. Based on the strain gradient theory, 
Nix and Gao (Nix and Gao, 1998) established a dislocation model for 
characterizing the form of indentation hardness variation with inden
tation depth. However, due to the influence of the indenter tip radius 
and the storage volume of geometrically necessary dislocations (GNDs), 
the measured results of indentation hardness will be less than that 
calculated by Nix-Gao model when the indentation depth is less than 
100 nm (Qu et al., 2004; Durst et al., 2005). Huang et al. (Huang et al., 
2016) proposed a theoretical model based on the maximum allowable 
GNDs density to further develop the Nix-Gao model. Duan et al. (Liu 

Fig. 1. The microstructure of DD6 NBSX along [001] orientation.  

Fig. 2. The result of indentation test with a cylindrical flat punch indenter.  

Fig. 3. The contact stiffness results of indentation tests with pyramidal indenters (a) α = 70.32◦, (b) α = 61.43◦.  

Fig. 4. The actual projected contact area of indentation tests with pyrami
dal indenters. 
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et al., 2019) established a modified model considering the influence of 
elastic deformation to solve the problem of poor prediction by the Nix- 
Gao model when the indentation depth is small. In addition, dislocation 

slip and plasticity models were also constructed for exploring the evo
lution of dislocation structure (Reuber et al., 2014; Po et al., 2019). 
However, there are few works can comprehensively consider the influ
ence of indentation sinking-in or piling-up effect and ISE on the results of 
nanoindentation. 

In this work, different types of indenters (two pyramidal indenters 
with different equivalent half cone angles and a cylindrical flat punch 
indenter) are used to explore the effect of loading rate on the power-law 
constitutive parameters of NBSX along [001] orientation. Specific 
calculation procedures are performed on the indentation results based 
on the indentation contact theory and Nix-Gao model, the actual 
indentation projected contact area avoiding sinking-in or piling-up ef
fect and indentation load-depth curves without ISE of pyramidal in
dentations can be obtained. According to the indentation load-depth 
curves without ISE and Kick’s law, the power-law constitutive param
eters of NBSX along [001] orientation under different loading rates are 
calculated based on inverse analyses of the representative stress and 
strain. This method may be used to effectively characterize the power- 
law constitutive parameters of metal or alloy material, avoiding the 
influence of indentation sinking-in or piling-up effect and ISE. 

2. Nanoindentation tests 

The second-generation NBSX (DD6) of China was taken as the tested 
material for this work. The [001] crystal oriented NBSX rod was cut into 
a cube with the length, width and height of 10 mm, 2 mm and 6 mm, 
respectively, and then it was inlaid with oak powder. The sample surface 
was gradually polished using various sandpapers from coarse to fine and 
electrolytic polishing. The microstructure of NBSX along [001] orien
tation is depicted in Fig. 1. 

Nanoindentation tests were carried out on the Nanoindenter G200 
(Agilent Technologies), the [001] orientation of NBSX was tested by a 

Fig. 5. The indentation hardness results of indentation tests with pyramidal indenters (a) α = 70.32◦, (b) α = 61.43◦.  

Fig. 6. The H2-1/h of indentation tests with pyramidal indenters (a) α = 70.32◦, (b) α = 61.43◦.  

Table 1 
The intrinsic hardness results of NBSX.  

Ṗ/P(s− 1) 0.005 0.01 0.05 0.1 

H0 (GPa) α = 70.32◦ 3.100  3.112  3.157  3.174 
H0 (GPa) α = 61.43◦ 3.440  3.451  3.486  3.506  

Fig. 7. The ln (H0) - ln (ε̇) of indentation tests with pyramidal indenters.  
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cylindrical flat punch indenter with the radius of 2.75 μm. The 
maximum indentation load was 110 mN, the time of loading, holding 
and unloading stage were 5 s, 10 s and 2.5 s, respectively. 

Two pyramidal indenters with equivalent half cone angle of 70.32◦

and 61.43◦ were used to test the [001] orientation of NBSX by contin
uous stiffness measurement (CSM), respectively. The maximum inden
tation depth was 1500 nm. Four loading strain rates (Ṗ/P) of 0.005, 0.01, 
0.05 and 0.1 s− 1 were adopted for the tests, with the indenter unloading 
in compliance with the normal setting of the nanoindenter. Six parallel 
tests were conducted for each indentation working condition, and then 
representative results were obtained. 

3. Theoretical analyses 

For the unloading elastic recovery curve of nanoindentation, the 
reduced modulus Er of tested material can be obtained by the following 

relationship (Oliver and Pharr, 1992): 

dP
dh

= 2γEra (1)  

where P is indentation load, h is indentation depth, a is indentation 
contact radius, γ is a constant related to the shape of indenter. For a 
cylindrical flat punch indenter, γ=1. 

The relationship between reduced modulus Er and elastic modulus E 
as following: 

E =
(
1 − ν2)

/(
1
Er

−
1 − ν2

i

Ei

)

(2)  

where ν is Poisson’s ratio of tested material, Ei = 1141 GPa, νi = 0.07 are 
the elastic modulus and Poisson’s ratio of the diamond indenter, 
respectively (Oliver and Pharr, 1992). 

For most metallic materials, the following power-law constitutive 

Fig. 8. The indentation load-depth curves of pyramidal indenters.  

Fig. 9. The corrected indentation unloading curves of pyramidal indenters, (a) α = 70.32◦, (b) α = 61.43◦.  
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relation can well describe the elastic–plastic deformation behavior of 
materials (Cheng and Cheng, 2004): 

σ =

{
Eε, ε⩽σy

/
E

Kεn, ε⩾σy
/

E (3)  

where σ and ε are stress and strain, respectively. K, n are strength co
efficient and strain hardening exponent, respectively. σy is initial yield 
strength, εy = σy/E is initial yield strain, andK = σ1− n

y En. 
The reduced modulus Er of tested material can be also expressed as: 

Er =

̅̅̅
π

√

2β
S
̅̅̅̅̅
Ac

√ (4)  

where S is indentation contact stiffness, Ac is indentation projected 
contact area, β = 1.034 is a constant for the pyramidal indenter (Oliver 
and Pharr, 1992). 

As a dynamic measurement method, CSM can record the contact 
stiffness of the tested material continuously at the loading stage of an 
indentation (Oliver and Pethica, 1989). Therefore, combining Eq. (1) 
with Eq. (4), the actual indentation projected contact area Ac without 
the influence of sinking-in or piling-up effect can be obtained as: 

Ac = S2π
/

4β2E2
r (5) 

According to the definition of indentation hardness H, 

H =
P
Ac

(6) 

Due to the objective existence of indentation strain gradient, the 
indentation hardness results are affected by ISE. Nix and Gao (Nix and 
Gao, 1998) developed a model to quantitatively describe the variation of 
indentation hardness with indentation depth: 

H
H0

=

̅̅̅̅̅̅̅̅̅̅̅̅̅

1 +
h*

h

√

(7) 

For the convenience of calculation, Eq. (7) can be transformed into: 

H2 = H2
0 +H2

0 h*/h (8)  

where H0 is the intrinsic hardness without the influence of ISE, h* is a 
characteristic length describing the depth dependence of indentation 
hardness. Obviously, a linear fitting can be performed on the square of 
indentation hardness and the reciprocal of indentation depth, the 
intercept result will be the square of intrinsic hardness (H2

0). 
For the CSM mode, Ṗ/P is a constant, the indentation strain rate ε̇ =

ḣ/h can be obtained (Xiao et al., 2019): 

ε̇ = Ṗ
/

2P (9) 

According to scaling analyses, the following relationship can be 
established (Cheng and Cheng, 2001); 

H0 = Bε̇m (10)  

where B is a constant, m is strain-rate sensitivity exponent. Therefore, m 
can be calculated as: 

m = d ln (H0)/d ln (ε̇) (11) 

Based on the results of Eq. (5) and Eq. (8), the indentation load Pa 
without ISE at loading stage can be obtained by: 

Pa = H0Ac (12) 

For a pyramidal indenter, the indentation load-depth curves at the 
loading stage can be well described by Kick’s law (Oliver and Pharr, 
1992): 

Pa = Ch2 (13)  

where C is a constant related to the tested material and the shape of the 
indenter. 

During nanoindentation, it is difficult to obtain the stress and strain 
of the deformed part directly and accurately. Representative stress and 
strain were defined for obtaining the mechanical properties of the tested 
material (Xiao et al., 2021). For a given pyramidal indenter, the corre
sponding representative stress of tested material can be obtained by 
dimensionless function, that is (Chen et al., 2007); 

C
σR

=
∏

(
E
σR

)

(14)  

where σR is the representative stress, E = E/
(
1 − ν2) is the plane strain 

modulus. 
In order to correct the shortcomings of the previous definition of 

representative strain, Ogasawara et al. (Ogasawara et al., 2006) rede
fined the representative strain based on the equi-biaxial loading mode. 
The representative strain εR has a linear relationship with the cotangent 
value of the equivalent half cone angle of the pyramidal indenter, 
namely, 

εR = 0.0319cotα (15)  

where α is equivalent half cone angle of the pyramidal indenter. The 
representative stress σR can be calculated by incorporating the elastic 

Fig. 10. The effective indenter shape of pyramidal indenters.  

Table 2 
The calculation results of σR and C.  

Ṗ/P (s− 1) 70.32◦ 61.43◦

εR C (GPa) σR(GPa) εR C (GPa) σR(GPa)  

0.005 0.0114  101.959  1.391 0.0174  51.689  1.474  
0.01  102.220  1.397  51.832  1.480  
0.05  103.515  1.424  52.376  1.500  
0.1  104.408  1.440  52.618  1.510  

Table 3 
The power-law constitutive parameters of NBSX along [001] orientation.  

Ṗ/P (s− 1) σy(GPa) K (GPa) εy n  

0.005  0.931  2.752  0.00669  0.217  
0.01  0.939  2.751  0.00675  0.215  
0.05  0.999  2.642  0.00718  0.197  
0.1  1.043  2.543  0.00750  0.182  
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and rigid plastic limit as following (Ogasawara et al., 2006): 

σR = meCE
/

mp(meE − C) (16)  

where me = 2χtanα/π and mp = 13.2tan2α+6.18tanα − 8.54 are elastic 
and rigid plastic limit, respectively, χ is a correction factor developed by 
Pharr et al. (Hay et al., 1999). 

For a given pyramidal indenter, the σR and εR obey the following 
relationship: 

σR = K(2σR/E + 2εR)
n (17) 

Obviously, K and n of the power-law constitutive relation can be 
obtained by using two pyramidal indenters with different equivalent 
half cone angles. 

For a pyramidal indenter, the indentation unloading curves can be 
expressed as (Pharr and Bolshakov, 2002): 

P = Cu(h − hr)
u (18)  

where Cu, u are constants, hr is residual indentation depth. 
For better understanding the complex elastic–plastic deformation 

behavior under the pyramidal indenter during unloading, the concept of 
“an effective indenter shape” was introduced (Fischer, 2007); 

z = Dre (19)  

where z is the vertical distance from the pyramidal indenter to perma
nently deformed surface, r is the horizontal distance from the symmetry 
axis of pyramidal indenter. D, e are constants related to the tested 
material, 

D =
1̅
̅̅
π

√

[
2Er

Cu

e
e + 1

(
Γ(e/2 + 1/2)
Γ(e/2 + 1)

)1/e
]e

(20)  

e = 1/(u − 1) (21)  

4. Results and discussion 

4.1. Test results of the cylindrical flat punch indenter 

Since the projected contact area is always equal to the cross-sectional 
area of the cylindrical flat punch indenter during nanoindentation, as 
shown in Fig. 2, according to the linear fitting result of the elastic re
covery curve at the unloading stage and the radius of the cylindrical flat 
punch indenter, the reduced modulus of NBSX can be calculated by Eq. 
(1), which is Er = 138.78 GPa. Furthermore, the elastic modulus of NBSX 
can be obtained based on Eq. (2), namely E = 139.10 GPa. 

4.2. Test results of pyramidal indenters 

Contact stiffness indicates the ability of NBSX to resist contact 
deformation, which is not affected by the loading rate, as manifested in 
Fig. 3. The relationship between contact stiffness and indentation depth 
is consistent with the linear result of theoretical analyses (Ji et al., 2022; 
Xiao et al., 2021). The contact stiffness of NBSX measured by the py
ramidal indenter with equivalent half cone angle of 70.32◦ is higher 
than that measured by the pyramidal indenter with equivalent half cone 
angle of 61.43◦. 

According to the results of contact stiffness and reduced modulus, the 
actual projected contact area at the loading stage can be obtained based 
on Eq. (5). As exhibited in Fig. 4, since neither the reduced modulus nor 
the contact stiffness is affected by the loading rate, the actual projected 
contact area is almost not affected by the loading rate. Upon analyses, as 
plastic deformation under the indenter is restrained with loading rate (Ji 
et al., 2022), the projected contact area decreases imperceptibly. 

According to the results of actual projected contact area and Eq. (6), 
the indentation hardness-depth curves can be obtained avoiding the 
influence of sinking-in or piling-up effect. Fig. 5 exhibits the value of 
indentation hardness increases monotonically with decreasing inden
tation depth, this phenomenon is called ISE. For avoiding the surface 
effect of tested materials and the curvature effect of indenter tip, the 
intrinsic hardness results of NBSX were obtained by calculating the 
indentation hardness curves for the indentation depth exceeding 600 nm 

Fig. 11. The indentation load-depth curves and predicted curves of power-law constitutive parameters.  
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(600–1500 nm) based on the Nix-Gao model, as depicted in Fig. 6. 
Hardness indicates the ability of NBSX to resist hard objects indenting 
into its surface. With increasing loading rate, the viscoplastic deforma
tion and viscous flow of NBSX are restrained (Ji et al., 2022), and the 
NBSX under the indenter is hardened. It can be seen from Table 1 that 
the intrinsic hardness is enhanced with loading rate. Moreover the 
intrinsic hardness measured by the pyramidal indenter with equivalent 
half cone angle of 61.43◦ is higher than that measured by the pyramidal 
indenter with equivalent half cone angle of 70.32◦ under the same 
loading rate. The strain-rate sensitivity exponent m can be calculated 
based on Eq. (11). Due to the higher dislocation density inside NBSX 
tested under a pyramidal indenter with smaller equivalent half cone 
angle, the sensitivity to loading rate is lower (Fan et al., 1845); just as 
Fig. 7 demonstrating thatmα = 70.32◦ > mα = 61.43◦ . 

The corrected indentation load-depth curves of pyramidal indenters 
at loading stage can be obtained based on the results of actual projected 
contact area and intrinsic hardness. Since the ISE is eliminated in the 
corrected curves, the corrected indentation load is less than the original 
experimental indentation load, as illustrated in Fig. 8. 

4.3. The effective indenter shape of pyramidal indenters 

Since the unloading process is mainly elastic recovery, and the effect 
of plastic deformation can be ignored (Pharr and Bolshakov, 2002), the 
complete corrected indentation curves were obtained by translating the 
part of the original unloading curves below the indentation load Pa to 
connect to the corrected indentation loading curves. The effective 
indenter shape of pyramidal indenters can be obtained based on the 
corrected indentation unloading curves (Fig. 9). Fig. 10 displays that the 
value of Z decreases with loading rate, indicating that with the increase 
of loading rate, the stress distribution under the indenter becomes more 
concentrated, and the elastic recovery of NBSX increases. 

4.4. The power-law constitutive parameters of NBSX along [001] 
orientation 

As shown in Fig. 8, the loading coefficient C can be obtained by 
fitting the corrected indentation load-depth curves according to the 
Kick’s law, furthermore, the representative stress σR was calculated by 
incorporating the elastic and rigid plastic limit. The calculation results 
were summarized in Table 2. Based on the results of representative stress 
and strain of two pyramidal indenters with different equivalent half 
cone angles, the power-law constitutive parameters of NBSX along 
[001] orientation can be obtained. Table 3 exhibits the power-law 
constitutive parameters of NBSX along [001] orientation under 
different loading rates. 

Since both dislocation density and deformation activation energy in 
the matrix phase (γ phase) increase with loading rate (Fan et al., 1845; 
Zhang et al., 2015); Table 3 obviously reveals the correlation between 
initial yield strength (strain) of NBSX and loading rate is positive. 
Although the loading rate enhanced the initial yield strength (strain) of 
NBSX, the plastic properties of NBSX are inhibited. As loading rate in
creases, the viscoplastic flow becomes smaller for its hysteresis (Salvado 
et al., 2017), and the plastic deformation of NBSX is more concentrated, 
that is, the slip and distribution of dislocations are more nonuniform 
(Fan et al., 1845). In addition, the dislocation slip velocity displays an 
increasing regime as the loading rate increases, while the stacking fault 
width shows a decreasing regime, causing the stacking fault energy 
increasing and more nonuniform plastic deformation of NBSX (Estrin 
and Kubin, 1986; Curtze and Kuokkala, 2010). Therefore, Table 3 il
lustrates both K and n decrease with loading rate. 

4.5. Verification of the power-law constitutive parameters of NBSX along 
[001] orientation 

In order to verify the power-law constitutive parameters of NBSX 

along [001] orientation obtained from the above work, a pyramidal 
indenter with equivalent half cone angle of 78.23◦ was indented into the 
NBSX along [001] orientation under the same four different strain rates 
by CSM. The predicted indentation load-depth curves by forward ana
lyses of the power-law constitutive parameters and the corrected 
indentation load-depth curves of test results were plotted in Fig. 11. 
Considering the good agreement between them, it can be concluded that 
the power-law constitutive parameters of NBSX along [001] orientation 
obtained from the above work are reliable. 

5. Conclusion 

In this work, loading rate effect on the power-law constitutive pa
rameters of NBSX along [001] orientation is characterized by nano
indentation tests with different types of indenters. Specific calculation 
procedures were performed on the indentation test results based on the 
indentation contact theory and Nix-Gao model, the indentation load- 
depth curves avoiding the influence of indentation sinking-in or 
piling-up effect and ISE can be obtained. Furthermore, according to the 
corrected indentation load-depth curves, the accurate power-law 
constitutive parameters of NBSX along [001] orientation under 
different loading rates can be calculated by inverse analyses of the 
representative stress and strain of two pyramidal indenters. The inden
tation contact stiffness and actual projected contact area are almost not 
affected by loading rate. The strain-rate sensitivity exponent m, inden
tation contact stiffness and actual projected contact area measured by a 
pyramidal indenter with larger equivalent half cone angle are larger 
than that measured by a pyramidal indenter with smaller equivalent half 
cone angle, however, the intrinsic hardness results are just the opposite. 
The elastic recovery, initial yield strengthσy, initial yield strain εy and 
intrinsic hardness of NBSX display an increasing regime as the loading 
rate increases, while strength coefficient K and strain hardening expo
nent n are just the opposite. The proposed method can be used to 
effectively characterize the power-law constitutive parameters of metal 
or alloy material. 
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