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Abstract: Creep and anelastic backflow behaviors of pure copper (4N Cu) with grain size dg=40 μm were investigated at low 

temperatures of T <0.3Tm (Tm is melting point) and ultra-low creep rates of  ≤1×10−10 s−1 by a high strain-resolution measurement 

(the helicoid spring specimen technique). Analysis of creep data was based on the scaling factors of creep curves instead of the 

conventional extrapolated steady-state creep rate. Power-law creep equation is suggested to be the best for describing the primary 

transient creep behavior, because the pre-parameter does not apparently change with elapsed time. The observed anelastic strains are 

1/6 of the calculated elastic strains, and linear viscous behavior was identified from the logarithm plot of the anelastic strain rate 

versus anelastic strain (slope equals 1). Therefore, the creep anelasticity is suggested to be due to the unbowing of there-dimensional 

network of dislocations. 
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1 Introduction 
 

It has been known that creep deformation can occur 

at very low strain rates of  1×10−10 s−1 [1−3]. Analysis 

of creep data is conducted usually based on the creep rate 

in the secondary creep stage. However, at  1×10−10 s−1, 

identification of the secondary creep stage requires very 

long testing time, even longer than 40 years [1]. Such 

long testing time cannot be accepted for systematic study 

of creep deformation at  1×10−10 s−1. Therefore, 

steady-state creep rates extrapolated by fitting primary 

transient creep curves were used to study long-term 

creep deformation [4−6]. To obtain analyzable primary 

transient creep data at  1×10−10 s−1, a helicoid spring 

specimen technique has been employed [4−6] due to its 

higher strain resolution than that of conventional uniaxial 

tension creep tests, even reaching 1×10−9 [7]. 

However, it is not clear whether the creep data 

analysis based on extrapolating steady-state creep rates 

by fitting primary transient creep curves is the best 

approach, because the steady-state creep stage is often 

not reached [8]. Actually, the steady-state strain rate is 

considered to be identical to the creep rate derived 

(directly) at the end of the creep curves [5]. In addition, 

this approach hides an error of taking a steady-state creep 

rate instead of the minimum creep rate. The physical 

meanings of the steady-state creep rate and the minimum 

creep rate are completely different. The former, 

steady-state creep rate, is associated with a balance of 

work hardening and creep recovery under the condition 

of a stable microstructure, whereas the latter, the 

minimum creep rate, may be related with a balance point 

of work hardening and recovery caused by deterioration 

of microstructure. 

Here, an alternative approach was shown to analyze 

creep data at ultra-low strain rate,  <1×10−10 s−1, using 

scaling factors of the creep curves. The scaling factors 

should determine shape of creep curves and are 

independent of the elapsed testing-time. The dependence 

of the scaling factors on stress and temperature is 

examined instead of examining the dependence of 

conventional steady-state creep rates on stress and 

temperature. We preformed helicoid spring creep tests on 
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pure copper (99.99% Cu) at T<0.3Tm (Tm is the melting 

point) and ultra-low strain rate,  <1×10−10 s−1. Creep 

curves were analyzed by the use of transient constitutive 

creep equations to find possible scaling factors. Then, 

dependence of the scaling factors on stress, temperature 

and testing time was analyzed. The characteristics of an 

anelastic process at  <1×10−10 s−1 were also firstly 

studied with regard to its magnitude and kinetics to better 

understand the creep behavior. 

 

2 Experimental 
 

Creep tests were performed on wires of 99.99% Cu 

(4N) with a diameter of 1.6 mm supplied by Nilaco 

Corporation (Japan). The following equations [9,10] 

were used to calculate the mean surface shear stress, , 

and the surface shear strain, , assuming pure torsion of 

the helicoid spring specimen: 
 

3

8

π

PD
τ = 

d
                                  (1) 

2π

δd
γ = 

nD


                                  (2) 

 

where P is the average load, D is the coil diameter  

(18.8 mm), d is the wire diameter (1.6 mm), n is the 

number of coils (5) measured and ∆δ is the displacement 

of the mean coil−pitch spacing. In this work, torsion is 

the dominant component of deformation because D is 

much greater than d (D/d >12) [11] and the value of  is 

between 2.5 and 4.0 mm [8]. Since the stress and strain 

in the helicoid spring have essentially shear components, 

they can be transformed to the equivalent tensile 

quantities using von Mises equations for tensile stress 

3σ τ  and tensile strain / 3ε = γ  . The minimum 

detectable value of strain for the helicoid spring creep 

test is evaluated from Eq. (2). For example, the minimum 

detectable strain for the present experiment is ε=4.2×10−8 

under the following conditions: d =1.6 mm; D=18.8 mm; 

n=10; ∆δ is measured using a light-emitting diode with a 

resolution of 0.5 μm. Details of the test apparatus were 

reported elsewhere [12−14]. 

 

3 Results and discussion 
 

3.1 Creep curve description 

The creep curves obtained at 298, 348 and 398 K 

are shown in Figs. 1(a)−(c), respectively. In all the creep 

curves, the creep rate which corresponds to the slope of 

the curves decreases with the increase of time. Figure 2 

shows the strain rate on a logarithmic plot versus strain 

at 348 K and different stresses. Creep deformation of the 

pure copper consists of primary creep stages, in which 

the creep rate decreases with the increase of strain and  

no secondary (steady-state) creep stage is observed, in 

 

 

Fig. 1 Strain−time creep curves for Cu (4N) at 298 K (a),   

348 K (b) and 398 K (c) 

 

which the creep rate does not change with strain. 

Therefore, constitutive creep equations expressing 

the primary stages should be used to analyze the 

experimental creep curves. We used the following 

constitutive creep equations that are widely accepted as 

basic equations [14,15]. 
 

Power law: 
 
ε=ε0+atb                    

                       (3) 
 

Exponential law: 
 
ε=ε0+a[1−exp(−bt)]                          (4) 
 

Logarithmic law: 
 
ε=ε0+aln(1+bt)                              (5) 
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Fig. 2 Strain rate−strain creep curves at 348 K and different 

stresses 
 

Blackburn’s law: 
 
ε=ε0+ac[1−exp(−bt)]+c[1−exp(−dt)]             (6) 
 
where ε is the strain, ε0 is the instantaneous strain on 

application of dead weight, t is the elapsed time, and a, b, 

c and d are parameters characterizing the primary creep 

region. Here, we call a, b, c and d “scaling factors”. 

Typical results of a regression analysis are shown in 

Fig. 3, for creep at 348 K and 7.78 MPa. The curves 

predicted from these equations are extrapolated to predict 

the creep course. The exponential-law equation does not 

reproduce the experimental data, whereas power-law 

equation, Blackburn’s equation and logarithmic-law 

equation all give a good representation of the 

experimental creep curve. The 0 and the parameters, a, b, 

c and d, obtained from these equations that best fit the 

experimental creep curve are used to analyze creep 

behavior. 
 

 

Fig. 3 Comparison of experimental data and predicted 

extrapolated curves of strain versus time at 348 K and     

7.78 MPa 

 

3.2 Instantaneous strain 

On application of load, there is an instantaneous 

specimen strain. The instantaneous strains predicated 

from the power-law equation, Blackburn’s equation and 

the logarithmic-law equation are very close to each other, 

as illustrated in Fig. 4. This figure also shows that the 

square root of the instantaneous strain, ε0
1/2, is a linear 

function of the applied stress. This result is reasonable 

because the stress−strain curves of copper are 

approximately parabolic and the instantaneous strain on 

the application of a load corresponds to this  

relationship [16]. The extrapolated value of stress at 

ε0
1/2=0 may be regarded as the elastic limit σ0 [16] 

indicated by a arrow in Fig. 4. At 348 K, the value is 

about 2.5 MPa. 

 

 

Fig. 4 Applied stress versus ε0
1/2 power of instantaneous strain 

predicted by different creep equations for pure copper at 348 K 

 

3.3 Dependence of parameters on stress and 

temperature 

In Figs. 5(a)−(c), the scaling factors, a, b, c and d, 

obtained from the creep constitutive equations: the 

power-law equation, Blackburn’s equation and the 

logarithmic-law equation, respectively, are plotted 

against applied stresses on a logarithm scale. The 

dependence of the values of a, b, c and d on stress is 

attempted to describe by the following power-law 

relationship: 
 

a, b, c and d =σn                                               (7) 
 

where n is the stress exponent. 

For fitting the creep data by the power-law equation 

in Fig. 5(a), parameter b (open circle), is b≈1/3 and 

independent of stress, whereas a (open square) shows the 

tendency of a=σ2. For the case of Blackburn’s law in  

Fig. 5(b), the parameters, b (blue) and d (green), are 

independent of stress, whereas a (red) and c (triangle) are 

dependent on stress as a, b ≈σ3, respectively. For the case 

of the logarithmic-law equation in Fig. 5(c), the 

parameter, b (open circle), is independent of stress, 

whereas a (open square) is dependent on stress as a≈σ3. 

Actually, parameters b and d should be considered to 
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represent the average of small deviations from the power, 

double-exponential and logarithmic behaviors whereas 

terms a and c mainly decide the creep progression. The 

small deviations represent experimental inaccuracies, i.e., 

the instability of the experimental temperature. 
 

 

Fig. 5 Dependence of parameters a, b, c and d on stress at  

348 K: (a) Obtained from power-law equation; (b) Obtained 

from Blackburn’s equation; (c) Obtained from logarithmic-law 

equation 

 

The dependence of parameters a and c on 

temperature is attempted to describe by the Arrhenius 

equations: 
 

exp aE
a A

RT

 
  

 
                            (8) 

and 

exp cE
c A

RT

 
  

 
                            (9) 

 
where A is a constant that depends on the materials and 

stress, R is the molar gas constant, T is the test 

temperature and Ea and Ec are the activation energies for 

creep. Figure 6 shows determined values of a and c in 

the power-law equation, Blackburn’s equation and 

logarithmic-law equation, on a logarithmic scale plotted 

 

 

Fig. 6 Dependence of parameters a and c on reciprocal 

temperature at different stresses of 5.40, 7.78 and 10.12 MPa: 

(a) Obtained from power-law equation; (b) Obtained from 

Blackburn’s equation; (c) Obtained from logarithmic-law 

equation 
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against the reciprocal temperature, T 

−1, at applied 

stresses of 5.40, 7.78 and 10.12 MPa. The power-law 

equation in Fig. 6(a) shows Ea=(3010) kJ/mol and the 

Blackburn’s equation in Fig. 6(b) shows Ea=     

(1910) kJ/mol and Ec=(237) kJ/mol. The logarithmic- 

law equation in Fig. 6(c) shows Ea=(239) kJ/mol. 

To study the dependence of parameters a and c on 

the creep time (creep progress), the creep curves at   

298 K, 4.4 MPa and different testing time, 3.4×105, 

4.8×105, 8.0×105 and 12.0×105 s, are described by the 

power-law equation, Blackburn’s equation and the 

logarithmic-law equation. The results are summarized in 

Fig. 7. For the logarithmic-law equation and Blackburn’s 

equation, parameters a and c slightly decrease with 

elapsed time, whereas a values for the power-law 

equation do not apparently change with elapsed time. 

The result means that the scaling factor a for the 

power-law equation is independent of creep time. 

Therefore, the power-law equation may be best used to 

describe creep curves obtained by the helicoid spring 

creep tests, and the dependence of parameter a on stress 

and temperature should be used to study the transient 

creep behavior. Parameter a should reflect some 

characters of microstructure and not change with creep 

progress. 

 

 

Fig. 7 Dependence of parameters a and c obtained from 

power-law, logarithmic-law and Blackburn’s equations, on 

creep time (creep progress) 

 

3.4 Anelastic back-flow 

A typical back-flow phenomenon observed for a 

large reduction in stress during the transient creep stage 

at 348 K is shown in Fig. 8, where the elastic strain has 

been removed. The inset shows a magnified view of the 

anelastic back-flow deformation. The absolute value of 

the anelastic strain rate gradually decreases with 

back-flow progress. 

To examine the physical origin of the anelastic 

back-flow process, we characterized the magnitude and 

the kinetics of the process. We plot anelastic strain versus 

strain at 7.78 MPa (Fig. 9(a)) and 10.12 MPa (Fig. 9(b)) 

on a logarithm scale. The slopes of all curves are all 

equal to 1. This indicates that the kinetic of the anelastic 

back-flow process is linearly viscous. The viscous 

behavior of anelastic back-flow at very low anelastic 

strain rates (10−13 −10−8 s−1) is expected according to the 

reported values by GIBELING and NIX [17] for pure 

FCC metals at low anelastic strain rates of 10−8−10−6 s−1. 
 

 

Fig. 8 Strain with time during larger stress reduction 
 

 

Fig. 9 Anelastic strain rate versus anelastic strain curves on 

logarithm scale for back-flow results in Fig. 8 at 7.78 MPa (a) 

and 10.12 MPa (b) 
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To analyze the magnitude of the anelastic back-flow 

process, the anelastic strain normalized by the calculated 

elastic strain was plotted against stress, as shown in   

Fig. 10. The result indicates that the anelastic strain 

normalized by elastic strain is independent of stress. The 

average ratio of anelastic strain to elastic strain is 0.14. 

 

 

Fig. 10 Total anelastic strain εa normalized by elastic strain εe 

against stress at 348 K 

 

The creep anelasticity commonly contributes to the 

unbowing of pinned dislocations by gliding [18,19]. For 

the case of a three-dimensional network of dislocations, 

the anelastic strain (recoverable strain), εa, is 1/6 of the 

calculated elastic strain, εe, [18]. The magnitude of the 

back-flow in this work is comparable to that predicted 

from this theory. Therefore, creep anelasticity in pure 

copper may be due to the unbowing of there-dimensional 

network of dislocations. 

 

4 Conclusions 
 

1) Transient creep behavior and anelastic back-flow 

in pure copper (4N Cu) with a grain size of dg=40 μm at 

temperatures T<0.3Tm and ultra-low creep rates  ≤ 

1×10−10 s−1 were studied by a high strain resolution 

measurement (helicoid spring specimen technique). 

2) Creep deformation consists of primary creep 

stages, and no secondary creep stage was observed. 

3) Transient creep behavior was analyzed in terms 

of the scaling factors of the transient creep curves that 

were fitted by constitutive creep equations, including the 

power-law equation, the exponential-law equation, the 

logarithmic-law equation and Blackburn’s equation. 

Power-law creep equation is suggested to be the best to 

describe the creep behavior, because parameter a for 

power-law equation does not apparently change with 

elapsed time. 

4) The observed anelastic strain was 1/6 of the 

calculated elastic strain, and linearly viscous behavior 

was identified from the anelastic strain rate versus 

anelastic strain curves on a logarithm scale (slope  

equals 1). 

5) Creep anelasticity may be due to the unbowing of 

there-dimensional network of dislocations. 
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纯铜在低温和极低应变速率下的 

初始蠕变和粘弹性回复 
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摘  要：采用高应变分辨率的螺旋弹簧蠕变试验法，研究晶粒尺寸 dg为 40 μm 纯铜在低温(T <Tm，Tm 为纯铜的熔

点)和应变速率小于 1×10−10 s−1 条件下的蠕变和粘弹性回复行为。采用基于蠕变曲线尺度因子的数据解析法，代替

传统基于外推的稳态蠕变速率的蠕变数据解析法。结果表明：纯铜低温、低应力初始蠕变行为可由幂律蠕变方程

描述，因为幂律蠕变方程初始参数不随蠕变时间改变而变化；粘弹性应变为弹性应变的 1/6；粘弹性应变速率的

对数和粘弹性应变的对数呈线性关系(斜率为 1)。因此，纯铜低温、低应力蠕变可能由三维位错网的收缩机制     

控制。 

关键词：纯铜；蠕变；位错；粘弹性；蠕变本构方程 
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