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Abstract. It has been widely accepted that the creep characteristics at high temperatures are mainly 

evaluated by a minimum creep rate. Although, the shape of a creep curve may vary depending on 

deformation conditions, the apparent steady state or minimum creep rates can be the same.  Thus, for 

detailed analysis and prediction of creep behavior, other values, which reflect the shape of each creep 

curve, should be considered. For this purpose, the authors have proposed Sato’s strain- 

acceleration-parameter (Strain Acceleration and Transition Objective index, SATO-index) which 

reflects strain rate change during creep deformation.  Based on the concept of the SATO-index, the 

entire creep curve can be represented by a small number of numerical parameters, and can be 

extrapolated from a part of the creep curve.  In this paper, application of the SATO-index to creep 

curves of aluminum-magnesium solid solutions which show both the Alloy-type and Metal-type 

creep behavior is discussed.  The creep curve can be extrapolated by the concept from the transient 

part of the creep curve, and the stress dependence of the extrapolated creep rates at the minimum 

creep rate agrees well with experiments.  Efficiency of the concept of the SATO-index to creep 

experiments is presented.  

Introduction 

 In creep curves obtained under a constant stress and temperature, it has been believed that the 

curve can be divided into three stages; transient, steady and acceleration creep.  It is also widely 

accepted that creep behavior are mainly evaluated by minimum or steady-state creep rate.  The 

important parameters are its stress dependence, grain size dependence and temperature dependence.  

Binary solid solution alloys such as aluminum-magnesium alloys are typical alloys for which the 

strain rate can be fitted by a power law.  Well known general form of equations that describe 

steady-state creep rate is the equation proposed by Mukherjee, et al. [1]: 

 Here, A, D0, G, b, k and R are; constant to be determined experimentally, frequency factor, shear 

modulus, the magnitude of Burgers vector, the Boltzmann’s constant and the gas constant, 

respectively.  The values T and σ  are the absolute temperature and the applied stress which 

determine the creep conditions, and d is the grain size.  Creep behavior is represented by the stress 

exponent, n, the grain size exponent, p, and the activation energy of creep, Qc.  

When the grain size dependence is small and the activation energy of creep is not significantly 

different from the activation energy for diffusion, Eq. (1) is organized to Eq. (2). 
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Here, A’, D, N and m are; a constant to be determined experimentally, the diffusion coefficient, the 

solute concentration and the concentration exponent, respectively.  In this case, creep behavior is 

characterized by the concentration exponent, m, and the stress exponent, n.  In power law creep of the 

solid solution alloys, it is well known that Alloy-type behavior of the stress exponent is about 3, and 

Metal-type behavior of the stress exponent is about 5, depending on deformation conditions and 

concentration [2-3].  This creep behavior is intended to be organized focusing on the steady-state or 

minimum creep rates, so the creep rate should be evaluated as accurate as possible.  The minimum 

strain rate, however, could not be observed when the transient creep takes long time, or wrong creep 

rate could be evaluated by apparent steady-state.  One should pay attention not only to the minimum 

creep rate but also to the shape of creep curve in transient stage, for detailed analysis of creep 

behavior.  Authors have focused on strain rate change during creep as an evaluation index of creep 

behavior, and have proposed a way to extrapolate creep curve from a part of creep curve [4-5].  In this 

paper, we evaluate the transition creep curve of aluminum-magnesium solid solution alloy 

quantitatively, and extrapolate the entire creep curve based on the concept of SATO-index including 

imaginary minimum strain rate. 

Experiments and measurements 

1. Quantitative evaluations of creep curve.  The minimum creep rates have been treated as the most 

important parameter to describe creep behavior.  The minimum creep rates, however, are evaluated 

from just a part of the creep curve, and the same minimum creep rates would be observed from creep 

curves in which shapes are different.  For more precise determination and description of creep 

behavior, one should consider not only the minimum or steady-state creep rate but also the shape of 

creep curve. 

Many methods of analysis of the entire creep curve have been proposed.  For example, the theta 

projection [6], the Omega projection [7], and the improved methods of the Omega [8-9] are well 

known.  In these methods, however, the minimum creep rates are expressed indirectly from the 

parameters estimated from a creep curve.  Because the minimum creep rates are treated as the most 

important parameter that represents the creep curve, the authors believe the minimum creep rate 

should be explicitly expressed as an independent parameter.  Authors have proposed one parameter 

that reflects the shape of a creep curve, which is defined independently with the minimum creep rate 

[10-12].  The characteristic value, strain-acceleration-parameter (SATO-index), α, reflects the shape 

of a creep curve and reflects the magnitude of acceleration of the strain rate.  It is defined as follows 

[4-5]: 

The SATO-index, α, corresponds to the curvature of the common logarithm of strain rate as a 

function of strain.  The value is defined at a strain of the minimum creep rate, minε , and the time at the 

minimum creep rate tmin.  Based on the definition of the value, the creep curve can be extrapolated and 

reconstructed with suitable initial conditions.  The common logarithm of creep rate, logε , as a 

function of strain, ε , can be described as Eq. (4). 

Here, minε  and minε  are evaluated experimentally from individual creep curves.  Eq. (4) can be 

solved numerically and gives the creep curve, ( )tε .  Required values to reconstruct the entire creep 

curve are; α , the minimum creep rate minε , the strain at the minimum creep rate minε , and the time at 

the minimum creep rate tmin.  Three of these required four parameters directly correlate with values at 

the minimum creep rate.  When the strain-rate can be represented by Eq. (4), the minimum creep rate

minε would be extrapolated from part of the creep curve, even when the minimum strain rate is not 
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explicitly observed.  Here, the extrapolated minimum creep rate is defined as “imaginary minimum 

strain rate (imaginary minε )”, and the definition is described in the following section. 

 

2. Strain range for evaluation of SATO-index.  Fig.1 shows an example of a diagram in the strain 

range used in the evaluation of the strain-acceleration-parameter, i.e., the SATO-index.  The 

imaginary minimum strain rate represents the value at the vertices of the approximate curve fitted by 

Eq. (4).   

 

3. Application to creep of an aluminum-magnesium solid solution alloy.  Creep curves subjected 

to the current analysis are creep curves obtained by constant stress creep tests of Al-1mol%Mg solid 

solution alloy in air at 4~35MPa at 570K [10].  The grain size is about 0.2mm.  The evaluation range 

used for the strain-acceleration-parameter (SATO-index), α, is in the strain and time range of 

transient creep.  Fig. 2 shows one of an example of a creep curve used for the analysis.  

 

Results  

1. Stress dependence of the SATO-index.  Fig.3 shows the relationship between the strain rate and 

the strain obtained by experiments in Al-1mol%Mg solid solution alloy at 570K.  Evaluated values of 

the strain-acceleration-parameter, SATO-index, α, are also shown on the figure. The stress 

dependence of the value is plotted as shown on Fig.4.  The value, α, depends on the applied stress, 

 
Fig.1. An example of diagram of the strain range used in the evaluation of strain- 

acceleration-parameter (Sato-index) and imaginary minimum strain rate. 
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Fig.2. An example of a creep curve (a), and strain rate as a function of time (b). 
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and is larger at the lower and higher stresses.  In addition, the value is almost the same at the stress 

range of 8~16MPa.  Fig.5 shows the stress dependence of the imaginary minimum creep rate as a 

function of the applied stress.  The stress exponent changes from 3.2 to 6.2 at about 25MPa.  The 

transition is similar to that of the deformation mechanism from Alloy-type to Metal-type [2-3]. 

 

2. Extrapolation of the creep curve.  Fig.6 shows an example of the extrapolation and 

reconstruction of the entire creep curve obtained by numerical integration of Eq. (4).  The 

extrapolated creep curve agrees well with the experiment.  Even when the minimum creep rate is not 

observed experimentally, the extrapolated creep curve agrees well with the experiment.  This result 

suggests that creep behavior of solid solution alloys can be predicted to some extent from the short 

creep test.  Fig.7 shows the stress dependence of the predicted time to failure.  Predicted time to 

failure has a power-law relationship when the time to failure is evaluated from transient creep by the 

SATO-index, and shows the transient in slope at 25MPa. 

 
 

Fig.3. The relationship between strain rate and strain in Al-1mol%Mg solid solution alloys at  

570 K and the value of the strain-acceleration-parameter, i.e., the SATO-index, α.  
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Fig.4. Stress dependence of the strain- 

acceleration-parameter, SATO-index, α. 
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Fig.5. Stress dependence of the imaginary 

minimum strain rate. 
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Discussion 

In the present investigation, it is confirmed that it is possible to extrapolate and reconstruct a creep 

curve from the transient creep in an aluminum-magnesium solid solution alloy without explicit 

appearance of the minimum creep rate. The imaginary minimum creep rate can be extrapolated by 

evaluating the SATO-index.   

 The value of the SATO-index, α, is lower in the stress range from 9 to 15MPa.  The stress range 

corresponds to the range where the Alloy-type behavior appears at the temperature [12].  The value 

increases both in the high stress and low stress regions, where the Metal-type behavior appears.  The 

SATO-index reflects stability of the strain rate during creep and shows that transient creep appears 

significantly in Metal-type creep conditions.  The stress exponent increases from 3.8 to 6.2 at about 

25MPa and the stress roughly agrees with that of the transient stress from Alloy-type to Metal-type 

creep.  It is considered that the shape of the creep curve depends on deformation mechanisms.  Not 

only the steady state or minimum creep rate, creep behavior in transition creep changes depending on 

deformation mechanisms. 

As for the prediction of creep life by an extrapolated creep curve, power-law relations between 

time to failure and the applied stress are obtained in wide stress ranges.  This relationship appears in 

the magnesium-aluminum solid solution alloy as well, and time to failure is predictable [3].  It can be 

said that time to failure can be predicted from a part of the creep curve in some solid solutions. 

Conclusion 

1. The minimum creep rate and the time to failure are extrapolated by the concept of strain- 

acceleration-parameter, the SATO-index in the Al-Mg solid solution alloy.  With introducing an 

imaginary minimum creep rate, prediction and extrapolation of the creep curve become possible from 

the creep curve in transient stage.  

2. The creep curve can be extrapolated from a part of the creep curve, and time to failure can also be 

predicted from the extrapolated creep curve. 

3. The strain-acceleration-parameter, the SATO-index shows different stress dependence depending 

on the stress range.  The transition corresponds to change of deformation mechanisms and of 

deformation behavior. The strain-rate change during deformation is stable in the stress range where 

Alloy-type appears, and the rate controlling mechanism is considered to be viscous glide of 

dislocations.  

  

 
 

Fig.6. Extrapolated creep curve obtained 

by imaginary minimum creep rate. 
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Fig.7. Prediction time to failure of 

extrapolated creep curves. 
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