
Research Article

Gray and Whittaker, J Material Sci Eng 2017, 6:5
DOI: 10.4172/2169-0022.1000372

Perspective Open Access

Journal of Material Sciences & Engineering 
Jo

ur
na

l o
f M

ate
rial Sciences &
Engineering

ISSN: 2169-0022

Volume 6 • Issue 5 • 1000372J Material Sci Eng, an open access journal
ISSN: 2169-0022 

A Discussion of Non-Constant Creep Activation Energy
Gray V* and Whittaker M
Institute of Structural Materials, Swansea University, Fabian Way SA1 8EN, UK

Abstract
This paper explores the concept of creep activation energy, comparing the currently used Arrhenius equation to 

an outcome of the using Gibbs free energy. The consequence of these differing approaches is illustrated using large 
datasets. By examining the fundamental approach to creep activation energy, this article highlights potential advances 
in the field of creep in terms of activation energy, modelling, region splitting and mechanism mapping.
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Introduction
Creep is a relatively new field of study with the first standards 

defined in the late 1940s and early 1950s [1-4]. The backbone of creep is 
the use of the Arrhenius equation to characterise the activation energy 
[5]. The Arrhenius equation is an empirical relationship that describes 
the effect of temperature on a rate constant, k:
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Such that the activation energy is described by:
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Where, A is a factor of the system, Ea is the activation energy, R 
is the gas constant, and T is the temperature. This relationship was 
defined from empirical evidence to describe the chemical process of 
diffusion [5], and was applied to creep such that activation energy 
could be determined by the following relationships:
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Where Qc is the activation energy in kJ/mol, tf is the time to failure, 
minε  is the minimum creep rate, and σ is stress in MPa. The use of tf or 
minε  is not discussed here as it is considered a separate issue. This form 

of creep activation energy in eqn. (3) is the most commonly used [6] 
and forms the backbone of most creep lifing models [7].

In thermodynamic terms, the Arrhenius activation energy closely 
resembles that of a canonical system where the system temperature, 
activation volume and number of microstates are constrained. In this 
case, microstates refer to the individual events of each mechanism such 
that ‘constant microstates’ assumes a fixed total number of diffusing 
atoms and/or dislocations. Constraining a creep test to this definition 
is problematic in that although a test specimen is constrained by being 
a solid, the activation volume changes with mechanism. Thinking 
about diffusion, the activation volume is one atomic volume, whereas 
the activation volume of a dislocation is a multiplication of dislocation 
length, Burgers vector and distance to saddle point which is substantially 

greater. Therefore a change in mechanism from diffusion to dislocation 
would not be characterised by the canonical or Arrhenius system.

In 1961, Davies proposed using the Gibbs free energy to model a 
creep system and thus activation energy [8]. He described the system 
as isothermal-isobaric meaning constant temperature and constant 
pressure. In 1964 Gibbs substantiated Davies approach [9]. Taking eqn. 
(1) and using the Gibbs free energy as the activation energy it yields:
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Where H is enthalpy, S is entropy and τ is the shear stress of the 
activation event. To deal with eqn. (4) we assume the specimen is in the 
lowest energy state possible and that that energy state is a ground state 
that includes dislocations and internal stresses i.e. minimum energy for 
a system with flaws rather than an absolute minimum energy system. 
This means the second law of thermodynamics gives the following 
relationship:

  T dS dU dVτ= −   (5)

If the system is in an excited state then S=S1+ΔS, U=U1+ΔU and 
V=V1+ΔV leading to:

  T d S d U d Vτ∆ = ∆ − ∆ 				    (6)

Implementing eqn. (6) we get:

( ) ( )H STT Tτ τ
∂∆ ∂∆=∂ ∂ 			                 (7)

Taking eqn. (7) and substituting into eqn. (4) we get the following 
description of activation energy:

 aE H d U d Vτ= ∆ = ∆ − ∆                (8)

It is at this point Gibbs concludes with defining activation energy 
for thermally activated glide in terms of ΔG rather than ΔH [9].

This approach to creep activation energy using the Gibbs free 
energy has wider implications than observed by Davies [8] and 
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Gibbs [9]. Putting eqn. (8) in traditional creep notation, observing 
for a uniaxial test τ is proportional to σ, noting that ΔV refers to the 
activation volume of a creep mechanism rather than specimen volume:
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Considering eqns. (3) and (9), we see a difference in the definition 
and behaviour of activation energies for an Arrhenius and Gibbs system 
respectively. For an Arrhenius system we expect constant activation 
energy with respect to increasing stress for each mechanism [10]. 
For a Gibbs system we expect an almost linear relationship between 
activation energy and stress for each creep mechanism. From an initial 
inspection of the literature, we see evidence for creep activation energy 
behaving according to a Gibbs system (Figure 1) [11-13].

For more substantial evidence that creep activation energy follows 
the Gibbs rather than Arrhenius definition, we need to consider larger 
datasets. Looking at 2.25Cr-1Mo steel (Grade 22) taking the collective 
NIMS datasheets 3b and 36b for tube and plate respectively, giving a 
total of almost 700 results are analysed. When we derive the activation 

energy using ln(tf) vs. 1/T we see a linear decline in activation energy 
with respect to increasing stress.

In Figure 2 we see three different ‘regions’ which relate to possible 
changes in mechanism as described by Maruyama [14]. Within each of 
these regions, the activation energy declines linearly with stress acting 
as a Gibbs system rather than Arrhenius.

The problem in defining creep using eqn. (9) is that activation 
energies for mechanisms such as diffusion/dislocations are derived 
from simulations such as Molecular Dynamics which are calculated at 
close to zero stress [15,16]. From Figure 2 we see that the zero stress 
values of test data derived activation energies for each region vary 
widely and reach unrealistically high values. This is a common problem 
for creep activation energies, for example, 9Cr-1Mo steel has reported 
activation energies ranging from 407-1172 kJ/mol [17-19]. As such, 
although the linear decrease in activation energy expected from the 
Gibb’s approach is observed, the unrealistically high activation energy 
values are still derived.

The Arrhenius and Gibbs activation energies are used for chemical 
and gaseous systems with no limitation on pressure or stress. Under 
these conditions it is assumed that the activation energy is a result 
of the absolute amount of thermal and kinetic energy introduced to 
the system. For a solid there is an upper limit to the amount of stress 
it can withstand at a specific temperature therefore introducing a 

a)

b) c)

Figure 1: Creep activation energy of (a) Zirconium reproduced from [11], (b) Polycrystalline copper reproduced from ref. [12] and (c) Copper and 
LiF-22% CaF2 reproduced from ref. [13].
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limit to the system. Determining this limit would require substantial 
calculations for each specific system and would have variations for each 
melt of the same material. To approximate the kinetic/thermal limit 
the temperature dependent Ultimate Tensile Stress (σUTS(T)) or Yield 
Strength provide an easily obtained approximation as these values 
represent material properties characterising the materials reaction 
to kinetic/thermal energy input. In energy terms the UTS(T) closest 
represents the upper limit of thermal and kinetic energy the system can 
take before destruction which leads to the idea of evaluating creep at 
a normalised stress i.e. at constant σ/σUTS(T) [20]. When we implement 
this for eqn. (9), the σΔV term significantly reduces its impact as seen 
in Figure 3. Indeed, at zero stress the activation energies are red~280 
kJ/mol, green ~300 kJ/mol, and blue ~315 kJ/mol which is close to the 
activation energies for α-Fe self-diffusion, and dislocation processes 
[21].

Looking at Figures 1 and 2, creep activation energy linearly 
declines with increasing stress consistent with the description of 
activation energy resulting from the Gibbs free energy approach and in 
contradiction to the Arrhenius equation. From Figures 2 and 3, we see 
that limiting our system to a maximum energy state through evaluation 

at constant normalised stress produces more realistic activation 
energies that are less affected by increasing stress. These outcomes are 
significant for the field of creep in terms of modelling, region splitting, 
and mechanism mapping.

When it comes to modelling creep, there are a significant number 
of methods. The most well-known is the power-law approach which 
determines the creep mechanism from a combination of Arrhenius 
activation energy and exponent n value. Beside the issue of Arrhenius 
activation energy often producing high values which are unphysical, 
the n exponent is not physically based and requires significant 
interpretation. Arguably, if the modelling approach is accurate, then 
the activation energy should produce realistic values that accurately 
reflect the creep mechanism and as such address where and how to 
region split [10]. Additionally, if incorrect activation energies are 
inputted into creep models then the ability for that model to predict 
creep properties lies in its ability to compensate and cope with an 
incorrect assumption.

One of the great challenges of creep is the construction of a creep 
mechanism map. The mechanism map is a representation of the stress 
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Figure 2: Activation energy of 2.25Cr-1Mo steel from NIMS 3b and 36b. Red=low stress regime, blue=medium stress regime, and green=high stress regime.
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Figure 3: Normalised activation energy of 2.25Cr-1Mo steel from NIMS 3b and 36b. Normalisation interval of σ/σUTS(T) ± 0.02. Red=low stress regime, 
blue=medium stress regime, and green=high stress regime.
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and temperature dependent mechanisms at play in certain conditions. 
Currently construction of these maps relies heavily on precise creep 
testing, modelling, microstructural analysis, and simulation. If an 
accurate description of activation energy is achieved then it would 
be possible to construct a mechanism map from a theoretical basis 
using probability. For the Gibbs activation energy, the probability of a 
microstate/mechanism occurring is given by:
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            (10)

Where the probability of the creep mechanism i occurring which 
has activation energy Qci and activation volume Vi, is given by the ratio 
of the activation energy of mechanism i to the activation energy of all 
mechanisms a, noting β=1/RT. By having accurate activation energies 
of mechanisms from simulations, and, defined relationships between 
stress-temperature and activation volume, a mechanism map could 
be generated where the most probable mechanism is considered the 
dominant mechanism.

Creep, as a field of study faces significant challenges progressing into 
the 21st century. From the power generation sector prediction of long 
term rupture life data from short term tests is crucial. For aerospace, 
there is high demand on being able to predict time to designated creep 
strains. The Arrhenius equation is an empirical relationship applied 
to creep. The Gibbs free energy approach is a physically more robust 
approach proposed less than 20 yrs after the advent of creep as a field 
of study. Given the lack of measurements at this time, the simpler 
Arrhenius relationship was widely taken up. Now having large datasets 
of multiple materials it can be seen that the Gibbs energy approach may 
provide a better description of creep activation energy. By physically 
limiting the system through evaluation at normalised stress rather than 
absolute stress, we have produced more realistic activation energies in 
a number of cases [22-24]. By having realistic activation energies, creep 
modelling should be able to better characterise the physical system 
especially in terms of region splitting where a model is partitioned 
based on a change in creep mechanism [10]. By having a more accurate 
understanding and description of the physics of creep, it is possible 
to foresee greater modelling accuracy, but also the ability to generate 
mechanism maps with fewer tests and possible greater accuracy.
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