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Abstract

Creep deformation, a time-dependent material response under sustained stress, plays a critical role
in the long-term performance and reliability of structural components, particularly at elevated tem-
peratures. This article presents a mathematically rigorous analysis of creep deformation mechanisms
and a phenomenological framework to describe its stages and evolution. By coupling microstructural
insights with continuum mechanics, we derive and validate constitutive models capturing the interplay
of stress, temperature, and material properties. The analysis integrates diffusion kinetics, dislocation
dynamics, and grain boundary phenomena into a unified formalism, ensuring precision in predicting
creep behavior across a wide spectrum of materials.

Keywords: introduction to creep deformation; mathematical formulation of creep mechanisms; phe-
nomenological description of creep; sintering; examples of creep deformation; larson-miller parameter
and monkman grant rule; multi-axial creep and damage mechanics; creep testing; environmental
effects on creep; oxidation and irradiation; increasing creep resistance; creep prevention in superalloys;
famous accidents

1. Introduction
Creep deformation is a fundamental phenomenon observed in materials subjected to prolonged

stress, particularly under high-temperature conditions where thermally activated processes dominate.
Unlike instantaneous elastic and plastic responses, creep evolves progressively over time and is
characterized by its dependence on stress, temperature, and microstructural variables. Understanding
and modeling creep is essential for designing components in aerospace, power generation, and nuclear
industries, where failure due to time-dependent deformation can have catastrophic consequences.

The study of creep deformation involves two primary approaches: a mechanistic analysis
grounded in material physics and a phenomenological description based on macroscopic observations.
This article seeks to bridge these perspectives by deriving rigorous mathematical formulations and
validating them against empirical evidence. Emphasis is placed on the three stages of creep—primary,
secondary, and tertiary—and their underlying physical mechanisms. Some very good books on Creep
Deformation are by Kassner 2015 [1], Penny and Marriott 2012 [3], Naumenko and Altenbach 2007 [4],
Boyle and Spence 2013 [5], Ashby and Jones 2012 [6], Frost and Ashby 1982 [7], Turner 2001 [8].

2. Mathematical Formulation of Creep Mechanisms
2.1. Diffusion-Controlled Creep

Diffusion processes play a dominant role in creep, particularly at high temperatures. Two primary
modes of diffusion creep are recognized:

1. Nabarro-Herring Creep (Lattice Diffusion)
2. Coble Creep (Grain Boundary Diffusion)

In the following subsections, we discuss each of the above 2 primary modes of diffusion creep in
great detail.
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2.1.1. Nabarro-Herring Creep (Lattice Diffusion)

The Nabarro-Herring creep mechanism is pivotal in understanding high-temperature deformation
in polycrystalline materials. This mechanism involves the diffusion of atoms through the crystalline
lattice, driven by gradients in the hydrostatic stress field. In Nabarro–Herring creep, atom diffusion
occurs through the crystal lattice, and the rate of creep decreases inversely with the square of the
grain size, meaning finer-grained materials exhibit faster creep rates compared to coarser-grained
materials [15]. NH creep is entirely governed by diffusional mass transport [16]. There are several
experimental examples of Nabarro-Herring Creep in polycrystalline Aluminium oxide doped with
either Chromium, Iron or Titanium [12], polycrystalline beryllium oxide [11], dry synthetic dunite [13],
polycrystalline magnesia doped with Iron [10], polycrystalline magnesium oxide [9].

Figure 1. Nabarro-Herring Creep (Lattice Diffusion).

Literature Review of Nabarro-Herring creep mechanism
The Nabarro-Herring creep mechanism, a diffusion-controlled creep process driven by stress-

induced vacancy gradients, has been extensively studied in materials science and metallurgy. Early
foundational work by Nabarro (1948) [17] and later by Herring (1950) [18] established the theoretical
framework for lattice diffusion creep, deriving the creep rate dependence on stress, grain size, and
temperature. Nabarro’s contribution was pivotal in conceptualizing vacancy flow under stress, while
Herring extended this to polycrystalline materials, formulating the creep rate equation now known as
the Nabarro-Herring creep law. These works remain canonical in understanding diffusional creep at
high temperatures and low stresses.

Further theoretical refinements were provided by Weertman (1957) [34], where he rigorously
analyzed the interplay between dislocation climb and diffusional creep, clarifying the conditions under
which Nabarro-Herring creep dominates. Raj and Ashby (1971) [67] expanded the understanding of
creep by incorporating grain boundary sliding as an accommodation mechanism, providing a more
comprehensive model for polycrystalline deformation. This work was instrumental in distinguishing
between Nabarro-Herring and Coble creep, the latter being grain boundary diffusion-dominated. Ex-
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perimental validation of Nabarro-Herring creep was advanced by Kingery and Berg (1955) [68], where
they demonstrated the role of lattice diffusion in high-temperature deformation of ceramics. Similarly,
Poirier (1985) [2] provided a thorough synthesis of creep mechanisms, including Nabarro-Herring
creep, with detailed discussions on activation energies and microstructural effects. This book remains
a key reference for its rigorous treatment of high-temperature deformation physics. The influence
of microstructure on Nabarro-Herring creep was explored by Ashby (1972) [69], which introduced
deformation mechanism maps as a tool to predict dominant creep mechanisms under varying stress
and temperature conditions. This work was complemented by Frost and Ashby (1982) [7], offering
a systematic classification of creep regimes, including lattice diffusion-controlled creep. Theoretical
extensions to non-ideal materials were addressed by Cottrell (1953) [24], where he discussed the inter-
action between dislocations and vacancy diffusion, influencing later creep models. Gibbs (1966) [25]
further examined the role of grain boundaries in mediating diffusional flow, refining the conditions
under which Nabarro-Herring creep operates.

Modern computational approaches to Nabarro-Herring creep were advanced by Wei et al.
(2010) [26], which incorporated atomistic simulations to validate classical theories at nanoscales. Sim-
ilarly, Balluffi (2005) [71] provided updated insights into vacancy diffusion kinetics, reinforcing the
theoretical foundations of Nabarro-Herring creep. Recent reviews, such as Langdon (2013) [73], have
revisited Nabarro-Herring creep in the context of advanced materials, highlighting its relevance in
ultrafine-grained and nanocrystalline systems. Molecular dynamics (MD) simulations have revealed
significant deviations from classical Nabarro-Herring (NH) creep in nanocrystalline metals, particularly
at grain sizes below 50 nm. Schiøtz and Jacobsen (2003) [74] demonstrated that in ultrafine-grained
copper (less than 20 nm), grain boundary (GB) diffusion dominates over lattice diffusion, with vacan-
cies migrating preferentially along disordered GBs rather than through the bulk lattice, as assumed
in NH theory. This shift in mechanism leads to enhanced diffusivity and non-linear creep behavior,
challenging the NH model’s assumption of homogeneous lattice diffusion. Further insights were
provided by Yamakov et al. (2004) [75], who studied nanocrystalline palladium using MD simula-
tions. They found that under applied stress, GB sliding and short-circuit diffusion become critical,
significantly accelerating vacancy migration compared to NH predictions. At grain sizes below 30 nm,
GB-mediated processes (e.g., GB migration, dislocation-assisted diffusion) overshadow bulk diffusion,
rendering NH creep inadequate. This work highlighted the importance of local stress gradients and
GB structure in dictating diffusion pathways.
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Figure 2. Dislocation-assisted diffusion

Caro and Farkas (2010) [76] expanded on these findings by systematically comparing MD results
with NH predictions in ultrafine-grained metals. Their simulations showed that dislocation activity
and GB curvature effects lead to anomalous creep rates at small grain sizes. Unlike NH creep, where
vacancies diffuse linearly under stress, their work revealed non-uniform vacancy migration patterns
influenced by GB dislocations, suggesting a transition to Coble creep (GB diffusion-controlled) or
even dislocation creep at very fine grain sizes. The role of stress-driven GB migration was further
explored by Yang et al. (2020) [77], who demonstrated that mechanical stress can induce GB motion,
competing with vacancy diffusion. In nanocrystalline materials, GBs act as both sources and sinks
for vacancies, leading to coupled GB migration-diffusion phenomena absent in coarse-grained metals.
This coupling explains why NH theory, which assumes static GBs, fails at the nanoscale. Finally,
Swygenhoven et al. (2001) [78] investigated how GB structure and stress anisotropy influence diffusion.
Their MD simulations revealed that disordered GBs facilitate faster vacancy diffusion than ordered
boundaries, and stress gradients can redirect vacancy fluxes along preferential GB pathways. These
findings underscore the limitations of NH theory, which neglects GB heterogeneity and local stress
variations inherent to nanocrystalline materials. Together, these references form a robust corpus of
theoretical, experimental, and computational work that continues to shape the understanding of lattice
diffusion creep in materials science.

Recent Literature Review of Nabarro-Herring creep mechanism
Recent advances in atomistic modeling have been reported by Schiøtz et. al. (1998) [79], who

used molecular dynamics simulations of nanocrystalline copper (grain sizes up to 13 nm) to show that
deformation is dominated by grain-boundary mediated mechanisms rather than classical dislocation
motion, especially at very small grain sizes. Although not focused explicitly on vacancy diffusion, this
work highlights how standard models (like Nabarro–Herring creep) may break down below 50 nm
by emphasizing grain boundary mechanisms over lattice-based behavior. Complementary insight on
the influence of grain-boundary character on diffusion comes from Fiebig et. al. (2011) [80]. Through
modeling (molecular dynamics and related computational tools), they demonstrated that diffusion
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coefficients for both self-diffusion and impurity diffusion (e.g., Co in α-Ti) can vary by several orders
of magnitude depending on the type and structure of the grain boundary. While this study is on Ti, it
illustrates the critical impact of boundary character on diffusion rates, quite analogous to what you
described for ultrafine-grained aluminum alloys. Finally, the role of solute–vacancy interactions in
nickel-based systems has been systematically studied in a Density Functional Theory (DFT) + modeling
context. Shousha et al. (2024) [81] used DFT-derived vacancy–solute binding energies and transport
modeling in FCC Ni to show that certain solutes (Co, Re, W vs. Cr, Mo, Ta) have markedly different
diffusion behaviors and tendencies to enrich or deplete near vacancy sinks depending on temperature
and strain conditions. This work maps directly onto how impurities can modify lattice diffusivity and,
by extension, diffusional creep mechanisms like Nabarro–Herring. Finally, Morgado et al. (2021) [82]
combined atom probe tomography, field-ion microscopy, and DFT to show that tantalum (Ta) atoms in
a Ni (2 atomic percent Ta) alloy are positively correlated with vacancies—providing direct experimental
evidence that solute–vacancy binding enhances creep resistance in Ni-based alloys.

Figure 3. Generation/absorption of vacancies at grain boundaries via GB-dislocation climb

At the theoretical frontier, Magri et. al. (2020) [83] developed a non-equilibrium, thermody-
namically consistent framework that couples vacancy diffusion with mechanics and allows genera-
tion/absorption of vacancies at grain boundaries via GB-dislocation climb—a model that reconciles
stress and grain-size dependences with classical Nabarro–Herring/Coble limits and helps close gaps
between predicted and measured creep rates in ceramics and metals. This was complemented by Zhang
et al. (2022) [84], who used first-principles (DFT) calculations to compute vacancy formation and mi-
gration energies across multicomponent (HCP) Al–Hf–Sc–Ti–Zr high-entropy/complex-concentrated
alloys, enabling quantitative diffusion predictions in multicomponent systems. A particularly impact-
ful contribution came from Dobson et al. (2019) [85], who showed that anisotropic diffusion creep
leads to macroscopic creep anisotropy; their theory links the single-crystal diffusivity tensor to bulk
rheology and demonstrates how texture (orientation distributions) in polycrystals produces directional
creep behavior..

Experimental breakthroughs were achieved by Orozco-Caballero et. al. (2017) [127], who used
high-resolution digital image correlation to map sub-micron strain heterogeneities in magnesium,
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revealing strong localization linked to microstructural features (e.g., twins and grain junctions). Follow-
up high-resolution digital image correlation study work (Orozco-Caballero et. al. (2021) [128]) with
in-situ synchrotron on Ni alloys containing Long-Period Stacking Ordered phases further quantified
strain partitioning during early plasticity. At small scales, elevated-temperature nanomechanical
tests have been used to extract creep stress exponents consistent with diffusion-controlled creep in
nanocrystalline fcc metals—for example, high-temperature creep in nanocrystalline Ni–W measured
by nanoindentation (Singh et. al. 2020 [129]), and room-temperature creep in nanocrystalline Au
exhibiting signatures of Nabarro–Herring/Coble diffusion (Yagi et. al. (2006) [130]). The temperature
dependence of lattice diffusion and the resulting creep resistance in high-entropy alloys has been
highlighted by the original report of ‘sluggish diffusion’ in CoCrFeMnNi (Rozman et. al. (2020) [131])
and by long-term tensile creep tests demonstrating competitive creep strength (Xing et. al. (2024) [132]).

Figure 4. Vacancy diffusion at Grain Boundaries in creep

Microstructural understanding of vacancy-assisted transport and its interaction with dislocation
mechanisms has been extended by Magri et. al. (2020) [83]. They developed a thermodynamically
consistent, non-equilibrium model that couples vacancy diffusion with dislocation climb at grain
boundaries, thereby modifying classical Nabarro–Herring kinetics and resolving discrepancies in creep
rates for intermediate temperature regimes. On the experimental front, Xu et. al. (2015) [133] used three-
dimensional electron tomography to map atomic-scale strain and defect redistribution—including
vacancy flux patterns—in deformed metals, with the technique achieving 1 nm³ resolution and 0.001
precision in strain mapping. Although their work focused on a model crystalline system, the methods
provide a powerful analog for visualizing vacancy flux in bicrystals under creep. Finally, the interplay
of radiation damage and diffusional creep was convincingly demonstrated by Xu & Was (2013) [134].
They performed in-situ proton irradiation creep tests on ferritic-martensitic T91 steel (300–600 °C,
2–3 MeV protons), showing that irradiation introduces dislocation loops and subgrain structures,
significantly increasing creep rates—thus confirming that radiation-induced defects can pin vacancies
and modify diffusional creep behavior.

Nanoscale effects received particular attention from Berry et al. (2015) [135], who, through
Phase-Field Crystal simulations, demonstrated that nanopolycrystalline systems exhibit creep behav-
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ior consistent with Nabarro–Herring diffusional creep—specifically observing stress and grain-size
exponents (m ≈ 1 and p ≈ 2) in line with theoretical predictions. This behavior underscores the
predominance of lattice diffusion–mediated creep at small scales. The theoretical understanding of
strain-gradient plasticity has been extensively advanced by Voyiadjis and Song (2019) [136], who re-
viewed gradient-enhanced plasticity formulations and their continuum implementations—providing
a robust framework that accounts for size-dependent plastic response by incorporating energetic
and dissipative length scales. Additionally, earlier work by Voyiadjis and Faghihi (2012) [137] intro-
duced gradient plasticity models incorporating energetic and dissipative length scales, reinforcing the
theoretical foundation. The high-temperature stability of nanocrystalline materials has been systemati-
cally explored by Khalajhedayati and Rupert (2015) [138], who studied nanocrystalline Cu-Zr alloys
and found that Zr segregation to grain boundaries drives the formation of amorphous intergranular
complexions, dramatically slowing grain growth even under high thermal exposure.

Figure 5. Vacancy-diffusion-controlled dislocation climb

Recent computational advances include phase-field crystal models by Berry et al. (2015) [135],
which captured the dynamic evolution of grain morphology and reproduced Nabarro–Herring-type
creep exponents, and a machine-learning approach by Sendek et al. (2018) [139] that predicts fast-ion
diffusivity/ionic conductivity across diverse crystal chemistries. Fundamental theoretical extensions
were made by Gurtin (1996) [141] via a microforce-based, nonlocal continuum framework for diffusion
(see also Gurtin et. al. 2010 [142]), and by Geers et al. (2014) [143], who incorporated strain-gradient
effects and vacancy-diffusion-controlled dislocation climb—i.e., geometrically necessary dislocation
mechanics—into a coupled crystal-plasticity/ diffusion theory.

Notable experimental methodologies were developed by Gibson et al. (2017) [144], who used high-
temperature nanoindentation (up to 1000 °C) to extract creep behavior parameters, including creep
exponents, in turbine coating materials—effectively capturing lattice-diffusion-dominant deformation
regimes. Bergers et al. (2011) [145] pioneered micro-cantilever bending creep tests for freestanding
thin metal films, such as Al–Cu alloys, under conditions relevant to MEMS reliability studies. The
industrial relevance of high-temperature creep was underscored by Petkov et al. (2021) [146], who

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 8 September 2025 doi:10.20944/preprints202412.1894.v3

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202412.1894.v3
http://creativecommons.org/licenses/by/4.0/


8 of 148

modeled creep–fatigue interactions in Type 316H stainless steel components under cyclic loading
typical of power-plant service. Geological implications were advanced by Wallis et al. (2021) [147],
demonstrating how intragranular dislocation interactions in olivine control transient creep behavior
in mantle rocks following seismic stressing. Recent works providing influential syntheses include
Caillard (2015) [148], who used in-situ TEM to elucidate high-temperature dislocation mechanisms in
zirconium alloys, and the book “Plastic Deformation of Minerals and Rocks” (Hirth [149])—which
contains comprehensive laboratory constraints on upper-mantle rheology, including deformation and
creep mechanisms.

Emerging directions are represented by work on architected interfaces—e.g., Beyerlein et. al.
(2022) [150] review of defect–interface interactions and metal nanolaminates - showing how designed
interfaces act as efficient defect/vacancy sinks with consequences for time-dependent deformation
and creep in layered / designed metals. In parallel, the interaction of phase transformations with creep
has been demonstrated in superalloys: For example, Makineni et al. (2018) [151] uncovered a diffusive,
dislocation-assisted phase-transformation mechanism during creep in a single-crystal CoNi-based
superalloy, and later study by Lilensten et al. (2021) [152] linked atomic-scale transformations along pla-
nar faults to improved creep performance. The most comprehensive recent treatment of lattice-defect
thermodynamics by Mosquera-Lois et. al. (2023) [153] which rigorously connects finite-temperature
defect free energies to equilibrium defect concentrations—providing a bridge from atomistic processes
to macroscopic creep behavior. Collectively, these works have broadened the theoretical framework,
experimental characterization, and application space for diffusional (Nabarro–Herring–type) creep in
modern materials science.

Analysis of Nabarro-Herring Creep (Lattice Diffusion)
Understanding Nabarro-Herring creep starts with the concept of the chemical potential, which

quantifies the free energy per atom. Since creep involves atomic motion, the chemical potential must
include stress contributions to reflect the energy landscape under deformation. At the atomic scale,
deformation occurs as atoms migrate through the lattice in response to a stress-induced chemical
potential gradient. The chemical potential µ under a stress field is given by:

µ = µ0 + Ω tr(σ), (1)

where µ0 is the equilibrium chemical potential, Ω is the atomic volume, tr(σ) is the trace of the stress
tensor, representing hydrostatic stress. This relationship is grounded in thermodynamics, where
Ω tr(σ) quantifies the elastic energy contribution to the free energy of an atom in the lattice. The
relationship between hydrostatic stress and chemical potential is fundamental because it establishes
the driving force for diffusion. In a polycrystalline solid, the application of shear stress can induce
yielding through self-diffusion within the crystal grains. This process involves the diffusional transport
of material from grain boundaries under normal pressure to those under normal tension [18].

Once the driving force (chemical potential gradient) is established, the next step is to connect it to
atomic transport via Fick’s law. The atomic flux J⃗, defined as the number of atoms crossing a unit area
per unit time, follows Fick’s generalized law:

J⃗ = − Dc
kBT
∇µ. (2)

Substituting µ = µ0 + Ω tr(σ), we obtain:

J⃗ = −DcΩ
kBT
∇tr(σ), (3)

where D is the lattice diffusion coefficient, c is the atomic concentration, kB is Boltzmann’s constant, T is
the absolute temperature. Onsager’s reciprocal relations in irreversible thermodynamics establish the
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proportionality between flux and chemical potential gradient. The diffusion coefficient D is expressed
as:

D = D0 exp
(
− Q

kBT

)
, (4)

where Q = E f + Em represents the activation energy for diffusion, comprising Vacancy formation
energy E f and Migration energy Em.

We now have to analyze the Mass Conservation and the Continuity Equation. Atomic flux alone
cannot describe the system’s evolution unless paired with the continuity equation, which enforces
mass conservation. We have to ensure that atomic diffusion is consistent with conservation laws and
also link the divergence of flux to changes in atomic concentration, capturing the spatial and temporal
balance of mass. Mass conservation relates the divergence of atomic flux to the time rate of change of
atomic concentration:

∂c
∂t

+∇ · J⃗ = 0. (5)

In steady-state creep (∂c/∂t = 0), this simplifies to ∇ · J⃗ = 0. Substituting J⃗ = −DcΩ
kBT ∇tr(σ), we get

∇ ·
(
−DcΩ

kBT
∇tr(σ)

)
= 0 (6)

Assuming spatially uniform D and c the above equations simplifies to

∇2tr(σ) = 0. (7)

The Laplacian equation indicates that the hydrostatic stress field is harmonic under steady-state
conditions. While the continuity equation describes how atomic flux behaves under steady-state
diffusion, the strain rate tensor connects this atomic-level motion to macroscopic deformation. We
have to formalize the relationship between flux divergence and strain rate, bridging the microscopic
and continuum scales. The strain rate tensor ε̇ is directly related to the divergence of the atomic flux:

ε̇ =
1
c
∇⊗ J⃗. (8)

For isotropic diffusion in polycrystalline materials:

ε̇ij = −
DΩ
kBT

∂2σkk
∂xi∂xj

(9)

The volumetric strain rate simplifies to:

ϵ̇v =
1
c
∇ · J⃗ (10)

Substituting ∇ · J⃗:

ϵ̇v = −DΩ
kBT
∇2tr(σ)

c
(11)

In terms of the grain size d, the strain rate becomes:

ϵ̇v ∝
DΩσ

kBTd2 (12)

Note that here the d−2 dependence reflects the inverse-square scaling of diffusion pathways within
grains.

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 8 September 2025 doi:10.20944/preprints202412.1894.v3

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202412.1894.v3
http://creativecommons.org/licenses/by/4.0/


10 of 148

Figure 6. Isotropic diffusion in polycrystalline materials

Every physical process must comply with the second law of thermodynamics. We have to
quantify the irreversibility of creep through the entropy production rate and demonstrate that Nabarro-
Herring creep generates entropy, ensuring thermodynamic consistency. The entropy production rate Ṡ
quantifies the irreversibility of Nabarro-Herring creep shall be

Ṡ =
∫

V

J⃗ · ∇µ

T
dV (13)

Substituting J⃗ = −DcΩ
kBT ∇tr(σ):

Ṡ =
∫

V

DcΩ2

TkBT2 (∇tr(σ))2 dV (14)

Positive entropy production ensures compliance with the second law of thermodynamics. Here the
diffusion coefficient D integrates atomic-scale processes, including:

D = a2ν exp
(
− Q

kBT

)
(15)

where a is the atomic jump distance, and ν is the vibrational frequency. The characteristic diffusion
length d governs the creep rate: ε̇ ∝ 1

d2 . For polycrystalline aggregates, we have:

ε̇ = A
σDΩ
kBTd2 (16)

where A accounts for grain geometry and crystal anisotropy. Doing the Comparison with Other
Mechanisms: The strain rate due to lattice diffusion is given by:

Mechanism Diffusion Path Strain Rate Dependence Grain Size Scaling
Nabarro-Herring Lattice diffusion ε̇ ∝ σ

d2 d−2

Coble Creep Grain boundary ε̇ ∝ σ
d3 d−3

Table 1. Comparison of Creep Mechanisms

ε̇NH = A1
σ

d2 exp
(
−Qd

RT

)
(17)

where ε̇NH is the strain rate, σ is the applied stress, d is the grain size, Qd is the activation energy for
diffusion, R is the universal gas constant, T is the absolute temperature, and A1 is a material-dependent
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constant. Phase Field Crystal simulations successfully modeled nanopolycrystalline systems, demon-
strating theoretical agreement in both creep stress and grain size exponents [14].

2.1.2. Coble Creep (Grain Boundary Diffusion)

Coble creep is a diffusional deformation mechanism occurring in fine-grained polycrystalline
materials at elevated temperatures. This creep was first observed by Coble in 1963 [22]. It arises due
to the stress-driven redistribution of material through grain boundary diffusion, leading to strain
accommodation. The deformation behavior of polycrystalline materials at elevated temperatures is
governed by creep mechanisms that depend on microstructural parameters such as grain size and
diffusional pathways. Among these mechanisms, Coble creep dominates in materials with fine grain
sizes, where grain boundary diffusion is the primary mode of atomic transport. Coble creep and
pressure solution plays an important role in the deformation of polymineralic rocks [47,48].

Figure 7. Coble Creep (Grain Boundary Diffusion)

Literature Review of Coble Creep (Grain Boundary Diffusion)
The modern understanding of grain-boundary diffusion creep begins with Coble (1963) [22], who

derived the now-classic creep law in which the strain rate depends linearly on stress and inversely
on the cube of the grain size, showing that grain-boundary diffusion controls creep in fine-grained
materials. Around the same time, Paladino and Coble (1963) [154] provided experimental confirmation
in ceramics that grain boundaries dominate high-temperature transport, offering essential support for
Coble’s theory.

Building on this, Raj and Ashby (1971) [67] demonstrated how grain-boundary sliding must
be accommodated by diffusion and showed that at small grain sizes and low stresses, boundary
diffusion provides the accommodation mechanism. Ashby and Verrall (1973) [155] refined this
with a core–mantle model of sliding, distinguishing conditions where Coble creep dominates over
Nabarro–Herring creep. Experimental criteria for recognizing diffusional creep were clarified by
Langdon (1994) [156], who emphasized the stress exponent of 1 and the grain-size exponent of 3, while
Langdon (2006) [72] later reviewed decades of work on grain-boundary sliding, highlighting how GB
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diffusion underlies fine-grained creep. The framework was consolidated by major texts such as Frost
and Ashby (1982) [7], which mapped the stress–temperature–grain-size regimes of Coble creep, Poirier
(1985) [2], which gave rigorous derivations of diffusional creep. Yokogawa et. al. (1989) [157] and
Shewmon (2016) [158] compiled diffusion data for boundaries that underpin rate laws. Theoretical
treatments by Ghahremani (1980) [159] modeled stress fields created by diffusion-accommodated
sliding, while experimental observations by Ruano and Sherby (1982) [160] confirmed Coble-type
behavior at low stresses. A comprehensive review of boundary diffusion data by Lessing and Gor-
don (1977) [161] supplied quantitative parameters, and Wakai et. al. (2005) [162] estimated rates of
densification and creep in polycrystals, clarifying the conditions where boundary diffusion dominates.

The link between Coble creep and fracture was made clear by Nix (1988) [163], who showed
that creep cavities grow by grain-boundary diffusion. Later, Kassner and Pérez-Prado (2000) [164]
reviewed creep broadly, distinguishing diffusional from dislocation mechanisms, while experiments
by Mohamed and Langdon (1974) [165] and Langdon (1977) [167] showed how diffusional creep
regimes emerge at fine grains and low stresses. Mohamed and Li (2001) [168] further reviewed
superplastic flow, identifying the conditions where GB diffusion controls accommodation. The role of
second phases was clarified by Atkinson (1988) [169], who showed how particles that pin boundaries
alter Coble rates. In Earth sciences, Herwegh and Jenni (2001) [170] quantified how grain-boundary
networks provide diffusion pathways, and Hirth and Kohlstedt (2003) [171] synthesized flow laws for
olivine, showing where Coble creep dominates. More recently, Wang et al. (2020) [172] reviewed rock
viscosity, highlighting m ≈ 3 regimes consistent with GB diffusion, while Tasaka et al. (2017) [173,174]
experimentally demonstrated diffusion creep in plagioclase. Hansen et al. (2011) [176] constrained
low-temperature flow of olivine, and Goldsby and Kohlstedt (2001) [177] identified the grain-size and
stress exponents for ice consistent with Coble behavior, building on their earlier direct evidence of
GBS in ice (Goldsby and Kohlstedt (1997) [178]). These works established that Coble creep is active not
just in ceramics and metals but also in rocks and ice.

Syntheses by Bürgmann and Dresen (2008) [179] emphasized that Coble creep is important in
the lower crust and upper mantle. Earlier, Mocellin and Kingery (1980) [180] had shown in fine-
grained alumina that GB diffusion controls creep, with marker-line studies by Chokshi (1990) [181]
confirming sliding accommodated by diffusion. Later work on oxygen and aluminum diffusion
in alumina by Heuer (2008) [182] refined the kinetic inputs to Coble laws, while investigations of
(Co,Mg)O by Dimos (1988) [183] showed grain-size sensitive creep matching boundary diffusion
control. Review by Gifkins (1968) [184] had already established how Nabarro–Herring and Coble
regimes could be separated. Other probes included noise studies in aluminum by Koch (1985) [185],
where activation energies matched GB diffusion, and transient creep studies by Raj (1975) [186]
showing how elastic strains evolve into diffusional flow. The connection between Coble creep and
cavitation was drawn by Raj and Ashby (1975) [187], who modeled void growth by GB diffusion, with
later reviews (Kassner and Hayes (2003) [188] & Meixner et. al. (2022) [189]) consolidating this picture.
Small-angle neutron scattering studies by Fuller (1984) [190] directly quantified creep cavities formed
under Coble-controlled conditions.

Theoretical extensions such as those by polycrystal models by Kim (2003) [191] predicted creep
rates for elongated grains where GB diffusion and sliding interact. At the nanometer scale, PhD
work by Wang (2010) [192] and Brassard (2003) [193] showed that nanocrystalline Ni and Cu undergo
room-temperature creep controlled by GB diffusion. Simulation studies by Schiotz (1998) [194]
confirmed that below 20 nm, grain-boundary-mediated processes dominate, while more recent efforts
in grain-boundary complexion engineering by Khalajhedayati & Rupert (2015) [138] and Zhang
(2022) [196] demonstrated that chemical doping can suppress Coble creep by reducing GB diffusivity.
Finally, modern textbooks by Carter and Norton (2007) [197], Meyers and Chawla (2008) [198], and
Kassner (2015) [1] consolidated this knowledge for broad use. In Earth sciences, reviews of mantle
rheology (Hirth & Kohlstedf (2003) [171]) and work on ice creep (Goldsby & Kohlstedt (2001) [177])
reinforced that grain-boundary diffusion creep is a universal mechanism across different materials.
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Even summaries in sources like Wikipedia today rest on this robust body of literature, consistently
distinguishing the cubic grain-size dependence of Coble creep from the quadratic dependence of
Nabarro–Herring creep.

Analysis of Coble Creep (Grain Boundary Diffusion)
The initiation of Coble creep is fundamentally driven by stress-induced gradients in chemical

potential. Understanding these gradients requires a rigorous formulation of the thermodynamic
forces acting on atoms. We need to establish the connection between external stress and the chemical
potential gradients that drive diffusion. The chemical potential µ of an atom in the presence of stress is
expressed as:

µ = µ0 + Ωσ (18)

where µ0 is the reference chemical potential in the absence of stress, Ω is the atomic volume, σ is the
applied stress. The gradient of the chemical potential along a grain boundary is given by:

∂µ

∂x
= Ω

∂σ

∂x
(19)

where x is the spatial coordinate along the grain boundary. The atomic flux J, which quantifies the rate
of diffusion, is governed by Fick’s first law:

J = −Db
∂C
∂x

(20)

where Db is the grain boundary diffusion coefficient, and C is the concentration of atoms. Using the
Boltzmann relation for atomic concentration:

C = C0 exp
( µ

kT

)
(21)

where k is Boltzmann’s constant and T is the absolute temperature, the gradient of concentration
becomes:

∂C
∂x

=
C0

kT
exp

( µ

kT

)∂µ

∂x
(22)

Substituting Equation (2) into Equation (5), we have:

∂C
∂x

=
C0Ω
kT

∂σ

∂x
(23)

Finally, substituting Equation (6) into Equation (3), the atomic flux is expressed as:

J = −DbC0Ωσ

kT
(24)

This equation forms the foundation for connecting atomic diffusion to macroscopic deformation.
To describe macroscopic deformation, it is essential to relate the atomic flux derived above to the
volumetric transport of material and, ultimately, to the strain rate. We need to bridge the microscopic
and macroscopic descriptions of the deformation process. The volumetric transport rate per unit area
of grain boundary is given by:

V̇ = JΩ (25)

where V̇ is the volumetric transport rate, and Ω is the atomic volume. For a cubic grain with side
length d, the strain rate ε̇ is proportional to the volumetric transport rate scaled by the geometric factor
of the grain:

ε̇ =
δ

d3 V̇ (26)
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where δ is the effective thickness of the grain boundary. Substituting Equation (8) into Equation (9), we
have:

ε̇ =
δ

d3 JΩ (27)

Using the flux expression from Equation (7), the strain rate becomes:

ε̇ =
δ

d3
DbC0Ω2σ

kT
(28)

This equation explicitly connects the strain rate to grain size, stress, and temperature, providing a
macroscopic description of Coble creep.

To predict the behavior of materials undergoing Coble creep, it is crucial to understand how the
strain rate depends on fundamental parameters such as temperature, grain size, and stress. We have to
derive these dependencies and explores their implications. The grain boundary diffusion coefficient
Db is temperature-dependent and follows an Arrhenius-type relationship:

Db = D0 exp
(
−Qb

RT

)
(29)

where D0 is the pre-exponential factor, Qb is the activation energy for grain boundary diffusion, and R
is the universal gas constant. Substituting Equation (12) into Equation (11), the strain rate becomes:

ε̇ =
δ

d3
D0Ω2σ

kT
exp

(
−Qb

RT

)
(30)

This equation highlights the exponential sensitivity of the strain rate to temperature, dominated by the
activation energy Qb. The cubic dependence on grain size is evident in Equation (11). Smaller grain
sizes increase the strain rate significantly:

ε̇ ∝
1
d3 (31)

The linear dependence of strain rate on applied stress σ reflects the direct influence of external loading:

ε̇ ∝ σ (32)

In fine-grained materials, grain boundary diffusion dominates, and the strain rate is expressed as:

ε̇C = A2
σ

d3 exp
(
−

Qg

RT

)
(33)

where Qg is the activation energy for grain boundary diffusion, and A2 is another material constant.
These mechanisms emphasize the inverse dependence of creep rate on grain size, highlighting

the significance of microstructural engineering in creep-resistant materials. To identify the dominant
mechanism in a material, researchers often analyze the relationship between grain size and strain rate.
By altering the grain size and observing its impact on the strain rate, they can calculate the value of n
and determine whether Coble creep or Nabarro–Herring creep prevails [21].

2.2. Dislocation Creep

Creep deformation in crystalline materials under sustained stress at elevated temperatures is a
key phenomenon in the study of material durability and performance. Dislocation creep, a mechanism
central to plastic deformation in crystalline solids, arises from the thermally activated motion of
dislocations under stress. Among various creep mechanisms, dislocation creep dominates in metals
and alloys, where plastic deformation is driven by the glide and climb of dislocations. The rigorous
description of the mechanics of Dislocation Creep is given by Blum and Eisenlohr [49]. The phenomena
of Dislocation Creep have been seen in Quartz Aggregates [50], Mg-Al-Zn Alloys [51], Calcite [52].
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Predicting this behavior necessitates a mathematical formulation that connects the atomic-scale motion
of dislocations to macroscopic deformation. To construct a mathematically rigorous framework, it is
essential to begin with the precise dynamics governing the motion of dislocations. We now establish
the equations of motion for dislocations under applied stress and thermal conditions.

The motion of a dislocation is determined by balancing the applied force per unit length with
resistive forces. For a dislocation segment, the applied force is given by:

Fapplied = τb (34)

where τ is the resolved shear stress and b is the magnitude of the Burgers vector. The resistive force is
proportional to the dislocation velocity vd, with a drag coefficient B:

Fdrag = Bvd (35)

By Newton’s second law, the balance of forces yields:

τb = Bvd =⇒ vd =
τb
B

(36)

The drag coefficient B encapsulates resistance due to lattice interactions, which are thermally dependent.
It is expressed as:

B = B0 exp
(
− Q

kBT

)
(37)

where B0 is a reference drag coefficient, Q is the activation energy, kB is Boltzmann’s constant, T is the
absolute temperature. Substituting Equation (4) into Equation (3), the velocity becomes:

vd =
τb
B0

exp
(
− Q

kBT

)
(38)

The dislocation density ρ, representing the number of dislocations per unit volume, is a dynamic
quantity influenced by stress-driven multiplication and mutual annihilation.
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Figure 8. Dislocation Creep

A rigorous formulation of its evolution is critical for understanding how microscopic dynamics
influence macroscopic deformation. The rate of change of dislocation density is expressed as:

dρ

dt
= α

τ

b
vd − βρ2 (39)

where α is a constant representing the efficiency of stress-driven multiplication, β is a coefficient for
annihilation due to dislocation interactions. Substituting vd from Equation (5):

dρ

dt
= α

τ2b
B0

exp
(
− Q

kBT

)
− βρ2 (40)

This nonlinear equation captures the competing mechanisms of dislocation multiplication and anni-
hilation, incorporating stress and temperature dependencies. To connect the microscopic behavior
of dislocations to macroscopic deformation, the strain rate must be rigorously derived as a function
of dislocation density and motion. The plastic strain rate ϵ̇p arises from the collective motion of
dislocations:

ϵ̇p = ρbvd (41)

Substituting vd from Equation (5):

ϵ̇p = ρb
τb
B0

exp
(
− Q

kBT

)
(42)

Simplifying further:

ϵ̇p = ρ
τb2

B0
exp

(
− Q

kBT

)
(43)
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In practical scenarios, dislocation creep often stabilizes into a steady-state regime where dislocation
density and strain rate reach equilibrium. We now derive the steady-state conditions and their
implications. At steady state, dρ

dt = 0. Setting Equation (7) to zero:

α
τ2b
B0

exp
(
− Q

kBT

)
= βρ2 (44)

Solving for ρ:

ρss =

√
ατ2b
βB0

exp
(
− Q

kBT

)
(45)

The Steady-State Strain Rate can be get by substituting ρss into Equation (10):

ϵ̇ss =

√
ατ2b
βB0

exp
(
− Q

kBT

)
τb2

B0
exp

(
− Q

kBT

)
(46)

Simplifying:

ϵ̇ss =
αb3

βB2
0

τ3 exp
(
− 2Q

kBT

)
(47)

This equation rigorously describes the steady-state strain rate, explicitly linking it to stress, temper-
ature, and material parameters. At higher stresses, creep deformation is governed by the motion of
dislocations through the lattice. The strain rate for dislocation creep is commonly modeled as:

ε̇d = Bσn exp
(
−Qc

RT

)
(48)

where B is a pre-exponential factor, n is the stress exponent, typically between 3 and 8, Qc is the
activation energy for dislocation motion. The stress exponent n provides insight into the dominant
mechanism, with higher values indicating greater sensitivity to applied stress. The derived equations
must be contextualized within material science and engineering applications. We now evaluate the
physical implications of the results and their relevance to material performance.

1. Stress Sensitivity: The cubic dependence of ϵ̇ss on τ highlights the nonlinear impact of stress
on dislocation creep. Stress sensitivity in dislocation creep refers to the mathematical and
physical relationship between the applied differential stress, σ, and the resulting steady-state
strain rate, ε̇, in materials undergoing deformation at high temperatures and low to moderate
stresses, where dislocation motion is the dominant mechanism. This relationship is described
by a power-law equation, ε̇ = Aσn exp

(
− Q

RT

)
where A encapsulates material-specific constants

such as dislocation density and grain size, Q is the activation energy required for creep processes,
R is the universal gas constant, T is the absolute temperature, and n is the stress exponent,
which characterizes the stress sensitivity of the deformation process. The term σn signifies
the nonlinear dependence of the strain rate on stress, with the stress exponent n reflecting the
dominant dislocation mechanisms. A smaller n, typically near 3, indicates that dislocation
creep is governed primarily by climb processes, where the rate-limiting step involves vacancy
diffusion that enables dislocations to bypass obstacles. In contrast, larger values of n, often
exceeding 5, suggest that glide-controlled mechanisms dominate, where dislocations overcome
stronger obstacles such as precipitates or other dislocations, requiring higher stresses to sustain
significant deformation. The stress exponent can be rigorously derived from experimental data
by examining the logarithmic relationship between ε̇ and σ, specifically by differentiating ln ε̇

with respect to ln σ, yielding n = ∂ ln ε̇
∂ ln σ . This procedure highlights the sensitivity of the strain

rate to variations in stress, with a higher n signifying a more pronounced influence of stress
on deformation kinetics. The exponential term exp

(
− Q

RT

)
further incorporates the thermal

activation of atomic processes, underscoring the role of temperature in facilitating dislocation
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motion through enhanced diffusion. Stress sensitivity thus provides profound insights into the
interplay of stress, temperature, and microstructural factors, enabling predictive modeling of
material behavior under high-temperature conditions and informing the design of alloys and
geological models where dislocation creep mechanisms predominate.

2. Thermal Effects: The exponential temperature dependence underscores the dominance of ther-
mally activated mechanisms in governing creep behavior. Thermal effects in dislocation creep
refer to the profound influence of temperature on the mechanisms that govern the movement of
dislocations and, consequently, the rate of creep deformation. Dislocation creep is a thermally acti-
vated process, meaning that an increase in temperature facilitates the atomic and microstructural
processes required for dislocation motion. These processes are captured mathematically in the
creep equation ε̇ = Aσn exp

(
− Q

RT

)
where ε̇ is the steady-state strain rate, A is a material-specific

constant, σ is the applied differential stress, n is the stress exponent, Q is the activation energy
for the creep process, R is the universal gas constant, and T is the absolute temperature. The
exponential term exp

(
− Q

RT

)
explicitly describes the thermal activation of the creep process. At

low temperatures, the exponential factor significantly suppresses the strain rate because the
energy available thermally is insufficient to overcome the barriers associated with dislocation
motion, such as lattice resistance, pinning at obstacles, or vacancy formation. Conversely, as
temperature increases, the thermal energy becomes comparable to or exceeds the activation
energy Q, facilitating dislocation climb and glide.
Dislocation climb, in particular, is a diffusion-controlled process, where atoms or vacancies must
migrate to or away from dislocations for them to bypass obstacles. The rate of atomic diffusion
is strongly temperature-dependent and typically follows an Arrhenius relationship, which is
directly reflected in the exp

(
− Q

RT

)
term. The activation energy Q is a critical parameter that

depends on the dominant diffusion mechanism in the material. For instance, in pure metals,
Q is often associated with self-diffusion, whereas in alloys or complex materials, it may reflect
vacancy diffusion through solute-rich regions. The temperature dependency is so significant that
even slight changes in T can result in orders-of-magnitude variations in ε̇. Moreover, at very high
temperatures approaching the melting point of a material, the mobility of dislocations becomes
exceptionally high due to enhanced diffusion, leading to faster creep rates. However, if the tem-
perature becomes excessively high, other deformation mechanisms, such as diffusional creep or
grain boundary sliding, may become more dominant than dislocation creep. In summary, thermal
effects in dislocation creep control the rate at which dislocations overcome obstacles via thermally
activated mechanisms such as climb and glide. The temperature dependence, encapsulated in the
Arrhenius-type term exp

(
− Q

RT

)
, highlights the critical role of thermal energy in facilitating the

microstructural processes that drive dislocation motion. Understanding these effects is essential
for predicting and mitigating high-temperature deformation in engineering materials.

3. Implications for Material Design: The implications of dislocation creep for material design
are fundamentally rooted in the quantitative relationship between strain rate, applied stress,
and temperature, encapsulated in the constitutive equation ε̇ = Aσn exp

(
− Q

RT

)
. This equation

reveals that the steady-state strain rate, ε̇, is exponentially sensitive to the activation energy
Q, inversely proportional to temperature T, and nonlinearly dependent on the applied stress
σ through the stress exponent n. The precise interplay of these parameters highlights critical
pathways for designing materials that resist dislocation creep under high-temperature and
high-stress conditions. One of the most significant factors is the activation energy Q, which
represents the energy barrier for thermally activated dislocation mechanisms such as climb and
glide. Increasing Q through microstructural engineering—such as the introduction of solute
atoms, precipitates, or dispersoids—creates barriers that hinder dislocation mobility, thereby
reducing the strain rate exponentially. These obstacles can also influence the stress dependence
characterized by n, with materials designed to promote a higher effective stress exponent being
more resistant to small increments in applied stress.
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The pre-exponential factor A and its relation to the material’s microstructure further illustrate the
intricacy of design strategies. This parameter reflects the density and mobility of dislocations,
which are heavily influenced by grain size, dislocation substructures, and precipitate distribution.
Grain size, in particular, governs the Hall-Petch effect, where finer grains reduce dislocation
mobility through grain boundary strengthening. However, at high temperatures, fine grains may
encourage grain boundary sliding or diffusional creep mechanisms, necessitating an optimal grain
size tailored to the specific temperature and stress regime. Precipitates, often introduced through
precipitation hardening, provide long-range elastic fields that impede dislocation motion. The
coherency, size, and spacing of these precipitates are critical; too small or incoherent precipitates
may lose effectiveness at elevated temperatures, while excessive precipitate coarsening can
degrade mechanical properties over time.
Another central consideration in material design is the effect of solid solution strengthening,
where alloying elements create local lattice distortions that interact with dislocations, increasing
the stress required for motion. The solute-dislocation interaction becomes particularly significant
for dislocation climb, a diffusion-controlled process essential for bypassing obstacles. This
interaction underscores the importance of the diffusivity term implicit in the exponential factor
exp

(
− Q

RT

)
, where Q often correlates with the self-diffusion or vacancy diffusion energy of

the host lattice or secondary phases. Furthermore, the temperature-dependent exponential
term underscores the dominance of thermal stability. Materials that retain their microstructural
integrity, such as stable precipitates or low-diffusivity phases, exhibit superior performance
at elevated temperatures. For example, nickel-based superalloys, employed in turbine blades,
achieve remarkable creep resistance through the optimization of Q and A via careful alloying
and processing to stabilize the γ′-phase precipitates and suppress diffusional degradation.
Additionally, environmental considerations, such as oxidation or corrosion, interact synergis-
tically with creep mechanisms, exacerbating deformation through surface or grain boundary
degradation. The application of protective coatings or the incorporation of oxidation-resistant
alloying elements can mitigate these effects. In totality, the design of creep-resistant materials
involves a multi-faceted optimization of the parameters A, Q, n, and T through advanced mi-
crostructural engineering, alloy development, and environmental control. This rigorous approach,
grounded in the mathematical formalism of dislocation dynamics and thermal activation theory,
enables the creation of materials capable of withstanding extreme service conditions, ensuring
structural integrity and prolonged lifespans in critical applications. This framework provides
predictive tools for designing materials with enhanced creep resistance by optimizing parameters
such as α, β and Q.

2.3. Grain Boundary Sliding

Grain boundary sliding contributes significantly to creep in fine-grained polycrystals. This
mechanism, often coupled with diffusion, facilitates accommodation of plastic deformation without
substantial microstructural changes. Adams and Murray [91] in 1962 first observed Grain boundary
scattering in NaCl and MgO bicrystals. Grain boundary scattering has also been observed for other
systems like octachloropropane using in situ techniques [88], Zn-Al alloys using electron microscopy
[92]. Grain Boundary Sliding (GBS) is an intricate deformation mechanism essential to the behavior of
polycrystalline materials under elevated temperatures. Grain Boundary Sliding refers to the relative
tangential motion of grains across their boundaries under applied stress, often driven by applied
stresses under high-temperature conditions. In polycrystalline materials, this happens when external
stress is applied, and the homologous temperature rises above roughly 0.4 [64].
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Figure 9. Grain Boundary Sliding

Grain boundary sliding can be categorized into two primary types: Rachinger sliding [16,65]
and Lifshitz sliding [66]. The shape of the boundary plays a significant role in influencing both the
extent and speed of grain boundary sliding [67]. Grain boundaries tend to exhibit a wavy appearance
during creep at high temperatures. Such boundaries can be represented mathematically by a sinusoidal
curve defined by its wavelength λ and amplitude h. High λ/h ratios can hinder diffusional flow,
potentially resulting in the formation of diffusional voids that ultimately cause creep fracture [67,70].
A substantial portion of strain is attributed to grain boundary sliding, particularly in fine-grained
materials and at elevated temperatures. Lifshitz grain boundary sliding accounts for approximately
50-60 percentage of the strain in Nabarro–Herring diffusion creep [72], and it is the main contributor to
ceramic failure at high temperatures due to the formation of glassy phases at their grain boundaries [87].
For polycrystalline grains to slide relative to each other, there must be simultaneous mechanisms that
allow for this movement without the grains overlapping, which would be physically impossible [88].
The primary mechanisms by which materials can accommodate deformation at the microscopic level
are:

1. Dislocation Movement,Gifkins: Dislocations are line defects within the crystal lattice that move
under stress, contributing significantly to plastic deformation. Dislocation movement occurs
through processes such as glide and climb. Glide refers to the motion of dislocations along
specific crystallographic planes, driven by shear stress, allowing for deformation by sliding of
atomic planes relative to each other.
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Figure 10. Glide Dislocation Movement

This sliding is characterized by a decrease in elastic energy, making the material more ductile.
Climb, on the other hand, is the process where dislocations move out of their glide planes by
the absorption or emission of vacancies. This movement can relieve local stress fields more
directly, allowing dislocations to reconfigure and reduce their energy, thereby accommodating
deformation more effectively.
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Figure 11. Climb Dislocation Movement

The combination of glide and climb mechanisms allows for continuous strain accommodation,
maintaining structural integrity under stress.

2. Elastic Distortion,Raj: Elastic deformation is the reversible change in shape of the grains within
a material when subjected to small deformations. In this mechanism, the grains themselves can
deform elastically, meaning the atoms within the grains move under stress but return to their
original positions once the stress is removed. This elastic response is crucial for accommodating
small strains without permanent deformation.
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Figure 12. Elastic Distortion

When a material undergoes small deformations, the grains can distort elastically, which not only
absorbs the applied stress but also permits the recovery of energy without the accumulation of
dislocations. This mechanism helps in distributing the stress more evenly across the material,
preventing localized plastic deformation and crack initiation, thereby maintaining compatibility
and preventing failure.

3. Diffusional Accommodation,Raj: Diffusional creep is a critical mechanism for accommodating
plastic deformation, especially at elevated temperatures. In diffusional accommodation, atoms or
vacancies migrate through the grain boundaries or within the grains themselves. This diffusion
process allows for the redistribution of material, helping to relieve stress by moving atoms to
areas where the material is more compressed.
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Figure 13. Diffusional creep

The movement can occur along grain boundaries where atomic mobility is enhanced due to the
reduced energy barrier compared to intra-grain diffusion. This redistribution enables the material
to deform more uniformly and adapt to stress by adjusting its microstructure without permanent
change in the lattice. This diffusional process can effectively increase the material’s ductility,
enabling it to handle higher strains before failure.

Each of these mechanisms—dislocation movement, elastic distortion, and diffusional accommoda-
tion—plays a crucial role in the accommodation of plastic deformation. They operate on different
timescales and at different scales within the material, each contributing to the overall ductility and
strength of the material. Dislocations manage localized deformation through dislocation glide and
climb, elastic distortion ensures recoverable strains in the grains, and diffusional accommodation
allows for stress relaxation via atomic movement. These processes are not mutually exclusive but
rather interdependent, acting in concert to enable a material to deform compatibly under applied stress,
thus maintaining its structural integrity and preventing catastrophic failure. The Grain Boundary
Sliding’s role in accommodating strain mismatches, influencing creep, and dictating microstructural
evolution makes it a cornerstone of deformation mechanics. The minimum creep rate for diffusion can
be expressed as [90]:

ϵ̇s =
ADGb

kT

(
b
d

)p( σ

G

)n

Grain boundaries serve as the loci of relative motion and must be precisely represented as two-
dimensional manifolds embedded in the three-dimensional bulk material. This geometric description
provides the foundation for all subsequent kinematic and mechanical formulations. Let S ⊂ R3 denote
a grain boundary, parameterized by the coordinates (u, v) ∈ D ⊂ R2. The position vector is:

r⃗(u, v) = x(u, v)⃗e1 + y(u, v)⃗e2 + z(u, v)⃗e3 (49)
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where {⃗ei}3
i=1 form an orthonormal basis. The tangent vectors to S are:

t⃗u =
∂⃗r
∂u

, t⃗v =
∂⃗r
∂v

(50)

The unit normal vector n⃗ is:

n⃗ =
t⃗u × t⃗v

∥⃗tu × t⃗v∥
(51)

The metric tensor g encodes the intrinsic geometry of the surface:

g =

[⃗
tu · t⃗u t⃗u · t⃗v

t⃗v · t⃗u t⃗v · t⃗v

]
(52)

The infinitesimal area element on S is:

dA = ∥⃗tu × t⃗v∥du dv (53)

Kinematics forms the basis for describing the motion of material points on either side of the grain
boundary. A rigorous derivation of relative velocity, sliding displacement, and compatibility conditions
is essential for a complete understanding of GBS. The relative velocity between two adjacent grains,
G1 and G2, at any point on S is:

v⃗rel = v⃗1 − v⃗2 (54)

where v⃗1 and v⃗2 are the velocity fields of G1 and G2, respectively. The tangential component of v⃗rel,
representing the sliding velocity, is:

v⃗s = (⃗I − n⃗⊗ n⃗) · v⃗rel (55)

where I⃗ is the identity tensor, and n⃗⊗ n⃗ represents the dyadic product projecting along the normal
direction. The sliding displacement δ⃗s over a time interval [0, t] is:

δ⃗s =
∫ t

0
v⃗s dτ (56)

The total strain rate tensor ε̇ is decomposed as:

ε̇ = ε̇bulk + ε̇GBS (57)

where ε̇bulk accounts for bulk deformation, and ε̇GBS is the contribution from GBS. The forces driving
GBS are derived from the stress distribution at the grain boundary. A rigorous formulation of traction
vectors and their tangential components is required to quantify these driving forces. The traction vector
t⃗ at the grain boundary is: t⃗ = σ · n⃗ where σ is the Cauchy stress tensor. The tangential component of
t⃗, responsible for driving sliding, is:

t⃗tan = (⃗I − n⃗⊗ n⃗) · t⃗ (58)

Equilibrium at the grain boundary requires
∫

S t⃗ dA = 0 where dA is the differential surface area.
Constitutive relations connect the tangential traction to the sliding velocity, enabling quantitative
predictions of GBS behavior. The tangential sliding velocity is proportional to the tangential traction:

v⃗s =
1
η

t⃗tan (59)

where η is the grain boundary viscosity. The rate of energy dissipation per unit area is:

Ẇdiss = t⃗tan · v⃗s =
∥⃗ttan∥2

η
(60)
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The validity of the GBS framework is contingent upon compliance with thermodynamic laws. This
section evaluates entropy production and ensures adherence to the second law of thermodynamics.
The entropy production rate per unit area is:

Ṡ =
Ẇdiss

T
=
∥⃗ttan∥2

ηT
(61)

where T is the absolute temperature. The Clausius-Duhem inequality imposes:

Ṡ ≥ 0 =⇒ η > 0 (62)

GBS contributes significantly to the macroscopic creep behavior of polycrystals. This section integrates
GBS into the broader context of creep mechanics. The total creep strain rate is ε̇creep = ε̇bulk + ε̇GBS.
Grain boundary sliding strain rate (ϵ̇GBS) depends on grain size (d) for the following reasons:

1. Role of Grain Boundaries: Grain boundary sliding occurs along grain boundaries, and the
density of grain boundaries increases as the grain size decreases. The number of grain boundaries
per unit volume scales inversely with the grain size, ∼ 1/d. A higher grain boundary density
means there are more locations where sliding can occur, which increases the contribution of GBS
to the overall strain rate.

2. Diffusion Mechanisms: Grain boundary sliding is often accommodated by diffusion, either
along grain boundaries or through the bulk. Smaller grains shorten the diffusion path between
boundaries, facilitating faster accommodation of sliding. The diffusion time scales inversely with
d, further enhancing the rate of grain boundary sliding for smaller grains.

3. Stress Distribution and Sliding: For a given applied stress, smaller grains experience higher
stress concentrations at the grain boundaries due to reduced grain size. This enhanced stress at
the boundaries promotes sliding, leading to faster strain accumulation in smaller grains.

The GBS strain rate scales inversely with grain size d:

ε̇GBS ∝
τ

ηd
(63)

where τ is the applied shear stress. The complexity of solving the governing equations necessitates
numerical techniques for realistic applications. This section formulates a computational approach for
analyzing GBS. The sliding velocity field is iteratively solved using:

v⃗(k+1)
s = v⃗(k)s − α∇(Ẇdiss) (64)

where α is a relaxation parameter.

2.3.1. Nanomaterials

Nano-crystalline materials, consisting of grains typically less than 100 nanometers in size, exhibit
unique mechanical behaviors due to their microstructural features. The fine-grained nature of these
materials significantly enhances their mechanical properties by suppressing lattice creep, a thermally
activated deformation process that occurs at relatively low temperatures. Lattice creep is primarily
driven by the motion of dislocations — line defects within the crystal structure that facilitate plastic
deformation. In nano-crystalline materials, the high density of grain boundaries acts as a barrier
to dislocation motion, effectively blocking their movement and diffusion. This occurs because the
dislocations encounter these grain boundaries as obstacles that prevent their glide and cross-slip —
essential mechanisms for dislocation movement. The suppression of lattice creep in nano-crystalline
materials can be quantitatively described using the Hall-Petch relationship:

σy = σ0 +
k√
d

,
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where σy is the yield strength, σ0 is the frictional stress, k is the strengthening coefficient, and d is
the grain size. The relationship highlights how reducing the grain size increases the strength of the
material due to the increased barrier provided by grain boundaries to dislocation movement.

Figure 14. Hall-Petch Relationship

However, as the temperature increases, the behavior of nano-crystalline materials changes drasti-
cally. At high temperatures, the probability of grain boundary sliding increases significantly. Grain
boundary sliding refers to the relative displacement of adjacent grains along their boundaries without
significant dislocation movement within the grains themselves. This process becomes more probable
because the thermal energy available at high temperatures facilitates atomic-level diffusion across grain
boundaries. The activation energy for grain boundary sliding, Q, plays a crucial role in determining
the likelihood of this process. Mathematically, the probability (P) of grain boundary sliding can be
described by the Arrhenius equation:

P = exp
(
− Q

kBT

)
,

where Q is the activation energy for grain boundary sliding, kB is the Boltzmann constant, T is the
absolute temperature, and P is the probability of sliding. As temperature increases, Q becomes smaller
and more accessible to thermal activation, leading to a higher probability of grain boundary sliding.
This sliding mechanism results in enhanced plastic deformation, which is detrimental to the mechanical
properties of nano-crystalline materials at high temperatures. The increased grain boundary sliding
disrupts the suppression of lattice creep and causes significant degradation in strength and stiffness of
the material [93].

2.3.2. Application to High-Strength Steel and Tungsten filaments

The important application of high-strength steel within contemporary engineering practice is
indicative of its exceptional mechanical properties and its critical role in supporting advanced con-
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struction technologies. To establish a robust engineering foundation for real-world applications, the
precise modeling of high-strength steel is indispensable. This modeling process requires an in-depth
understanding of key material parameters, including the elastic modulus, yield strength, Poisson’s
ratio, and specific heat capacity, which are essential for defining the intrinsic mechanical, thermal, and
phase behaviors of the material.

By integrating these critical parameters across two distinct temperatures, we can perform a
meticulous thermodynamic analysis to derive the Gibbs free energy (GBS energy) of high-strength steel
as a function of temperature. The Gibbs free energy is a fundamental thermodynamic potential that
quantitatively describes the system’s potential for reversible work at a given temperature and pressure,
reflecting the balance of enthalpy, entropy, and temperature-dependent internal energy transformations.
This thermodynamic quantity provides a comprehensive framework for understanding the material’s
phase stability, structural transformations, and response to thermal loads. From this Gibbs free energy-
temperature relationship, the yield strength of high-strength steel can be derived as a temperature-
dependent property. Yield strength, which defines the stress at which the material begins to plastically
deform, is a critical indicator of its load-bearing capacity and its suitability for structural applications
exposed to varying thermal environments. The ability to model yield strength as a function of
temperature enables engineers to predict and optimize the material’s mechanical performance across
a wide range of operating conditions, ensuring its reliability and safety in practical engineering
applications [94].

Tungsten filaments, widely used in incandescent lamps and electron tubes, are exposed to extreme
conditions involving high temperatures and mechanical stresses. These conditions necessitate a
thorough understanding of the material’s deformation mechanisms, especially grain boundary sliding.
Grain boundary sliding is a significant deformation mechanism that plays a crucial role in maintaining
the mechanical properties of tungsten filaments under such conditions. This process involves the
relative movement of grains along their boundaries, facilitated by atomic-scale diffusion, which in
turn affects the material’s fatigue resistance, thermal stability, and overall durability. The applications
of Grain Boundary Sliding to Tungesten filaments is given very rigorously in the following works [96],
[97], and [98].

• High-Temperature Structural Stability and Atomic Mobility:

– Tungsten filaments operate at temperatures around 2000°C, where the material’s mechanical
properties are governed by grain boundary sliding.

– At these temperatures, the atomic interactions at grain boundaries are critically important
for accommodating deformation.

– Grain boundary sliding involves the migration of vacancies and interstitial atoms through
the grain boundary, facilitated by increased thermal energy promoting atomic diffusion.

– The atomic-scale mechanism maintains the structural integrity of tungsten filaments under
prolonged thermal exposure.

• Micromechanical Mechanisms of Grain Boundary Sliding:

– The sliding of grains across their boundaries involves the activation of localized stress fields
within the grain boundary regions.

– These stress fields are a consequence of the anisotropic distribution of atomic interactions
along the boundary.

– The process follows an Arrhenius-type relationship for the sliding velocity v dependent on
temperature:

v ∼ exp
(
− Q

RT

)
,

where Q is the activation energy for sliding, R is the universal gas constant, and T is the
absolute temperature.

– The rate of grain boundary sliding in tungsten is influenced by impurity content and their
segregation to grain boundaries, which alters the activation energy for sliding.
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• Enhancement of Fatigue Resistance:

– Grain boundary sliding significantly enhances the fatigue resistance of tungsten filaments.
– The process allows for efficient stress redistribution during cyclic loading, mitigating the

formation of dislocation pile-ups and microcracks.
– The redistribution of stresses through grain boundary sliding reduces the likelihood of

fatigue failure under thermal cycling conditions.

• Thermal Management and Stress Relaxation:

– Grain boundary sliding plays a pivotal role in thermal management within tungsten fila-
ments.

– The sliding mechanism accommodates thermal expansion mismatches between adjacent
grains, preventing the development of thermal gradients that could lead to stress concentra-
tions and microcracking.

– Stress relaxation provided by grain boundary sliding is crucial for preventing the accumula-
tion of stress-induced defects such as dislocation tangles and microcracks.

• Microstructural Optimization:

– The effectiveness of grain boundary sliding in tungsten filaments is closely tied to the
material’s microstructural characteristics.

– Key factors include grain size, grain boundary misorientation, and impurity content.
– Smaller grain sizes enhance grain boundary sliding by increasing the volume fraction of

grain boundaries relative to the total volume.
– Low-angle grain boundaries, characterized by high dislocation densities, are particularly

conducive to sliding due to the lower activation energy for atomic diffusion.
– The presence of impurities such as oxygen, carbon, or metal alloying elements can signifi-

cantly affect the grain boundary properties, influencing the sliding behavior.

In summary, grain boundary sliding is a vital deformation mechanism that significantly influences
the high-temperature mechanical properties of tungsten filaments. The integration of experimental
observations, advanced computational simulations, and theoretical models provides a rigorous scien-
tific framework for understanding and optimizing grain boundary sliding in tungsten filaments. This
understanding enables the design of tungsten filaments with improved fatigue resistance, thermal
management, and durability under extreme conditions, ensuring their reliability in applications such
as incandescent lamps and electron tubes.

2.3.3. Superplastic forming (SPF) technique

The superplastic forming (SPF) technique is an advanced material deformation process in which
metals and alloys are subjected to extreme strains well beyond their yield stress. This technique facili-
tates the fabrication of intricate, lightweight structures with high geometric fidelity. The mechanism
enabling this phenomenon is grain boundary sliding (GBS), a process that is governed by the com-
bined actions of dislocation slip, creep, and diffusional processes. These processes occur at elevated
temperatures where the material’s microstructural characteristics allow for a substantial increase in the
deformation capacity. Dislocation slip is the motion of dislocations—linear defects within the crystal
lattice—across grain boundaries, enabling localized plastic deformation. This movement allows the
material to elongate substantially without fracturing. Dislocation slip occurs due to the application of
shear stress, which facilitates the sliding of dislocations through the crystal lattice, thereby accommo-
dating plastic strain. Creep, particularly diffusional creep, involves the thermally activated movement
of atoms over long distances within the material, driven by a reduction in the activation energy for
diffusion at elevated temperatures. This process is crucial for accommodating the grain boundary
sliding by enabling a redistribution of atomic sites across grain boundaries, thereby facilitating the
sliding of grains relative to one another.
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Grain boundary sliding is a key mechanism in SPF, where adjacent grains are capable of sliding
past each other, accommodating large deformations while maintaining structural integrity. This sliding
minimizes the development of localized stress concentrations within grains, which is a common
precursor to failure in conventional forming processes. The diffusional aspect of creep promotes the
exchange of atoms across grain boundaries, thus enhancing the grain boundary sliding process. The
synergy of dislocation slip, diffusional creep, and grain boundary sliding underpins the extraordinary
deformability of materials in SPF, allowing for the elongation and thinning required to form complex
shapes without fracture. This process is particularly effective at elevated temperatures, where diffu-
sional creep is significantly enhanced, and deformation rates are exceedingly low. Therefore, SPF is
a critical technique for producing components in advanced engineering applications, such as in the
aerospace and automotive industries, where weight savings, material efficiency, and performance
under high-stress conditions are paramount. The interplay between dislocation slip, diffusional creep,
and grain boundary sliding is fundamental to the exceptional material properties achieved in super-
plastic forming, making it a uniquely powerful process for manufacturing lightweight, high-strength
structures.

The behavior of commercial fine-grained Al-Mg alloys under superplastic deformation, focusing
on the influence of Mg content and its associated microstructural features [95]:

1. Unusually Weak Grain Boundary Sliding (GBS): During the initial stage of superplastic de-
formation in commercial fine-grained Al-Mg alloys, grain boundary sliding (GBS) is observed
to be unusually weak. This phenomenon is due to the presence of a complex microstructure,
where the grain boundaries are not easily activated for sliding. The resistance to GBS is primarily
due to the strengthening precipitates within the grains and along the grain boundaries, which
hinder dislocation movement and grain boundary mobility. These precipitates serve as barriers to
dislocation glide and grain boundary motion, creating a high-energy configuration that requires
significant strain energy for activation [95].

2. Tensile Test and Grain Elongation: A tensile test was conducted to evaluate the superplastic
properties, where grains elongated significantly along the tensile direction to a range of 50%
to 70%. This substantial elongation indicates effective plastic strain accommodation through
GBS, which is crucial for the material’s superplasticity. The tensile test quantifies the material’s
ability to elongate without fracturing, which is a hallmark of superplasticity. The deformation
mechanism in this context involves the cooperative action of grain boundary sliding, dislocation
movement, and the formation of subgrains, all of which contribute to the observed strain [95].

3. Increased Precipitation Depletion Zone Fractions: Increased Mg content leads to the formation
of larger precipitation depletion zones within the grains.
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Figure 15. Precipitation Depletion Zone

These zones are regions devoid of precipitates, effectively weakening the grain boundaries by
reducing the pinning force on dislocations. As Mg content increases, the volume fraction of
these depletion zones becomes more significant, which facilitates grain boundary sliding by
lowering the energy barrier for sliding at these boundaries. The depletion zones act as initiation
sites for GBS, making the grain boundaries more compliant to sliding during deformation. The
quantitative relationship between Mg content and the size of these depletion zones can be
described by the empirical increase in their volume fraction, leading to an enhanced ability of the
material to undergo GBS [95].

4. Particle Segregation on Longitudinal Grain Boundaries: The segregation of particles along the
longitudinal grain boundaries is a crucial factor enhancing GBS.
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Figure 16. Particle Segregation on Longitudinal Grain Boundaries

With higher Mg content, these particles, which are typically Mg-rich phases, segregate at the
grain boundaries. The presence of these particles reduces the grain boundary strength, creating
lubricated interfaces that are easier to slide. The particle segregation provides a lower friction
interface along the grain boundaries, significantly lowering the activation energy required for
GBS. The quantitative description of this phenomenon can be derived from the increased particle
volume fraction, which correlates directly with the increased Mg content [95].

5. Dislocation Activity and Subgrains: Dislocation activity within the grains plays a pivotal role in
the deformation mechanism. As Mg content increases, there is an increased density of dislocations
and subgrains. These subgrains are small, misoriented regions formed by dislocations within
the grains, which reduce the overall resistance to deformation. The dislocation activity within
the grains leads to the formation of these subgrains, which in turn facilitate GBS by reducing the
grain boundary friction. The formation of subgrains is a quantitative indicator of the enhanced
plasticity of the alloy, as they reduce the internal stress and energy associated with dislocation
interactions. The density of subgrains and the mobility of dislocations are critical for achieving
higher elongations during superplastic deformation [95].

6. Mg Content and Grain Size Stability: Increasing the Mg content from 4.8% to 6.5–7.6% signifi-
cantly aids grain size stability during increased temperature processes. The higher Mg content
stabilizes the grain boundaries, preventing excessive grain coarsening at elevated temperatures.
This stabilization is crucial for maintaining superplastic properties, as finer grains are more
conducive to GBS. The Mg content helps in pinning the grain boundaries by forming Mg-rich
particles within the matrix, which limit grain boundary mobility and prevent grain growth. The
relationship between Mg content and grain size stability can be quantitatively described by the
reduction in grain growth rate with increasing Mg content [95].

7. Simplified Grain Boundary Sliding (GBS) and Reduced Diffusion Creep: The increased Mg
content simplifies GBS by providing a more lubricated grain boundary interface.
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Figure 17. Simplified Grain Boundary Sliding and Reduced Diffusion Creep

This lubrication effect reduces the resistance to grain boundary sliding, which is a primary
mechanism for superplastic deformation. Additionally, the higher Mg content reduces the
contribution of diffusion creep to deformation. Diffusion creep is a mechanism where atomic
diffusion occurs along the grain boundaries to accommodate deformation. As Mg content
increases, the alloy becomes less reliant on diffusion creep, as the grain boundaries are already
weakened by Mg segregation and depletion zones, reducing the need for atomic diffusion. The
decreased diffusion creep contribution can be quantitatively described by the reduced activation
energy for deformation and the corresponding decrease in the diffusion coefficients at high
temperatures [95].

8. Increased Failure Strain: The modification of Mg content leads to a significant increase in the
material’s failure strain from 300% to 430%. This increase is a direct result of the enhanced GBS,
reduced diffusion creep contribution, and the improved microstructural stability due to higher
Mg content. The increased failure strain quantifies the alloy’s ability to sustain higher levels of
deformation without fracture. The quantitative measure of failure strain can be linked to the
increased volume fractions of precipitation depletion zones, the enhanced particle segregation,
and the higher density of dislocations and subgrains. These factors collectively contribute to a
more ductile and superplastic material, capable of large elongations during deformation [95].

2.4. Solute Drag Creep

Solute drag creep is a deformation mechanism occurring predominantly in materials at high
temperatures and low stresses, characterized by the resistance to dislocation motion caused by so-
lute atoms in the lattice. This resistance is a result of the elastic and diffusive interaction between
dislocations and solute atoms.
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Figure 18. Solute Drag Creep

The understanding of solute drag creep is deeply rooted in diffusion theory, elasticity, and the
dynamics of dislocation motion, as captured through mathematical models. At the core of solute
drag creep is the coupling between the motion of dislocations and the diffusion of solute atoms.
Dislocations, being line defects, generate stress fields within the crystal lattice. A solute atom in the
lattice experiences a potential energy Eint due to these stress fields. The interaction energy can be
expressed as:

Eint =
1
2

∫
V

σij ϵij dV (65)

where σij is the stress field due to the dislocation, ϵij is the strain induced by the solute atom, and V
is the interaction volume. This energy creates a preferential segregation of solute atoms around the
dislocation core, forming what is called a Cottrell atmosphere. The drag force Fdrag experienced by a
dislocation moving through this solute field is given by:

Fdrag =
∫

S
σij bj dS (66)

where bj is the Burgers vector, and S is the area swept by the dislocation. This force depends on
the relative velocities of the solute atoms (via diffusion) and the dislocation. Cottrell and Jaswon
[23] describe the maximum force (per unit length) that the solute atom atmosphere can exert on the
dislocation.

Fmax

L
=

C0β2

bkT
(67)

The amount of drag exerted by the solute atoms on the dislocation is influenced by their diffusivity in
the metal at the given temperature; a higher diffusivity leads to lower drag, while a lower diffusivity
results in higher drag. The dislocation glide velocity can be roughly estimated using a power law of
the given form.

v = Bσ∗mB = B0 exp
(−Qg

RT

)
(68)
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Cottrell and Jaswon [23] derived the parameter B in the above equation based on the relative atomic
size misfit ϵa of solutes to describe the interaction between solute atoms and dislocations.

B =
9kT

MG2b4 ln r2
r1
· Dsol

ε2
ac0

(69)

The velocity of a dislocation under an applied stress σ is a critical parameter in creep. In the presence
of solute drag, this velocity is governed by:

vd =
σ− σdrag

Bd
(70)

where Bd is the drag coefficient, and σdrag is the solute drag stress. The drag coefficient Bd is propor-
tional to the solute concentration Cs and the diffusion coefficient D:

Bd =
kBT
D
· Cs (71)

where kB is Boltzmann’s constant, and T is the absolute temperature. The drag stress σdrag arises from
the redistribution of solute atoms during dislocation motion. For a steady-state creep condition, it can
be approximated by:

σdrag =
∆Gs

bρ
(72)

where ∆Gs is the change in Gibbs free energy due to solute redistribution, and ρ is the dislocation
density. The steady-state creep rate ϵ̇ is linked to the dislocation velocity vd and the dislocation density
ρ ϵ̇ = b vd ρ. Substituting vd, the creep rate becomes:

ϵ̇ = b ρ
σ− σdrag

Bd
(73)

In solute drag creep, the activation energy for creep Q includes contributions from both lattice diffusion
and solute-dislocation interaction energy. The creep rate can therefore be expressed in an Arrhenius
form:

ϵ̇ = A · σn · exp
(
− Q

kBT

)
(74)

where A is a pre-exponential factor, n is the stress exponent, and Q is the activation energy for creep.
For solute drag creep, n typically ranges from 3 to 5. The interaction between dislocations and solute
atoms is mediated by diffusion. The solute diffusivity D is given by:

D = D0 exp
(
− QD

kBT

)
(75)

where D0 is the pre-exponential factor for diffusion, and QD is the activation energy for diffusion. The
redistribution of solute atoms around a dislocation moving at velocity vd is governed by the continuity
equation:

∂Cs

∂t
+∇ · (Cs v⃗d) = D∇2Cs (76)

This equation highlights the dynamic equilibrium between solute diffusion and the motion of dislo-
cations. The drag stress σdrag depends on the thermodynamic driving force for solute redistribution.
This force is proportional to the gradient of the chemical potential µ:

F⃗drag = −Cs∇µ (77)
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The chemical potential µ for solute atoms in the stress field of a dislocation is given by:

µ = µ0 + Ωσ (78)

where µ0 is the chemical potential in the absence of stress, and Ω is the atomic volume. The creep rate
is sensitive to the solute concentration Cs, dislocation density ρ, and temperature T. For solute drag
creep, the scaling relationship is:

ϵ̇ ∝ Cs ·
σ

ρ
· exp

(
− Q

kBT

)
(79)

At high temperatures, where solute diffusivity is significant, the creep rate exhibits a strong temperature
dependence due to the exponential term. Conversely, at lower temperatures, solute drag effects
diminish as diffusion becomes sluggish. The solutes are drawn to the stress fields around dislocations
and help alleviate the elastic stress fields of existing dislocations, thereby becoming bound to the
dislocations. The Cottrell atmosphere [31] defines the solute concentration C at a distance r from a
dislocation.

Cr = C0 exp
(
− β sin θ

rKT

)
(80)

In summary, solute drag creep is governed by the interaction of solute atoms with dislocations,
mediated by diffusion and elastic interactions. The interplay of these factors determines the drag
stress, dislocation velocity, and ultimately the creep rate. The numerous equations provided here
illustrate the fundamental mechanisms and their quantitative dependencies, reinforcing the theoretical
foundation of solute drag creep with extreme mathematical rigor.

2.4.1. Portevin–Le Chatelier effect

The Portevin–Le Chatelier effect [24,27–30] is a special phenomenon that can occur over a limited
strain rate in solute drag creep.

Figure 19. Portevin–Le Chatelier effect in Creep Deformation

The Portevin–Le Chatelier (PLC) effect is characterized by serrated yielding or "jerky flow"
observed in the stress–strain curve of certain alloys during plastic deformation. During a tensile test,
instead of a smooth, continuous increase in stress with strain, the PLC effect produces a series of
abrupt drops in stress, resulting in a serrated or saw-tooth pattern on the stress–strain graph. Types of
Serrations are:

1. Type A: Regular, propagating bands with large, periodic serrations.
2. Type B: Hopping bands with smaller, more frequent serrations.
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3. Type C: Static bands with large, irregular, and chaotic serrations

This phenomenon is closely associated with dynamic strain aging, where the interaction between
moving dislocations and diffusing solute atoms leads to intermittent, localized plastic deformation
bands. This effect can be explained in 3 points as follows:

• Dislocation-Solute Interaction: When the applied stress becomes sufficiently large, disloca-
tions—imperfections within the crystal structure—are able to break away from solute atoms. This
happens because the dislocation velocity increases with the applied stress, making it easier for
dislocations to move past solute atoms.

• Stress Dynamics: After dislocations break away from solute atoms, the stress initially decreases,
and the dislocation velocity also decreases. During this period, solute atoms can approach and
reattach to the previously departed dislocations, leading to an increase in local stress. This reat-
tachment happens because the solute atoms have a tendency to obstruct dislocation movement.

• Repetitive Stress Behavior: The process of dislocations moving away and then being obstructed
by solute atoms can repeat, creating a cyclic pattern of local stress maxima and minima. These
repetitions of stress maxima and minima are characteristic of solute drag creep. The cyclic nature
indicates a dynamic interaction between dislocations and solute atoms under stress, which can be
observed experimentally in the form of fluctuating stress levels in the material.

2.5. Dislocation Climb-Glide Creep

Dislocation climb-glide creep is a deformation mechanism that combines two primary dislocation
behaviors—glide and climb—to allow plastic deformation under high temperatures and applied stress.
The Dislocation climb-glide creep is rigorously examined in the works of Heald and Harbottle [32]
and Mansur [33].

Figure 20. Dislocation Climb-Glide Creep

The full understanding of this mechanism requires a detailed theoretical framework and support-
ing equations that describe the underlying processes. The first component, dislocation glide, occurs
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when dislocations move within their slip planes due to an applied shear stress. The driving force for
glide is the resolved shear stress, τ, which acts on the dislocation line. The equation for the force per
unit length on the dislocation is:

f = τb (81)

where b is the Burgers vector representing the magnitude and direction of lattice distortion. The
velocity of dislocation motion due to glide, vg, can be expressed as:

vg = mτb (82)

where m is the mobility of the dislocation in the slip plane. The contribution of glide to the strain rate
is given by:

ϵ̇glide = ρbvg = ρb2mτ (83)

where ρ is the dislocation density. However, glide alone cannot sustain deformation when obstacles
impede the dislocation motion. This brings us to the second component, dislocation climb, which
allows dislocations to move out of their slip planes by interacting with vacancies. Climb is governed
by the diffusion of vacancies, which is a thermally activated process. The diffusion flux of vacancies,
Jv, is described by Fick’s first law:

Jv = −Dv∇cv (84)

where Dv is the diffusion coefficient of vacancies, and cv is the vacancy concentration. The diffusion
coefficient follows the Arrhenius equation:

Dv = D0 exp
(
− Q

kBT

)
(85)

where D0 is the pre-exponential factor, Q is the activation energy for vacancy diffusion, kB is Boltz-
mann’s constant, and T is the absolute temperature. The rate of climb is proportional to the vacancy
flux and the Burgers vector:

vc =
Jvb
ρ

(86)

and the climb contribution to the strain rate is:

ϵ̇climb =
ρbvc

L
(87)

where L is the average spacing between dislocations. The total creep rate is the sum of the contributions
from climb and glide:

ϵ̇ = ϵ̇climb + ϵ̇glide (88)

or explicitly:

ϵ̇ =
ρb2Dvσ

kBT
+ ρb2mτ (89)

Dislocation climb is driven by the stress field around the dislocation, which affects the chemical
potential of vacancies. The chemical potential, µv, for vacancies near a dislocation is:

µv = µ0 + Ωσ (90)

where µ0 is the chemical potential in the absence of stress, Ω is the atomic volume, and σ is the normal
stress component acting on the dislocation. The flux of vacancies toward or away from the dislocation
alters its position. The climb velocity, vc, is determined by the balance of vacancy flux and the stress
acting on the dislocation:

vc =
σb

kBT
Dv (91)
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The strain rate due to climb is then:

ϵ̇climb = ρbvc =
ρb2σ

kBT
Dv (92)

At high temperatures, climb becomes increasingly significant because the diffusion coefficient Dv

increases exponentially with temperature. This exponential dependence explains why creep rates
increase so dramatically with temperature, following the equation:

ϵ̇ = Aσn exp
(
− Q

kBT

)
(93)

The energy barriers associated with climb and glide dictate the dominant deformation mechanism. For
glide, the critical stress τc to overcome obstacles is:

τc =
Gb
L

(94)

where G is the shear modulus, and L is the mean obstacle spacing. If τ < τc, climb becomes essential
to bypass the obstacles. The climb process is further influenced by the elastic interactions between
dislocations. The stress field of a dislocation is described by:

σij =
Gb

2π(1− ν)

xixj

(xkxk)2 (95)

where xi represents the coordinates relative to the dislocation line, G is the shear modulus, and ν

is Poisson’s ratio. This stress field alters the vacancy concentration near the dislocation, driving
the diffusion required for climb. The climb-glide mechanism becomes evident in steady-state creep,
where the strain rate remains constant due to a balance between dislocation generation, annihilation,
and climb-assisted bypassing of obstacles. Experimental observations using transmission electron
microscopy (TEM) confirm the presence of climb features, such as jogs and kinks, which indicate
out-of-plane dislocation motion. The rate of creep deformation can be expressed as:

dε

dt
=

ACGDL√
M

(
σΩ
kT

)4.5
(96)

In this equation, ACG represents parameters associated with the geometry of the dislocation loops,
DL denotes the diffusivity of atoms within the lattice, and M is the density of dislocation sources
per unit volume. The applied stress is given by σ, while Ω is the atomic volume. The exponent
4.5 characterizes the stress dependence of dislocation climb-glide creep under the assumption that
M remains unaffected by stress. This exponent has been shown to align with a substantial body of
experimental observations.

In summary, dislocation climb-glide creep is a thermally activated process that relies on the
diffusion of vacancies to enable out-of-plane dislocation motion, coupled with in-plane glide driven
by applied stress. The interplay between these mechanisms is mathematically governed by diffusion
equations, vacancy flux, and the stress dependence of dislocation motion, providing a comprehensive
framework for understanding high-temperature deformation in crystalline materials. The explicit
equations underscore the physical processes that dominate under varying temperature and stress
conditions, offering insights into the design of creep-resistant materials.

2.6. Harper-Dorn Creep

At low stress levels, Harper–Dorn creep occurs as a dislocation mechanism driven by climb and
has been identified in materials such as aluminum, lead, and tin, as well as in nonmetallic substances
like ceramics and ice. Based on the earlier works done by Weertman [34] and Mott [35], Harper
and Dorn first discovered this creep deformation in 1957 [36]. This creep deformation is dislocation-
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motion dependent [37,39]. The rate of Harper–Dorn creep is determined by vacancy diffusion to and
from dislocations, as indicated by the volumetric activation energy, which drives climb-controlled
dislocation motion [2,40].

Figure 21. Harper-Dorn Creep

Other creep mechanisms generally dominate over Harper–Dorn creep, causing it to remain
unnoticeable in the majority of systems. The behavior of Harper–Dorn creep is represented by an
empirical relationship:

dε

dt
= ρ0

DvGb3

kT

(
σn

s
G

)
(97)

In the above equation, b is the Burgers vector, Dv is the diffusivity of the material, ρ0 is the dislocation
density (Here, the dislocation density is unaffected by the applied stress and remains constant, which
is not the case in other creep mechanisms [37]), G is the shear modulus. The stress exponent n ranges
from 1 to 3 [41]. There is emerging experimental evidence pointing to the stress exponent being around
2 [42,43,45]. The fundamental steady-state strain rate in Harper–Dorn creep is governed by the linear
stress dependence, given by:

ε̇ = A
D
kT

σ

G
. (98)

This relation combines the effects of stress (σ), temperature (T), and material constants into a single
proportionality. Breaking this down further requires an understanding of the factors influencing D,
G, and σ. The diffusion coefficient, D, governs the mobility of vacancies in the material, essential for
dislocation climb. Its dependence on temperature is expressed as:

D = D0 exp
(
− Q

RT

)
, (99)
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where D0 is the pre-exponential factor for diffusion, Q is the activation energy for diffusion, R is the
universal gas constant, and T is the absolute temperature. Substituting D into the strain rate equation
reveals the temperature sensitivity of Harper–Dorn creep:

ε̇ = A
D0

kT
exp

(
− Q

RT

)
σ

G
. (100)

Dislocation climb, a key process in Harper–Dorn creep, is controlled by the balance of vacancy flux at
the dislocation core. The velocity of a climbing dislocation, vclimb, is related to the stress σ by:

vclimb =
bD
kT

σ, (101)

where b is the Burgers vector. The strain rate is then proportional to vclimb and the dislocation density
ρd, yielding:

ε̇ = ρdbvclimb = ρdb
bD
kT

σ. (102)

In Harper–Dorn creep, the dislocation density ρd remains low and stable, typically on the order of
1010 m−2 or less. The average spacing between dislocations, Λ, is related to ρd as:

Λ =
1
√

ρd
(103)

Substituting Λ into the strain rate equation provides:

ε̇ = B
bD
Λ2 = BbDρd (104)

where B is a geometric factor dependent on the dislocation arrangement. The shear modulus, G,
decreases with increasing temperature. This relationship is approximately linear for many materials at
high homologous temperatures and can be expressed as:

G(T) = G0

(
1− α

T
Tm

)
(105)

where G0 is the shear modulus at absolute zero, α is a material-specific coefficient, and Tm is the melting
temperature. The temperature dependence of G further influences the strain rate:

ε̇ = A
D0

kT
exp

(
− Q

RT

)
σ

G0

(
1− α T

Tm

) (106)

At low stresses, the glide of dislocations is negligible compared to climb. The force per unit length on a
dislocation due to the applied stress σ is:

f = σb (107)

The climb velocity vclimb is proportional to this force and the diffusion coefficient:

vclimb =
D
kT

f =
D
kT

σb (108)

The strain rate, being proportional to vclimb, inherits this linear stress dependence. The importance of
high homologous temperatures in Harper–Dorn creep is reflected in the activation energy for diffusion,
Q. For T/Tm ≥ 0.5, significant vacancy mobility enables dislocation climb. The strain rate is extremely
sensitive to T, as evidenced by:

ε̇ ∝ exp
(
− Q

RT

)
(109)
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which amplifies exponentially with small increases in T. The linear dependence of ε̇ on σ is experimen-
tally confirmed by plotting log(ε̇) against log(σ), which yields a slope of unity:

log(ε̇) = log(A) + log
(

D
kT

1
G

)
+ log(σ) (110)

This linearity differentiates Harper–Dorn creep from other mechanisms, such as power-law creep,
where ε̇ ∝ σn with n > 1.

The Harper–Dorn creep mechanism is mathematically and physically characterized by its linear
stress dependence, dominance of vacancy diffusion, and temperature sensitivity. The strain rate
equation encapsulates multiple interdependent variables—diffusion coefficient, dislocation density,
and stress—each contributing to the overall deformation mechanism. By incorporating the temperature
dependence of D and G, along with the microstructural stability of ρd, Harper–Dorn creep emerges as
a regime where minimal dislocation activity results in steady-state deformation, governed entirely
by diffusion and high-temperature physics. According to Blum and Maier [44], the experimental
data supporting Harper–Dorn creep is not entirely persuasive. They further suggested that 99.99
percentage pure aluminum does not satisfy the required condition for Harper–Dorn creep, and the
steady-state stress exponent n for the creep rate is invariably greater than 1. Ginter et al. [45] later
demonstrated that Harper–Dorn creep is achievable in aluminum with 99.9995 percentage purity but
absent in aluminum with 99.99 percentage purity. Additionally, they also discovered that the creep
curves in the ultra-high-purity material displayed periodic and regular accelerations. According to
Ginter et al. [46], the creep behavior transitions from following a stress exponent of n = 1 to exhibiting
evidence of a stress exponent greater than n = 2 when strains exceed 0.1 during testing.

2.7. Sequential and Parallel Process in Creep

Creep, the time-dependent deformation of materials under constant stress at elevated temper-
atures, arises from thermally activated processes that manifest through intricate material responses.
The distinction between sequential and parallel processes in creep lies in the interplay of mechanisms
that contribute to deformation. While the sequential process emphasizes the evolution of mechanisms
over time, the parallel process underscores the simultaneous operation of various deformation modes.
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Figure 22. Sequential and Parallel Process in Creep

Both approaches are essential to a comprehensive understanding of creep, requiring detailed
consideration of thermodynamic, kinetic, and microstructural factors. In the sequential process, the
creep behavior unfolds in a series of stages: primary, secondary, and tertiary creep. These stages
represent the chronological dominance of specific deformation mechanisms. Initially, during primary
creep, the material experiences a decreasing strain rate due to strain hardening. The dislocations
generated during deformation interact with each other and with obstacles such as precipitates and
grain boundaries, increasing the resistance to further plastic deformation. The thermodynamics of this
stage involve the interplay of stored elastic energy and dissipative mechanisms. The energy barrier for
dislocation motion is modulated by the applied stress, with the strain rate described by exponential
or power-law relations involving the stress exponent and material constants. The microstructural
evolution is characterized by an increase in dislocation density and rearrangement, reflecting the
growing resistance to plastic flow.

Secondary creep, often referred to as steady-state creep, emerges when a dynamic equilibrium is
established between strain hardening and recovery processes. In this stage, recovery mechanisms such
as dislocation climb and annihilation balance the production of dislocations, resulting in a constant
strain rate. This stage is critical for predicting long-term material performance, as it often dominates
the material’s lifespan under constant stress. The steady-state strain rate adheres to an Arrhenius
relationship, where the activation energy encapsulates the energy barrier for dislocation motion or
diffusion processes, depending on the dominant mechanism. At the microstructural level, the material
forms stable subgrain structures, whose size inversely correlates with the applied stress, indicating
a balance between the driving force for dislocation activity and the recovery kinetics. The final
stage, tertiary creep, marks the onset of material instability and damage accumulation. During this
phase, the strain rate accelerates due to the interplay of necking, grain boundary void nucleation, and
microcrack propagation. Thermodynamically, the material transitions into a state where the energy
dissipated through deformation exceeds the material’s capacity for internal stabilization, ultimately
culminating in failure. The time to rupture in tertiary creep can be estimated using empirical and
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mechanistic models, which capture the accelerating strain rate as a function of stress, temperature, and
material properties. In contrast, the parallel process in creep considers the simultaneous contribution
of multiple deformation mechanisms, each governed by its own kinetics and thermodynamics. For
instance, dislocation creep, diffusion creep, and grain boundary sliding can act concurrently, with their
relative contributions determined by stress, temperature, and microstructural parameters such as grain
size. Dislocation creep dominates at high stresses, where dislocation glide and climb are facilitated by
thermal energy. The mathematical description of this mechanism involves power-law relationships,
with the strain rate proportional to the stress raised to an exponent that reflects the sensitivity of the
mechanism to stress.

Diffusion creep, on the other hand, prevails at lower stresses and is driven by the diffusion
of atoms through the lattice or along grain boundaries. Nabarro-Herring creep, associated with
lattice diffusion, and Coble creep, governed by grain boundary diffusion, are the primary modes of
diffusion-controlled deformation. The strain rate for diffusion creep is inversely proportional to the
grain size, emphasizing the critical role of microstructural refinement in enhancing creep resistance.
Grain boundary sliding, a distinct mechanism often complementary to diffusion creep, involves the
relative motion of grains facilitated by atomic diffusion or dislocation activity at the boundaries. The
contribution of grain boundary sliding is significant in materials with fine-grained microstructures,
where the increased boundary area amplifies this effect. The mathematical framework for the parallel
process involves the superposition of strain rates from each active mechanism. The total strain rate
is expressed as the sum of contributions from dislocation creep, diffusion creep, and grain boundary
sliding. This additive model captures the complexity of real-world creep, where multiple mechanisms
interact in a non-linear and stress-dependent manner. Thermodynamically, the simultaneous operation
of these mechanisms reflects the material’s attempt to minimize its free energy under applied stress,
with each mechanism contributing to the overall entropy production rate. Comparing the sequential
and parallel processes highlights their complementary nature. The sequential process provides a
time-resolved view of creep, ideal for understanding the progression of deformation in long-term
applications. The parallel process, on the other hand, offers insight into the simultaneous operation of
mechanisms, crucial for microstructural design and optimization. Both approaches are rooted in the
fundamental principles of materials science, leveraging the interplay of mechanics, thermodynamics,
and microstructural physics to describe and predict creep behavior with scientific and mathematical
rigor. This dual perspective allows engineers and scientists to design materials and predict their
performance under complex loading conditions, ensuring safety and reliability in high-temperature
applications.

Ghosh (2024) [57] derived the expressions for fundamental differential operators—namely the
gradient, divergence, and curl—as well as the vector gradient of a vector field within curvilinear
coordinate systems. This work significantly enhances clarity on the application of the del operator
in non-Cartesian contexts, laying a robust foundation for advanced analytical and computational
treatments of vector calculus in complex geometries.

3. Phenomenological Description of Creep
3.1. Stages of Creep

Creep deformation is typically divided into three distinct stages, each characterized by unique
strain-time behavior:

1. Primary Creep
2. Secondary Creep
3. Tertiary Creep

In the following subsections, we discuss each of the above 3 distinct stages of Creep in great detail.
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Figure 23. 3 Stages of Creep

3.1.1. Primary Creep

Primary creep, or transient creep, occurs under a constant stress σ and elevated temperature T.
The deformation is a time-dependent process governed by:

1. Stress-induced deformation (via dislocation glide, climb, and diffusion): Stress-induced de-
formation in primary creep involves the movement of dislocations within the crystal lattice,
facilitated by mechanisms such as glide, climb, and diffusion, in response to an applied stress.

Figure 24. Stress-induced Deformation in Primary Creep

During this initial stage of creep, the strain rate decreases over time as the material adjusts to the
applied load. Dislocation glide occurs when dislocations move along specific crystallographic
planes under shear stress, allowing plastic deformation. However, at elevated temperatures,

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 8 September 2025 doi:10.20944/preprints202412.1894.v3

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202412.1894.v3
http://creativecommons.org/licenses/by/4.0/


46 of 148

obstacles such as other dislocations, impurities, or grain boundaries can impede glide, requiring
additional mechanisms to continue deformation. Dislocation climb becomes active under these
conditions, where atoms diffuse around obstacles, enabling dislocations to move out of their glide
planes. Diffusion also plays a role in redistributing atoms to accommodate stress concentrations,
further facilitating deformation. These combined mechanisms allow the material to deform plas-
tically while redistributing stress, leading to a reduction in strain rate as the material undergoes
work hardening. Stress-induced deformation during primary creep is critical in establishing the
microstructural changes that influence the material’s subsequent behavior in the steady-state
(secondary) creep phase.

2. Strain hardening (increased material resistance due to evolving dislocation interactions):
Strain hardening in primary creep refers to the progressive increase in a material’s resistance to
deformation due to the accumulation and interaction of dislocations as the material is subjected
to sustained stress.

Figure 25. Strain Hardening in Primary Creep

During primary creep, the material initially deforms at a relatively high strain rate, but as
dislocations are generated and move through the crystal lattice, they interact with each other
and with other obstacles such as grain boundaries or second-phase particles. These interactions
create a tangled network of dislocations that impede further dislocation motion, increasing
the material’s strength and reducing the rate of deformation over time. This process of strain
hardening counteracts the applied stress, leading to a gradual decrease in the creep strain rate
characteristic of the primary creep stage. The extent of strain hardening depends on factors such
as the material’s composition, temperature, and microstructure. Strain hardening is essential
for establishing the microstructural framework that influences the material’s transition to the
steady-state deformation observed in secondary creep, where a balance between hardening and
recovery mechanisms is achieved.

3. Microstructural recovery (dynamic reorganization of internal defects): Microstructural recovery
in primary creep is the process by which the internal defects within a material, such as disloca-
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tions, dynamically reorganize and reduce their energy state under sustained stress and elevated
temperatures.

Figure 26. Microstructural Recovery in Primary Creep

As the material deforms during the initial stages of creep, dislocations are generated and accumu-
late, leading to localized stress concentrations. However, at elevated temperatures, the enhanced
atomic mobility allows for mechanisms such as dislocation annihilation, rearrangement, and
the formation of lower-energy configurations. These processes help to alleviate the internal
stresses caused by dislocation interactions, partially offsetting the effects of strain hardening.
Microstructural recovery contributes to the gradual decrease in strain rate observed in primary
creep, as it counterbalances the increasing resistance to deformation caused by dislocation tan-
gling and interaction. The degree of recovery depends on factors such as the applied stress,
temperature, and material properties, and it plays a crucial role in determining how the material
transitions from the primary to the secondary creep stage, where a steady-state strain rate is
achieved through a balance between recovery and hardening mechanisms.

This interplay results in a strain rate ε̇(t) that decreases with time. To model this rigorously, the
deformation is expressed as:

ε(t) = εelastic + εplastic + εthermal (111)

For primary creep, we focus on εplastic, which dominates the time-dependent response. Under the
framework of continuum mechanics, the strain tensor ε is decomposed as: ε = 1

2
(
∇u + (∇u)T),

where u is the displacement field. For small deformations, the creep strain rate tensor ε̇creep satisfies

ε̇creep =
∂εcreep

∂t The primary creep response is governed by a constitutive equation linking ε̇creep to the
stress tensor σ:

ε̇creep = F (σ, T, κ, t) (112)

where F is a material-specific function dependent on σ is the Cauchy stress tensor, T is the Absolute
temperature, κ is the Set of internal variables (e.g., dislocation density, hardening parameters), and t is

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 8 September 2025 doi:10.20944/preprints202412.1894.v3

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202412.1894.v3
http://creativecommons.org/licenses/by/4.0/


48 of 148

the Time. The transient creep strain rate is directly tied to the motion and evolution of dislocations.
The dislocation density ρ evolves with time according to:

dρ

dt
= K1

σ

G
− K2ρ (113)

where K1 is the Proportionality constant for dislocation multiplication, K2 is the Recovery constant
due to dislocation annihilation, σ is the Applied stress (scalar equivalent of σ), G is the Shear modulus.
The strain rate due to dislocation motion is ε̇creep = ρbv where b is the Burgers vector magnitude
and v is the Average dislocation velocity. The velocity v is modeled using thermally activated theory

v = v0e−
∆G
kBT where v0 is the Pre-exponential velocity factor, ∆G is the Activation energy for dislocation

motion, kB is the Boltzmann constant, T is the Absolute temperature. Substituting for v, the strain rate
becomes:

ε̇creep = ρbv0e−
∆G
kBT (114)

During primary creep, the resistance to deformation increases due to strain hardening, represented by
an internal variable κ. The evolution of κ is governed by:

dκ

dt
= H(σ, κ)− R(κ) (115)

where: H(σ, κ): Hardening rate, increasing with stress, R(κ): Recovery rate, decreasing with disloca-
tion annihilation. The strain rate tensor is then expressed as:

ε̇creep =
1
E

σ ·Φ(κ, T) (116)

where Φ(κ, T) incorporates temperature and hardening effects. Using thermodynamic principles, the
Helmholtz free energy ψ is expressed as:

ψ = ψelastic(εelastic) + ψplastic(κ) (117)

where ψplastic captures the energy stored in the evolving microstructure. The dissipation inequality
imposes:

σ : ε̇plastic −
∂ψplastic

∂κ
· κ̇ ≥ 0 (118)

This ensures thermodynamic consistency during creep deformation. By integrating the strain rate
tensor over time, we obtain the total primary creep strain:

εcreep(t) =
∫ t

0
ε̇creep(t′) dt′ (119)

with ε̇creep(t′) derived from the full constitutive model. A general solution is:

εcreep(t) = ε0 +
σ

η

(
1− e−βt

)
(120)

where ε0: Initial elastic strain, η: Effective viscosity, β: Time constant related to strain hardening.
Parameters such as K1, K2, β, and ∆G are experimentally calibrated using creep tests. Advanced

numerical methods, including finite element analysis (FEA), are employed to solve the governing
equations over complex geometries. FEA simulations use the above constitutive models to compute
the Time-dependent strain fields ε(t), Stress redistribution σ(t), Evolution of microstructural variables
κ(t), ρ(t). Primary creep is a thermomechanically driven phenomenon with time-dependent strain
evolution. Its rigorous description integrates tensorial mechanics, thermodynamic principles, and
dislocation dynamics into a unified framework. The mathematical formulation captures the transient
interplay of strain hardening and recovery, providing a predictive model for high-temperature material
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behavior. This depth of understanding is crucial for designing components in high-stress, high-
temperature environments. Initial rapid deformation due to strain hardening, followed by a gradual
decrease in strain rate. Mathematically, the strain rate is modeled as:

ε̇(t) = ε̇0e−βt (121)

where β is a hardening parameter.

3.1.2. Secondary Creep

Secondary creep, or the steady-state creep stage, is a defining phenomenon in materials science
and continuum mechanics, representing a period of time-dependent, irreversible deformation under
constant stress and elevated temperature. Unlike primary creep, characterized by decelerating strain
rates, and tertiary creep, marked by accelerating strain rates due to material degradation, secondary
creep exhibits a nearly constant strain rate (ε̇s) that arises from an equilibrium of competing mi-
crostructural mechanisms. Secondary creep is vital in the design and analysis of materials exposed to
prolonged stresses, such as in high-temperature power plants, aerospace components, and nuclear
reactors. Its theoretical understanding integrates thermodynamics, microstructural mechanics, and
continuum modeling.

Secondary creep reflects a non-equilibrium thermodynamic steady-state, where the system achieves a
dynamic balance between energy dissipation and internal resistance to deformation. The strain rate
during secondary creep is driven by the dissipation of mechanical work (σε̇), which manifests as heat
and internal energy changes. According to the second law of thermodynamics, the entropy production
rate must remain positive and constant in this steady-state regime:

Ṡprod =
σε̇s

T
(122)

where: σ is the applied stress, ε̇s is the steady-state strain rate, T is the absolute temperature. The
constancy of Ṡprod during secondary creep indicates a stable thermodynamic state, ensuring long-term
predictability of material behavior. The nearly constant strain rate in secondary creep arises from a
balance between:

1. Work Hardening: Work hardening in secondary creep refers to the process by which a material
becomes progressively stronger and more resistant to deformation as dislocations accumulate
and interact within the crystal structure during plastic deformation.
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Figure 27. Work Hardening in Secondary Creep

In the secondary creep stage, the strain rate reaches a steady state due to a dynamic balance
between work hardening and recovery mechanisms. As the material deforms under sustained
stress, dislocations are generated and move through the crystal lattice. These dislocations interact
with each other, forming tangles and networks that create barriers to further dislocation motion,
thereby increasing the material’s strength. This phenomenon is known as work hardening and
contributes to the deceleration of the strain rate that characterizes the transition from primary to
secondary creep. However, at the elevated temperatures typical of creep conditions, recovery
processes, such as dislocation annihilation and rearrangement, also occur, mitigating the effects
of work hardening. The balance between these opposing mechanisms maintains the steady strain
rate observed in secondary creep. Work hardening plays a crucial role in the material’s ability to
sustain long-term deformation under high-temperature and high-stress conditions, influencing
its overall creep resistance and structural integrity.

2. Dynamic Recovery: Dynamic recovery in secondary creep is the process by which a material
undergoing sustained deformation at high temperatures continuously relieves internal stress
through the rearrangement and annihilation of dislocations.
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Figure 28. Dynamic Recovery in Secondary Creep

During secondary creep, the material reaches a steady-state strain rate due to a balance between
work hardening, which increases the material’s resistance to deformation, and dynamic recovery,
which counteracts it. As dislocations are generated and move through the crystal lattice under
stress, interactions between them create localized regions of high stress and energy. At elevated
temperatures, atomic mobility increases, allowing dislocations to rearrange into lower-energy
configurations or to annihilate through mechanisms such as climb or cross-slip. This recovery
process reduces the overall dislocation density and alleviates the internal stress, enabling the
material to continue deforming without a significant increase in resistance. Dynamic recovery is
particularly important in materials with high-temperature ductility, as it helps to stabilize the
creep rate during the secondary stage, preventing rapid strain rate escalation. It is a key factor in
determining a material’s long-term performance under high-stress, high-temperature conditions,
as it influences the material’s ability to accommodate plastic deformation without accumulating
excessive damage.

The interplay of these mechanisms results in a dynamic equilibrium where the rate of dislocation gen-
eration equals the rate of dislocation annihilation. Mathematically, this equilibrium can be expressed
as:

dρ

dt
= k1 ε̇s − k2ρ2 = 0 (123)

where ρ is the dislocation density, k1 and k2 are material constants. At steady-state, the dislocation
density stabilizes, leading to a constant creep rate. Dislocations are linear defects that govern plastic
deformation. During secondary creep, dislocation climb (motion perpendicular to the slip plane)
becomes critical, as it allows dislocations to bypass obstacles. This process is diffusion-controlled and
highly temperature-dependent, explaining the Arrhenius-type relationship for creep rate:

ε̇s ∝ exp
(
−Qc

RT

)
(124)

where Qc is the activation energy for dislocation climb. At lower stresses and smaller grain sizes,
atomic diffusion dominates. This diffusion can occur:

1. Through the lattice (Nabarro-Herring creep): Atoms migrate through the bulk of the grains.
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2. Along grain boundaries (Coble creep): Atomic motion is concentrated at grain boundaries,
particularly in fine-grained materials.

Both mechanisms contribute to the elongation of grains along the stress axis and are sensitive to grain
size (d). For example, in Coble creep: ε̇s ∝ 1

d3 . The steady-state creep rate (ε̇s) typically follows a
power-law relationship with the applied stress (σ): ε̇s = Aσn where A is a material constant, n is the
stress exponent. The value of n reflects the dominant creep mechanism:

• n ≈ 1: Diffusion creep (linear relationship with stress).
• n ≈ 3− 8: Dislocation creep (nonlinear relationship with stress).

The thermal activation of creep mechanisms introduces an exponential dependence on temperature,
leading to the Arrhenius relationship:

ε̇s = Aσn exp
(
− Q

RT

)
(125)

where Q is the activation energy associated with the dominant creep mechanism. The higher the
temperature, the greater the atomic mobility and dislocation activity, resulting in increased creep rates.

Secondary creep can be modeled as a nonlinear viscous flow, where the material behaves like a
fluid with stress-dependent viscosity. This behavior is captured by constitutive models that describe
the steady-state deformation rate in terms of the applied stress and material properties. To unify the
effects of stress and temperature, the Zener-Hollomon parameter (Z) is often introduced:

Z = ε̇s exp
(

Q
RT

)
. (126)

This parameter consolidates the temperature and stress dependencies, providing a robust framework
for creep analysis across different materials and conditions. The steady-state stage where strain rate
remains constant due to a balance between strain hardening and recovery. The strain rate is expressed
as:

ε̇ss = Cσn exp
(
−Qc

RT

)
, (127)

with C being an empirically determined material constant. Despite its designation as a steady-state
process, secondary creep involves continuous microstructural evolution:

• Dislocation Networks: Dislocation networks in secondary creep represent the stabilized structure
of dislocations that form within a material under sustained stress and temperature during the
steady-state phase of creep. In secondary creep, the material experiences a constant strain
rate, which arises from a balance between the processes of dislocation generation, motion, and
annihilation.
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Figure 29. Dislocation Networks in Secondary Creep

Dislocations are line defects in the crystal lattice that serve as carriers of plastic deformation, and
their density increases as deformation progresses. As the dislocations move and interact, they
form tangles and networks, which act as barriers to further dislocation motion. These networks
stabilize the creep rate by hindering the free movement of dislocations, requiring additional stress
to drive further deformation. The formation and evolution of dislocation networks depend on
the material’s microstructure, stress level, and temperature, with higher temperatures allowing
dislocations to rearrange into more stable configurations. These networks are crucial in controlling
the mechanical behavior of materials during secondary creep, as they dictate the material’s
resistance to deformation and its ability to sustain steady-state operation under prolonged service
conditions.

• Grain Boundary Sliding: Grain boundary sliding in secondary creep is a deformation mechanism
that occurs when grains within a polycrystalline material slide relative to each other along their
boundaries under the influence of sustained stress and elevated temperatures.
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Figure 30. Grain Boundary Sliding in Secondary Creep

This sliding accommodates plastic deformation and contributes to the steady-state strain rate
characteristic of secondary creep. Unlike primary creep, where strain rate decreases over time,
secondary creep achieves a balance between deformation mechanisms such as dislocation move-
ment and grain boundary sliding. Grain boundary sliding in this phase typically occurs in a
more controlled manner, facilitated by diffusion processes and the mobility of atoms at elevated
temperatures. It is particularly prominent in materials with fine grains, where the increased
number of grain boundaries provides more pathways for sliding. However, to maintain continu-
ity at the boundaries, deformation is often accompanied by localized adjustments, such as the
formation of voids or dislocation activity, which can evolve into more significant damage over
time. Grain boundary sliding is a key factor in determining the creep resistance of materials,
especially in high-temperature applications, as it plays a role in controlling the overall strain rate
and contributes to the material’s ability to sustain loads during long-term service.

These mechanisms ensure that while the macroscopic strain rate remains constant, the material’s
internal structure is far from static. The long duration and predictability of secondary creep make it a
critical consideration in the design of components subjected to high-temperature environments:

• Aerospace: Turbine blades must resist deformation over thousands of hours of operation.
• Power Plants: Steam generators and pressure vessels must maintain structural integrity under

sustained loads.
• Nuclear Reactors: Materials must withstand radiation damage in addition to creep stresses.

The Monkman-Grant relationship, which relates the rupture time (t f ) to the steady-state creep rate,
provides a practical tool for predicting material lifespan:

t f · ε̇m
s = constant (128)

where m is a material constant. Secondary creep is a complex yet stable regime of material deformation,
governed by a dynamic equilibrium of thermally activated processes. Its theoretical framework
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integrates thermodynamic principles, microstructural mechanics, and continuum modeling, offering
profound insights into the behavior of materials under prolonged stress and temperature. The interplay
of mechanisms such as dislocation climb, diffusion, and grain boundary sliding underscores the
multi-scale nature of secondary creep, bridging atomic-level processes with macroscopic deformation.
Understanding secondary creep is indispensable for the design of resilient, high-performance materials
across a spectrum of engineering applications.

3.1.3. Tertiary Creep

Tertiary creep is the final and most critical phase of the creep process, where material deformation
accelerates exponentially due to compounded microstructural damage mechanisms. This stage is piv-
otal for predicting material failure under long-term loading conditions, especially in high-temperature
environments such as power plants, aerospace structures, and nuclear reactors. Tertiary creep rep-
resents the transition from stable deformation to material rupture. The defining characteristic of
this phase is an exponentially accelerating strain rate, attributed to progressive material degradation,
including:

1. Void Nucleation and Growth: Void nucleation and growth in tertiary creep is a critical phe-
nomenon that plays a significant role in the eventual failure of materials subjected to prolonged
high stress and elevated temperatures. During the tertiary stage of creep, the strain rate accelerates
rapidly as the material undergoes microstructural degradation.

Figure 31. Void Nucleation and Growth in Tertiary Creep

This degradation is driven by the formation and evolution of microscopic cavities, or voids, which
nucleate at stress concentration sites. These sites often include grain boundaries, second-phase
particles, inclusions, or areas with high dislocation density. The initiation of voids is influenced by
factors such as the stress distribution, material microstructure, and temperature. Once nucleated,
the voids grow due to mechanisms like atomic diffusion away from the void surfaces and
localized plastic deformation around the cavities. Elevated temperatures enhance atomic mobility,
facilitating the diffusion process, while high stresses accelerate plastic deformation, further
enlarging the voids. As the voids expand, they begin to coalesce, linking together to form
microcracks. This coalescence significantly reduces the effective cross-sectional area of the
material, causing an exponential increase in strain rate during tertiary creep. Ultimately, the
material fails through mechanisms such as ductile fracture or intergranular cracking, depending
on the temperature and stress conditions. Understanding the interplay of void nucleation, growth,
and coalescence is crucial for predicting material failure and designing components capable of
withstanding the demands of high-temperature, high-stress environments.

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 8 September 2025 doi:10.20944/preprints202412.1894.v3

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202412.1894.v3
http://creativecommons.org/licenses/by/4.0/


56 of 148

2. Microcrack Formation: Microcrack formation in tertiary creep is a critical process that contributes
to the accelerated degradation and eventual failure of materials under prolonged stress and
elevated temperatures. During tertiary creep, the material experiences an increased strain rate
driven by the accumulation of damage at the microstructural level.

Figure 32. Microcrack Formation in Tertiary Creep

This damage begins with the nucleation and growth of voids, which eventually coalesce to
form microcracks. These microcracks typically originate at regions of stress concentration, such
as grain boundaries, inclusions, or second-phase particles, where the local stress exceeds the
material’s capacity to deform plastically. The growth of microcracks is facilitated by mechanisms
such as localized plastic deformation and atomic diffusion, both of which are enhanced at high
temperatures. As these cracks propagate, they reduce the effective load-bearing cross-sectional
area of the material, leading to a further increase in strain rate. The interaction and linkage of
microcracks create a network of weakened zones that accelerate material failure. Ultimately,
this progression leads to macroscopic cracking and fracture, marking the final stage of tertiary
creep. Understanding microcrack formation is essential for predicting the lifespan of materials
and preventing catastrophic failure in applications where sustained high-stress and temperature
conditions are prevalent.

3. Grain Boundary Sliding: Grain boundary sliding in tertiary creep is a deformation mechanism
that occurs as grains within a material slide past one another along their boundaries under the
influence of sustained stress and elevated temperatures.
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Figure 33. Grain Boundary Sliding in Tertiary Creep

This process is a significant contributor to the accelerated strain rate observed during tertiary
creep, as it facilitates the redistribution of stress and accommodates plastic deformation. Grain
boundaries, being regions of atomic misalignment, serve as preferred pathways for sliding due
to their relatively lower resistance compared to the grain interiors. At high temperatures, the
atomic mobility increases, enabling the grains to slide more easily while maintaining the overall
structural integrity of the material. However, this sliding is not uniform and often leads to
the nucleation of voids or microcracks at triple junctions or regions where the boundaries are
irregular. These defects grow and coalesce, accelerating the onset of failure. Grain boundary
sliding is particularly prominent in materials with fine grains and weak boundary strength,
and its extent is influenced by factors such as temperature, stress level, and the presence of
impurities or secondary phases. This mechanism is critical in determining the creep resistance
and long-term reliability of materials exposed to high-temperature environments, such as in
power plants, turbines, and aerospace applications.

4. Necking and Localization: Necking and localization in tertiary creep are phenomena that
signify the final stages of deformation leading to material failure under sustained stress and high
temperatures. Necking refers to the progressive reduction in cross-sectional area at a specific
region of a material, which concentrates stress and accelerates the deformation in that localized
area.
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Figure 34. Necking and Localization in Tertiary Creep

This stress concentration creates a feedback loop where the localized thinning of the material
increases the strain rate, further intensifying the deformation in that region. As the neck forms,
the material’s ability to carry the applied load diminishes, and the deformation becomes highly
localized, often accompanied by microstructural damage such as void formation, microcrack
development, and grain boundary sliding. These processes collectively exacerbate the localization
of strain, leading to catastrophic failure through ductile fracture or intergranular cracking. Neck-
ing and localization are influenced by factors such as the material’s ductility, the applied stress,
and the operating temperature. These phenomena are critical to understanding the mechanical
behavior of materials during tertiary creep, as they dictate the ultimate failure mechanism and
limit the material’s service life in high-stress, high-temperature applications.

A rigorous treatment of tertiary creep necessitates describing the strain rate ε̇ as a function of stress,
temperature, time, and damage. The generalized equation is:

ε̇ = f (σ, T, t, D) (129)

where D is the damage variable (0 ≤ D ≤ 1), representing accumulated material degradation.
Expanding f , we include stress and temperature dependencies:

ε̇ = Aσn exp
(
− Q

RT

)
(1− D)p (130)

where A is the Material constant, n is the Stress exponent, Q is the Activation energy for creep, R:
Universal gas constant, T is the Absolute temperature, p is the Damage exponent. This form integrates
the effects of stress, thermal activation, and damage softening. The damage variable D evolves with
time as material degradation progresses. A typical phenomenological model for damage evolution is:

dD
dt

= Cσm(1− D)r (131)

where C is the Material constant, m is the Stress exponent for damage evolution, r is the Exponent
controlling the nonlinearity of damage accumulation. Integrating this equation provides D(t), which
can then be used to compute the strain rate. As damage accumulates, the effective stress σeff increases
due to the reduction in load-bearing area:

σeff =
σ

1− D
. (132)
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The strain rate is then recalculated using σeff, creating a feedback loop that accelerates deformation:

ε̇ = A
(

σ

1− D

)n
exp

(
− Q

RT

)
(133)

Void growth under hydrostatic stress σh is governed by diffusion-driven mechanisms. The growth rate
of a void radius a is given by:

da
dt

=
AσhΩ

kT
ln
(

σh
σc

)
, (134)

where Ω is the Atomic volume, k is the Boltzmann constant, σc is the Critical stress for void growth.
Grain boundary sliding contributes to strain through diffusion and dislocation motion. The strain rate
due to sliding is:

ε̇gb =
δbσ

kT
exp

(
−Qb

RT

)
, (135)

where: b is the Burgers vector, δ is the Grain boundary thickness, Qb is the Activation energy for bound-
ary sliding. Tertiary creep is inherently an irreversible process associated with entropy production.
The entropy generation rate Ṡprod is related to mechanical dissipation:

Ṡprod =
σε̇

T
. (136)

As the strain rate accelerates, Ṡprod increases, indicating the system’s approach to a critical failure state.
The total energy dissipated during tertiary creep is:

Wdiss =
∫ t f

0
σε̇ dt (137)

where t f is the time to failure. This energy is partitioned into Stored Energy contributing to dislocation
structures and Dissipated Energy associated with damage and heat generation. The Monkman-Grant
relationship links the minimum creep rate ε̇min to the time to failure t f :

ε̇mintk
f = M (138)

where k and M are material-specific constants. For tertiary creep, this relationship is modified to
account for accelerating strain rates. By integrating the strain rate equation over the tertiary phase, the
total strain εtertiary and time to failure can be estimated:

t f =
∫ ε f

0

1
ε̇

dε (139)

where ε f is the strain at failure. At the atomic level, dislocation motion and vacancy diffusion dominate.
The diffusivity Ddiff at temperature T is:

Ddiff = D0 exp
(
−Qdiff

RT

)
(140)

where D0 is the pre-exponential factor and Qdiff is the activation energy for diffusion. At the microscale,
void growth and crack propagation are modeled by fracture mechanics principles. The growth rate of
a crack of length a under stress intensity K is:

da
dt

= CKm (141)
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where C and m are empirical constants. At the macroscale, continuum damage mechanics provides a
comprehensive framework for modeling creep deformation. The total creep strain is:

εtotal = εprimary + εsecondary + εtertiary (142)

Self-consistent models treat the material as a heterogeneous medium, where individual grains or
phases deform based on their local environment. These models integrate grain boundary sliding, void
growth, and dislocation motion to predict macroscopic behavior. The accelerating strain rate in tertiary
creep can be analyzed as a dynamic instability. Stability criteria involve examining the eigenvalues of
the material’s constitutive equations under perturbation.

Tertiary creep embodies the terminal stage of material deformation under prolonged stress and
temperature, characterized by a synergistic interaction of microstructural damage, thermodynamic
irreversibility, and mechanical instability. This description combines advanced equations with deep
theoretical insights, offering a holistic view of the phenomenon. Such rigorous modeling is critical for
predicting failure and designing materials with enhanced creep resistance. Accelerated deformation
leading to failure, driven by microstructural degradation such as void formation and necking. The
strain rate in this stage is modeled as:

ε̇ter(t) = ε̇ f eαt, (143)

where α characterizes the rate of degradation.

3.2. Constitutive Models

Several phenomenological models have been proposed to describe creep behavior:

3.2.1. Norton-Bailey Law

The Norton-Bailey Law describes the steady-state creep behavior of materials under constant
stress and elevated temperatures, where the material’s deformation is time-dependent yet stabilized
by a dynamic equilibrium of competing mechanisms.

Figure 35. Norton-Bailey Law

This phenomenological law integrates principles from thermodynamics, continuum mechanics,
and microstructural physics to relate macroscopic strain rates to stress and temperature. The Norton-
Bailey Law is expressed as:

ϵ̇c = Aσn exp
(
− Q

RT

)
(144)

The law applies to the secondary creep regime, where:
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• The creep strain rate is constant over time (ϵ̇c = constant).
• Work hardening and recovery mechanisms reach equilibrium, balancing the opposing effects of

dislocation generation and annihilation.

The steady-state condition can be seen as the minimum of a thermodynamic potential, where the
material minimizes its free energy under the constraints of applied stress and thermal activation. Creep
deformation is inherently governed by the principles of nonequilibrium thermodynamics. The Driving
Forces and Fluxes are the applied stress σ which is the thermodynamic driving force and the creep
strain rate ϵ̇c which is the corresponding flux, proportional to the force in the linear-response regime.
Regarding the Entropy Production, Deformation is an irreversible process characterized by positive
entropy production. The second law of thermodynamics imposes:

dS
dt
≥ 0 (145)

where S is the system entropy. The strain rate contributes to this entropy generation through plastic
work dissipation. The temperature dependence of ϵ̇c reflects the probability of thermally activated
processes exp

(
− Q

RT

)
where Q is the activation energy, representing the barrier to atomic or dislocation

motion. The stress exponent n reflects the sensitivity of the creep strain rate to applied stress:

n =
∂ ln ϵ̇c

∂ ln σ
(146)

The Interpretation of n is:

• n = 1 : Indicates diffusional creep, where strain is governed by atomic diffusion under a stress
gradient.

• n > 3 : Suggests dislocation creep, where the rate-controlling step involves thermally activated
dislocation climb or glide.

Regarding the Microscopic Basis for Stress Dependence, For diffusional creep, the stress gradient
drives atomic or vacancy fluxes, whereas for dislocation creep, the applied stress modifies the energy
landscape of dislocation motion:

τeffective = τapplied − τback (147)

where τeffective is the resolved shear stress driving dislocations, and τback accounts for resistance from
obstacles. The material-specific factor A encapsulates the influence of microstructure, including Grain
Size (d):

ϵ̇c ∝ d−p (148)

where p = 2 for Nabarro-Herring creep and p = 3 for Coble creep. For Dislocation Density (ρd):

ϵ̇c ∝ ρ−1/2
d (149)

For Precipitate Distribution, Coherent or incoherent precipitates impede dislocation motion, con-
tributing to hardening. Precipitates, which are second-phase particles formed within a parent matrix
during processes like heat treatment or aging, play a critical role in impeding dislocation motion
and contributing to hardening. Their spatial distribution, whether uniform or localized, determines
the degree of interaction with dislocations. A uniform distribution ensures consistent resistance to
dislocation motion, whereas localized distributions may lead to uneven strengthening. The hardening
effect is influenced by the volume fraction of precipitates and the spacing between them, with smaller
spacing providing greater resistance. Precipitates can be classified as coherent or incoherent based on
their lattice relationship with the surrounding matrix. Coherent precipitates maintain lattice continuity
with the matrix, resulting in elastic strain fields due to differences in lattice parameters. These strain
fields interact with dislocations, requiring additional energy for the dislocations to pass through or
shear the precipitate. This process contributes to hardening through mechanisms like the cutting of
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coherent precipitates, which depends on their size, elastic modulus, and interfacial energy. In contrast,
incoherent precipitates, which lack lattice continuity with the matrix, create distinct interfaces that
act as strong obstacles to dislocation motion. Dislocations are forced to bypass these obstacles via the
Orowan mechanism, where they bow around the precipitates and leave behind dislocation loops. This
bypassing process requires a stress proportional to the shear modulus of the matrix, the magnitude of
the Burgers vector, and the spacing between the precipitates.

Figure 36. Orowan Mechanism

The resistance to dislocation motion caused by precipitates directly increases the material’s
yield strength. Coherent precipitates harden the material by distorting the surrounding lattice and
interacting elastically with dislocations, while incoherent precipitates act as physical barriers that
dislocations must bypass. The critical resolved shear stress for dislocation motion reflects these
contributions, with terms accounting for lattice friction, dislocation-dislocation interactions, and the
strengthening effect of precipitates. Thus, precipitates—whether coherent or incoherent—provide
significant barriers to dislocation motion, enhancing the material’s resistance to plastic deformation
and contributing substantially to hardening. Diffusional creep occurs via the movement of atoms or
vacancies in response to a stress gradient:

D = D0 exp
(
−QD

RT

)
(150)

Dislocation creep involves:

vd ∝ σm exp
(
− Q

RT

)
(151)

where m reflects the stress sensitivity. For multiaxial loading, the effective stress σeff replaces the
uniaxial stress σ:

σeff =

√
3
2

S : S (152)

where S is the deviatoric stress tensor. The Determination of Parameters Stress Exponent (n) and
Activation Energy (Q) shall be:

n =
∂ ln ϵ̇c

∂ ln σ
, Q = −R

∂ ln ϵ̇c

∂(1/T)
(153)

Pre-Exponential Factor (A): Found by substituting experimental data into the Norton-Bailey equation.
The Norton-Bailey Law has limitations:
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• It does not account for transient or tertiary creep.
• Its parameters must be experimentally calibrated.
• Microstructural degradation is not explicitly included.

Extensions include incorporating time-dependent terms and coupling with microstructural models.
The Norton-Bailey Law integrates thermodynamic principles, microstructural mechanisms, and math-
ematical formalism to describe steady-state creep. Its utility in engineering design and material science
is vast, offering a framework for predicting long-term deformation. Therefore the The Norton-Bailey
Law is wildly used due to its simplicity and applicability.

3.2.2. Time-Hardening Model

The Time-Hardening Model represents a phenomenologically derived, physically motivated
constitutive framework for describing creep deformation, where the material’s time-dependent inelastic
strain evolves explicitly with respect to elapsed time under applied stress. This model arises from
principles of continuum mechanics, thermodynamics, and material science, emphasizing the explicit
decoupling of time effects from strain hardening, thus providing a robust approach for certain material
behaviors. The Time-Hardening Model is predicated upon the following fundamental assumptions:

1. Material Homogeneity and Isotropy: The material is considered homogeneous and isotropic at
the macroscopic scale, ensuring that the creep behavior depends only on stress magnitude σ and
time t, not on directionality.

2. Time-Driven Evolution: The primary driver of inelastic strain is time elapsed under stress,
decoupled from the total strain magnitude.

3. Stress-Dependent Strain Rate: Creep strain rate scales with the applied stress according to a
power-law relationship, reflecting dominant dislocation-based mechanisms.

The fundamental constitutive equation for creep strain rate is:

ϵ̇c = Aσntm (154)

where A, n, and m are constants determined by the material properties and operating conditions (e.g.,
temperature). The Time-Hardening Model adheres to the framework of thermodynamically consistent
material behavior: Helmholtz Free Energy Density (Ψ) which represents the energy stored elastically
within the material and evolves with creep strain ϵc and Dissipation Potential (Φ) which governs
the irreversible energy dissipation during creep deformation. The entropy production rate Ṡ in creep
deformation is expressed as:

Ṡ = σϵ̇c ≥ 0 (155)

ensuring compliance with the second law of thermodynamics. Under the principles of continuum
mechanics, the total strain tensor ϵ is partitioned into elastic ϵe, plastic ϵp, and creep ϵc components:

ϵ = ϵe + ϵp + ϵc (156)

For time-dependent processes, the creep component ϵc(t) evolves independently of plastic strain,
driven by:

ϵ̇c = A(∥σ∥)ntm σ

∥σ∥ (157)

where ∥σ∥ is the von Mises equivalent stress. To compute the accumulated creep strain ϵc(t), the
constitutive equation is integrated over time [0, t]:

ϵc(t) =
∫ t

0
ϵ̇c dt =

∫ t

0
Aσntm dt. (158)
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For the General Case (m ̸= −1), Performing the integration for m ̸= −1 yields:

ϵc(t) =
Aσn

m + 1
tm+1. (159)

For the Singular Case (m = −1), the integral becomes logarithmic:

ϵc(t) = Aσn ln(t). (160)

Regarding Regularization for t→ 0, we have to address singularities as t→ 0 for m ≥ 0, hence a small
time offset t0 is introduced:

ϵ̇c = Aσn(t + t0)
m, (161)

ensuring bounded creep strain rates during the initial transient phase. The stress and time exponents
n and m are empirically determined and correspond to specific creep mechanisms:

1. Dislocation Creep: Dominated by dislocation climb and glide. Characterized by n in the range
3–10 and m ≈ 0.

2. Diffusional Creep: Includes Nabarro-Herring (bulk diffusion) and Coble (grain boundary
diffusion) mechanisms. Typically exhibits n ≈ 1 and m = 0.

3. Grain Boundary Sliding: Common in polycrystalline materials. Results in moderate n and m,
dependent on grain size.

The temperature dependence of A is captured by the Arrhenius relation:

A = A0 exp
(
− Q

RT

)
, (162)

where Q is the activation energy for the dominant creep mechanism, R is the universal gas constant,
and T is the absolute temperature. For practical applications, Q is experimentally calibrated, often
lying in the range of 100–400 kJ/mol for metallic systems. Numerical solutions of the Time-Hardening
Model involve discretizing time and solving for creep strain incrementally. The creep strain increment
over a small time step ∆t is:

∆ϵc = Aσn
(

tm
i ∆t +

m
m + 1

∆tm+1
)

, (163)

ensuring stability for small ∆t. Regarding Coupling with Finite Element Analysis (FEA), creep strains
are incorporated into the deformation gradient tensor F, iteratively updating the stress distribution:

F = Fe · Fc, (164)

where Fc accounts for creep deformations. Regarding Validation and Experimental Correlation, we
have the Constant-Load Tests which extracts A, n, m by fitting creep strain-time data and Multi-Axial
Testing which validates the tensorial extension of the model under complex loading. Nonlinear
regression is employed to minimize the error:

E =
N

∑
i=1

(
ϵc

exp,i − ϵc
model,i

)2
. (165)

Unified creep models combine time and strain hardening:

ϵ̇c = Aσn(ϵc)ptm, (166)

encompassing broader material behavior. The Time-Hardening Model is integrated with damage
mechanics:

ϵ̇c = Aσntm(1−ω), (167)
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where ω is a scalar damage variable. The Applications are Nuclear Reactors where there is Long-term
creep in pressure vessels and piping, Aerospace Components like High-temperature turbine blades,
Energy Systems like Boiler tubes and heat exchangers.

3.2.3. Strain-Hardening Model

Strain hardening refers to the increased resistance of a material to plastic deformation with
continued straining. It is a manifestation of irreversible microstructural changes, primarily associated
with dislocation interactions in crystalline materials. At the macroscopic scale, strain hardening alters
the stress-strain curve, transitioning from the elastic regime into the strain-hardening regime. The
phenomenon can be mathematically described as:

σ = σy(κ), (168)

where σ is the applied stress, σy(κ) is the evolving yield stress dependent on the internal state variable
κ, which characterizes the material’s hardening state. The strain-hardening process adheres to the
principles of thermodynamic consistency, ensuring energy conservation and dissipation. The response in-
volves a coupling between elasticity, plasticity, and microstructure evolution. Strain-hardening models
must satisfy the first and second laws of thermodynamics, which are expressed as follows. Regarding, the
Energy Balance (First Law) the total power input is balanced by the rate of change in internal energy U
and dissipation D:

Ẇext =
d
dt
(U) +D, (169)

where D ≥ 0 ensures compliance with the second law. The Helmholtz free energy Ψ is a potential
function dependent on state variables:

Ψ = Ψ(εe, κ), (170)

where εe is the elastic strain tensor, κ represents a set of internal variables associated with hardening
(e.g., dislocation density ρ). The stress tensor σ and thermodynamic conjugate forces X are obtained as:

σ =
∂Ψ
∂εe , X = −∂Ψ

∂κ
. (171)

The dissipation rate is given by:
D = σ : ε̇p −∑

i
Xiκ̇i ≥ 0, (172)

where Xi are generalized thermodynamic forces, and κ̇i are rates of change of the internal variables κi.
This inequality constrains the constitutive laws for plastic flow and hardening. The boundary between
elastic and plastic deformation is defined by the yield function f (σ, κ):

f (σ, κ) ≤ 0, (173)

where f = 0 represents the yield surface. The evolution of κ due to strain hardening causes the yield
surface to expand or translate in stress space. The plastic strain rate ε̇p is derived using the flow rule:

ε̇p = λ
∂ f
∂σ

, (174)

where λ ≥ 0 is the plastic multiplier. The consistency condition ensures the stress state remains on the
yield surface during plastic deformation:

ḟ =
∂ f
∂σ

: σ̇ +
∂ f
∂κ
· κ̇ = 0. (175)

The internal variable κ evolves according to hardening laws that account for isotropic, kinematic, or
combined effects.
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The isotropic hardening model is a fundamental concept in the strain-hardening behavior of
materials, particularly metals, during plastic deformation.

Figure 37. Isotropic Hardening Model

In this model, the yield surface of the material expands uniformly in all directions in stress space
as plastic deformation progresses, reflecting an increase in the material’s yield strength. This expansion
is associated with an increase in dislocation density, which enhances the resistance to dislocation
motion throughout the material. Isotropic hardening assumes that the material remains homogeneous
and that the hardening effect is independent of the loading direction. As a result, the material’s ability
to withstand additional stress increases equally in all directions, without any change in its shape or
orientation of the yield surface. This model effectively captures the phenomenon of work hardening,
where the material becomes stronger and less ductile with continued plastic deformation. It is widely
used in computational plasticity and constitutive modeling to describe the behavior of materials under
monotonic loading conditions, providing a simplified yet powerful framework for understanding and
predicting plastic deformation in isotropic materials. The isotropic hardening model describes uniform
expansion of the yield surface:

σy = σ0 + Hκ, (176)

where H is the isotropic hardening modulus, and κ is often the equivalent plastic strain:

κ =
∫ t

0
∥ε̇p∥ dt, ∥ε̇p∥ =

√
2
3

ε̇p : ε̇p. (177)

Kinematic hardening is a strain-hardening model used to describe the behavior of materials undergoing
plastic deformation, particularly under cyclic or non-monotonic loading conditions.

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 8 September 2025 doi:10.20944/preprints202412.1894.v3

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202412.1894.v3
http://creativecommons.org/licenses/by/4.0/


67 of 148

Figure 38. Kinematic Hardening Model

Unlike isotropic hardening, where the yield surface expands uniformly, kinematic hardening
involves the translation of the yield surface in stress space without any change in its size or shape.
This translation reflects the Bauschinger effect, where the material exhibits a reduced yield strength
upon reversal of the loading direction due to the residual internal stresses generated during prior
deformation. Kinematic hardening captures the movement of dislocations and the evolution of back
stress, which represents the internal resistance to plastic deformation caused by these dislocations. As
the material undergoes cyclic loading, the shifting yield surface allows for an accurate representation
of the hysteresis loops and the progressive accumulation of plastic strain. This model is widely applied
in simulations of material behavior in applications involving repeated or complex loading paths, as it
provides a more realistic depiction of the directional nature of strain hardening and the asymmetry in
material response under tension and compression. Kinematic hardening accounts for translation of the
yield surface, modeled by the evolution of the backstress tensor α:

α̇ = Cε̇p − γα, (178)

where C and γ are material parameters related to the rate of hardening and dynamic recovery. Com-
bined hardening combines isotropic and kinematic contributions:

f (σ, α, κ) = ∥σ− α∥ − σy(κ). (179)

Dislocations are the primary carriers of plastic deformation in crystalline materials. Strain hardening
arises from dislocation interactions, governed by the following mechanisms. Plastic deformation
increases dislocation density ρ according to:

ρ̇ = K1ρε̇p − K2ρ2, (180)
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where K1 and K2 are material constants representing multiplication and annihilation rates, respectively.
Forest dislocations refer to immobile or sessile dislocations within a crystalline material that act
as obstacles to the movement of mobile dislocations during deformation. These dislocations are
typically formed during prior deformation or thermal processes, and their density increases as plastic
deformation progresses. As mobile dislocations move through the crystal lattice under an applied
stress, they encounter forest dislocations that impede their motion. The interaction between mobile
dislocations and forest dislocations occurs primarily through their stress fields, which can produce
attractive or repulsive forces, making it more difficult for the mobile dislocations to proceed. To bypass
these obstacles, mobile dislocations may need to undergo processes such as cross-slip or climb, which
require additional energy.

In the strain-hardening model, this interaction plays a pivotal role in increasing the resistance
to dislocation motion, leading to the phenomenon of work hardening. As deformation continues,
the density of dislocations in the material increases, and the average spacing between dislocations
decreases. This higher density, described by the Taylor relationship, results in a critical resolved shear
stress that is proportional to the square root of the dislocation density. Consequently, the material
requires progressively higher stresses for further plastic deformation. Additionally, the pile-up of
mobile dislocations against forest dislocations can create localized stress concentrations, which may
activate new slip systems and further enhance the dislocation density. These interactions collectively
strengthen the material, reducing its ductility while increasing its hardness and resistance to further
deformation. Thus, forest dislocations are fundamental to the strain-hardening process and provide
a key mechanism for explaining the strengthening behavior of metals and alloys under mechanical
strain. Dislocations interact with immobile "forest" dislocations, increasing resistance to motion. The
flow stress τ scales as:

τ = τ0 + αµb
√

ρ, (181)

where µ is the shear modulus, b is the Burgers vector, α is a material constant. Dynamic recovery
mechanisms, such as dislocation climb and cross-slip, counteract strain hardening, leading to saturation
in the hardening rate. The stress-strain relationship in strain-hardening materials often follows a power-
law behavior:

σ = Kεn, (182)

where K is the Strength coefficient and n is the Strain-hardening exponent. Strain-hardening behavior
is incorporated into finite element models through:

1. Return-Mapping Algorithms: Enforcing plastic consistency conditions numerically. Return-
mapping algorithms represent the backbone of incremental-iterative schemes for solving non-
linear problems in computational inelasticity. Their goal is to project the trial stress state back
onto the admissible stress manifold (e.g., yield surface) while ensuring thermodynamic consis-
tency, stability, and accuracy. This requires robust formulations, iterative solution strategies, and
advanced integration schemes. The foundation of computational mechanics begins with the
principle of virtual work. For a deformable body, the internal and external virtual work must
balance: ∫

Ω
σ : δε dΩ =

∫
Ω

b · δu dΩ +
∫

Γt
t̄ · δu dΓ, (183)

where σ is the Cauchy stress tensor, δε is the virtual strain tensor, b is the body force, t̄ is the
traction on boundary Γt, u is the displacement vector. Plasticity models govern the constitutive
behavior σ = σ(ε, εp, κ). Plasticity models must satisfy thermodynamic laws, including:

(a) First Law (Energy Balance):
U̇ = Pext − Pint, (184)

where U is internal energy, Pext is external power, and Pint is internal dissipation.
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(b) Second Law (Clausius-Duhem Inequality): The dissipation potential D ≥ 0:

D = σ : ε̇− ψ̇− h · κ̇ ≥ 0, (185)

where ψ is the Helmholtz free energy, and h is the thermodynamic force conjugate to κ.

We now have to analyze the Constitutive Relations. The general structure of the constitutive
relations for strain-hardening plasticity includes Elastic Stress-Strain Law which states that

σ = C : (ε− εp), (186)

where C is the elastic stiffness tensor. The Yield Function states that

f (σ, κ) = ϕ(σ)− R(κ) ≤ 0, (187)

where ϕ(σ) is the stress measure, and R(κ) is the hardening parameter. The Flow Rule states that

ε̇p = λ̇
∂g
∂σ

, (188)

with g as the plastic potential. The Hardening Law states that

κ̇ = λ̇H, (189)

where H is the hardening modulus. The return-mapping algorithm resolves the incremental
evolution of stresses and internal variables within the framework of strain-hardening plasticity.
It is composed of the elastic predictor and plastic corrector steps. The elastic predictor step
assumes no plastic deformation occurs within a load increment:

σtrial = σn + C : ∆ε. (190)

The trial stress is evaluated against the yield function:

ftrial = ϕ(σtrial)− R(κn). (191)

• If ftrial ≤ 0, the material remains elastic.
• If ftrial > 0, plastic correction is required.

We now state the Plastic Corrector step. The plastic corrector step enforces the yield condition:

f (σn+1, κn+1) = 0. (192)

Regarding the Consistency Condition, The yield function is linearized using Taylor expansion:

f (k+1) ≈ f (k) +
∂ f
∂σ

: ∆σ +
∂ f
∂κ

∆κ = 0. (193)

We now need to do Stress Correction. The stress update is obtained by projecting σtrial onto the
yield surface:

σn+1 = σtrial −Cplastic : ∆εp, (194)

where Cplastic is the plastic tangent operator. We have to do Numerical Integration of Hardening
Variables. The hardening parameter κn+1 evolves according to:

κn+1 = κn + H∆λ, (195)
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where ∆λ is determined from the consistency condition. Regarding Radial Return-Mapping for
von Mises Plasticity, For von Mises plasticity with isotropic hardening, we first compute the
equivalent stress:

σeq =

√
3
2

s : s, (196)

where s = σ − 1
3 tr(σ)I. We then solve for the plastic multiplier ∆λ:

f = σeq − σy(κ) = 0. (197)

We then update the stress and internal variables:

sn+1 = strial − 2G∆λ
strial

σeq,trial
, (198)

κn+1 = κn +

√
2
3

∆λ. (199)

For Thermodynamic Consistency, The return-mapping algorithm must satisfy the dissipation
inequality:

D = σ : ε̇p − ψ̇ ≥ 0. (200)

For Algorithmic Tangent Moduli, The consistent tangent operator is derived from the lineariza-
tion of the constitutive equations to ensure quadratic convergence:

Calg =
∂σ

∂ε
. (201)

Regarding Viscoplastic Extensions, Viscoplasticity incorporates rate dependence:

λ̇ =

〈
f
η

〉n
(202)

requiring regularization of the yield surface. In Large Deformation Framework, for large strains,
multiplicative decomposition and logarithmic strain measures replace additive frameworks.

2. Incremental Formulation: Computing stress and strain increments iteratively. The incremental
formulation in the strain hardening model is a mathematically rigorous framework employed
to describe the evolution of stresses and strains in a material undergoing plastic deformation,
where the material’s resistance to further deformation increases due to strain hardening. This
formulation is rooted in the decomposition of the total strain tensor, ε, into its elastic and plastic
components, such that ε = εe + εp, where εe represents the recoverable elastic strain and εp

signifies the irrecoverable plastic strain. The governing equations are derived incrementally,
acknowledging the fact that material deformation is typically path-dependent in the plastic
regime. The incremental stress-strain relationship is derived from the generalized Hooke’s law
for elastic behavior, modified to account for plastic deformation. This relationship is expressed as

dσ = Ce : (dε− dεp), (203)

where dσ is the increment in the Cauchy stress tensor, Ce is the fourth-order elastic stiffness tensor,
dε is the total strain increment, and dεp is the plastic strain increment. The plastic strain increment,
dεp, is determined using an associated flow rule derived from the yield function, f , which
characterizes the boundary between elastic and plastic behavior in stress space. Mathematically,
the plastic strain increment is expressed as

dεp = λ̇
∂ f
∂σ

, (204)
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where λ̇ is a scalar plastic multiplier determined by enforcing the consistency condition, and ∂ f
∂σ

defines the direction of plastic flow. The strain hardening behavior of the material is incorporated
through the evolution of the yield surface, which depends on internal state variables such as
the accumulated plastic strain. A typical hardening law relates the current yield stress, k, to the
effective plastic strain, ε̄p, via a hardening modulus, H. For isotropic hardening, this relationship
can be expressed as

k = k0 + Hε̄p, (205)

where k0 is the initial yield stress and

ε̄p =
∫ t

0

√
2
3

ε̇p : ε̇p dt (206)

quantifies the accumulated plastic deformation. This formulation ensures that the yield surface
expands uniformly in stress space as plastic deformation progresses, reflecting the material’s
increased resistance to plastic flow. The yield function, f (σ, k), is updated incrementally to
account for the evolving yield stress. In the von Mises yield criterion, for example, the function
takes the form

f (σ, k) = ∥σdev∥ −
√

2
3

k, (207)

where σdev is the deviatoric component of the stress tensor, and k is the current yield stress.
When plasticity occurs, the stress state must satisfy the consistency condition f (σ, k) = 0, which
is enforced using numerical methods. If the stress state violates this condition, a return mapping
algorithm is employed to project the stress back onto the updated yield surface. This ensures that
the solution remains consistent with the yield criterion while incorporating the effects of strain
hardening.
The numerical implementation of the incremental formulation involves solving a set of coupled
nonlinear equations iteratively, often using methods such as Newton-Raphson. The computa-
tional framework requires updating the stress tensor, plastic strain tensor, and internal state
variables incrementally within each load or time step. This approach ensures a rigorous treatment
of the path-dependent nature of plastic deformation, accounting for the interplay between elastic
recovery, plastic flow, and strain hardening. Through this mathematically rigorous and systematic
formulation, the incremental strain hardening model enables accurate simulations of material
behavior under complex loading conditions.

The stress update involves solving the coupled system:

∆σ = Ce : ∆εe, (208)

∆εe = ∆ε− ∆εp, (209)

∆κ = h(∆εp), (210)

where Ce is the elastic stiffness tensor and h is the hardening law. For Experimental Validation, we need
Stress-Strain Curves which provides data for determining hardening parameters, Cyclic Tests where
we isolate isotropic and kinematic components, and Microscopy where Techniques like transmission
electron microscopy (TEM) reveal dislocation structures.

4. Plasticity models of Creep Deformation
4.1. Introduction

Creep deformation is a manifestly time-dependent permanent deformation that occurs when
a material is subjected to a sustained stress at elevated temperature. In the small-strain regime the
total infinitesimal strain tensor is decomposed into an elastic part and an inelastic part; for the class
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of plasticity-based creep models this inelastic part is identified with plastic (viscoplastic/creep) flow.
Thus one writes, for the Cauchy strain tensor,

ε(t) = εe(t) + εp(t),

where εe is the recoverable elastic strain and εp is the permanent (plastic/creep) strain. The rate form,
which is central to constitutive modelling of creep, is

ε̇ = ε̇ e + ε̇ p.

A thermodynamically consistent constitutive framework begins with a free-energy density ψ =

ψ(εe, α, T) depending on the elastic strain, internal state variables α (e.g. dislocation density, backstress,
damage), and temperature T. The Clausius–Duhem inequality (mechanical form) in isothermal form
(or with explicit thermal terms suppressed for clarity) requires non-negative dissipation:

D = σ : ε̇− ρ ψ̇ ≥ 0,

where σ is the Cauchy stress tensor and ρ is mass density. Using the constitutive identification of stress
from the free energy,

σ = ρ
∂ψ

∂εe ,

and the additive decomposition of strain rates, the dissipation reduces to the inelastic contribution

D = σ : ε̇ p − ρ
∂ψ

∂α
· α̇ ≥ 0,

which enforces admissible evolution equations for ε̇ p and α̇. This inequality is the starting point for de-
riving flow rules from a dissipation potential or an overstress function and guarantees thermodynamic
admissibility of any proposed creep law.

Classical plasticity concepts are carried over into the creep regime by introducing a scalar effective
stress measure and a driving force for plastic flow. Let q(σ) denote an equivalent (e.g. von Mises)
stress and let f (q, α, T) be a generalized yield or flow function. For rate-independent plasticity one
enforces f ≤ 0 and normality; in rate-dependent (viscoplastic/creep) models the flow rate is a function
of the overstress f or of the stress directly. A generic viscoplastic flow rule can be written in the rate
form

ε̇ p = Γ
(
q(σ), α, T

) ∂q
∂σ

,

where the scalar mobility Γ ≥ 0 encodes the time-dependent kinetics (thermally activated rates,
diffusion controls, etc.) and ∂q/∂σ gives the flow direction (associated flow if q is used, or non-
associated if another potential is chosen). Thermodynamic consistency requires Γ to produce non-
negative D.

A frequently used and experimentally validated form for high-temperature creep is the power-law
Norton relation, which is naturally interpreted as a viscoplastic flow law:

ε̇
p
eq = A(T) q(σ) n, A(T) = A0 exp

(
−Q/(RT)

)
,

where ε̇
p
eq is the equivalent creep strain rate, n is the stress exponent, Q is an activation energy, R is the

gas constant and A0 a pre-exponential factor. Embedding this scalar relation into tensorial flow via

ε̇ p = ε̇
p
eq

∂q
∂σ

yields a full viscoplastic constitutive law consistent with the dissipation inequality when the flow
direction is chosen appropriately.
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A microstructural bridge to plasticity is given by the Orowan relation which links plastic strain
rate to dislocation kinematics:

ε̇
p
eq = ρm b vd,

where ρm is the mobile dislocation density, b is the Burgers vector magnitude, and vd is the mean
dislocation velocity. Thermally activated glide/climb models give vd as an Arrhenius-type or sinh-type
function of stress and temperature; for example a simple activated form is

vd = v0 exp
(
− ∆G(τ)/(kBT)

)
,

with ∆G(τ) the stress-dependent activation barrier and τ the resolved shear stress. Combining these
relations and models for the evolution of ρm (hardening by multiplication and recovery by annihilation,
e.g. ρ̇m = K1

√
ρm ε̇

p
eq − K2ρm) yields mesoscale evolution equations whose steady-state balance

gives power-law dependence of ε̇
p
eq on stress, thereby rationalizing the Norton form from dislocation

plasticity and recovery kinetics.
Finally, plasticity-based creep models naturally accommodate multi-stage creep and coupling

to damage by introducing internal variables for hardening, kinematic backstress, and scalar damage
D ∈ [0, 1). A representative coupled set is

ε̇ p = Γ
(
q(σ, α), α, T

) ∂q
∂σ

,

α̇ = H
(
α, ε̇ p, T

)
,

Ḋ = R
(

D, q(σ), ε̇ p),

with the constitutive functionsH,R chosen to satisfyD ≥ 0. This structure permits rigorous modelling
of primary (transient) creep through evolving α, steady secondary creep when α̇ = 0, and tertiary
creep/rupture through accelerating damage Ḋ. Collectively these equations show that plasticity
principles — flow rules, hardening/recovery kinetics, and thermodynamic dissipation constraints —
are essential and sufficient building blocks for mathematically rigorous models of creep deformation.

Ghosh (2025) [140] presented a mathematically rigorous continuum plasticity framework en-
riched with gradient terms to capture nonlocal effects in beam deformation. The model remains
rate-independent, preserving classical yield and hardening behavior, while the inclusion of gradient-
enhanced variables facilitates the representation of size-dependent behavior and mitigates localization
issues commonly encountered in standard plasticity theories. By formulating the governing equations
specifically for Euler–Bernoulli beam kinematics, the study delivers a tractable yet robust methodology
for problems where gradient effects play a critical role in plastic deformation. Ghosh (2025) [118]
developed a thermodynamically consistent and geometrically exact constitutive framework for rate-
dependent plasticity within the scope of Euler–Bernoulli beam theory. The model rigorously integrates
rate-dependent plastic flow into beam kinematics, thereby enabling accurate representation of size
effects and time-dependent plastic deformation under large strains and elevated temperatures. Com-
prehensive derivations of the constitutive relations, alongside numerical illustrations, showcase the
robustness of the proposed model for capturing complex creep-like responses in slender structures.

4.2. Fundamentals of Plasticity and Creep

Plastic deformation in the small-strain regime is classically decomposed additively into elastic
and plastic parts; this kinematic split underpins rate forms of constitutive laws for creep when strains
remain small:

ε = εe + εp, ε̇ = ε̇ e + ε̇ p,

with elastic response given (for hyperelastic or linear elastic materials) by

σ = C : εe,
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where C is the fourth-order elasticity tensor (isotropic form Cijkl = λδijδkl + 2µδikδjl when isotropy is
assumed). In finite strain kinematics the appropriate multiplicative decomposition is

F = FeFp,

with F the deformation gradient and Fp the plastic part; objective measures of stress and strain must
then be used (e.g. Kirchhoff stress and elastic logarithmic strain) in the constitutive statements that
follow.

Yielding and the initiation of irreversible (plastic/creep) flow are described by a yield or flow
function f defined on stress, internal variables α, and temperature T. Typical effective stress measures
are the von Mises (J2) equivalent and Tresca equivalent:

qvM(σ) =
√

3
2 s : s, s = σ − 1

3 (tr σ)I,

f (σ, α, T) = q(σ)− σy(α, T) ≤ 0,

with σy the current (possibly evolving) yield strength. For rate-independent plasticity the Kuhn–Tucker
conditions and consistency condition hold:

γ̇ ≥ 0, f ≤ 0, γ̇ f = 0, ḟ = 0 if γ̇ > 0,

where γ̇ is the plastic multiplier; associated flow assumes

ε̇ p = γ̇
∂ f
∂σ

.

Hardening is introduced by internal variables with explicit evolution laws; common forms include
isotropic hardening R(α) and kinematic backstress X:

σy(α, T) = σy0 + R(α), f = q(σ − X)− σy0 − R(α).

Representative evolution equations (small strain) are

α̇ = h(α, γ̇), Ẋ = c ε̇ p − γ∞ X γ̇,

where h models isotropic hardening/recovery kinetics and the Armstrong–Frederick style form above
models nonlinear kinematic hardening; parameter choices determine transient (primary) response and
steady (secondary) flow behavior. A thermodynamically consistent framework follows from a free-
energy density ψ(εe, α, T) and the Clausius–Duhem inequality. With ρ mass density the mechanical
dissipation must satisfy

D = σ : ε̇− ρ ψ̇ ≥ 0,

which, using σ = ρ ∂ψ/∂εe and the strain split, gives the reduced dissipation

D = σ : ε̇ p − ρ
∂ψ

∂α
· α̇ ≥ 0.

Imposing an additive decomposition of dissipation into contributions from flow and internal variable
evolution yields flow rules and evolution laws that guarantee nonnegative dissipation (e.g. via a
dissipation potential Φ or overstress function).

Rate-dependent (viscoplastic/creep) laws replace the yield-surface complementarity by kinetic
relations that permit f > 0 (overstress) or directly relate stress to plastic strain rate. A generic
associative viscoplastic flow may be written

ε̇ p = Γ
(

f (σ, α, T)
) ∂ f

∂σ
, Γ ≥ 0,
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with common specific choices producing Norton (power-law) creep and Perzyna type overstress
models. The scalar Norton law for the equivalent creep strain rate is

ε̇
p
eq = A(T) q(σ) n, A(T) = A0 exp

(
−Q/(RT)

)
,

where n is the stress exponent, Q the activation energy, R the gas constant, and A0 a pre-exponential
constant; embedding into tensorial flow yields

ε̇ p = ε̇
p
eq

∂q
∂σ

.

Creep phenomenology is classically partitioned into three stages whose mathematical description is
captured through evolution equations for hardening/recovery and damage. A simple phenomenologi-
cal representation of primary (transient) and secondary (steady) creep uses

ε̇cr(t) = B σn εcr(t)p + C σm tr,

or, more commonly for primary→secondary behavior, a strain-hardening ordinary differential equation

ε̇cr = Kσn − α(εcr) ε̇cr,

with α(εcr) describing hardening recovery so that transient decrease in ε̇cr occurs until a steady state
ε̇∞

cr satisfying hardening = recovery is reached. Tertiary creep is modelled by coupling a scalar damage
variable D ∈ [0, 1) whose growth accelerates strain rate; a common Kachanov–Rabotnov form is

Ḋ = g(D)
(
σeff

)p, σeff = (1− D)−1 q(σ),

and the effective area reduction produces accelerating creep and eventual rupture when D → 1.
Microstructurally informed relations bridge dislocation kinetics and diffusional mechanisms with

continuum creep laws. The Orowan relation links mobile dislocation activity to plastic strain rate:

ε̇
p
eq = ρm b vd,

with ρm the mobile dislocation density, b the Burgers vector and vd the mean dislocation velocity.
Thermally activated glide/climb gives

vd = v0 exp
(
− ∆G(τ)

kBT

)
,

with ∆G(τ) a stress-dependent activation barrier (e.g. ∆G(τ) = ∆F
(
1− (τ/τc)p)q), which combined

with evolution laws for ρm (multiplication and annihilation terms such as ρ̇m = C1
√

ρm ε̇
p
eq − C2ρm)

yields, at steady state, power-law relations of Norton type and temperature dependence consistent
with Arrhenius factors. Diffusional (diffusion-controlled) creep mechanisms produce different scaling
with grain size and stress: Nabarro–Herring (lattice diffusion) and Coble (grain-boundary diffusion)
give respectively

ε̇NH ∝
DL σ

G a2 , ε̇Coble ∝
DGB σ

G a3 ,

where DL and DGB are lattice and grain-boundary diffusion coefficients, G the shear modulus, and
a the grain size; these expressions demonstrate the inverse grain-size dependence and linear stress
scaling characteristic of diffusion creep and are reconciled with continuum viscoplastic formulations
by recognizing the distinct kinetic origin of Γ in the generic flow rule.
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Finally, constitutive models used in computational practice combine the above ingredients into
unified viscoplastic–damage frameworks. A compact representation is

ε̇ = C−1 : σ̇ + ε̇ p,

ε̇ p = Γ
(
q(σ, α, T), D

) ∂q
∂σ

,

α̇ = H(α, ε̇ p, T), Ḋ = R(D, q, ε̇ p),

with Γ,H,R chosen to satisfy D ≥ 0 (Clausius–Duhem) and calibrated to experiments; this structure
furnishes a rigorous mathematical and thermodynamic foundation for modeling primary, secondary
and tertiary creep within a plasticity framework.

4.3. Classical Creep Models and Their Plasticity Basis

The classical phenomenological creep laws are succinctly expressed as relations between the
(equivalent) creep strain rate ε̇cr, the stress σ (or an equivalent stress measure q(σ)), time t, and internal
state variables α. The simplest empirical representations are the time-hardening and strain-hardening
forms. The time-hardening law is written as

εcr(t) = A σn tm,

with A, n, m > 0 material constants; differentiating gives the rate form

ε̇cr(t) = A σn m t m−1.

This form captures primary creep through the time exponent m (for 0 < m < 1 the rate decays with
time), and admits a closed-form integrated expression for total creep strain under constant stress. The
strain-hardening (or strain-dependent) representation posits a rate law of the form

ε̇cr = B σn ε
p
cr,

where p controls how accumulated creep strain modulates the instantaneous rate; this ODE structure
can model either transient acceleration or deceleration depending on the sign and magnitude of p and
is commonly used to represent self-accelerating or saturating behaviour by appropriate choice of p
and initial condition.

A widely used, experimentally supported and physically interpretable relation for steady (sec-
ondary) creep is Norton’s power law:

ε̇cr = A(T) σn, A(T) = A0 exp
(
− Q

RT

)
,

where n is the stress exponent, Q the activation energy, R the universal gas constant, and A0 a pre-
exponential constant. Norton’s law is most valid in stress–temperature regimes where dislocation
climb or glide mechanisms produce a power-law sensitivity; the Arrhenius factor in A(T) encodes
thermally activated kinetics. Embedding Norton’s scalar law into a tensorial viscoplastic flow for an
equivalent stress q(σ) yields

ε̇ p = A(T) q(σ) n ∂q
∂σ

,

which ensures that the tensorial flow direction is aligned with the chosen equivalent stress measure and
that the scalar Norton rate is recovered by taking the appropriate norm. A microstructural justification
of power-law behaviour is obtained from dislocation kinematics via the Orowan relation

ε̇
p
eq = ρm b vd,
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where ρm is the mobile dislocation density, b the Burgers vector magnitude, and vd the average
dislocation velocity. If dislocation motion is thermally activated over barriers with a stress-dependent
activation energy ∆G(τ), then a generic Arrhenius (or sinh) form for the velocity is

vd = v0 sinh
( τ

τ0

)
exp

(
− ∆F

kBT

)
or vd = v0 exp

(
− ∆G(τ)

kBT

)
,

with τ the resolved shear stress and ∆G(τ) often modelled as ∆G(τ) = ∆F
(
1− (τ/τc)p)q. Combining

these relations with an evolution law for ρm that includes multiplication proportional to plastic activity
and recovery (annihilation) terms,

ρ̇m = C1
√

ρm ε̇
p
eq − C2 ρm,

and seeking a steady state ρ̇m = 0 yields ρm ∝ ε̇
p 2
eq (under simplifying assumptions). Substituting back

into Orowan then produces, after algebraic elimination, a power-law dependence ε̇
p
eq ∝ τ n with a

stress exponent n that emerges from the stress sensitivity of vd and the ρm closure; thus Norton’s law
can be rationalized as a mesoscale steady-state balance of multiplication and recovery of dislocations
coupled to thermally activated mobility.

In many materials and stress/temperature regimes a threshold stress σ0 or a sinh-type law
provides a better fit than a pure power law. The threshold-adjusted power law and sinh law read
respectively

ε̇cr = A(T) (σ− σ0)
n, ε̇cr = B(T) sinh

( σ

σ1

)m
,

where σ0 accounts for obstacles that must be surmounted before significant creep ensues, and the sinh
form captures both low-stress linear and high-stress power-law asymptotes (via the small-argument
and large-argument behaviour of sinh) and is derivable from activated glide models with symmet-
ric forward/backward rates. To represent the three classical creep stages and transition between
transient and steady regimes, phenomenological models couple Norton-type steady laws with harden-
ing/recovery kinetics. A compact representative set is

ε̇cr = A(T) σn + H(εcr, T) , α̇ = h(α, ε̇cr, T),

or, equivalently, a strain-hardening ODE

ε̇cr = Kσn − α(εcr) ε̇cr,

where α(εcr) models the instantaneous recovery/hardening state (e.g. dynamic recovery decreasing
mobile dislocation density) so that primary creep is captured by transient reduction in ε̇cr and secondary
creep by the fixed point solving Kσn = α(ε∞

cr)ε̇
∞
cr.

Damage coupling and tertiary creep are often represented by scalar damage D ∈ [0, 1) modifying
the load-carrying cross-section or stiffness. The Kachanov–Rabotnov style coupling appears as

ε̇cr = A(T)
(
(1− D)−1q(σ)

)n, Ḋ = R
(

D, ε̇cr, q(σ)
)
,

for example with Ḋ = BD(1 − D)−β ε̇
γ
cr, which yields positive feedback: increasing D raises the

effective stress (1− D)−1q, accelerating ε̇cr and leading to rupture when D → 1. The Monkman–Grant
empirical relation linking minimum creep rate and rupture time is often used in life prediction:

ε̇min tm
r = CMG,

with m and CMG determined experimentally; such relations can be recovered approximately from
coupled damage-creep ODE systems under simplifying assumptions. Multi-mechanism creep is repre-
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sented by additive or multiplicative rule combinations reflecting parallel or serial operative processes.
An additive decomposition of rates due to dislocation (power-law) and diffusional mechanisms is

ε̇cr = ε̇disl + ε̇diff = Ad(T) σnd + ANH(T)
σ

a2 + AC(T)
σ

a3 ,

where the Nabarro–Herring and Coble contributions scale as σa−2 and σa−3 respectively (with a
the grain size), demonstrating how grain size and temperature select the dominant mechanism.
Thermodynamic admissibility of such combined laws is ensured if each contribution is dissipative
(nonnegative product of driving force and rate) so that the total dissipation D = σ : ε̇ p − ρ∂αψ · α̇ ≥ 0
is satisfied termwise.

Finally, constitutive identification and calibration proceed by fitting the above models to creep
tests (constant stress, stepped stress, constant load/uniaxial and multiaxial experiments) and extracting
parameters A(T), n, Q, σ0, as well as kinetics parameters in ρ̇m and damage laws; model selection
is guided by physical mechanism maps (stress vs. 1/T regimes), microstructural scales (grain size,
precipitates) and the need for predictive coupling to plasticity and damage in structural analyses.

4.4. Unified Viscoplastic Models

A unified viscoplastic framework treats creep as rate-dependent plastic flow by replacing the
rate-independent yield/consistency complementarity with kinetic relations driven by an overstress or
by a dissipation potential; the kinematic basis in small strains is the additive decomposition

ε = εe + εp, ε̇ = ε̇ e + ε̇ p,

with elastic constitutive law σ = C : εe. Introduce an effective (equivalent) stress measure q(σ, X)

(e.g. q =
√

3
2 s : s with s = σ − 1

3 tr(σ)I or shifted by a backstress X) and a scalar flow potential or
overstress function f (q, α, T) such that viscoplastic flow is governed by a nonnegative mobility Γ:

ε̇ p = Γ
(

f (q(σ, X), α, T)
) ∂q

∂σ
, Γ ≥ 0.

Thermodynamic admissibility is enforced by the Clausius–Duhem inequality; with free energy
ψ(εe, α, T) and σ = ρ∂εe ψ the dissipation reduces to

D = σ : ε̇ p − ρ
∂ψ

∂α
α̇ ≥ 0.

A constructive route enforces ε̇ p = ∂σΦ(σ, α, T) with a convex dissipation potential Φ in σ (or dual
potential in flow rates), which guarantees D = σ : ∂σΦ− ρ∂αψα̇ ≥ 0 provided the internal-variable
evolution is chosen consistent with a nonnegative internal dissipation term.

The Perzyna overstress model is a canonical unified viscoplastic example: define a yield function
f (σ, α) and write the viscoplastic multiplier γ̇ as a function of the overstress

γ̇ =
1

η(T)
〈 f (σ, α)

σ0

〉m, ε̇ p = γ̇
∂ f
∂σ

,

where ⟨·⟩ is the Macauley bracket, η(T) a viscosity parameter, σ0 a reference stress and m ≥ 1 a rate
exponent. Norton’s law is recovered for f ∝ q and suitable choice of η (or letting m = n and absorbing
constants), i.e.

ε̇
p
eq = A(T) q n ⇐⇒ γ̇ =

1
η

q n.

An alternative regularization is the Duvaut–Lions viscoplasticity which enforces stress relaxation
towards an elastic–perfectly plastic projection ProjY(σ) on a time scale τ:

σ̇ = C :
(
ε̇− ε̇ p), T := σ + τσ̇, ProjY(T) = σ,
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or equivalently the evolution law
τσ̇ + σ = σel-pl(ε),

which yields rate-dependent responses and can be shown to be equivalent to a Perzyna law for
particular choices of projection and τ.

Unified phenomenological models (Bodner–Partom, Bodner–Partom–Laird family) introduce
internal (isotropic) state variables Z (resistance) and possibly kinematic backstress X, with empirical
kinetic equations coupling stress, equivalent plastic strain εp and strain rate. A compact Bodner–Partom
style form for the equivalent rate is

ε̇
p
eq = A

(
q− χ(Z)
1 + Bεp

)n

,

with evolution laws
Ż = h1(Z, ε̇

p
eq), χ̇ = h2(χ, ε̇

p
eq),

where B captures strain-dependent softening/hardening and χ(Z) shifts the effective driving stress.
Calibrated kinetic forms for h1, h2 reproduce primary→secondary creep transitions by balancing
hardening (increasing Z) and recovery (decreasing Z). The Chaboche unified viscoplastic model
couples a nonlinear kinematic hardening law with a Perzyna-type viscous flow; choose yield function

f (σ, X, R) = q(σ − X)− R,

with isotropic hardening R and backstress X. The flow and hardening evolution read

ε̇ p = γ̇
∂q
∂σ

, γ̇ =
1
η

〈
f
k

〉m

,

Ṙ = b
(

R∞(R)− R
)
γ̇, Ẋ =

N

∑
i=1

(
ci ε̇

p − γiXiγ̇
)
,

where X = ∑i Xi and the Armstrong–Frederick type term ci ε̇
p − γiXiγ̇ models nonlinear kinematic

hardening and dynamic recovery; this structure captures ratchetting, cyclic creep and transient creep
via internal variable kinetics. Microstructure-informed unified models embed physically motivated
evolution laws (e.g. for mobile dislocation density ρm) into the viscoplastic mobility Γ. For example
combining Orowan with multiplication–recovery kinetics gives

ε̇
p
eq = ρmbvd(τ, T), ρ̇m = K1

√
ρm ε̇

p
eq − K2ρm,

whose steady state yields ρm ∝ (ε̇
p
eq)

2 and, after eliminating ρm, a power-law ε̇
p
eq ∝ τn consistent with

Norton, but with explicit temperature and microstructure dependence encoded in vd and Ki.
For finite strains the unified viscoplastic framework uses the multiplicative decomposition F =

FeFp and objective measures (Kirchhoff stress τ, elastic left Cauchy–Green be), and writes the flow in
intermediate configuration as

Lp = (Ḟp)Fp−1, dp = sym Lp, dp = Γ
(

f (M, α)
) ∂ f

∂M
,

with M the Mandel stress; thermodynamic consistency requires the dissipation per unit reference
volume D = M : dp − ρ0∂αψα̇ ≥ 0. Numerical integration of unified viscoplastic laws generally
employs implicit backward Euler schemes for stability; for Perzyna/Chaboche type models with flow
direction n = ∂q/∂σ the semi-discrete update under strain increment ∆ε yields an elastic predictor
σtrial = C : (εn+1 − εp,n) and the corrector solves for ∆γ from the nonlinear scalar equation

∆γ = ∆t Γ
(

f
(
σtrial − ∆γC : n, αn + ∆α

))
,
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with ∆α given by implicit evolution; the consistent tangent modulus used in Newton–Raphson
iterations is

Ctan = C− C : (n⊗ n) : C ∆t Γ′

1 + ∆t Γ′ C : (n⊗ n)
,

where Γ′ = ∂Γ/∂ f · ∂ f /∂q · (∂q/∂σ : C : n) (symbolic form) and the denominator enforces algorithmic
consistency; this structure yields quadratic convergence when solved with Newton schemes.

Unified viscoplastic models therefore present a hierarchy: (i) purely phenomenological
Perzyna/Duvaut–Lions regularizations that recover Norton behaviour as a special case, (ii) phe-
nomenological internal-variable models (Bodner–Partom, Chaboche) that couple isotropic/kinematic
hardening with viscous flow to capture primary/secondary/tertiary creep, and (iii) microstructure-
based closures embedding dislocation/diffusion kinetics into the mobility Γ. Each class is constrained
by thermodynamics via the Clausius–Duhem inequality and is implemented numerically with implicit
schemes and consistent tangents to ensure stability and convergence in structural analyses.

4.5. Crystal Plasticity Models of Creep

Crystal-plasticity provides a rigorous microscale constitutive description of creep by resolving
plastic flow on individual crystallographic slip systems and coupling slip kinetics, dislocation popu-
lation dynamics and diffusion-controlled mechanisms to produce the macroscopic time-dependent
plastic response. At finite strains the kinematic basis is the multiplicative decomposition of the
deformation gradient into elastic and plastic parts,

F = FeFp,

with the plastic part Fp mapping the reference lattice to an intermediate (stress-free) configuration
and the elastic part Fe accommodating lattice stretch/rotation; the plastic velocity gradient in the
intermediate configuration is

Lp = (Ḟp)Fp−1, dp = 1
2
(
Lp + LpT),

so that the macroscopic (symmetric) plastic strain rate is obtained from dp after push-forward/pull-
back as required for the chosen stress measure.

Plastic flow is decomposed over the set of crystallographic slip systems {α} by expressing the
plastic velocity gradient as a sum of slip contributions,

Lp = ∑
α

γ̇α sα ⊗mα,

where sα is the unit slip direction, mα the unit slip plane normal (both defined in the appropriate
configuration) and γ̇α the shear (slip) rate on system α. The resolved shear (Schmid) stress driving slip
is

τα = sα · σ ·mα

(in small-strain / Cauchy stress form) or, in the intermediate configuration appropriate for finite strains,
with the Mandel stress M,

τα = M : Pα, Pα = 1
2
(
sα ⊗mα + mα ⊗ sα

)
,

so that slip kinetics are consistently defined with respect to crystal orientation and objective stress
measures.
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Slip-system kinetics (constitutive laws for γ̇α) are chosen to capture glide, climb and thermally
activated processes observed in creep. Common forms are the phenomenological power law and the
thermally activated (Arrhenius / sinh) laws:

γ̇α = γ̇α
0

〈
|τα| − τα

c
τα

0

〉 nα

sign(τα),

γ̇α = γ̇α
0 exp

(
− ∆Gα(τα)

kBT

)
sign(τα),

(or) γ̇α = γ̇α
0 sinh

(τα

τα
1

)mα

exp
(
− Qα

kBT

)
,

where τα
c is the current critical resolved shear stress (CRSS) on system α, nα, mα rate exponents, ∆Gα(τ)

a stress-dependent activation barrier, Qα an activation energy, kB Boltzmann’s constant, and γ̇α
0 a

reference rate. The choice of the barrier function ∆Gα(τ) (e.g. ∆G = ∆F(1− (|τ|/τp)p)q) determines
low- and high-stress asymptotics and connects microscale obstacle overcoming to macroscopic rate
sensitivity. Microstructural state evolution closes the system through dislocation population and
hardening laws. Mobile and forest dislocation densities ρα

m, ρα
f on each system satisfy kinetics such as

ρ̇α
m = Aα

1
√

ρα |γ̇α| − Aα
2ρα

m + Aα
3 Φ({γ̇β}),

with multiplication proportional to plastic activity, recovery (annihilation) proportional to ρα
m, and

cross-system interaction Φ. The CRSS is related to dislocation structure via Taylor-type relations and
latent hardening:

τα
c = αT µ b

√
∑
β

aαβρβ, τ̇α
c = ∑

β

hαβ |γ̇β|,

where µ is the shear modulus, b Burgers vector magnitude, aαβ interaction coefficients, αT a constant,
and hαβ the hardening/latent-hardening matrix; dynamic recovery can be modelled by adding −rατα

c
terms to τ̇α

c .
High-temperature creep requires explicit representation of climb and diffusion. Dislocation climb

velocity vα
cl (which controls through Orowan the slip rate) is diffusion-limited and can be expressed

schematically as

vα
cl ≈

Dv Ω
kBT

τα
⊥
ℓα

,

where Dv is the vacancy diffusion coefficient, Ω the atomic volume, τα
⊥ the non-Schmid normal stress

driving climb, and ℓα an effective capture length; the slip rate then follows Orowan per system,

γ̇α = ρα
m b vα, vα ∼ vα

glide + vα
cl,

so that climb-controlled kinetics inherit Arrhenius temperature dependence through Dv(T) and
yield stress/grain-size controlled rate laws (e.g. power-law creep when climb mobility scales as
τp exp(−Q/kBT)). Grain-boundary processes and grain-boundary sliding (GBS) are incorporated as
additional inelastic degrees of freedom that must be compatible with intragranular slip via accommo-
dation fields. A compact continuum representation for GBS rate γ̇GB is

γ̇GB = BGB a−r τs
GB exp

(
− QGB

kBT

)
,

with grain size a, viscosity coefficient BGB, exponents r, s determined by diffusion/control mechanism,
and τGB the tangential traction; the total inelastic deformation is the sum of intragranular slip and
intergranular sliding contributions, and compatibility is enforced by geometric compatibility equations
and accommodation slip rates computed from local stress and orientation. Thermodynamic admissibil-
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ity is enforced at the slip-system level by the dissipation inequality: the rate of mechanical dissipation
per unit current volume is the sum of shear work on all systems and internal variable storage rates,

D = ∑
α

ταγ̇α − Ψ̇({ρα}, . . .) ≥ 0,

which for isothermal evolution reduces to the requirement ∑α ταγ̇α ≥ 0 when the free energy Ψ
depends only on internal variables whose evolution is specified consistently; convex dissipation
potentials at the system level yield flow laws that automatically satisfy this inequality.

Homogenization of crystal-plastic kinetics yields macroscopic creep laws: the macroscopic plastic
strain rate is the volume or orientation average of the symmetric part of slip contributions,

˙̄ε p =
1
V

∫
V

∑
α

γ̇α(x) sym(sα ⊗mα)dV

(or, for a single crystal, ε̇p = ∑α γ̇α sym(sα ⊗mα)). If slip rates scale with resolved shear stress as γ̇α ∝
(τα)pα and if dislocation structure or density introduces an additional stress-sensitivity ρα ∝ (τα)qα ,
then the effective macroscopic stress exponent emerges as the sum of microscale sensitivities,

ε̇macro ∝ ∑
α

(τα) pα+qα ⇒ ε̇macro ∝ σ n, n ≈ peff + qeff,

providing a clear mechanistic pathway from slip-level kinetics and dislocation scaling laws to Norton-
type power laws observed experimentally. Numerical implementation integrates the slip ODEs and
plastic flow multiplicatively: discretely update Fp by

Fp
n+1 = exp

(
∆t ∑

α

∆γα sα ⊗mα
)

Fp
n,

solve the nonlinear algebraic system for slip increments {∆γα} arising from implicit time discretization
of the kinetic laws and internal variable evolution, and construct a consistent tangent operator by
linearization of the return map to ensure quadratic convergence of Newton iterations in finite-element
contexts.

Taken together, crystal-plasticity models for creep deliver a mathematically rigorous, thermody-
namically consistent, orientation- and mechanism-resolved framework: slip-level kinetics (glide, climb,
thermally activated barrier overcoming), dislocation population dynamics (multiplication, recovery,
latent interactions), and grain-boundary processes (sliding, diffusion accommodation) are coupled
through objective kinematics and homogenized to produce predictive macroscopic creep laws and
their temperature, stress and microstructure dependencies.

4.6. Coupled Creep-Plasticity-Damage Models

A coupled creep–plasticity–damage continuum is founded on an additive small-strain kinematics
with an internal scalar damage variable D ∈ [0, 1) that degrades the material stiffness and modifies the
driving stresses for inelastic flow; the kinematic split is

ε = εe + εp, ε̇ = ε̇ e + ε̇ p.

Introduce a Helmholtz free-energy density per unit mass that depends on elastic strain, internal
plasticity variables α and the damage D:

ψ = ψ(εe, α, D, T).
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A common and convenient ansatz for isotropic stiffness degradation is multiplicative degradation of
the elastic stored energy,

ψ(εe, α, D) = (1− D)ψ0(ε
e, α) + ψint(α) + ψD(D)

with ψ0 = 1
2 εe : C : εe for linear elasticity, ψint internal energy of plastic internal variables, and ψD a

possibly small energetic penalty for damage nucleation. The constitutive stress follows from the elastic
part of the free energy (for isothermal conditions and with ρ absorbed into ψ notation):

σ = ρ
∂ψ

∂εe = (1− D)C : εe.

Thus damage reduces stiffness and increases the effective stress acting on the intact portion of material
when the macroscopic applied stress is fixed.

Impose the Clausius–Duhem inequality in reduced (isothermal) form:

D = σ : ε̇− ρψ̇ ≥ 0.

Using ε̇ = ε̇ e + ε̇ p and the constitutive relation for σ yields the reduced dissipation

D = σ : ε̇ p − ρ
∂ψ

∂α
· α̇− ρ

∂ψ

∂D
Ḋ ≥ 0.

Define the thermodynamic driving force (damage energy release rate)

Y = −ρ
∂ψ

∂D
= 1

2 εe : C : εe − ρψ′D(D)− · · · ,

so that the damage contribution to dissipation appears as YḊ (note sign convention chosen so Y ≥ 0
tends to promote damage growth when Ḋ ≥ 0) and the dissipation inequality becomes

D = σ : ε̇ p − ρ
∂ψ

∂α
· α̇ + YḊ ≥ 0.

A thermodynamically admissible split of dissipation is obtained by prescribing dissipative constitutive
laws for plastic flow and for damage growth separately. Let q(σ, α) be an equivalent stress (e.g. von
Mises shifted by backstress). A generic viscous/plastic flow rule that respects the dissipation is

ε̇ p = Γ
(
q(σ, α), D, T

) ∂q
∂σ

, Γ ≥ 0,

which contributes σ : ε̇ p = Γ q to the dissipation (since ∂q/∂σ : σ = q for typical choices of q); to
ensure D ≥ 0 the damage evolution law must satisfy YḊ ≥ −(σ : ε̇ p − ρ∂αψ · α̇), and a natural choice
is to make each term non-negative independently.

Commonly used damage evolution laws are driven by an effective stress measure σeff that accounts
for area reduction or stiffness loss:

σeff =
q(σ)

1− D
,

and Kachanov–Rabotnov type kinetics prescribe

Ḋ = h
(
σeff, ε̇

p
eq, D, T

)
≥ 0,

with canonical forms
Ḋ = B

(
σeff

)m or Ḋ = BD (1− D)−β ε̇
p γ
eq ,

where B, BD, m, β, γ are nonnegative material parameters; substituting σeff = (1− D)−1q shows the
positive feedback mechanism: damage growth increases σeff, accelerating Ḋ and ε̇ p. A frequently used
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coupled example for creep modelling couples Norton-type viscoplasticity with Kachanov–Rabotnov
damage:

ε̇
p
eq = A(T)

(
(1− D)−1q(σ)

)n, Ḋ = B(T)
(
(1− D)−1q(σ)

)m,

which transparently satisfies σ : ε̇ p = (1− D)−1q ε̇
p
eq ≥ 0 and produces tertiary creep as D → 1.

Calibration of exponents n, m and prefactors A, B is performed from creep-rupture and minimum-
creep-rate data. To prevent pathological localization and mesh sensitivity and to represent nonlocal
microstructural length scales, gradient damage regularization augments the free energy with a damage
gradient term:

ψD(D,∇D) = ψloc
D (D) + 1

2 a2
ℓ |∇D|2,

leading to the Euler–Lagrange damage balance (static or rate form)

Y− a2
ℓ∆D = G(D, Ḋ, . . .),

or written variationally from total potential minimization. Here aℓ is a material length scale and
the Laplacian term supplies nonlocal energetic resistance to damage localization and mathematical
well-posedness. Damage mechanics also couples to kinematic/isotropic hardening through internal
variables: let α include isotropic resistance R and kinematic backstress X with evolutions

Ṙ = hR(R, ε̇
p
eq, T)− rR(D)R, Ẋ = hX(X, ε̇ p, T)− rX(D)X,

where the recovery terms rR(D), rX(D) can increase with damage to model softening of hardening
capacity as microstructure degrades; these couplings modify the flow driving force f (q(σ − X), R, D)

used in Γ.
For numerical implementation one collects the coupled system to solve incrementally (implicit

backward Euler recommended):

σn+1 = (1− Dn+1)C : (εn+1 − εp,n+1),

ε̇ p = Γ
(

f (σ, α, D)
)
∂σq,

α̇ = H(α, ε̇ p, D), Ḋ = R(D, q, ε̇ p),

and the local nonlinear solve for increments ∆γ, ∆α, ∆D follows from the implicit discrete residuals;
the consistent tangent modulus used in global equilibrium iterations is obtained by linearizing the
stress update with respect to ∆ε, producing

Ctan =
∂σn+1

∂ε n+1 = (1− D)
[
C−C : P : C

]
−C : εe ⊗ ∂D

∂ε
,

where P gathers contributions from plastic corrector directions and ∂D/∂ε arises if damage is strain-
driven; computing Ctan consistently is essential for quadratic convergence. From an engineering
life-prediction viewpoint, coupled models yield empirically observed relations: for the coupled ODE
system ε̇min = A(σeff)

n, Ḋ = B(σeff)
m one can integrate under constant stress to obtain approximate

rupture time scaling; eliminating time gives a Monkman–Grant type relation

ε̇min t p
r ≈ const,

with exponent p related to the ratio m/n under the assumed kinetics and damage criterion for rupture
D(tr) = Dc.

In summary, coupled creep–plasticity–damage models are constructed by (i) embedding damage
into the free energy (and hence the stress), (ii) defining thermodynamically admissible flow laws for
plasticity and evolution laws for internal variables, (iii) prescribing damage kinetics driven by the
energy release rate Y or effective stress measures, and (iv) regularizing with gradient terms or nonlocal
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integrals to ensure well-posedness and objective representation of localization; the Clausius–Duhem
inequality provides the central constraint guaranteeing nonnegative dissipation and thus admissible
couplings.

4.7. Numerical Implementation

The numerical implementation of creep–plasticity constitutive laws is built on (i) time discretiza-
tion of rate equations (implicit backward-Euler preferred for stability), (ii) local (material-point)
nonlinear solves for plastic/internal variable increments, and (iii) consistent linearization (algorithmic
tangent) for global Newton iterations in finite-element equilibrium. For small strains with additive
split ε = εe + εp and elastic law σ = C : (ε − εp), the incremental (backward-Euler) update over
[tn, tn+1] with ∆t = tn+1 − tn reads (trial elastic predictor)

σtrial = C :
(
εn+1 − εp,n).

The corrector solves for the plastic multiplier increment ∆γ (or for vector of slip increments {∆γα})
from the implicit flow law

∆εp = ∆γ n, ∆γ = ∆t Γ
(

f (σn+1, αn+1, Dn+1)
)
,

with n = ∂q/∂σ and the updated stress

σn+1 = C :
(
εn+1 − εp,n − ∆γ n

)
.

Substitute to obtain the scalar (or small system) nonlinear residual for ∆γ:

R(∆γ) = ∆γ− ∆t Γ
(

f
(
C : (εn+1 − εp,n − ∆γn), αn + ∆α, Dn + ∆D

))
= 0,

where ∆α, ∆D are given by their implicit evolution laws ∆α = ∆tH(αn+1, ε̇p,n+1), ∆D = ∆tR(Dn+1, qn+1, ε̇p,n+1).
Solve R(∆γ) = 0 by local Newton iterations:

∆γ(k+1) = ∆γ(k) −
[

∂∆γR(∆γ(k))
]−1R(∆γ(k)),

with derivative
∂∆γR = 1 + ∆t Γ′( f )

(
∂ f f

) (
C : (n⊗ n)

)
,

where Γ′ = ∂Γ/∂ f and ∂ f f = ∂ f /∂q · (∂q/∂σ : C : −n) evaluated consistently (symbolically shown);
include contributions from ∂∆α/∂∆γ and ∂∆D/∂∆γ when internal variables are fully coupled (implicit
treatment). The consistent algorithmic tangent (material Jacobian) Ctan = ∂σn+1/∂εn+1 required for
global Newton solves is obtained by differentiating the stress corrector under the solved ∆γ (implicit
function theorem). For the scalar-∆γ case one obtains

Ctan = C− C : (n⊗ n) : C
1 + ∆t Γ′

(
∂ f f

)
C : (n⊗ n)

∆t Γ′,

or compactly

Ctan = C− C : A : C
S

, A = ∆t Γ′ n⊗ n, S = 1 + ∆t Γ′ C : (n⊗ n).

When internal variables are coupled, the tangent requires inversion of the local Jacobian system that
couples ∆γ, ∆α, ∆D; write the local residual vector Rℓ(∆y) = 0 with ∆y = [∆γ, ∆α, ∆D]T and obtain

∂∆y
∂εn+1 = −

(
∂∆yRℓ

)−1
∂εn+1Rℓ,
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then
Ctan = C :

(
I− ∂∆yεp ∂∆y

∂εn+1

)
,

ensuring exact linearization and quadratic convergence of the global Newton method when assembled
into the finite element stiffness matrix K =

∫
Ω BTCtanB dV. For Perzyna or Norton-type flow with ana-

lytic Γ( f ) a closed form for Γ′ is available; for Duvaut–Lions regularization implement the differential
relaxation by solving (implicit) the stress evolution

τ
σn+1 − σn

∆t
+ σn+1 = σn+1

proj ,

where σn+1
proj is the elastic–plastic projection (return mapping) evaluated at tn+1; algebraic elimination

yields an effective Ctan similar to the Perzyna form with time scale τ.
In finite-strain multiplicative frameworks F = FeFp the update uses exponential maps to preserve

det Fp > 0. Integrate the plastic flow in the intermediate configuration via

Fp
n+1 = exp

(
∆t Lp

n+1

)
Fp

n, Lp
n+1 = ∑

α

γ̇α,n+1 sα ⊗mα,

and update elastic strain measures (e.g. be = FeFeT) followed by objective stress M evaluations.
The consistent tangent in finite strain is the fourth-order linearization Ctan = ∂Pn+1/∂Fn+1 (or its
spatial counterpart), obtained by differentiating the push-forward/pull-back operations and the
exponential map; algorithmic differentiation or symbolic linearization of the exponential map (via
Baker–Campbell–Hausdorff truncation or exact series) is required for exact consistent tangent. Coupled
damage or additional internal variables are solved in a monolithic local Newton system for robustness,
or via a staggered scheme when computational cost demands splitting. Monolithic implicit treatment
defines local residuals

Rℓ(∆y) =


∆γ− ∆t Γ( f (σn+1, αn+1, Dn+1))

∆α− ∆tH(αn+1, ε̇p,n+1)

∆D− ∆tR(Dn+1, qn+1, ε̇p,n+1)

 = 0,

solve by Newton with Jacobian ∂∆yRℓ, and compute Ctan from the implicit sensitivities as above.
Staggered schemes (solve plasticity with fixed D then update D) reduce local algebraic size but require
sub-iterations or reduced time step sizes to maintain stability and accuracy. Global finite-element
equilibrium solves the weak form residual

Rg(u) =
∫

Ω
BTσ(u) dV − Fext = 0,

and Newton updates δu = −K−1Rg with K = ∂Rg/∂u =
∫

Ω BTCtanB dV. Line search or trust-region
globalization may be used when large steps or strong softening (damage) cause loss of quadratic
convergence. Adaptive time stepping controls accuracy and computational effort. Use embedded
error estimation by comparing a single implicit step with two half steps (local temporal Richardson
estimate) and require

err =
∥σ∆t − σ∆t/2+∆t/2∥
∥σ∆t/2+∆t/2∥+ εtol

≤ tol,

adapt ∆t ← ∆t ·
(
tol/err

)1/(p+1) for scheme order p (backward-Euler p = 1), and enforce limits to
resolve rapid tertiary acceleration (damage) or rate changes in Γ.

Practical implementation notes expressed mathematically: ensure ∂∆yRℓ is well-conditioned
(regularize Γ′ near zero by small viscous regularization), enforce yield floor by Macauley brackets ⟨·⟩ in
residuals, and include consistent numerical limits for exponentials to avoid overflow in Arrhenius/sinh
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laws. For parallel FE solves assemble K and Rg with domain decomposition; the local solves are
independent and ideally vectorized for efficiency:

∀ Gauss points i : ∆yi ← NewtonSolve
(
Ri
ℓ, ∂∆yRi

ℓ

)
, Ci

tan ← Linearize(∆yi).

In summary, rigorous and robust numerical implementation requires implicit (A-stability) time in-
tegration, monolithic local Newton solves for coupled inelastic/damage kinetics, exact consistent
linearization for Ctan (or carefully derived approximate tangents when justified), adaptive time step-
ping governed by local error estimates, and careful handling of finite-strain exponential updates; these
steps produce a provably convergent Newton scheme at the global level when the local Jacobians and
consistent tangents are correctly assembled.

4.8. Case Studies and Applications
4.8.1. Turbine blades — single-crystal high-temperature creep–plasticity

Single-crystal turbine blades are modeled by crystal-plasticity with rate-dependent slip and
anisotropic elasticity. In the finite-strain multiplicative framework the local update solves

F = FeFp, Lp = ∑
α

γ̇α sα ⊗mα,

with slip kinetics on system α

γ̇α = γ̇α
0 exp

(
− ∆Gα(τα)

kBT

)
sign(τα), τα = M : Pα,

and elastic stress in the intermediate configuration given by the Mandel stress M = FeTSFe (with S
the second Piola–Kirchhoff stress from ψ(Ce)). Numerical blade analysis imposes equilibrium and
thermal boundary conditions,

Div σ + b = 0, σ = (1− D)F (Fe),

with rotation/inertia terms for centrifugal loading when relevant. Life prediction couples creep strain
accumulation to a rupture criterion: use a damage variable D with kinetics

Ḋ = B(T)
(
(1− D)−1q(σ)

)m,

and rupture time tr defined by D(tr) = Dc. Calibration uses high-temperature single-crystal creep
tests to determine γ̇α

0 , ∆Gα and B(T), m.

4.8.2. Reactor pressure vessels and main vessels — continuum viscoplastic–damage at component
scale

Large pressure-containing structures operate in regimes where creep, plasticity and damage
interact over long times. The governing BVP is

Div σ + ρg = 0, σ = (1− D)C : (ε− εp),

with viscoplastic flow

ε̇ p = Γ
(
q(σ − X), R, T

) ∂q
∂σ

,

and coupled evolution

Ṙ = hR(R, ε̇
p
eq, T), Ẋ = hX(X, ε̇ p, T), Ḋ = R(D, q, ε̇

p
eq, T).
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Fracture mechanics coupling uses crack growth laws with an effective stress intensity or notch-modified
driving force Keff(t) and Paris/Da/dN laws extended for creep:

da
dt

= Acr(T)Kp
eff + Bfat (∆K)m,

where the first term captures time-dependent (creep) crack advance and the second cyclic fatigue
contribution. Reliability is obtained by integrating the stochastic damage ODE ensemble or using
first-passage time statistics for D(t) exceeding Dc.

4.8.3. Solder joints and microelectronics — diffusion and grain-boundary controlled creep in small
volumes

Microelectronic solder joints operate at low stresses but small geometrical scales; diffusional
mechanisms dominate. Continuum representation couples viscoplasticity and diffusion by including
vacancy concentration cv(x, t) and chemical potential µ:

ε̇cr = ε̇disl(σ, T) + ε̇diff(cv,∇cv, T),

∂cv

∂t
+∇ · J = S(ε̇cr), J = −M(cv)∇µ,

with diffusion contribution to strain rate linked to vacancy flux divergence. Grain-size scaling appears
explicitly: Nabarro–Herring and Coble terms

ε̇NH ∝
DLσ

Ga2 , ε̇Coble ∝
DGBσ

Ga3 ,

so RVE or homogenized models must resolve a and boundary conditions. Thermo-mechanical cycling
is modeled by time-periodic boundary loads and solved with adaptive timestepping to capture
ratcheting and incremental creep.

4.8.4. Polycrystalline alloys with grain-boundary sliding — multiscale homogenization and RVE
analyses

For polycrystals combine crystal-plasticity at grain scale with grain-boundary sliding (GBS) as an
intergranular mechanism. At the RVE level enforce Hill–Mandel:

⟨σ : ε̇⟩ = ⟨σ : ε̇e⟩+ ⟨σ : ε̇p⟩+ ⟨σ : ε̇GB⟩,

with homogenized creep rate

˙̄ε p =
1
V

∫
V

∑
α

γ̇α(x) sym(sα ⊗mα) dV +
1
V

∫
∂g

γ̇GB t⊗ n dS.

Self-consistent methods (VPSC) solve for grain response Eg and slip rates satisfying

γ̇α
g = γ̇α

0

〈τα
g − τα

c (g)
τα

0

〉nα

,

with compatibility via interaction tensors Pg such that

Σ = ∑
g

vgMg : Eg, Eg = Pg : Σ,

yielding an effective macroscopic Norton-type law ˙̄ε p = Aeff(T) σ̄ neff whose exponents depend on
grain orientation distribution, GBS kinetics, and grain size.
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4.8.5. Weldments, joints and notch effects — localization, mesh-objectivity and gradient regularization

Localized tertiary creep near welds and notches requires nonlocal/gradient regularization to
obtain mesh-independent results. Augment free energy with gradient terms for damage or plastic
strain:

Ψ = Ψ0(ε
e, . . .) + (1− D)ψloc

D (D) + 1
2 a2

ℓ |∇D|2.

The local damage Euler–Lagrange equation in weak form becomes∫
Ω

(
YδD + a2

ℓ∇D · ∇δD
)

dV =
∫

Ω
s(D, Ḋ)δD dV,

where Y is the energy release rate. For finite elements this yields stable post-localization softening and
allows accurate prediction of creep-rupture near weld toes with proper length-scale calibration from
microstructural tests.

4.8.6. Life prediction, creep–fatigue interaction and probabilistic reliability

Life prediction integrates constitutive creep and damage ODEs under service loading histories.
Under a constant stress path the coupled ODEs

ε̇cr = A(T)
(
(1− D)−1q(σ)

)n, Ḋ = B(T)
(
(1− D)−1q(σ)

)m

are integrated to D(tr) = Dc to obtain deterministic tr. For creep–fatigue interaction superpose cyclic
damage via Miner-type rules generalized to time fraction or strain fraction:

∑
i

ti
tr,i(σi, Ti)

≈ 1,

or use continuous damage accumulation

Ḋ = Bcσm
eff + B f (∆ε)p,

and for probabilistic assessment model parameters as random variables θ and compute failure proba-
bility

Pf (t) = Pr
(

D(t; θ) ≥ Dc
)
=

∫
I{D(t; θ) ≥ Dc} p(θ) dθ.

Monte-Carlo or surrogate models (PCE, Gaussian processes) accelerate evaluation; reliability sensitivity
uses

∂Pf

∂µθi

=
∫

I{D ≥ Dc}
∂ log p(θ)

∂µθi

p(θ) dθ.

4.8.7. Integrated multi-physics examples and verification

Practical application couples thermo-mechanics (heat equation),

ρcpṪ −∇ · (k∇T) = Q(x, t),

with constitutive creep/damage and mass transport for oxidation or vacancy diffusion. Verification is
performed by (i) reproducing canonical creep curves (primary–secondary–tertiary) from single-element
tests, (ii) matching Paris-type crack growth under mixed creep–fatigue, and (iii) RVE homogenization
convergence to effective Norton exponents. Convergence tests require temporal and spatial refinement
such that

lim
∆t, h→0

∥uh,∆t − u∥H1(Ω) = 0,

and validation uses experimental observables: minimum creep rate ε̇min, rupture time tr, and strain
accumulation maps.
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Collectively these case studies demonstrate the transfer of mathematically rigorous creep–plasticity–damage
models to real engineering problems through appropriate microstructural closures, multiscale homog-
enization, damage regularization, and coupled multiphysics integration; in each application the same
thermodynamic and numerical principles—Clausius–Duhem admissibility, consistent linearization,
and well-posed nonlocal regularization—provide the foundation for predictive analysis.

4.8.8. Future Directions

Advances in multiscale and concurrent coupling aim to derive predictive creep–plasticity laws
from atomistic and mesoscale physics while retaining computational tractability at the structural
scale. A formal asymptotic homogenization starting from a microstructural RVE with fast microscale
coordinate y = x/ε and slow macroscopic coordinate x yields the two-scale expansion

uε(x, t) = u0(x, t) + ε u1(x, y, t) + ε2u2 + · · · ,

and the homogenized constitutive relation is obtained by solving the cell problem for u1 and averaging:

Cijkl(x, t) =
1
|Y|

∫
Y
Cijkl(y)

(
I +∇yχ(y, x, t)

)
dy,

with χ the corrector field satisfying microscale equilibrium including creep/plastic kinetics. Concur-
rent multiscale schemes impose consistency conditions between scales (e.g. energy and dissipation
matching) ∫

Ω
σ : ε̇ dV =

∫
Ωmacro

σ : ε̇ dV +
∫

Ωmicro

Dmicro dV,

ensuring that mesoscale dissipation Dmicro correctly projects to macroscopic viscoplastic mobilities.
Development of physics-aware data-driven constitutive surrogates (reduced-order and operator-
learning approaches) seeks to replace expensive microscale closures by learned operators while
preserving thermodynamic constraints. Let G : Hhist 7→ ε̇p denote the history-to-rate operator;
operator learning learns Gθ parameterized by θ via minimizing loss subject to dissipation constraints:

min
θ

ED
[
∥Gθ(H)− ε̇

p
obs∥

2] s.t. D(Gθ) ≥ 0 a.e.

Enforcing the Clausius–Duhem inequality during training is accomplished by penalty or constrained
optimization:

L(θ) = E
[
∥ · ∥2]+ λE

[
⟨−D(Gθ), 0⟩

]
,

so that the learned surrogate is provably dissipative. Uncertainty quantification and Bayesian model
calibration for creep–damage models must treat material, microstructural and loading uncertainty.
Represent random fields (e.g. spatially varying yield R(x, ω)) via Karhunen–Loève expansion:

R(x, ω) = R̄(x) +
∞

∑
i=1

√
λiϕi(x)ξi(ω),

truncate to N terms and propagate uncertainty by stochastic Galerkin or polynomial chaos (PC):

u̇(x, t, ω) ≈ ∑
|α|≤p

ûα(x, t)Ψα(ξ(ω)),

with PC coefficients ûα solved from deterministic coupled systems. Bayesian calibration of model
parameters θ uses posterior

π(θ | D) ∝ π(D | θ)π(θ),

where the likelihood π(D | θ) accounts for model discrepancy and experimental noise; efficient
sampling employs surrogate-accelerated MCMC or sequential Monte-Carlo with likelihood evaluation
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via reduced-order models. A major direction is coupled chemo-thermo-mechanical and irradiation
effects where mass transport, oxidation and radiation defect kinetics alter creep behavior. A unified
free energy including chemical concentration c and damage D reads

Ψ(εe, α, c, D, T) = (1− D)Ψe(ε
e) + Ψint(α, c) + Ψc(c) + ΨD(D),

and the coupled evolution equations are

ρu̇ = ∇ ·
(
(1− D)C : εe)+ b,

ċ +∇ · J = S(εp, c, T), J = −M(c)∇µ, µ = ∂cΨ,

Ḋ = R(Y, c, ε̇p, T),

α̇ = H(α, ε̇p, c, T),

so that diffusion, defect production (e.g. irradiation) and plasticity are coupled through chemical
potentials and damage driving forces.

Variational and structure-preserving formulations (energy–dissipation principles) are being ex-
tended to creep–damage to provide robust numerical schemes and existence theory. Seek (u, α, D)

minimizing incremental potential

I∆t(u, α, D) =
1

∆t
D(α, D; ∆y) + E(u, α, D),

with energy E =
∫

Ω Ψ dV − ⟨f, u⟩ and dissipation functional D convex in rates; time-incremental
minimization yields stable algorithmic schemes and a posteriori error bounds. For phase-field frac-
ture/creep combine phase-field ϕ with damage:

E =
∫

Ω

(
(1− ϕ)2Ψe(ε

e) + Gc
( ϕ2

2ℓ +
ℓ
2 |∇ϕ|2

))
dV,

and evolve ϕ by variational inequalities ensuring irreversibility ϕ̇ ≥ 0.
Reduced-order, adaptive and real-time (digital twin) strategies are crucial for industrial prediction.

Proper Orthogonal Decomposition (POD)/Galerkin ROMs derive basis {φi} from snapshots and solve
projected dynamics:

u(x, t) ≈
r

∑
i=1

ai(t)φi(x), Mrȧ + Kr(a)a = Fr,

with hyper-reduction (DEIM, GNAT) for nonlinear viscoplastic operators. Error estimators and
adaptive enrichment select when to query high-fidelity models:

ηROM = ∥RHF(uROM)∥W−1 ; ηROM > ϵ⇒ enrich basis.

Mathematical analysis, well-posedness and regularization remain open for coupled softening systems.
Address existence and uniqueness by enforcing gradient regularization and convexity of dissipation;
prove under suitable hypotheses that for given loading the incremental variational problem admits a
minimizer:

∃ (un+1, αn+1, Dn+1) s.t. I∆t(·) is minimized,

and obtain a priori estimates of the form

∥un+1∥H1 + ∥Dn+1∥H1 ≤ C(∥un∥H1 , ∆t).
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Finally, experimental–computational integration and active learning will accelerate model discovery
and calibration by targeted experiments. Formulate optimal experiment design by maximizing
information gain (Kullback–Leibler divergence) with respect to parameters θ:

q∗ = arg max
q∈Q

ED|q
[

KL
(
π(θ | D) ∥π(θ)

)]
,

and employ sequential Bayesian updates to reduce uncertainty in the most influential parameters for
creep and damage kinetics. Coupling these experimental design principles with physics-constrained
learning, multiscale homogenization, stochastic model reduction, and structure-preserving numerics
provides a coherent roadmap toward predictive, computationally efficient, and uncertainty-aware
creep–plasticity–damage models for next-generation materials and high-temperature structures.

4.8.9. Conclusion

The study of creep deformation through the lens of plasticity unifies phenomenology, microscale
mechanisms and thermodynamics into a single constitutive architecture: kinematically by an elas-
tic–inelastic split (additive in small strains, multiplicative at finite strains), thermodynamically by a
free energy and dissipation inequality, and mechanically by flow rules that map stresses and internal
states to inelastic rates. In small strain form the kinematic and constitutive skeleton reads

ε = εe + εp, σ = C : εe,

and in finite strain the corresponding multiplicative decomposition is

F = FeFp, Lp = (Ḟp)Fp−1,

so that objective stress and strain measures (Mandel stress, Kirchhoff stress, elastic stretches) enter the
constitutive statements. These kinematic relations are the necessary geometric backbone on which
rate-dependent constitutive rules are posed.

Thermodynamic admissibility, expressed by the Clausius–Duhem inequality, constrains permis-
sible kinetics and couples stored energy to dissipative rates. For isothermal processes one adopts a
free-energy density ψ(εe, α, D, T) and requires

D = σ : ε̇− ρ ψ̇ ≥ 0,

which, using σ = ρ ∂εe ψ, reduces to the local dissipation statement

D = σ : ε̇ p − ρ ∂αψ · α̇ + YḊ ≥ 0,

with Y = −ρ ∂Dψ the damage energy release rate. The dissipation inequality is both a judge (for
admissibility) and a guide (for constructing convex dissipation potentials or overstress kinetics that
guarantee D ≥ 0). Mechanically predictive models of creep arise from specifying flow rules and
internal-variable kinetics consistent with the thermodynamic constraint and motivated by physical
mechanisms. A compact general form is

ε̇ p = Γ
(
q(σ, X, D), α, T

) ∂q
∂σ

, α̇ = H(α, ε̇ p, T), Ḋ = R(D, q, ε̇ p, T),

where Γ ≥ 0 encodes rate sensitivity (Perzyna, Norton, sinh/Arrhenius forms), q is an equivalent
stress, X kinematic resistance, and α microstructural state (dislocation densities, grain-size indicators).
Representative specializations include Norton’s law

ε̇
p
eq = A(T) q n, A(T) = A0 exp

(
−Q/(RT)

)
,
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Orowan’s mesoscale relation
ε̇

p
eq = ρmbvd(τ, T),

and damage-coupled kinetics (Kachanov–Rabotnov)

Ḋ = B(T)
(
(1− D)−1q

)m, ε̇
p
eq = A(T)

(
(1− D)−1q

)n,

which together capture steady secondary creep and accelerating tertiary rupture.
For predictive computation the constitutive model must be rendered into robust numerical

form: implicit time discretization (backward Euler), local nonlinear solves for flow/internal variable
increments, and exact consistent linearization for the global Newton iteration. The local residual
system

Rℓ(∆y) = 0, ∆y = [∆γ, ∆α, ∆D]T ,

is solved by Newton with Jacobian ∂∆yRℓ, and the algorithmic tangent

Ctan =
∂σn+1

∂εn+1

is computed via implicit differentiation (or monolithic inversion when variables are strongly cou-
pled) to ensure quadratic convergence of the global finite-element scheme. Regularization (gradient
damage, nonlocal hardening) is essential to restore well-posedness when softening mechanisms
produce localization. Synthesis of mechanisms and scales—crystal plasticity for lattice-controlled
creep, diffusional laws for grain-boundary processes, and continuum damage for voiding and cavita-
tion—provides mechanistic closure and explains empirical observations (stress exponents, grain-size
scalings, Monkman–Grant relations). Homogenization and RVE averaging link microscale kinetics to
macroscopic mobilities:

ε̇ p =
1
|Y|

∫
Y

∑
α

γ̇α(y) sym(sα ⊗mα) dy,

so that emergent macroscopic laws inherit temperature, stress and microstructural dependence from
the lower-scale physics.

Thus, the plasticity-based approach to creep yields a unified, thermodynamically consistent, and
mechanistically interpretable framework that (i) captures primary, secondary and tertiary creep via
internal-variable kinetics, (ii) accounts for microstructural controls through explicit state variables and
homogenization, (iii) couples naturally to damage and fracture mechanics for life prediction, and (iv)
admits stable numerical realization through implicit integration and consistent tangents. The canonical
equations—kinematic decomposition, Clausius–Duhem dissipation, flow rules of the form ε̇ p = Γ∂σq,
mesoscale Orowan relations, and damage–flow coupling—constitute the minimal, mathematically
rigorous core from which applied creep–plasticity models are constructed, calibrated, and deployed in
engineering analysis.

5. Sintering
At high temperatures, the interaction between thermodynamic forces, mechanical stresses, and

atomic diffusion mechanisms in materials undergoing creep is a profoundly intricate phenomenon,
particularly concerning the behavior of voids—microscopic cavities within the material.
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Figure 39. Sintering in Creep Deformation

These voids play a pivotal role in determining whether a material succumbs to creep fracture. At
elevated temperatures, voids tend to shrink due to the thermodynamic principle of energy minimiza-
tion, wherein the system reduces its surface free energy. The surface energy Es of a void is proportional
to its surface area A, given by Es = γA, where γ is the surface energy per unit area. For a spherical
void of radius r, the surface area is A = 4πr2, making the surface energy:

Es = γ(4πr2).

As temperature increases, atomic diffusion becomes significant, facilitating the migration of atoms
that effectively reduces the surface area A, thereby decreasing Es. This diffusion process is thermally
activated and described by the diffusion coefficient D, which follows an Arrhenius relationship:

D = D0e−
Q
kT ,

where D0 is the pre-exponential factor, Q is the activation energy for diffusion, k is Boltzmann’s
constant, and T is the absolute temperature. This dependence underscores the criticality of temperature
in enabling void shrinkage.

However, the application of tensile stress σ introduces a competing mechanical energy term that
opposes void shrinkage and can promote void growth. The mechanical energy associated with void
growth is given by:

W = σV,

where V is the volume of the void. For a spherical void, V = 4
3 πr3, leading to:

W = σ

(
4
3

πr3
)

.

The net energetics of void behavior result from the balance between the reduction in surface energy
∆Es due to shrinkage and the mechanical energy W opposing this reduction. For void growth to occur,
the mechanical energy must exceed the reduction in surface energy, leading to the critical condition:

σV > ∆Es.
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Substituting the expressions for Es and V, we find that void growth occurs if:

σ

(
4
3

πr3
)
> γ(4πr2).

Simplifying this inequality yields:

σ >
3γ

r
.

This threshold stress, σc = 3γ
r , is known as the sintering limit of the system [16], representing the

minimum tensile stress required to counteract the thermodynamic drive for void shrinkage and
initiate void growth. Notably, σc is inversely proportional to the void radius r, implying that smaller
voids require significantly higher stresses to grow, whereas larger voids are more susceptible to
growth under lower stresses. When the applied tensile stress σ exceeds σc, voids begin to expand
through diffusion-driven processes. These include lattice diffusion (Nabarro-Herring creep) and grain
boundary diffusion (Coble creep), both of which are governed by Fick’s first law:

J = −D
∂C
∂x

,

where J is the diffusion flux, D is the diffusion coefficient, C is the atomic concentration, and ∂C
∂x is the

concentration gradient. The rate of material transport, and hence the rate of void growth, is strongly
temperature-dependent, as reflected by the Arrhenius dependence of D. Furthermore, the volumetric
rate of void growth can be expressed as:

V̇ = αDσ,

where α is a geometric factor determined by the void shape and stress distribution. This rate accelerates
significantly with increasing temperature and stress. As voids grow and coalesce, the material loses its
load-bearing capacity, leading to the onset of macroscopic cracks and ultimately creep fracture. The
time to failure in creep-dominated scenarios is thus intricately linked to the kinetics of void growth,
which can be modeled using constitutive laws for creep deformation, such as:

ε̇ = Aσne−
Q
kT ,

where ε̇ is the creep strain rate, A is a material constant, σ is the applied stress, n is the stress
exponent, Q is the activation energy, k is Boltzmann’s constant, and T is the absolute temperature.
This equation underscores the exponential sensitivity of creep processes to temperature. In summary,
the phenomenon of void shrinkage and growth in high-temperature creep is governed by a delicate
balance of thermodynamic, mechanical, and kinetic factors. The sintering limit σc serves as the
critical stress threshold, below which voids shrink and above which voids grow, leading to creep
fracture. The interplay of atomic diffusion mechanisms and the temperature-dependent energetics
elucidates the complex behavior of materials under high-temperature tensile stresses, highlighting the
critical importance of understanding these principles to mitigate creep-induced failures in structural
applications.

Ghosh (2024) [86] presented a comprehensive and rigorous examination of Eshelby’s solution for
ellipsoidal inclusions in elastic media, extending classical elasticity theory by systematically exploring
both foundational principles and diverse practical applications. The manuscript revisits the seminal
Eshelby tensor, elucidating its mathematical derivation for stress and strain fields within and outside
ellipsoidal inclusions, and elaborates on its pivotal role in micromechanical modeling of composite
materials and homogenization techniques. By bridging theoretical elegance with applied relevance,
this work provides an essential reference for researchers investigating inhomogeneity-driven field
interactions and multiscale material behavior in continuum mechanics.
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6. Examples of Creep Deformation
6.1. Surface materials

The application of fractal geometry, particularly employing a deterministic Cantor structure,
to model surface topography represents a significant advancement in understanding and predict-
ing the behavior of rough surfaces under conditions of thermoviscoelastic creep. Fractal geometry,
characterized by its ability to describe complex and irregular patterns that exhibit self-similarity
across different scales, provides a powerful mathematical framework for representing the intricate
and hierarchical nature of surface roughness. The deterministic Cantor structure, a specific fractal
construct, is instrumental in capturing the multi-scale distribution of asperities—microscopic peaks
and valleys—that define the topography of rough surfaces. This level of detail is essential when
studying thermoviscoelastic creep, as the interaction between these asperities under sustained stress
and elevated temperatures significantly influences the material’s long-term deformation behavior.
Recent advancements in this domain have introduced sophisticated models that account for the
thermomechanical and time-dependent characteristics of such interactions, enabling more accurate
predictions of contact mechanics for rough surfaces.

To achieve this, various viscoelastic idealizations are employed to model the surface materials,
each offering distinct approaches to capturing the complex interplay between elastic and viscous
responses, for example: Maxwell, Kelvin–Voigt, standard linear solid and Jeffrey models [112]. The
Maxwell model, for instance, represents a viscoelastic material as a combination of a spring and a
dashpot in series, effectively modeling stress relaxation but lacking the ability to predict long-term
elastic recovery. Conversely, the Kelvin–Voigt model, which combines a spring and dashpot in parallel,
excels at describing immediate elastic deformation and steady-state creep but cannot account for
stress relaxation. The standard linear solid model, a more sophisticated combination of these two
configurations, provides a more comprehensive representation by capturing both transient and steady-
state viscoelastic responses. The Jeffrey model further extends these capabilities by incorporating
additional dashpots to simulate complex relaxation mechanisms observed in certain materials. Each of
these models plays a critical role in simulating the behavior of rough surfaces under thermoviscoelastic
creep conditions, allowing researchers to account for diverse material behaviors and operational
conditions.

The integration of these viscoelastic models with fractal-based surface representations offers
unparalleled insights into the thermoviscoelastic behavior of rough surfaces. For example, by us-
ing the deterministic Cantor structure to model the asperity distribution and applying viscoelastic
idealizations to represent the material properties, it becomes possible to predict how surfaces will
deform over time under sustained loads and varying thermal conditions. This approach not only
enhances our understanding of material behavior but also informs the design and optimization of
engineering systems where surface contact under high stress and temperature is critical, such as in
tribology, microelectromechanical systems (MEMS), and advanced manufacturing processes. These
advancements demonstrate the profound impact of combining mathematical rigor with physical
modeling to address complex, multi-scale phenomena in materials science and engineering.

6.2. Metals

Creep in metals primarily manifests as movement within their microstructures, fundamentally
governed by processes such as dislocation motion, grain boundary sliding, and atomic diffusion.
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Figure 40. Creep Deformation in Metals

These mechanisms are deeply rooted in the crystalline nature of metals, which consist of highly
ordered atomic arrangements with imperfections called dislocations. Under sustained stress and
elevated temperatures, these dislocations move through slip or climb processes, causing irreversible
deformation over time. Additionally, the polycrystalline structure of metals, composed of numer-
ous grains, facilitates grain boundary sliding, where adjacent grains shift relative to one another,
further contributing to creep. Atoms also diffuse either through the bulk crystal lattice or along
grain boundaries, resulting in Nabarro-Herring and Coble creep mechanisms, respectively. While
polymers also exhibit creep, the underlying phenomena differ substantially due to their molecular
structure. Polymers consist of long-chain molecules that can realign and slide past one another, often
displaying a viscoelastic response characterized by both recoverable (elastic) and permanent (viscous)
deformation. This viscoelastic behavior leads to a significantly different mechanical response from
metals, where creep is largely plastic once the elastic limit is exceeded. The stress-strain relationship
and time-dependence in polymers often necessitate models like the Maxwell or Kelvin-Voigt models,
which account for time-dependent compliance due to molecular chain reorientation. In contrast,
metals require thermally activated creep models that incorporate stress-driven mechanisms, such as
ε̇ = Aσn exp

(
− Q

RT

)
, where the strain rate depends on stress, temperature, and the activation energy

of the controlling mechanism. This distinction is critical because metals exhibit well-defined stages of
creep—primary (decelerating rate), secondary (steady rate), and tertiary (accelerating rate leading to
failure)—driven by their microstructural dynamics, while polymers respond differently across their
amorphous or semi-crystalline regions. Consequently, the mathematical frameworks for modeling
creep in metals focus on crystalline deformation physics, whereas polymer creep models emphasize
molecular chain dynamics and viscoelastic effects. These differences highlight the necessity for dis-
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tinct approaches in understanding and predicting creep behavior in metals and polymers, as their
mechanical responses are fundamentally tied to their unique microstructural characteristics [103,104].

Metals, characterized by a crystalline structure composed of closely packed atoms arranged in
regular patterns, exhibit a significant resistance to deformation at low temperatures compared to
polymers due to the high energy barriers required for atomic diffusion and dislocation movement, the
two primary mechanisms responsible for creep. Scenarios involving intense heat and mechanical stress,
such as those found in turbine blades [106], engine components, and other structural applications
[107], often rely on materials like intermetallic compounds and refractory metals. These processes
are thermally activated, meaning that sufficient thermal energy is necessary to overcome the energy
barriers associated with atomic migration and dislocation climb or slip. For most metals, this thermal
energy becomes significant only at temperatures above approximately 0.4 times their melting temper-
ature Tm, referred to as the homologous temperature. At such elevated temperatures, the increased
atomic vibrations enable the migration of atoms along grain boundaries (Coble creep) or through the
lattice (Nabarro-Herring creep) and facilitate the movement of dislocations, which collectively drive
the time-dependent deformation associated with creep. In stark contrast, polymers, which consist
of long-chain molecules with relatively weak intermolecular forces, are much more susceptible to
deformation at low temperatures because their molecular chains can slide or rearrange even when
relatively little thermal energy is available. Unlike metals, polymers often exhibit viscoelastic behavior,
where deformation arises from a combination of elastic stretching of the chains and viscous flow due
to molecular slippage. The low energy requirements for these processes allow polymers to experience
creep at temperatures much closer to ambient conditions, often significantly below their glass transition
temperature Tg, depending on their molecular structure and composition. This behavior is further
exacerbated in amorphous or semi-crystalline polymers, where the lack of a rigid crystalline lattice
permits substantial molecular mobility under even modest thermal conditions. Thus, while metals
require high temperatures to activate their creep mechanisms due to their atomic-scale rigidity and
the need for thermal energy to facilitate atomic motion and dislocation activity, polymers, with their
fundamentally different molecular structure and deformation mechanisms, can undergo creep at much
lower temperatures, making the two materials exhibit distinctly different thermal thresholds for creep
deformation [105]. Creep in metals is characterized by not displaying linear viscoelastic behavior,
lacking recoverability, and only occurring at high temperatures [100].

6.3. Polymers

Viscoelastic creep data can be effectively represented in two primary graphical forms to reveal the
material’s behavior under sustained loading over time.
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Figure 41. Viscoelastic Creep in Polymers

The first method involves plotting the total strain against time for a specific temperature or a
range of temperatures. This representation provides insights into how the material deforms under
a constant load at different thermal conditions. At lower levels of applied stress, the material may
exhibit linear viscoelastic behavior, where the strain increases proportionally with time, indicating a
direct relationship between stress and strain within the elastic region. This behavior is characterized
by a stress-independent compliance, where the creep strain follows Hooke’s Law, and the creep rate
remains constant with time. However, as the applied stress exceeds a critical value, the material’s
response becomes non-linear. Above this threshold, the creep rate accelerates disproportionately with
time. This phenomenon is indicative of the transition from linear viscoelasticity to a regime where
the material undergoes time-dependent, irreversible deformation at an increasingly rapid rate. The
increased creep rate above the critical stress is attributed to enhanced mechanisms such as dislocation
movement, grain boundary sliding, and atomic diffusion, which become more prominent under higher
stress conditions, leading to accelerated microstructural changes and deformation. The second method
for presenting viscoelastic creep involves plotting the creep modulus, defined as the ratio of the applied
stress to the corresponding total strain at a given time [99]. This graphical presentation effectively
captures how the material’s stiffness evolves over time under sustained loading. The creep modulus
provides a measure of the material’s resistance to deformation at a particular stage of creep, indicating
how much stress is required to maintain a unit of strain. As the material deforms under stress, the
creep modulus typically decreases over time, reflecting the progressive softening of the material due
to the accumulation of internal damage and microstructural changes. This decrease signifies the
material’s transition from a relatively elastic to a more viscous state, where the modulus diminishes
due to dislocation movements, the growth of voids, and grain boundary sliding. By plotting the creep
modulus against time, it becomes evident how the material’s mechanical properties evolve during
the creep process. These graphical representations are crucial for understanding and predicting the
long-term performance of materials in high-temperature applications, such as turbine blades, where
both the stress and temperature are sustained over long periods. They allow engineers and materials
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scientists to assess the material’s creep resistance, determine suitable operating conditions, and design
components that will maintain their structural integrity and performance over their intended service
lifetimes.

The molecular weight of the polymer of interest plays a significant role in its creep behavior,
influencing how the material deforms under sustained load over time. An increase in molecular weight
tends to enhance the degree of entanglement between polymer chains, which strengthens the secondary
bonding interactions within the polymer matrix. These interactions, such as van der Waals forces and
hydrogen bonding, become more pronounced with higher molecular weight, thereby increasing the
polymer’s resistance to creep. As the molecular weight increases, the chains are less able to slide past
one another easily under stress, leading to a more pronounced load-bearing capability. This added
resistance is due to the greater inter-chain friction and the physical hindrance posed by the increased
number of entanglements. Aromatic polymers, which contain additional stiffness due to the presence
of aromatic rings in their chemical structure, exhibit even greater creep resistance. The aromatic rings
contribute rigidity to the polymer backbone, making it less flexible and more resistant to deformation
under stress. The benzene ring’s structure imparts additional stability to the polymer chains by
restricting their mobility, thereby reducing the rate of creep. These polymers possess a higher thermal
stability compared to their aliphatic counterparts, which is another critical factor in enhancing their
creep resistance. The combination of increased molecular weight and the incorporation of aromatic
rings significantly contributes to the overall creep resistance of the polymer. The increased thermal
stability, due to the higher glass transition temperature (Tg) associated with aromatic polymers, means
that they can maintain their mechanical properties over a broader temperature range. This stability
allows these polymers to better withstand elevated temperatures without undergoing substantial
plastic deformation or loss of mechanical properties. In applications where polymers are exposed
to prolonged high-temperature conditions, such as in automotive under-the-hood components or
aerospace parts, the increased molecular weight and the presence of aromatic structures are crucial for
maintaining structural integrity. These features help ensure that the polymer maintains its shape and
mechanical properties over time, reducing the rate of creep and enhancing the material’s service life.
Thus, understanding the impact of molecular weight and aromatic content on polymer creep behavior
is essential for selecting appropriate materials for high-performance applications where long-term
thermal and mechanical stability is critical [21].

6.4. Glass

The phenomenon of creep in glass, while valid under specific conditions, is frequently misunder-
stood and misrepresented in popular discourse, particularly in the context of aging glass windows.
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Figure 42. Creep Deformation in Glass

A common misconception is that the sagging or apparent deformation observed in old glass
windows is due to the slow, time-dependent flow of glass under its own weight, a process often mistak-
enly attributed to creep. However, this claim does not align with the fundamental thermomechanical
properties of glass or the environmental conditions in which these windows exist. Creep in glass, like
in other materials, is a time-dependent deformation that occurs when the material is subjected to a
sustained stress, provided that it is also maintained at a temperature sufficiently high to enable atomic
or molecular mobility. In the case of glass, the temperature at which significant molecular mobility
can occur is the glass transition temperature, typically around 500°C (932°F) or higher, depending
on the specific chemical composition of the glass. Below this temperature, glass exists in an amor-
phous, solid-like state with negligible molecular rearrangement, rendering measurable creep virtually
impossible at ambient room temperatures, even over extended periods of time. The suggestion that
ancient glass windows sag due to creep at room temperature is therefore fundamentally incorrect from
a materials science perspective. Instead, the observable sagging in such windows is more plausibly
attributed to the methods employed in their historical manufacture. One prominent technique used
during earlier centuries, particularly in the production of crown glass, involved spinning molten glass
into a disc. This process inherently produced glass panes with varying thicknesses, as centrifugal
forces caused the molten material to distribute unevenly across the disc. When such panes were
installed in windows, the thicker portions were often oriented at the bottom, either intentionally by
craftsmen to provide greater stability or as a natural consequence of handling and installation practices.
Over time, this uneven thickness gave rise to the misconception that the glass had flowed down-
ward due to its own weight. While glass does exhibit genuine creep under conditions of sustained
stress at high temperatures—such as in industrial processes like glassblowing or when exposed to
extreme environmental conditions—these scenarios bear no resemblance to the ambient conditions
surrounding aging windows [110,111]. The perpetuation of this myth about glass creep highlights
the importance of distinguishing between observable phenomena and their scientifically accurate
explanations. Moreover, it underscores the necessity for critical analysis and accurate communication
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of material behavior, particularly when discussing the intersection of historical artifacts and materials
science. By recognizing that the sagging of old glass windows is a vestige of historical manufactur-
ing techniques rather than a manifestation of creep, we gain a deeper appreciation for the interplay
between technology, craftsmanship, and the physical properties of materials. This understanding
also serves as a valuable reminder of the need to contextualize scientific principles within the specific
conditions under which they apply, ensuring that misconceptions are addressed with clarity and rigor.

6.5. Concrete

Creep in concrete refers to the time-dependent deformation that occurs when a sustained load
is applied to the material. It is a significant and complex phenomenon influenced by the material’s
composition, the ambient environmental conditions, and the properties of the concrete itself. Some
very good references for Creep in Concrete are Bazant and Osman 1976 [122], Yu et. al. 2012 [123],
Neville 1971 [120] and 1964 [121], Ross 1958 [124], Bissonnette et.al. 2007 [125] and Ranaivomanana
2013 [126]. When a concrete structure, such as a beam or slab, is subjected to a sustained load,
the individual cementitious particles, including the hydration products and the aggregate particles,
experience gradual deformation over time.

Figure 43. Creep Recovery in Concrete

This deformation is a result of the internal stresses developed within the concrete matrix as
water continues to diffuse through the structure, causing redistribution of internal forces. Creep in
concrete is primarily governed by the diffusion and movement of water within the pore structure of
the material. As water is absorbed by the concrete, it causes the cement paste to swell, which results
in a gradual increase in the volume of the concrete and the deformation of the entire structure. The
internal microstructure of concrete is composed of a network of interconnected pores and capillaries,
which provide pathways for water to migrate. As water moves within these pores, it increases the
internal pressure, leading to creep deformation. The rate of water movement is influenced by factors
such as temperature, relative humidity, and the initial water-cement ratio used in the mix. Higher
temperatures and lower relative humidity accelerate the rate of water diffusion, leading to faster creep
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rates. The chemical changes during hydration also contribute to creep; the ongoing chemical reactions
between water and cementitious materials, such as the transformation of calcium silicate hydrates
(C-S-H) into more compact crystalline forms, result in a continuous densification of the concrete matrix.
This densification increases the stiffness of the concrete but also alters its internal stress distribution,
contributing to creep. Over time, the concrete undergoes a process of “creep recovery” where some
deformation is partially reversible when the load is removed. However, this recovery is not complete;
the process leaves the concrete slightly deformed relative to its original shape due to the permanent
rearrangement of particles within the cement paste and the continuing movement of water. The
magnitude of creep is also influenced by the age of the concrete at the time of loading, the stress level
applied, and the mix proportions of the concrete. For younger concrete, the creep deformation can be
more significant because the hydration process and water movement are still ongoing. As concrete
ages, its creep rate generally decreases, but it may never fully stop. The long-term effects of creep
can lead to deflections and cracking in concrete structures, which are critical considerations in the
design and analysis of concrete structures, especially for those subjected to sustained loads such as
bridges, dams, and tall buildings. Understanding and accurately predicting creep behavior is essential
for engineers to ensure that concrete structures will perform adequately over their intended service
lives without excessive deformation or loss of strength. Effective mitigation strategies include using
lower water-cement ratios, incorporating pozzolans to enhance the binding properties of the cement,
and using higher-quality aggregates that influence the internal structure of the concrete to reduce its
permeability and thus its susceptibility to creep.

6.6. Wood

Wood is classified as an orthotropic material due to its distinct mechanical properties that vary in
three mutually perpendicular directions.

Figure 44. Wood as an Orthotropic Material

Orthotropic materials exhibit different behavior in each of these directions because of their
complex, anisotropic structure. The three primary directions in which mechanical properties are
evaluated in wood are the longitudinal, radial, and tangential directions. In the longitudinal direction,
wood fibers run parallel to the grain, and its mechanical properties are primarily influenced by the
alignment of cellulose fibers. This direction exhibits the highest stiffness and strength, as the fibers
provide significant resistance to deformation. However, in the radial direction, which is perpendicular
to the grain, the mechanical properties are affected by the arrangement of cells and the presence
of the porous structure of the wood. Here, the properties are less pronounced compared to the
longitudinal direction, but there is still considerable strength and stiffness due to the cellular structure.

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 8 September 2025 doi:10.20944/preprints202412.1894.v3

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202412.1894.v3
http://creativecommons.org/licenses/by/4.0/


104 of 148

The tangential direction, which is circumferential to the grain, displays the lowest stiffness and strength
among the three directions because it is subjected to the widest range of cell orientations and densities.
It tends to show a slightly higher creep compliance compared to the radial direction, which means
that under a constant load, wood in the tangential direction will experience more deformation over
time relative to its initial shape compared to wood in the radial direction [101,102]. This higher creep
compliance in the tangential direction can be attributed to the inherent differences in the arrangement
of cells and the alignment of the cellulose fibers, which are more dispersed and oriented differently in
this direction compared to the other two. Experiments demonstrate this behavior by subjecting wood
samples to sustained loading conditions and measuring the resulting strain over time. The tangential
direction consistently exhibits greater strain, indicating a higher susceptibility to creep under the same
conditions, primarily due to the weaker cell-wall structure and the higher mobility of water within the
wood matrix in this direction. As the load is applied, the wood’s cell walls in the tangential direction
are more prone to deformation due to the disorganized alignment of fibers and the weaker hydrogen
bonding between them. This behavior is crucial for understanding the long-term performance of wood
in applications where it is used in structural components, such as beams or framing in construction,
where the load may be sustained over extended periods. The differences in creep behavior across these
directions must be accounted for in the design and selection of wood for various applications to ensure
that the structural integrity is maintained over the intended service life.

7. Larson-Miller Parameter and Monkman Grant Rule
The Larson-Miller Parameter (LMP) is a widely used empirical tool in high-temperature materials

science, serving as a method for estimating the creep life of materials under prolonged thermal
exposure. It integrates temperature and time into a single parameter that encapsulates the complex
interplay between these two variables in influencing the material’s creep behavior. The derivation
of the LMP is fundamentally rooted in the Arrhenius equation, which describes the temperature
dependence of the creep rate:

ε̇ = A exp
(
− Q

RT

)
(211)

where ε̇ is the creep rate, A is the pre-exponential factor, Q is the activation energy for creep, R is
the universal gas constant, and T is the absolute temperature. The LMP combines this temperature-
dependent creep rate with the logarithm of time to form a single composite index, given by:

P = Tm + log t (212)

Here, Tm is the temperature in Kelvin and log t represents the logarithm of the time in hours. This
formulation reflects the exponential sensitivity of creep rate to temperature, highlighting that the rate
of creep increases significantly with higher temperatures due to more available atomic energy for
dislocation movement and defect creation.
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Figure 45. Larson Miller Relation

The inclusion of the logarithmic term for time, log t, accounts for the accelerating effect of time on
creep deformation, acknowledging that the likelihood of material failure shortens as the exposure time
increases. By incorporating both variables into a single parameter, the LMP encapsulates the combined
influence of time and temperature on the material’s response to high-temperature stress, making it a
powerful tool for engineers to predict the life of materials in applications like power plants, chemical
processing, and aerospace components.

Empirical validation of the LMP has shown it to be an effective predictor of the time to failure
across a broad range of metallic materials, including steels, superalloys, and aluminum alloys. This
validation is based on extensive experimental data that aligns closely with the LMP, demonstrating its
practical applicability in real-world engineering problems. The LMP’s simplicity and empirical accu-
racy stem from its ability to condense the complex physical processes involved in creep deformation
into a single, additive index. However, it should be noted that the LMP is an empirical tool rather
than a fundamental theoretical model. It does not explicitly account for all material-specific factors,
such as microstructural changes, variations in impurity content, or differences in dislocation dynamics,
which can influence the activation energy for creep. These factors can alter the material’s response
to high temperatures, potentially affecting the accuracy of LMP predictions in specific applications.
Despite these limitations, the LMP remains a valuable tool due to its ability to provide quick and
reliable estimates of the material’s life under thermal exposure. Its empirical nature makes it a practical
solution for managing the life and reliability of high-temperature materials, enabling engineers to
optimize designs and predict the performance of components subjected to prolonged thermal stress
efficiently.

The Monkman-Grant Rule is an empirical relationship that connects the fatigue life (N f ) of a
material to the minimum stress (σmin) it experiences during cyclic loading. This rule can be expressed
as:

N f × σmin = C (213)

where C is a material-specific constant that embodies the material’s intrinsic toughness and its re-
sistance to fatigue damage. The derivation of this rule is deeply rooted in the mechanics of fatigue
failure, which involves the progressive initiation and growth of microcracks within the material’s
microstructure under cyclic loading.
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Figure 46. Monkman Grant Rule

The Monkman-Grant relationship is a manifestation of damage accumulation over cycles of stress.
As each stress cycle induces microcracks within the material, the cumulative fatigue damage is a
function of the number of cycles and the stress amplitude. This relationship can be rigorously framed
within the context of damage mechanics, where the damage variable D is defined as:

D =
∆N
N f

(214)

Here, ∆N is the number of cycles to failure, and N f is the total number of cycles to failure at a given
stress level. The rule indicates an inverse proportionality between fatigue life (N f ) and the minimum
stress (σmin), such that as σmin decreases, N f increases. Mathematically, this inverse relationship can be
expressed as:

D ∝ σ−1
min (215)

indicating that the damage or the fatigue life increases with decreasing stress amplitude. The material
constant C is empirically derived from fatigue test data and reflects the material’s resistance to fatigue
damage. For instance, a material with a higher C value indicates a greater ability to resist fatigue, often
attributed to its finer grain structure and the distribution of precipitates that hinder the initiation and
growth of microcracks. The inverse relationship of the Monkman-Grant Rule is further elucidated
through the probabilistic approach such as Weibull distribution, commonly used in fatigue analysis.
The Weibull distribution F(N) for fatigue life can be expressed as:

F(N) = 1− e−(N/β)k
(216)

where β is the characteristic life, and k is the shape parameter indicative of the material’s resistance
to fatigue damage. The material constant C correlates with these Weibull parameters, linking the
material’s fatigue properties directly to its microstructural integrity. The rigorous derivation of C
involves statistical fitting of fatigue data across multiple stress levels, often requiring at least three
distinct stress conditions to derive a reliable estimate of C. The linear relationship of log N f versus
log σmin on a log-log plot provides a rigorous validation of the Monkman-Grant Rule. The material
constant C is determined from the intercept of this linear fit, reflecting the material’s consistent
fatigue behavior under varying stress amplitudes. The theory behind the Monkman-Grant Rule also
incorporates the concept of the endurance limit, which is the stress level below which a material
can theoretically endure an infinite number of loading cycles without failure. The rule extends this
endurance limit concept to low-stress ranges where the relationship N f σmin = C still holds, but
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with a reduced C. The rigorous approach involves examining the damage rate under different stress
conditions, leading to a deeper understanding of how the material’s microstructure influences its
fatigue life. The Monkman-Grant Rule serves as a powerful tool for engineers, providing a predictive
model for fatigue life based on the material’s microstructural properties. It not only informs decisions
regarding material selection and component design but also enhances the understanding of how
different microstructural features affect a material’s resistance to cyclic loading. This rule integrates
material science principles with empirical data, offering a scientifically and mathematically rigorous
framework for assessing and predicting the fatigue behavior of materials, ultimately contributing to
safer and more reliable engineering designs. The relationship encapsulated by the Monkman-Grant
Rule can be further justified through advanced models such as linear elastic fracture mechanics, where
the stress intensity factor K and the Paris law for fatigue crack growth can be employed. For instance, if
we consider a crack of length a under cyclic loading, the fatigue crack growth rate da

dN can be expressed
using Paris’ law:

da
dN

= A(∆K)m (217)

where A and m are material constants, and ∆K is the range of stress intensity factor. Integrating this
fatigue crack growth rate over the number of cycles, we obtain the Monkman-Grant relationship in
a probabilistic sense, correlating N f to σmin. This approach illustrates the material’s ability to absorb
cyclic stress and the role of microstructural features in delaying crack initiation and propagation. The
Monkman-Grant Rule, therefore, embodies a comprehensive framework linking material properties,
damage mechanics, and probabilistic models, providing a mathematically rigorous basis for fatigue
life prediction across a range of stress conditions.

8. Multi-Axial Creep and Damage Mechanics
8.1. Analysis of Multi-Axial Creep and Damage Mechanics

Multi-axial creep and damage mechanics delve into the complex interplay between time-
dependent deformation (creep) and the progressive deterioration of material integrity (damage)
under the influence of stress states that are multi-dimensional in nature.

Figure 47. Multi Axial Creep

Creep deformation in materials occurs when a solid is subjected to sustained loads at elevated
temperatures. Fundamentally, creep is driven by the thermally activated motion of defects, such as
dislocations and vacancies, within the material’s crystalline lattice. From a macroscopic continuum
mechanics perspective, creep deformation is described by the evolution of the creep strain tensor ϵc,
which quantifies the irreversible deformation occurring as a function of time. In multi-axial stress
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states, the stress tensor σ is decomposed into deviatoric (s) and volumetric components to account for
the directional nature of creep:

σ = s +
1
3

tr(σ)I, (218)

where s is the deviatoric stress tensor and I is the second-order identity tensor. The equivalent stress
σeq, often used as a scalar measure of stress intensity in isotropic materials, is rigorously defined as:

σeq =

√
3
2

s : s, (219)

where s : s denotes the tensorial inner product. The equivalent stress forms the basis for creep
constitutive models under multi-axial loading, ensuring invariance under coordinate transformations.
The tensorial nature of creep deformation necessitates constitutive equations that respect material
symmetries and thermodynamic principles. The creep strain rate tensor ϵ̇c is generally expressed as a
function of the deviatoric stress tensor s and the equivalent stress σeq. A typical tensorial formulation
is:

ϵ̇c =
3
2

ϵ̇s

σeq
s, (220)

where ϵ̇s represents the scalar creep strain rate, often modeled using the Norton-Bailey law:

ϵ̇s = Aσn
eq exp

(
−Qc

RT

)
. (221)

This constitutive model, while phenomenological, is derived from considerations of dislocation motion
and diffusion processes, providing a physical basis for the empirical parameters. The representation of
material damage under multi-axial stress states requires the use of second- or higher-order tensors to
capture the anisotropic nature of degradation. Damage is mathematically quantified using a scalar
variable ω for isotropic damage or a second-order damage tensor Ω for anisotropic damage. The
effective stress concept, introduced by Kachanov and Lemaitre, modifies the nominal stress tensor σ to
account for the loss of load-bearing capacity due to damage:

σ̃ = σ : M−1, M = I −Ω, (222)

where M is the integrity tensor, describing the undamaged fraction of the material. For isotropic
damage, this simplifies to:

σ̃ =
σ

1−ω
. (223)

The evolution of damage is governed by thermodynamically consistent laws derived from the
Helmholtz free energy ψ:

ψ = ψ(ϵe, ϵc, Ω, T). (224)

The Clausius-Duhem inequality ensures that the rate of energy dissipation due to creep and damage
remains non-negative:

D = σ : ϵ̇c − ∂ψ

∂Ω
: Ω̇ ≥ 0. (225)

Regarding the Coupled Creep-Damage Models, The interaction between creep and damage necessitates
coupled models that simultaneously account for the evolution of ϵc and Ω. These models integrate the
creep strain rate and damage evolution equations:

ϵ̇c = C(σ̃, T, α),

Ω̇ = D(σ̃, ϵc, T, t),
(226)
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where C is the creep compliance tensor, and D is the damage evolution functional. For isotropic
damage, D reduces to:

ω̇ = Bσm
eq(1−ω)n exp

(
−Qd

RT

)
. (227)

Regarding the Thermodynamics of Irreversible Processes, A rigorous thermodynamic framework
for multi-axial creep and damage mechanics is established using the principles of non-equilibrium
thermodynamics. The Helmholtz free energy ψ and the entropy production σs are expressed as:

ψ = ψ(ϵe, Ω, T), σs = −
∂ψ

∂T
Ṫ +D. (228)

The entropy production must satisfy the second law of thermodynamics:

σs ≥ 0, (229)

implying constraints on the constitutive relationships and evolution equations for ϵc and Ω. Regarding
the Variational Principles and Numerical Implementation, The governing equations of multi-axial
creep and damage mechanics are formulated as a variational problem, minimizing the total potential
energy Π:

Π =
∫

Ω
ψ dΩ−

∫
Ω

f · u dΩ, (230)

subject to compatibility and equilibrium constraints:

∇ · σ + f = 0, ϵ = ∇su. (231)

Numerical solutions are obtained using finite element methods (FEM), incorporating time-dependent
creep and damage evolution. Temporal discretization uses backward Euler schemes for stability:

ϵc,n+1 = ϵc,n + ∆t C(σ̃n+1, Tn+1). (232)

Micromechanical models resolve the behavior of individual grains, dislocations, and voids, while
statistical models describe damage as a probabilistic process. The void volume fraction ω is statistically
defined as:

ω =
∫ ∞

0
P(V, t) dV, (233)

where P(V, t) is the probability density function of void volume V over time t. Creep under complex
loading conditions is analyzed using the von Mises equivalent stress:

σeq =

√
3
2

σ′ : σ′, (234)

where σ′ is the deviatoric stress tensor. The effective strain rate is then given by:

ε̇eq = Aσn
eq exp

(
− Q

RT

)
. (235)

The degradation of material properties during creep is modeled using a damage variable ω with the
equation ω̇ = f (σ, ω, t) with the creep strain rate modified as:

ε̇ =
σ

E(1−ω)
, (236)

where E is the elastic modulus.
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8.2. Literature Review of Multi-Axial Creep and Damage Mechanics

The modern understanding of creep rupture under complex loading conditions traces its origins
to the pioneering works of Kachanov (1958) [218] and Rabotnov (1969) [217], who proposed that
material degradation could be represented by a scalar internal variable D that grows with time, thereby
reducing the effective load-bearing area and accelerating creep towards rupture. In its simplest form,
the effective stress relation reads

σeff
ij =

σij

1− D
, Ḋ = Bσn(1− D)m,

where B, n, m are material constants calibrated from creep tests. This formulation underlies the
Kachanov–Rabotnov model, still widely used in engineering practice for life prediction (Kachanov,
1958 [218]; Rabotnov, 1969 [217]).

The consolidation of continuum damage mechanics (CDM) as a formal thermodynamically
consistent theory was carried out extensively by Lemaitre (1985) [220] and Chaboche (1981) [221]. In
their treatments, the Helmholtz free energy is augmented by a damage variable, leading to consistent
stress–strain–damage coupling and evolution equations of the form

Y =
1
2

σ :
∂C−1

∂D
: σ, Ḋ = f (Y),

where Y is the energy release rate and C the damaged compliance tensor. These rigorous frameworks
permit generalization to multiaxial states by using either isotropic scalar damage or anisotropic
tensorial damage variables (Lemaitre, 1985 [220]; Chaboche, 1981 [221]). The problem of choosing a
representative stress in multiaxial creep is central. While uniaxial creep is well captured by power-law
relations of the form

ε̇ = Aσn exp
(
− Q

RT

)
,

the multiaxial case requires a definition of σrep. Commonly, the von Mises equivalent stress

σeq =
√

3
2 sijsij

is employed, but experimental evidence shows that hydrostatic stress strongly influences cavitation-
controlled creep rupture. Thus combined measures such as

σrep = σeq + ασm,

where σm = 1
3 tr(σij) and α is a fitting parameter, have been proposed to capture observed multiaxial

rupture behavior (Hayhurst, 1972 [223]; Dyson, 1983 [219]).
Micromechanical approaches provide further insight by explicitly modeling void nucleation,

growth, and coalescence. The Gurson (1977) [230] porous plasticity model introduced a yield function
for a voided solid as

Φ =

(
σeq

σY

)2
+ 2 f cosh

(
3σm

2σY

)
− (1 + f 2) = 0,

where f is the void volume fraction. Extensions by Tvergaard and Needleman (1984) [224] modified
this yield surface with fitting constants q1, q2, q3 to better capture void interaction and coalescence.
This GTN model, when coupled with creep laws, has been shown to predict tertiary creep dominated
by intergranular cavitation (Needleman, 1987 [225]). The transition from isotropic to anisotropic
damage formulations became essential when experiments revealed directional growth of cavities
under multiaxial stress. Anisotropic CDM models introduce a second-order damage tensor Dij,
modifying the compliance as

C(Dij) = C0 + ∆C(Dij),
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so that stiffness degradation reflects the orientation of damage (Murakami, 1988 [226]; Hayhurst, 1990
[238]). These models allow for more accurate prediction of crack initiation and growth in welded
components where damage is strongly orientation dependent. Coupling of creep and fatigue within
CDM frameworks is crucial for real service conditions. A typical approach superposes fatigue damage
D f and creep damage Dc into a cumulative variable

D = Dc + D f , Dc =
∫

Ḋc dt, D f = ∑ ∆D f ,

with interaction rules calibrated from combined creep–fatigue tests (Skelton, 1987 [231]; Chaboche, 1988
[222]). More sophisticated formulations introduce coupled evolution equations that allow interaction
terms between cyclic plastic strain and creep strain rate, reflecting the observed synergy in crack
growth rates (Miller, 1992 [232]). Finite element implementations of multiaxial creep-damage models
are well established, often relying on implicit time-integration and regularization to avoid mesh
dependence due to strain localization. For instance, gradient-enhanced damage models introduce
higher-order terms of the form

Ḋ = f (Y,∇D),

which provides a length scale and removes pathological mesh sensitivity (de Borst, 1996 [233]).
Validation studies on biaxially loaded tubes, notched bars, and welded P91 steel joints confirm both
the strengths and limitations of current CDM models (Ainsworth, 2003 [234]; Hyde, 2010 [235]).

Probabilistic extensions have been introduced to account for the large scatter observed in creep
rupture data. By considering parameters in the KR model as random variables, one may define a
stochastic damage evolution

Ḋ = B(ω)σn(ω)(1− D)m(ω),

with ω denoting a probabilistic state. Reliability-based methods then predict a rupture time distri-
bution rather than a deterministic value (Gonzalez, 2004 [236]; Rao, 2011 [237]). Such approaches
are increasingly important for safety-critical components in power plants and aerospace engines.
Recent developments emphasize multiscale integration, where void kinetics at the microscale are
homogenized to macroscale constitutive behavior using computational homogenization. For example,
crystal plasticity combined with grain-boundary cavitation models produces effective anisotropic
creep-damage constitutive laws (Shenoy, 2010 [227]; Cailletaud, 2012 [228]). These models bridge the
gap between mechanistic microstructural damage and macroscopic life prediction, offering improved
transferability across stress states. Ghosh (2025) [175] developed a probabilistic framework to model fa-
tigue damage evolution in reactor steels. Its contribution aligns with damage mechanics by quantifying
time-dependent material degradation under complex loading, thereby enhancing predictive reliability
assessments. Ghosh (2025) [195] developed a rigorous mathematical framework for deep learning,
grounding neural networks in functional analysis and variational methods. Such formulations are
valuable for extending data-driven modeling in multi-axial creep and damage mechanics. They enable
the construction of physics-informed surrogates to capture complex degradation under coupled load-
ing. Sousa and Ghosh (2025) [38] presented a novel generalization of classical functional equations in
analytic number theory. The underlying mathematical structures, particularly integral representations
and symmetry relations, suggest powerful analogies for modeling path-dependent processes. Such
abstractions can inspire new formulations in multi-axial creep and damage mechanics, where complex
stress–strain evolutions require advanced functional frameworks. Maji et. al. (2023) [166] established
the statistical equivalence of nonequilibrium ensembles under conserved quantities such as energy
and enstrophy. The framework illustrates how global invariants can reproduce irreversible dynamics
within reversible formulations. Such ideas can inspire constitutive modeling in multi-axial creep and
damage mechanics, where enforcing macroscopic constraints enhances predictive fidelity.

Despite progress, major challenges remain. Representative stress definitions remain contested,
parameter calibration under true multiaxial conditions is hampered by limited experimental data, and
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robust nonlocal formulations are needed to regularize softening responses. Moreover, coupling of
creep with environmental degradation such as oxidation or corrosion is only beginning to be systemat-
ically incorporated (Pettinari-Sturmel, 2016 [229]). Future research must focus on carefully designed
multiaxial experiments, integration of micromechanics with CDM, and probabilistic frameworks that
unify deterministic life prediction with uncertainty quantification.

9. Creep Testing
Creep testing is a sophisticated experimental technique designed to investigate the time-

dependent deformation and failure behavior of materials when subjected to a constant stress or
load at elevated temperatures. This testing method is essential for understanding how materials
behave over long periods under high-temperature conditions, which is critical for components used
in power generation, aerospace, and nuclear industries. The theory behind creep testing involves
intricate interactions between atomic diffusion, dislocation movement, and microstructural evolution,
all of which dictate the material’s response to sustained loading over time. These processes are driven
by the thermal energy available, which allows atoms to migrate and rearrange themselves, and by the
stress applied to the material, which accelerates the movement of dislocations and other defects within
the microstructure.

The primary stages of creep include the initial primary stage where the creep rate decreases due
to work hardening effects; the secondary, or steady-state, stage characterized by a constant creep rate
that reflects a balance between recovery processes (such as dislocation climb and annihilation) and
ongoing deformation; and the tertiary stage, which is marked by an accelerating creep rate leading
towards eventual rupture due to microstructural instability. The steady-state creep rate, ε̇c, can be
empirically described by the Norton-Bailey power law:

ε̇c = Aσn (237)

where A is a material constant, σ is the applied stress, and n is the stress exponent. The stress exponent
n provides insight into the dominant creep mechanism. For diffusional creep, n tends to be higher,
around 3 to 10, indicating a strong dependency on stress. For dislocation creep, n is lower, typically
ranging from 1 to 4, reflecting a less direct relationship with applied stress. This law encapsulates the
material’s resistance to creep, highlighting how the deformation rate depends on the applied stress
and the microstructural features of the material such as grain size, precipitate distribution, and phase
transformations. Mathematically, the creep compliance J, which is the inverse of the material’s stiffness
under constant stress, is defined as:

J =
εc

σ
(238)

where εc is the creep strain and σ is the applied stress. This compliance is temperature-sensitive, with
higher temperatures accelerating atomic diffusion and dislocation activity. The relationship between J
and temperature can be modeled using the Arrhenius equation:

J = AT exp
(
−Q
RT

)
(239)

Here, AT is a temperature-dependent material constant, R is the universal gas constant, T is the
absolute temperature, and Q is the activation energy for creep. The activation energy Q is indicative of
the energy barriers that atoms must overcome to move, influenced by the material’s microstructure,
such as the presence of precipitates and the size of grains. This relationship highlights the profound
impact of temperature on creep behavior, where elevated temperatures enhance atomic mobility,
facilitating dislocation movement and phase changes within the material.
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Different creep mechanisms can be quantitatively characterized using models that link the mate-
rial’s deformation rate to stress and temperature. For diffusional creep, the strain rate, ε̇di f f , can be
expressed as:

ε̇di f f = Aσ2 exp
(
−Q
RT

)
(240)

where A is a material-specific constant, σ is the applied stress, Q is the activation energy for diffusion,
and R is the gas constant. This equation demonstrates how stress and temperature influence the rate
of diffusion-controlled creep, where the deformation occurs predominantly through the movement of
atoms along grain boundaries. In contrast, dislocation creep is described by:

ε̇disloc = Adσ2 exp
(
−Qd
RT

)
(241)

where Ad is a material constant specific to dislocation creep and Qd is the activation energy for dislo-
cation motion. These models indicate how different deformation mechanisms dominate depending
on the material’s temperature and stress conditions. For instance, at lower temperatures, dislocation
creep may dominate, whereas at higher temperatures, diffusional creep becomes more significant
due to enhanced atomic mobility. Creep rupture testing involves holding a material under a constant
load until failure occurs, providing critical data on the material’s resistance to creep deformation over
time. The Larson-Miller parameter helps predict the service life of materials under high-temperature
conditions:

LMP = T log tr + C (242)

where T is the absolute temperature, tr is the rupture time, and C is a material-specific constant. This
parameter enables engineers to extrapolate creep rupture data across different temperatures, thus
informing the design and selection of materials for high-temperature applications. The relationship
illustrates the cumulative effect of stress and temperature on the material’s service life, allowing for
predictive modeling of material performance under real-world conditions.

Understanding these complex mechanisms through creep testing allows materials scientists to
design and select materials with enhanced resistance to high-temperature deformation, improving
their durability and reliability in demanding applications. The sophisticated mathematical models
and empirical equations used in creep testing provide crucial insights into the underlying processes
that control a material’s long-term behavior, aiding in the development of new materials and the
optimization of existing ones for high-performance applications. These equations and models are
fundamental tools for advancing materials science, enabling the prediction of material behavior and
the informed design of structural components that must endure extreme environmental conditions
over long periods.

10. Environmental Effects on Creep: Oxidation and Irradiation
Creep, the time-dependent plastic deformation of materials under constant stress, is a highly

complex phenomenon influenced by intrinsic material properties and external environmental factors
such as oxidation and irradiation.
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Figure 48. Effect of Oxidation in Creep Deformation

These environmental effects not only alter the microstructural and chemical characteristics of
the material but also significantly affect the underlying mechanisms driving creep deformation, often
accelerating the damage progression. To rigorously understand these effects, it is necessary to delve
into the thermodynamics, kinetics, and physical processes governing oxidation and irradiation and
their interaction with the creep process. The effect of oxidation on Creep is very rigorously described
by Neu and Sehitoglu [19,20]. Oxidation occurs when a material, typically a metal, reacts with oxygen
in the environment to form a stable oxide layer on its surface. This is a thermodynamically driven
process that minimizes the free energy of the system. The formation and growth of oxide layers are
controlled by diffusion processes, which are described by Fick’s laws. The parabolic growth law,

dx
dt

∝
1
x

and x2 ∝ kt (243)

where x is the oxide thickness, t is time, and k is the parabolic rate constant, emerges from the fact that
oxide growth is diffusion-limited. At high temperatures, the activation energy for diffusion, expressed
by

D = D0e−
Q
RT (244)

where Q is the activation energy for diffusion, R is the universal gas constant, and T is the absolute
temperature, governs the rate at which oxygen or metal ions diffuse through the oxide layer. As
the oxide layer grows, it exerts significant mechanical and chemical effects on the substrate material.
Differential thermal expansion between the oxide scale and the underlying material leads to residual
stresses in the scale, which can cause cracking or spallation. This exposes fresh surfaces to further
oxidation, creating a self-sustaining damage mechanism. The reduction in effective load-bearing
cross-section due to oxidation is a critical factor in creep, as described by

σeff =
σapplied

(1− ∆A
A )

(245)
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where ∆A is the area lost to oxidation. Subsurface oxidation, wherein oxygen diffuses into the material,
further compromises the microstructure by forming brittle oxides and voids. These voids act as stress
concentrators, enhancing grain boundary sliding and intergranular creep deformation. Oxidation also
modifies the material’s creep behavior through its interaction with diffusion-controlled mechanisms.

Figure 49. Effect of Irradiation in Creep Deformation

Grain boundary diffusion is particularly significant, as it facilitates grain boundary sliding, one of
the dominant creep mechanisms at elevated temperatures. The oxide layer can serve as a pathway for
vacancy diffusion, accelerating creep rates. This interaction between oxidation and creep is a classic
example of environmentally assisted damage, where chemical and mechanical processes are tightly
coupled. Irradiation, another critical environmental factor, involves the interaction of materials with
high-energy particles such as neutrons, ions, or gamma rays. These particles impart sufficient energy
to displace atoms from their lattice sites, creating vacancies and interstitials. These defects, collectively
referred to as Frenkel pairs, significantly alter the diffusion properties of the material. Irradiation-
enhanced diffusion is a key phenomenon, where defect mobility increases under irradiation, described
by

Dirr = D0 + αϕ (246)

where ϕ is the radiation flux, and α is a proportionality constant. This increased diffusivity facili-
tates dislocation climb and vacancy migration, both of which are critical to creep deformation. The
introduction of point defects under irradiation also affects the dislocation dynamics. Dislocations,
which are line defects in the crystal structure, are the primary carriers of plastic deformation. Under
irradiation, dislocations become pinned by defects, altering their mobility. This interplay between
pinning and unpinning modifies the strain hardening behavior of the material. At the same time,
irradiation-induced swelling, caused by the aggregation of vacancies into voids, introduces internal
stresses. These stresses interact with the applied stresses, further accelerating creep deformation.

Grain boundaries are particularly vulnerable to irradiation damage. The accumulation of
radiation-induced defects at grain boundaries weakens their cohesion, facilitating grain boundary
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sliding. Additionally, voids formed at grain boundaries exacerbate stress concentrations, promoting
localized deformation. Stress-assisted void growth, where voids grow preferentially in regions of high
stress, is another significant mechanism by which irradiation accelerates creep. The nucleation and
growth of these voids are governed by the competition between vacancy diffusion and stress relaxation
mechanisms. The combined effects of oxidation and irradiation often result in synergistic damage
mechanisms. For instance, irradiation can enhance oxidation rates by increasing the diffusivity of
oxygen and metal ions through the oxide layer. Simultaneously, the weakening of grain boundaries by
irradiation makes them more susceptible to the deleterious effects of oxidation. These combined effects
lead to a rapid degradation of material properties, particularly in high-temperature and high-radiation
environments, such as those found in nuclear reactors or aerospace applications. Mathematically, the
total creep strain rate in such environments can be expressed as

ϵ̇total = ϵ̇thermal + ϵ̇oxidation + ϵ̇irradiation (247)

where ϵ̇thermal is the thermally activated creep strain rate, and ϵ̇oxidation and ϵ̇irradiation represent the
contributions from oxidation and irradiation, respectively. The Norton creep law,

ϵ̇ = Aσne−
Qeff
RT (248)

is often modified to account for environmental effects, where

Qeff = Q + Qoxidation + Qirradiation (249)

includes the effective activation energy contributions from both oxidation and irradiation.
In conclusion, oxidation and irradiation fundamentally alter the microstructural and chemical

characteristics of materials, accelerating creep deformation through a variety of coupled physical and
chemical processes. Understanding these mechanisms requires a multidisciplinary approach that
integrates thermodynamics, kinetics, and materials science. Such knowledge is essential for predicting
and mitigating creep damage in high-temperature, high-radiation environments, thereby ensuring the
reliability and longevity of critical components in applications such as nuclear reactors, power plants,
and aerospace structures. This rigorous understanding is the foundation for developing advanced
materials and protective strategies to counteract these environmental effects.

11. Increasing Creep Resistance
Increasing creep resistance is a cornerstone of material design for applications demanding long-

term mechanical stability at elevated temperatures and stresses. Increasing creep resistance has been
done for steels for power plant applications [59], magnesium alloys [60], magnesium cast alloys [61],
microstructurally stable nanocrystalline alloy [62], and polymer nanocomposites reinforced with
multiwalled carbon nanotubes [63]. At its core, creep deformation arises from time-dependent plastic
strain mechanisms driven by applied stresses and thermally activated atomic or microstructural
processes. The theory of creep behavior is framed by the mathematical description of steady-state
strain rate, as encapsulated in the Norton-Bailey equation:

ϵss = Aσn exp
(
− Q

RT

)
, (250)

where A is a material-dependent constant, σ the applied stress, n the stress exponent, Q the activation
energy associated with the controlling creep mechanism, R the gas constant, and T the absolute temper-
ature. Increasing creep resistance involves reducing ϵss by systematically tailoring the microstructural
features and material properties to optimize Q, n, and other parameters. The strategies to achieve
this are deeply rooted in the thermodynamics of deformation, dislocation dynamics, and diffusion
theories, each contributing to a rigorous scientific framework for understanding and enhancing creep
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resistance. Creep deformation operates through several mechanisms, each dominating in specific
stress-temperature regimes. At high stresses and moderate to high temperatures, dislocation creep
predominates, with deformation mediated by the glide and climb of dislocations. Glide refers to the
lateral motion of dislocations through the crystal lattice, driven by the applied stress, while climb
involves the migration of dislocations out of their slip planes, facilitated by the diffusion of vacancies.
The rate of dislocation creep depends on the dislocation density ρ, Burgers vector b, applied stress σ,
and drag coefficient B, described mathematically by the Orowan relation:

ϵd = ρbv, (251)

where v, the dislocation velocity, is proportional to the stress and inversely proportional to the drag
force. Strengthening mechanisms that impede dislocation motion—such as solid solution strengthen-
ing, precipitation hardening, and work hardening—directly enhance creep resistance by increasing the
effective drag on dislocations.

11.1. Solid solution strengthening

Solid solution strengthening leverages the introduction of solute atoms into the crystal lattice,
which generate localized lattice distortions due to size mismatch and elastic modulus differences with
the host atoms.
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Figure 50. Solid solution strengthening in Creep Resistance

These distortions create stress fields that interact with moving dislocations, effectively pinning
them and increasing the energy required for glide or climb. The strength of this interaction depends on
the solute concentration and the magnitude of the size and modulus mismatch, contributing to a higher
creep activation energy Q. Solid solution strengthening enhances creep resistance by introducing
substitutional or interstitial solute atoms into a host metal matrix, leading to lattice distortion, which
in turn impedes dislocation motion—the primary mechanism of plastic deformation during creep.
The strain field around these solute atoms interacts with the stress field of moving dislocations, thereby
increasing the critical resolved shear stress (CRSS) needed for dislocation glide. Mathematically, for
substitutional solutes, the increase in shear yield strength ∆τ due to solid solution strengthening can
be expressed as:

∆τ ∝ G · ε3/2 · c1/2 (252)
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where G = shear modulus of the solvent, ε =
rs − rm

rm
= size misfit parameter, rs = solute atomic radius,

rm = matrix atomic radius, and c = atomic concentration of solute. Additionally, the elastic modulus
misfit contributes to strengthening, leading to a combined effect expressed by Labusch’s model:

∆τ = AG
(

ε2 + δ2
)3/4

c1/2 (253)

where δ =
Gs − Gm

Gm
is the modulus mismatch, and A is a dimensionless constant. These strain fields

hinder dislocation climb and glide, crucial during the secondary (steady-state) creep phase, effectively
raising the activation energy for creep deformation.

The steady-state creep rate ε̇ss is governed by dislocation motion, particularly climb, which is
thermally activated. Solid solution atoms impede this motion, and the net effect is a reduction in creep
rate. The classical Norton’s Law for steady-state creep is:

ε̇ss = A · σn · exp
(
−Qc

RT

)
(254)

where ε̇ss = steady-state creep rate, A = material constant, σ = applied stress, n = stress exponent
(typically 3–8), Qc = activation energy for creep, R = universal gas constant, and T = absolute tempera-
ture. In presence of solid solution strengthening, Qc effectively increases due to the solute drag on
dislocations, leading to a lower ε̇ss. The drag force Fdrag experienced by a dislocation from a solute
atom is derived from the interaction energy U as:

Fdrag = −dU
dx
≈ − d

dx

[
Gb3ε

r

]
∝

Gb3ε

r2 (255)

where b = Burgers vector and r = radial distance from solute atom. This interaction energy creates a
solute atmosphere around dislocations, described by the Cottrell atmosphere model, and dislocations
require higher energy to escape from this cloud:

Ebinding =
1
2

Gb3ε2 (256)

At high temperatures, where creep is active, solute atoms reduce diffusional creep (Nabarro-Herring
and Coble creep) by decreasing vacancy mobility due to solute-vacancy binding energies, further
resisting time-dependent plastic deformation.

From a fundamental standpoint, the effectiveness of solid solution strengthening in creep resis-
tance can be directly quantified by considering its impact on diffusivity and climb-controlled creep.
For example, in dislocation climb-limited creep, the creep rate is given by:

ε̇climb =
ADeffσΩ

kTb2 (257)

where Deff = effective diffusion coefficient in the presence of solutes, Ω = atomic volume, and k =
Boltzmann constant. Solutes reduce Deff by forming solute-vacancy complexes, so:

Deff = D0 · exp
(
−Qeff

kT

)
, Qeff = Qlattice + Qbinding (258)

Moreover, the threshold stress σth, below which creep is negligible, increases with solute addition:

σeff = σ− σth ⇒ ε̇ = B(σ− σth)
n exp

(
−Qc

RT

)
(259)
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Thus, the effective stress available for creep is reduced. In modern alloy design (e.g., Ni-base superal-
loys, ferritic steels), optimized solid solution chemistry ensures solute drag effects are maximized
without compromising ductility. Alloys such as Ni-Cr, Fe-Mo, or Fe-Si show enhanced creep rupture
life due to solid solution effects, often following the Larson-Miller Parameter (LMP) trend:

LMP = T(C + log tr) where C ≈ 20 (260)

An increase in LMP reflects the delay in tertiary creep onset and enhanced creep strength, both rooted
in solid solution strengthening mechanisms that resist dislocation mobility and atomic diffusion, thus
scientifically and mathematically increasing creep resistance.

11.2. Precipitation strengthening
11.2.1. Analysis of Precipitation strengthening

Precipitation hardening offers another pivotal approach. Fine, coherent precipitates, such as
γ′-phase particles in nickel-based superalloys, act as obstacles to dislocation motion. The resistance
provided by these precipitates depends on their size, distribution, and thermal stability, encapsulated
by the equation:

τprecipitate = LGb (261)

where G is the shear modulus, b is the Burgers vector, and L is the spacing between precipitates.
Coherent precipitates distort the lattice, further impeding dislocations, while incoherent precipitates
block dislocations purely through their physical presence. However, at high temperatures, precipitate
coarsening driven by Ostwald ripening can degrade their effectiveness, necessitating careful alloy
design to maintain thermal stability. In diffusional creep, strain arises from the diffusion of atoms under
stress gradients, either through the crystal lattice (Nabarro-Herring creep) or along grain boundaries
(Coble creep). The strain rate for diffusional creep follows:

ϵd ∝ Dσd2 (262)

where D is the diffusion coefficient and d the grain size. The diffusion coefficient itself is temperature-
dependent, given by:

D = D0 exp
(
−Qd

RT

)
(263)

with Qd representing the activation energy for diffusion. Strategies to reduce diffusional creep include
increasing Qd through alloying with elements that impede atomic diffusion pathways or introducing
barriers like grain boundary pinning agents.

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 8 September 2025 doi:10.20944/preprints202412.1894.v3

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202412.1894.v3
http://creativecommons.org/licenses/by/4.0/


121 of 148

Figure 51. Precipitation hardening in increasing Creep Resistance

The Hall-Petch relationship, which correlates grain size with material strength, is particularly
relevant here, as smaller grains enhance diffusional creep rates but suppress dislocation creep. Opti-
mizing grain size is thus a delicate balance between these competing effects. Grain boundary sliding,
another deformation mechanism, involves the relative motion of adjacent grains, facilitated by high
mobility at grain boundaries. In materials like oxide dispersion-strengthened (ODS) alloys, nanoscale
dispersoids such as yttria (Y2O3) are introduced to stabilize grain boundaries and impede sliding.
These particles anchor the boundaries, enhancing resistance against both sliding and diffusional creep.
From a thermodynamic perspective, the driving force for creep deformation is the reduction of the
system’s free energy, governed by the interplay of elastic strain energy, surface energy, and thermal
vibrations. Alloy design strategies aim to stabilize microstructures that minimize energy dissipation
during deformation. High-temperature phases such as γ′ in superalloys provide thermal stability
due to their low diffusivity and resistance to coarsening. Computational thermodynamics tools, such
as CALPHAD, predict phase stability and guide alloy compositions, while atomic-scale simulations
like Density Functional Theory (DFT) reveal the fundamental interactions governing diffusion and
dislocation behavior.

Precipitation strengthening, also known as age hardening, is a key mechanism by which the
creep resistance of metallic alloys is enhanced, particularly in nickel-based superalloys, aluminum
alloys, and steels. The underlying principle is to introduce a dense distribution of fine, coherent
or semi-coherent precipitates into the matrix that impede dislocation motion, thereby raising the
creep rupture life and steady-state creep resistance. Under steady-state creep, the total creep strain
rate ε̇creep is governed by the Orowan bowing mechanism, when dislocations bypass precipitates via
looping:

ε̇creep = A
(

σ− σ0

G

)n
exp

(
−Qc

RT

)
(264)

where A is a material-dependent constant, σ is the applied stress, σ0 is the threshold stress (resistance
due to precipitates), G is the shear modulus, n is the stress exponent (typically 4 < n < 8), Qc is the
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activation energy for creep, R is the gas constant, and T is absolute temperature. Precipitates such as
γ′ (Ni3Al) in Ni-superalloys contribute a non-shearable barrier, increasing σ0. The effective stress for
dislocation motion is reduced, thereby reducing ε̇creep. This is crucial for long-term high-temperature
applications like turbines and reactors.

When the precipitate size exceeds a critical radius rc, dislocations cannot shear them and must
bypass via the Orowan looping mechanism. The Orowan stress τOrowan is given by:

τOrowan =
Gb

λ− 2rp
(265)

where G is the shear modulus, b is the Burgers vector magnitude, λ is the inter-precipitate spacing,
and rp is the precipitate radius. The corresponding Orowan strain rate contribution during creep is:

ε̇Orowan = ρmbvd (266)

where ρm is the mobile dislocation density and vd is the dislocation velocity. The dislocation velocity is
related to the effective stress by:

vd = v0 exp
(
−∆F− τbL

kBT

)
(267)

where ∆F is the activation energy for dislocation motion, L is the dislocation segment length, and τ is
the resolved shear stress. Precipitate shearing, by contrast, occurs if particles are small and coherent.
The shearing stress τshear for ordered precipitates is given by:

τshear =
0.7γ′

b
(268)

where γ′ is the antiphase boundary energy. Since coherent particles generate local strain fields, they
also resist climb and glide by elastic interactions, increasing the creep threshold.

In creep-resistant alloys, precipitates also inhibit dislocation climb, particularly at high tempera-
tures. Climb is thermally activated and governed by diffusion. The climb velocity vclimb in the presence
of a precipitate barrier is:

vclimb =
Dvσb2

kBT
(269)

where Dv is the vacancy diffusion coefficient, σ is the stress acting normal to the glide plane, b is the
Burgers vector. But precipitate-induced elastic fields create a threshold climb stress σth, below which
dislocations cannot climb:

σeff = σ− σth, where σth ∝
Gb
L

(270)

The creep rate then becomes non-linear and strongly temperature dependent:

ε̇creep ∝ (σ− σth)
n exp

(
− Q

RT

)
(271)

Thus, fine precipitates provide both kinetic (diffusion/climb resistance) and mechanical (barrier to
glide/bypass) impediments to dislocation motion. Additionally, coarsening of precipitates over time
(Ostwald ripening) reduces effectiveness, so thermal stability of precipitates is critical. The coarsening
rate follows Lifshitz–Slyozov–Wagner (LSW) theory:

r(t)3 − r3
0 = Kt, where K ∝

DvγVm

RTC
(272)

where γ is the interfacial energy, Vm is the molar volume, C is the solubility of solute in the matrix.
Alloys designed with stable, fine, coherent precipitates such as Ni3(Al,Ti) in superalloys significantly
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delay creep deformation, enhancing both the creep rupture life and steady-state creep resistance,
which are essential for high-performance structural components operating at elevated temperatures.

11.2.2. Literature Review of Precipitation strengthening

Kassner (2015) [1] remains a rigorous, mechanism-centered monograph that synthesizes diffu-
sion, climb, and glide processes with constitutive creep laws, and it frames precipitate–dislocation
interactions as rate controllers through cutting, Orowan bypass, and climb-assisted bypass at elevated
temperature, offering quantitative links between microstructure and creep rate. Frost and Ashby
(1982) [7] deformation-mechanism maps give a quantitative atlas for where precipitation hardening is
effective in the stress–temperature space; their maps, combined with typical precipitate spacings and
strengths, let one predict when a particle field will shift the operative creep mechanism or change the
stress exponent by moving the alloy from glide- to climb-control.

Nembach (1997) [199] provides the most systematic derivation of strength increments from
coherent and incoherent particles, extending to high-temperature conditions by including climb
and modulus-mismatch/chemical-ordering terms; it also clarifies how particle size distributions
and volume fraction govern both threshold stresses and the evolution of creep rate with time.
Ardell (1985) [200] gives a comprehensive review of precipitation hardening that reconciles order-
strengthening, coherency, and modulus-mismatch contributions with experimentally observed coars-
ening kinetics, showing how the time dependence of precipitate size and spacing feeds directly into
tertiary-stage creep acceleration once cutting gives way to bypass. Reed (2008) [201] establishes γ/γ

′

microstructural design—volume fraction, lattice misfit, anti-phase boundary energies, and γ
′

size—as
the central levers for creep resistance in Ni-base single crystals, and develops the physics of directional
coarsening (rafting) that biases dislocation motion and reduces the effective resolved shear stress on
creep systems.

Tin and Pollock (2014) [202] gave a review of nickel-base superalloys quantifies how γ
′

size,
topology, and misfit set the creep rate by mediating dislocation shearing versus climb-bypass and
by controlling rafting kinetics under load; the article also collates stress exponents and activation
energies that distinguish precipitate-strengthened creep from solid-solution creep. The analytical
rafting model developed for γ/γ

′
superalloys by Kamaraj (2003) [203] demonstrates how elastic

energy minimization under applied stress drives γ
′

plates to align into rafts, and it connects the
sign and magnitude of misfit to raft morphology, linking directional coarsening directly to creep
anisotropy and life. A rigorous overview by Abe (2008) [204] of high-temperature deformation in
γ/γ

′
superalloys emphasizes how precipitate-controlled mechanisms—shearing via paired a/2 〈110〉

superpartials at smaller γ
′
, transition to Kear–Wilsdorf locks, and then climb-bypass at larger γ

′
—map

onto the observed creep exponents and microstructural evolution during long holds. A complementary
treatment by Danielsen (2016) [205] on superalloy directional coarsening provides a thermodynamic
driving-force formalism and shows how rafting modifies channel widths for dislocation motion,
thereby lowering effective creep rates when raft orientation reduces slip transmission and raising them
when channeling is enhanced.

Modern synthesis of γ
′

rafting behavior by Tkachev et. al. (2020) [206] collates in situ and ex situ
observations to show how precipitate shape factors, misfit, and applied stress set raft formation and
coarsening rates, with direct implications for the onset of tertiary creep through channel widening
and localized dislocation flux. Detailed experimental–computational work by Abe et. al. (2007) [207]
on rafting in single-crystal superalloys demonstrates the coupling between creep strain, precipitate
re-shaping, and dislocation substructure evolution, revealing that precipitate realignment can both
shield and channel dislocations depending on orientation, thus modulating the creep rate. For age-
hardenable Ni alloys such as 718, precipitation of γ

′
and γ

′′
and their subsequent coarsening under

service temperatures determine whether creep proceeds by shearing or by climb-bypass; calibrated
Kampmann–Wagner-type (KWN) precipitation models by Balan et. al. (2021) [208] now predict
time-dependent strengthening during holds that feed directly into multi-stage creep curves.
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Work on coherent Al3Sc precipitates by Karnesky et. al. (2007) [209] establishes a true threshold
stress for creep in Al-based alloys despite precipitate coherency, ruling out cutting and pointing to
climb-controlled bypass and elastic-interaction detachment as the governing processes; the magnitude
and temperature dependence of the threshold can be tuned via Zr additions that suppress coarsening.
A dislocation-climb model for coherent-particle by Krug and Dunand (2011) [210] bypass extends
the classical Rösler–Arzt framework (Developed by Rösler and Arzt (1988) [211] & Arzt and Rösler
(1988) [212]) by incorporating misfit strains and interface energetics, deriving a quantitative threshold
stress that scales with precipitate size, spacing, and elastic mismatch, and reproducing the low-
stress, high-exponent creep signatures of particle-strengthened alloys. The original threshold-stress
formulation by Rösler and Arzt (1988) [211] & Arzt and Rösler (1988) [212] for dislocation climb over
hard particles shows that an attractive particle–dislocation interaction creates a finite stress below
which creep is immeasurably slow, thereby explaining anomalously high apparent stress exponents
and activation energies in dispersion- and precipitate-strengthened systems.

The model-based creep equation for dispersion-strengthened alloys developed by Rösler and Arzt
(1990) [213] recasts steady creep as a sequence of thermally activated detachment events from particles,
predicting a true threshold and giving explicit temperature and particle-size dependences that have
been validated across ODS and precipitate-hardened matrices. In situ TEM studies of threshold
stress by Deshmukh et. al. (2010) [214] directly correlate dislocation pinning/detachment at particle
interfaces with macroscopic creep thresholds, showing that the measured detachment stress matches
the back-extrapolated threshold from creep curves and confirming the detachment-controlled kinetics
posited by climb models. A broad review of creep and fracture in dispersion-strengthened materials by
Arzt (1991) [215] compiled stress exponents far exceeding classical values, attributes them to threshold
stress effects tied to interparticle spacing and interface structure, and highlights the microstructural
stability of the dispersoid field as central to sustained creep resistance.

For tempered-martensitic 9–12%Cr ferritic steels, a critical review by Maruyama (2001) [216]
demonstrates that creep resistance rests on a hierarchy of obstacles—lath/subgrain boundaries, high
dislocation density, and a stable dispersion of MX carbonitrides and M23C6/Laves phases—where
precipitation strengthening offsets recovery but long-term coarsening and boundary denudation
degrade strength. Interrupted-creep experiments on 9%Cr steels quantify the time-resolved coarsening
of precipitates and substructure, showing an early strengthening contribution from Laves precipitation,
a mid-life plateau as lath coarsening and precipitate growth compensate, and late-stage acceleration as
particle coarsening undermines dislocation storage. A recent dislocation-based model for long-term
creep in ferritic steels incorporates local climb-around-particle physics with threshold stress terms,
capturing the transition from precipitate-controlled to recovery-controlled creep and providing a
microstructure-sensitive extrapolation to service lifetimes.

11.3. Particle dispersion strengthening

Creep in crystalline materials is the time-dependent plastic deformation occurring at elevated
temperatures, typically T > 0.4Tm, where Tm is the melting temperature. Creep is governed by
dislocation motion, diffusional flow, and grain boundary sliding.
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Figure 52. Particle Dispersion Strengthening in increasing Creep Resistance

Particle dispersion strengthening impedes dislocation motion by introducing a high density of
fine, thermally stable particles—typically oxides like Y2O3, Al2O3, or carbides—into the metal matrix.
These particles obstruct dislocation glide and climb, two key creep mechanisms. The dislocations
bow around the particles via the Orowan mechanism, forming loops and thus increasing the material’s
resistance to plastic strain under sustained load. The critical shear stress τOrowan required for bypassing
non-shearable particles is given by:

τOrowan =
Gb
L

[
1

2π
ln
( r

b

)]
, (273)

σOrowan = MτOrowan, (274)

where G is the shear modulus, b is the Burgers vector, L is the inter-particle spacing, r is the particle
radius, and M is the Taylor factor (typically ∼ 3) for converting shear to tensile stress. This impeding
of dislocations adds a mechanical threshold that must be overcome before creep deformation can
proceed, effectively raising the creep strength.

The steady-state (secondary) creep rate is generally described by Norton’s Law:

ε̇ss = Aσn exp
(
−Qc

RT

)
, (275)

where ε̇ss is the steady-state creep strain rate, σ is the applied stress, n is the stress exponent (typically
3–10), Qc is the activation energy for creep, R is the universal gas constant, T is absolute temperature,
and A is a material-specific constant. For dispersion-strengthened alloys, the effective stress σeff

available for dislocation motion is reduced by the Orowan stress:

σeff = σapplied − σOrowan, (276)

so the modified creep rate becomes:

ε̇ss = A(σ− σOrowan)
n exp

(
−Qc

RT

)
. (277)
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At high temperatures, dislocation climb becomes the rate-controlling mechanism, enabled by vacancy
diffusion. The time for a dislocation to climb past an obstacle of height h is:

tclimb ∼
h2

Dv
, (278)

where Dv is the vacancy diffusion coefficient, given by:

Dv = D0 exp
(
−Qv

RT

)
, (279)

with Qv as the activation energy for vacancy diffusion. Dispersion particles reduce effective climb
rates by increasing the local climb distance and altering vacancy paths, thereby increasing tclimb, and
hence reducing ε̇ss. The volume fraction f , particle size r, and inter-particle spacing λ play critical
roles in determining strengthening effectiveness. For spherical particles with uniform distribution:

λ ≈ r
(

π

6 f

)1/3
− 2r, (280)

Smaller λ (i.e., closer spacing) increases the frequency of dislocation-particle interactions, which raises
the Orowan stress and hence the creep resistance. The Orowan stress may also be written as:

σOrowan =
0.13Gb

λ
ln
(

2r
b

)
. (281)

Thus, high f , small r, and large G maximize the creep strength. Furthermore, the threshold stress
σth—below which creep is negligible—can be defined as the stress required to activate dislocation
climb:

σth =
Gb
λ

(
ln
( r

b

)
+ C

)
, (282)

with C ∼ 1–3 depending on the shape and distribution. For long-term creep life predictions, the
Larson–Miller Parameter (LMP) is often used:

LMP = T(C + log tr), (283)

where tr is the rupture time. Dispersion strengthening improves creep life tr by orders of magnitude at
fixed stress and temperature. Hence, through rigorous control of particle dispersion characteristics,
microstructure optimization leads to substantial improvements in creep resistance, verified both
experimentally and via the above constitutive equations.

The intricate relationship between theory and practice in enhancing creep resistance underscores
the necessity for a scientifically rigorous approach. By integrating principles of deformation mechanics,
materials thermodynamics, and advanced computational tools, engineers can design materials that
withstand the most demanding operational conditions, ensuring safety and longevity in applications
from jet engines to nuclear reactors. This synthesis of theory and innovation exemplifies the profound
depth of scientific inquiry required to push the boundaries of material performance.

11.4. Working Conditions

Creep that initiates below or at 0.5 times the melting temperature, Tm, is characterized as "low
temperature creep" due to the significant reduction in atomic mobility required for diffusion-based
mechanisms. At these temperatures, the thermal energy available for atomic movement is insufficient
to drive diffusion processes such as vacancy diffusion, which is the primary creep mechanism at
higher temperatures. This limitation significantly alters the dominant creep mechanisms, shifting from
diffusion-dominated to dislocation mechanisms [117]. The onset of creep at temperatures below 0.5
Tm is marked by a transition from the high-temperature diffusion-based creep mechanisms, such as
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Nabarro-Herring creep and Coble creep, to more dislocation-based mechanisms like dislocation glide
and climb. At low temperatures, dislocation glide becomes the dominant creep mechanism. The flow
stress, σf , required for dislocation movement is primarily governed by the dislocation line tension and
the resistance of the dislocation to move through the crystal lattice. The dislocation motion in this
regime is primarily limited by the Peierls-Nabarro stress, τPN , which represents the stress required to
initiate dislocation motion due to the periodic lattice resistance:

σf ∼ τPN = Gb
√

α

ρ
(284)

where G is the shear modulus, b is the magnitude of the Burgers vector, α is a numerical factor related to
the dislocation interaction, and ρ is the dislocation density. The expression τPN indicates that the flow
stress required for dislocation motion at low temperatures is primarily a function of the dislocation
interaction and the lattice resistance. In addition to dislocation glide, dislocation climb becomes
significant at low temperatures, especially in the presence of obstacles such as precipitates or fine-
grained microstructures that impede dislocation movement. Dislocation climb involves the exchange
of atoms around the dislocation core, allowing dislocations to bypass obstacles. The activation energy
for dislocation climb, Qc, can be expressed as:

Qc ≈ Gb
ρ

2
(285)

where ρ is the density of obstacles (e.g., precipitates or grain boundaries) hindering dislocation
movement. This expression indicates that the activation energy for dislocation climb is directly
proportional to the obstacle density, emphasizing the role of the microstructure in controlling low-
temperature creep. The creep rate, ϵ̇, in this regime can be described by a power-law relationship:

ϵ̇ = A exp
(
− Q

RT

)
σn (286)

where A is a material constant, Q is the activation energy for the creep process, R is the gas constant, T is
the absolute temperature, and n is the stress exponent. For low-temperature creep, Q is typically lower
compared to high-temperature creep because it is not dominated by vacancy diffusion but rather by
dislocation mechanisms like climb and glide. Experimental observations reveal that the stress exponent
n for low-temperature creep is typically greater than 3, indicating a more significant sensitivity of
the creep rate to applied stress. This high stress exponent suggests that dislocation mechanisms,
rather than diffusion processes, dominate the creep behavior at low temperatures. Additionally,
the activation energy for creep is lower in this regime, which aligns with the notion that creep is
not diffusion-controlled at these temperatures. The activation energy is primarily influenced by the
interaction between dislocations and obstacles, such as precipitates or grain boundaries, which impede
dislocation motion and contribute to the overall creep resistance. The flow stress σf in low-temperature
creep also incorporates contributions from the stress due to obstacles. A modified expression for the
flow stress that accounts for obstacle hardening can be given by:

σf = τobstacle + Gb (287)

where τobstacle represents the stress due to obstacles like precipitates or grain boundaries. This form
shows that the creep resistance is significantly enhanced by the presence of these obstacles, requiring
a higher applied stress to initiate dislocation motion. The microstructural evolution during low-
temperature creep is fundamentally different from that during high-temperature creep. At low
temperatures, the material’s microstructure evolves mainly through the growth and interaction of
obstacles such as precipitates and grain boundaries rather than through diffusional processes. These
obstacles serve as barriers to dislocation motion, increasing the material’s creep resistance. For example,
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precipitates can pin dislocations, leading to an increase in the flow stress and making dislocation glide
more difficult. The interaction of dislocations with these obstacles can be described by a drag force:

Fd = Gbρ (288)

where ρ is the obstacle density, and b is the Burgers vector. This drag force increases with obstacle
density, resulting in a higher flow stress and thus a slower creep rate.

In summary, low-temperature creep, which occurs below or at 0.5 Tm, is fundamentally different
from high-temperature creep due to the dominance of dislocation mechanisms over atomic diffu-
sion. The primary creep mechanisms at low temperatures are dislocation glide and climb, which are
significantly influenced by the material’s microstructure, such as the presence of obstacles like precipi-
tates and grain boundaries. The resulting flow stress and creep rate are highly sensitive to applied
stress, with a higher stress exponent and lower activation energy compared to high-temperature creep.
These mechanisms lead to a different microstructural evolution, characterized by the growth and
interaction of obstacles rather than diffusion-driven changes. The rigorous mathematical description
of low-temperature creep and its mechanisms provides critical insights into the material behavior at
these temperatures, emphasizing the importance of microstructural features in determining the creep
resistance of materials.

11.4.1. Time

The concept of time in creep deformation is fundamental because creep strain accumulates
progressively over time. The mathematical description of creep can be expressed using a power-law
creep model, which describes the strain rate as a function of time, stress, and temperature. The basic
creep equation is given by:

ϵ̇c(t) = Kσn exp
(
− Q

RT

)
t−m (289)

where ϵ̇c(t) is the creep strain rate, K is a material constant, σ is the applied stress, n is the stress
exponent, Q is the activation energy for creep, R is the universal gas constant, T is the absolute
temperature, t is time, m is a material-specific exponent related to the strain hardening during creep.
Stress exponent n and activation energy Q are critical parameters that vary with temperature and are
influenced by microstructural features such as dislocation density and precipitate strengthening.m
in the time exponent t−m accounts for the hardening effect, where m < 1 typically represents the
steady-state creep (secondary creep) phase where the strain rate becomes constant. The exponential
dependence on stress and temperature reflects the thermally activated process of dislocation movement
and vacancy diffusion, which are critical mechanisms in creep.

11.4.2. Temperature

Temperature profoundly affects creep behavior by increasing the rate of thermally activated
processes such as atomic diffusion and dislocation motion. The Arrhenius relationship characterizes
this temperature dependence:

ϵ̇c = A exp
(
− Q

RT

)
σn (290)

where A is a pre-exponential factor, Q is the activation energy for creep, R is the universal gas constant,
T is the absolute temperature, σ is the applied stress, n is the stress exponent. The Arrhenius equation
describes the exponential increase in creep rate with temperature, which is a consequence of increased
atomic mobility and reduced activation energy barriers for dislocation movement. The Q represents
the energy required for the activation of processes like dislocation climb and vacancy diffusion, which
control creep rates at high temperatures. The pre-exponential factor A incorporates the microstructural
properties and the frequency of atomic events, which are influenced by the material’s dislocation
structure and grain boundaries.
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11.4.3. Applied stress

The applied stress significantly influences the creep rate. Creep strain rate increases with stress,
primarily due to enhanced dislocation movement under a greater applied load. The stress dependence
can be modeled by a power-law relationship:

ϵ̇c = Aσn exp
(
− Q

RT

)
(291)

This model reflects the relationship between stress and creep rate. n (the stress exponent) reflects
how the strain rate increases with stress. For materials with lower n, the creep rate is less sensitive
to stress changes, indicating a greater resistance to creep. Higher stress increases the driving force
for dislocation movement, which accelerates the creep rate. The power-law dependence on stress σn

indicates that a higher stress leads to a significant increase in creep rate due to greater dislocation
velocity and the easier movement of dislocations. The stress exponent n varies between different
materials depending on their creep mechanisms (e.g., dislocation creep or diffusion creep).

All three parameters—time, temperature, and stress—interact to determine the creep strain rate.
The comprehensive mathematical expression for creep strain rate incorporates the simultaneous effects
of these parameters:

ϵ̇c = Aσn exp
(
− Q

RT

)
t−m (292)

where A, Q, n, and m are material-specific constants, t is time, T is the temperature, σ is the applied
stress. This equation illustrates the fundamental coupling between the time-dependent process of
creep, the temperature-dependent activation energy, and the stress-dependent dislocation movement.
The material’s response to these parameters is highly sensitive to its microstructure and previous
history, such as work hardening and phase transformations.

Creep resistance also depends on the microstructural stability of the material. The evolution
of grain size, precipitate coarsening, and phase stability can significantly affect the creep rate. For
example, fine-grained materials or those with precipitates that impede dislocation movement are more
resistant to creep. These microstructural features can be modeled using the concept of effective grain
boundary strengthening, which can be incorporated into the creep equation:

σeff = σ

(
1 +

d
λ

)
(293)

where d is the grain size and λ is the precipitate spacing. The effective stress σeff captures the
strengthening effect of the microstructure.

Understanding the interplay between time, temperature, and stress allows engineers to design
components that resist creep. For instance, selecting materials with higher Q values or fine microstruc-
tures can enhance resistance to creep. The Larson-Miller parameter, LMP = T log t + C, is a practical
tool for predicting creep rupture life, incorporating the effects of temperature, time, and stress on
the material’s resistance to creep. Designing a component with optimal creep resistance involves a
multi-faceted approach:

1. Material Selection: Choosing materials with high Q and low A values for the creep-resistant
phase.

2. Microstructural Design: Optimizing grain size and precipitate distribution to strengthen the
material.

3. Stress Management: Minimizing stress through design to reduce the creep rate.
4. Thermal Control: Controlling temperature to lower the activation energy for creep processes.

All three parameters—time, temperature, and stress—must be rigorously considered together to
design materials and components with effective creep resistance [119]. The interplay between these
factors is mathematically complex but can be accurately modeled to provide predictive tools for
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designing materials with optimal creep properties. The mathematical models discussed provide a
framework for understanding and predicting creep behavior, essential for ensuring the reliability
and safety of high-temperature components in engineering applications. These models capture the
fundamental mechanisms of creep, such as dislocation movement, diffusion, and phase stability, which
are influenced by time, temperature, and stress, making them indispensable tools for material selection
and component design in high-stress and high-temperature applications.

11.5. Material Selection

Ceramics are characterized by their high melting points Tm, which arise from their strong ionic
or covalent bonds. The cohesive energy Uc, quantifying the total energy required to separate all
constituent atoms, can be derived as:

Uc =
∫ ∞

0
− A

rm +
B
rn dr, (294)

where A and B are material-specific constants, r is the interatomic distance, and m, n are bond exponents
related to the nature of ionic and covalent interactions. The high Uc ensures thermal stability, as the
thermal energy per atom, proportional to kBT (where kB is Boltzmann’s constant), remains insufficient
to disrupt bonding at high temperatures.

The melting point Tm is estimated via Lindemann’s criterion, which states that melting occurs
when the root-mean-square atomic displacement ⟨u2⟩1/2 reaches a critical fraction of the interatomic
spacing r0. Mathematically:

⟨u2⟩ = 3kBT
Mω2 , Tm ∝

Mω2r2
0

kB
, (295)

where M is atomic mass and ω is vibrational frequency. For ceramics, the high values of M, r0, and ω

contribute to a higher Tm, ensuring operability under elevated temperatures. The ability of ceramics
to resist creep deformation—time-dependent strain under constant stress—is governed by diffusion-
controlled mechanisms, including Nabarro-Herring and Coble creep. The steady-state creep rate ε̇ is
often expressed by Norton’s law:

ε̇ = Aσn exp
(
− Q

RT

)
(296)

For diffusion-controlled creep, Q corresponds to the activation energy for atomic diffusion (QD), which
is derived from:

D = D0 exp
(
−QD

RT

)
, (297)

where D0 is the diffusion coefficient. For Coble creep, driven by grain boundary diffusion, the rate
depends on grain size d as:

ε̇Coble =
DgσΩ
kBTd3 (298)

where Dg is the grain boundary diffusion coefficient, Ω is the atomic volume, kB is Boltzmann’s
constant. For Nabarro-Herring creep, which involves lattice diffusion:

ε̇N-H =
DvσΩ
kBTd2 , (299)

where Dv is the volumetric diffusion coefficient. Comparing these equations shows the critical role
of grain size d, with finer grains favoring Coble creep due to the larger grain boundary area, while
coarser grains suppress diffusion pathways, reducing creep rates. Thermal conductivity k, governing
heat dissipation, is critical for high-temperature applications. From Fourier’s law:

q = −k∇T (300)
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where q is the heat flux and ∇T is the temperature gradient. A high k prevents localized overheat-
ing, reducing thermal gradients that induce thermal stress. Thermal stress σt arises due to thermal
expansion mismatches and can be approximated by:

σt =
αE∆T
1− ν

, (301)

where α is the coefficient of thermal expansion, E is Young’s modulus, ν is Poisson’s ratio, ∆T is the
temperature change. Minimizing α and maximizing k are essential to mitigate stress-induced failure
in ceramics. The microstructure, characterized by grain size d, porosity P, and phase distribution,
influences both strength and creep resistance. The Hall-Petch relationship:

σy = σ0 + kyd−1/2, (302)

where σ0 is the intrinsic lattice strength and ky is a strengthening coefficient, describes the strengthening
effect of smaller grains. However, at high temperatures, grain boundaries facilitate creep through
diffusion. Thus, balancing grain size becomes critical for optimizing both strength and creep resistance.
Porosity P affects the effective modulus Eeff and strength σeff as:

Eeff = E(1− P), σeff = σ(1− P)2, (303)

where E and σ are the modulus and strength of the fully dense material. High porosity reduces
mechanical properties, necessitating densification during fabrication. At high temperatures, chemical
stability against oxidation or reduction is governed by the Gibbs free energy change:

∆G = ∆H − T∆S, (304)

where ∆H is the enthalpy change and ∆S is the entropy change. For a reaction such as oxidation:

M +
1
2

O2 → MO, (305)

∆G must be negative to ensure thermodynamic stability. The rate of reaction is determined by the
Arrhenius equation:

k = k0 exp
(
− Ea

RT

)
, (306)

where k0 is the pre-exponential factor and Ea is the activation energy. A ceramic’s resistance to
oxidation depends on the stability of its oxide layer, which must be dense and adherent to prevent
further degradation. Thus, the selection of suitable ceramic components for high-temperature and creep
deformation conditions involves a multi-faceted approach grounded in material science principles.
The interplay of thermal, mechanical, and chemical properties, quantified by equations like Fourier’s
law, Norton’s creep law, and Gibbs free energy, dictates the optimal material design. Ceramics with
high melting points, low thermal expansion coefficients, high thermal conductivity, and finely tuned
microstructures can achieve the desired performance, ensuring reliability under extreme operating
conditions [115].

The importance of minimizing the dislocation and vacancy defects in enhancing the creep resis-
tance of materials is huge. Creep is a critical factor influencing the performance of materials under
high-temperature conditions, and the presence of dislocations and vacancies directly impacts the
creep behavior. Dislocations are one-dimensional line defects in a crystal structure that allow plastic
deformation to occur. The movement of dislocations under an applied stress is a primary mechanism of
creep. Dislocations can move more easily at elevated temperatures due to the thermal activation of slip
systems. The resistance to this movement, and hence the material’s creep resistance, is determined by
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the obstacles to dislocation motion, which include other dislocations, solute atoms, grain boundaries,
and precipitates.

The relationship between the applied stress and the dislocation movement can be captured
through the Peierls-Nabarro model, which describes the energy required to move a dislocation across
an array of obstacles:

Ed = G · b · λ (307)

where Ed is the energy for dislocation movement, G is the shear modulus of the material, b is the
magnitude of the Burgers vector, λ is the distance between obstacles (such as dislocations).A lower
dislocation density increases the spacing λ, thereby increasing the energy Ed, which strengthens the
material and improves its creep resistance. The stress-strain relationship during creep can be modeled
by the Power-Law Creep Equation:

ϵ̇ = Aσne−Q/RT (308)

where ϵ̇ is the creep strain rate, σ is the applied stress, A is a material constant, n is the stress exponent,
Q is the activation energy for creep, R is the gas constant, T is the absolute temperature. A lower
dislocation density results in a lower stress exponent n, indicating reduced sensitivity of the creep rate
to the applied stress, thus better creep resistance.

Vacancies are point defects within a crystal structure where an atom is missing from its lattice site.
These defects can move easily under thermal activation, leading to enhanced diffusion at elevated tem-
peratures. The presence of vacancies accelerates creep deformation by facilitating atomic movement,
leading to grain boundary sliding and enhanced diffusional creep. The formation of vacancies can be
described by the Arrhenius equation:

Nv = N0 exp
(
−Qv

RT

)
(309)

where Nv is the number of vacancies per unit volume, N0 is a constant, Qv is the activation energy for
vacancy formation, R is the gas constant, T is the absolute temperature. A low vacancy concentration
minimizes the number of vacancies, reducing the rate of diffusion and improving the creep resistance.
The mobility of vacancies, characterized by their diffusion coefficient Dv, contributes to the overall
creep rate:

Dv = D0 exp
(
−Qv

RT

)
(310)

where D0 is the pre-exponential factor, Qv is the activation energy for vacancy diffusion, R is the gas
constant, T is the absolute temperature. A lower vacancy concentration reduces Dv, which decreases
the atomic mobility and enhances creep resistance. The combined effect of dislocations and vacancies
on creep resistance can be understood through their interaction in the material’s microstructure.
Dislocations and vacancies interact synergistically to influence the creep behavior. A low dislocation
density reduces the resistance to dislocation movement, while a low vacancy concentration limits the
rate of atomic diffusion. The competition between these two types of defects determines the overall
creep resistance. The stress-strain relationship during creep can be refined to include both dislocation
and vacancy effects:

ϵ̇ = Aσne−Q/RTe−kv Nv (311)

where kv is a material constant related to vacancy mobility, Nv is the vacancy concentration. This
equation reflects the dual impact of dislocation density and vacancy concentration on creep resistance.
The exponential term e−kv Nv represents the additional resistance to creep provided by a low vacancy
concentration. Regarding the Dislocation Interaction Energy, The interaction of dislocations with
obstacles (such as vacancies) can be modeled by the Orowan equation:

∆τ =
σb

2πλ
exp

(
− Q

RT

)
(312)
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where ∆τ is the additional stress required to move a dislocation, λ is the distance between obstacles, Q
is the activation energy for overcoming these obstacles. A lower dislocation density increases λ, which
increases ∆τ, thereby improving creep resistance. The influence of vacancies on dislocation movement
can be described by the Coble creep mechanism, where the diffusion of atoms from a vacancy in one
grain to another through grain boundaries reduces the stress on dislocations:

ϵ̇Coble =
Dv

b2
σ

RT
e−Qv/RT (313)

where ϵ̇Coble is the Coble creep rate, Dv is the vacancy diffusion coefficient, b is the Burgers vector, Qv

is the activation energy for vacancy diffusion. A lower vacancy concentration decreases Dv, thereby
reducing the Coble creep rate and enhancing the creep resistance of the material.

The selection and development of materials with low dislocation and vacancy contents are crucial
for enhancing their creep resistance. Mathematical models and equations such as the Power-Law Creep
Equation, the Peierls-Nabarro model, and the Coble creep equation provide a rigorous framework to
understand and quantify the influence of these defects on creep behavior. By managing dislocation
and vacancy densities, materials can be designed to resist creep deformation more effectively, making
them suitable for high-temperature applications where long-term durability is essential [115,116].

12. Creep Prevention in Superalloys
Creep prevention in superalloys is a critical area of material science that focuses on enhancing the

high-temperature strength and durability of materials used in demanding applications such as turbine
engines, nuclear reactors, and other components subjected to prolonged mechanical stress at elevated
temperatures. Superalloys are specifically designed alloys that exhibit exceptional creep resistance due
to their advanced microstructures and compositional features. The primary mechanisms contributing
to their enhanced creep resistance include solid solution strengthening, precipitation hardening, grain
boundary strengthening, and the presence of multiple phases. Each of these mechanisms plays a
crucial role in impeding dislocation movement, stabilizing the microstructure, and preventing the
degradation of mechanical properties over time. Some very good articles on this subject are Long
et.al. 2018 [113], Pollock and Sammy 2006 [106], Pollock and Argon 1992 [53], Suzuki et.al. 2015 [114],
Kakehi 2000 [54], Sun et.al. 2016 [55], Zhang et. al. 2003 [58], Zhang et. al. 2004 [56].

Solid solution strengthening is a foundational mechanism in the development of creep-resistant
superalloys. This method involves the addition of elements such as molybdenum, niobium, and
titanium into the base metal, which disrupts the regular atomic arrangement of the lattice. In alloys
like Inconel 625, molybdenum is added to form a solid solution that increases lattice friction and makes
it more difficult for dislocations to glide. These solute atoms create obstacles to dislocation motion by
interacting with the dislocations themselves, leading to an increase in lattice friction. Niobium in alloys
like Inconel 718 forms solid solutions that stabilize the γ′ phase, which is crucial for enhancing high-
temperature strength. The γ′ phase, a nickel-aluminum compound, forms ordered precipitates that
impede dislocation movement by acting as obstacles. These precipitates are coherent with the matrix
and exhibit excellent thermal stability, meaning they resist coarsening even under prolonged thermal
exposure. The alloy’s ability to retain these finely dispersed γ′ precipitates during thermal cycling is
vital for maintaining its creep resistance. The presence of these particles prevents dislocations from
bypassing them, ensuring that the material maintains its integrity under prolonged high-temperature
exposure. The precise control of alloying elements and the aging process are critical to optimize the
size and distribution of these precipitates, ensuring optimal creep resistance. For example, Inconel
718 is aged to develop γ′ precipitates, which enhance its strength without losing its ductility. The
aging process, involving specific temperature and time treatments, ensures the optimal formation of γ′

precipitates, which are crucial for improving the alloy’s resistance to creep. This process involves a
controlled precipitation hardening treatment that optimizes the dispersion of γ′ precipitates, which act
as barriers to dislocation movement, thereby enhancing the alloy’s creep resistance.

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 8 September 2025 doi:10.20944/preprints202412.1894.v3

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202412.1894.v3
http://creativecommons.org/licenses/by/4.0/


134 of 148

Precipitation hardening is another crucial mechanism in the design of superalloys, especially
for enhancing their creep resistance. The aging process in these alloys induces the formation of fine,
coherent precipitates within the matrix, which significantly strengthen the material. In Inconel 718,
the presence of niobium and aluminum leads to the formation of γ′ precipitates during aging. These
ordered nickel-aluminum precipitates block dislocation movement by creating a barrier that prevents
them from gliding through the matrix. The aging process in Inconel 718 stabilizes the γ′ precipitates,
making them more resistant to coarsening under thermal cycling. The formation of fine γ′ precipitates
is crucial for improving creep resistance. The size and distribution of these precipitates are tailored
through aging treatments, which involve precise control over temperature and time. These precipitates
not only increase the alloy’s strength but also enhance its thermal stability, ensuring it can endure high-
temperature exposure without losing its mechanical properties. The interaction between dislocations
and these precipitates is such that they effectively block dislocations, thereby preventing them from
moving through the crystal lattice. The control over aging processes is crucial for optimizing the
formation of γ′ precipitates, which is vital for maintaining the alloy’s strength under long-term thermal
exposure. The optimization of the aging treatment in Inconel 718 is achieved through controlled aging
at temperatures that promote the formation of finely dispersed γ′ precipitates, which are resistant
to coarsening and contribute significantly to the alloy’s creep resistance. These precipitates form
a complex, three-dimensional network that blocks dislocation movement, making the alloy highly
resistant to creep deformation under high temperatures.

Grain boundary strengthening is another essential mechanism that enhances the creep resistance
of superalloys. The integrity of grain boundaries is critical for maintaining the material’s strength
at high temperatures. Alloying elements such as boron, zirconium, and titanium are added to form
carbides and borides at grain boundaries. These particles pin the grain boundaries, making it more
difficult for dislocations to move across them. In alloys like Haynes 230, boron and titanium are
added to segregate at grain boundaries and form titanium-boride particles. These particles effectively
immobilize dislocations, preventing them from moving along the grain boundaries—a significant
creep mechanism at high temperatures. The presence of these grain boundary particles ensures the
alloy maintains its strength over time, particularly under cyclic thermal conditions. These carbides and
borides at grain boundaries serve as pinning points that prevent grain boundary sliding—a primary
mechanism of creep deformation at high temperatures. The formation of these pinning particles
significantly enhances the alloy’s creep resistance by preventing dislocations from migrating along the
grain boundaries, which is a critical feature for materials used in high-temperature applications. The
Hall-Petch relationship describes the relationship between grain size and strength, showing that the
yield strength increases with a reduction in grain size due to grain boundary strengthening:

σy = σ0 +
K√

d
(314)

where σy is the yield strength, σ0 is the frictional stress, K is a material constant, and d is the average
grain size. This equation quantitatively explains the role of grain boundaries in strengthening the alloy,
demonstrating the effectiveness of grain boundary strengthening in preventing creep deformation. The
segregation of elements such as boron and titanium at grain boundaries forms stable pinning phases
that prevent dislocations from moving across these boundaries, thereby enhancing the alloy’s creep
resistance. This segregation not only increases the diffusional path length for atoms but also stabilizes
the microstructure during thermal exposure, contributing significantly to the alloy’s long-term strength
and stability under high temperatures.

The presence of multiple phases in superalloys further contributes to their creep resistance.
Advanced superalloys, like PWA 1480, contain a complex microstructure with γ, γ′, and γ′′ phases.
The γ′′ phase, which is an ordered Ni3Nb phase, enhances the creep resistance by providing additional
obstacles to dislocation motion. These γ′′ precipitates act as barriers within the matrix, creating a more
complex microstructure that enhances the alloy’s high-temperature strength. The formation of these
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phases is controlled by alloy composition and heat treatment processes, which tailor the microstructure
to optimize the alloy’s creep resistance. The coherency strains introduced by γ′′ precipitates are
particularly effective at blocking dislocation movement, further stabilizing the microstructure during
thermal cycling. These precipitates provide additional resistance to dislocation motion, thereby
enhancing the creep strength of the superalloy, especially in applications requiring stable dimensional
stability under thermal cycling.

To further justify these mechanisms, mathematical models and equations are employed to describe
the creep behavior in superalloys. The Norton-Bailey creep law is one such model used to describe the
creep strain rate:

ϵ̇ = Aσn exp
(
− Q

RT

)
(315)

where ϵ̇ is the creep strain rate, σ is the applied stress, A is a material constant related to the creep
resistance, n is the stress exponent, Q is the activation energy for creep, R is the gas constant, and
T is the absolute temperature. This equation encapsulates the combined effects of solid solution
strengthening, precipitation hardening, and grain boundary strengthening. The stress exponent n
typically ranges from 3 to 5 for creep in superalloys, indicative of the dominant creep mechanisms
such as dislocation glide, dislocation climb, and grain boundary sliding. The activation energy Q
reflects the energy barriers associated with dislocation movement and the stability of γ′ precipitates.
The effectiveness of superalloy compositions in enhancing creep resistance can be quantitatively
described by these equations, providing a predictive tool for the development of new superalloys.
The Norton-Bailey model effectively combines the effects of all the mechanisms discussed, illustrating
how they contribute to the creep resistance of superalloys. These equations serve as a powerful tool
for predicting the performance of superalloys under various service conditions, providing valuable
insights into the development of advanced materials for high-temperature applications.

In conclusion, the prevention of creep in superalloys involves a complex interplay of mechanisms
such as solid solution strengthening, precipitation hardening, grain boundary strengthening, and
the presence of multiple phases. The precise control of alloy composition, microstructure, and heat
treatment processes is critical for the development of superalloys that maintain their mechanical
properties over extended periods at high temperatures. The ongoing research in this field aims to
further refine these mechanisms, enabling the development of new superalloys with even higher
creep resistance, improved thermal stability, and extended operational lifetimes. These advancements
are essential for high-performance applications in aerospace, power generation, and other industries
requiring materials that can operate under extreme conditions.

13. Famous Accidents
13.1. Big Dig tunnel ceiling collapse in Boston on July 2006

The catastrophic collapse of the Big Dig tunnel ceiling in Boston, Massachusetts, in July 2006, has
been attributed in significant part to the phenomenon of creep in the epoxy anchor adhesive used to
secure the ceiling panels [108]. This tragic failure underscores the critical importance of understanding
the time-dependent behavior of materials under sustained loads, particularly in safety-critical applica-
tions. Epoxy adhesives, while often chosen for their strong initial bonding properties and resistance
to environmental degradation, are inherently viscoelastic materials. This viscoelasticity means they
exhibit both elastic (recoverable) and viscous (time-dependent) deformation characteristics when sub-
jected to stress. Under sustained loads, such as the weight of ceiling panels in the Big Dig tunnel, creep
deformation can occur as the material undergoes gradual and irreversible elongation or deformation
over time. In the case of the Big Dig, the epoxy adhesive was used to anchor bolts that supported the
heavy concrete ceiling panels. Over time, and under the constant tensile load exerted by the weight of
these panels, the adhesive likely experienced progressive creep, which diminished its load-carrying
capacity. The viscoelastic nature of epoxy adhesives makes them particularly susceptible to creep
at elevated temperatures, even within ranges considered normal for the operational environment.
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However, even in the absence of significant temperature fluctuations, the prolonged application of
stress can lead to molecular reorganization within the adhesive, reducing its mechanical integrity. In
this instance, the adhesive’s gradual deformation under the sustained load may have resulted in the
bolts slipping or detaching entirely, thereby undermining the overall structural stability of the ceiling.
Compounding this issue is the possibility that the design and material selection did not fully account
for the long-term creep behavior of the adhesive under the specific loading conditions. This failure to
anticipate or mitigate creep may have been due to an underestimation of the stresses involved, a lack of
rigorous long-term testing of the adhesive under simulated conditions, or an overreliance on the initial
strength properties of the material without adequate consideration of its time-dependent degradation.
The collapse of the ceiling panels, tragically resulting in loss of life and severe damage, illustrates the
dire consequences of overlooking creep in the design and maintenance of critical infrastructure. This
event has since prompted greater scrutiny of material selection, design practices, and quality control in
construction projects, emphasizing the need for thorough testing and analysis of all materials used,
particularly those subjected to sustained loads in safety-critical applications. Furthermore, it highlights
the importance of incorporating redundancy and fail-safe mechanisms in structural designs to prevent
catastrophic failures even in the event of material degradation. The Big Dig incident serves as a
stark reminder of the complex interplay between material properties, environmental conditions, and
structural demands, emphasizing the necessity for rigorous engineering practices to ensure long-term
safety and reliability.

13.2. Collapse of the World Trade Center on September 11, 2001

The collapse of the World Trade Center, while primarily attributed to the significant reduction in
yield strength of structural materials at elevated temperatures, also involved the critical contribution
of creep deformation caused by the extreme thermal conditions during the event. The structural steel
within the towers was subjected to extraordinarily high temperatures due to the intense and sustained
fires following the impact of the airplanes. At these elevated temperatures, steel experiences a marked
decline in its ability to withstand stress, as the temperature-induced softening reduces its yield strength,
which is the stress level at which a material begins to deform plastically. Beyond this thermal softening,
creep became a critical factor under these conditions because the steel components were subjected
to both sustained mechanical loads from the weight of the building and the additional thermal
stress caused by the uneven heating. Creep in metals, including structural steel, is characterized
by time-dependent plastic deformation under constant stress, and its effects become pronounced at
high temperatures, particularly above approximately 0.4 times the material’s melting temperature
(in Kelvin). In the case of the World Trade Center, the extreme heat likely exceeded this threshold,
accelerating creep deformation. The steel beams and columns, which were essential to maintaining
the structural integrity of the towers, experienced gradual elongation and deformation due to creep.
This deformation compromised the load-bearing capacity of the steel elements, leading to progressive
failures within the structural framework. As the steel components deformed, the redistribution of
loads caused additional stresses on already weakened elements, creating a cascade effect that further
destabilized the structure. The combined effects of reduced yield strength and accelerated creep led to
significant deformations, particularly in the connections between beams and columns, which were
critical for structural stability. These deformations likely caused the misalignment of key load paths
and the failure of essential joints, which are critical points in the structural network that rely on precise
alignment and material strength to function effectively. As these elements failed under the combined
effects of creep and thermal softening, the structural system of the towers could no longer support
the immense gravitational forces of the upper floors. This ultimately led to the rapid and catastrophic
collapse of the towers. The role of creep in this scenario underscores the importance of considering
time-dependent deformation in the design and analysis of structures subjected to high-temperature
conditions, especially in situations involving fire or other extreme heat sources. It also highlights
the complex interplay between thermal effects, material behavior, and structural stability during
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high-temperature events, emphasizing the necessity for advanced modeling and simulation to predict
and mitigate such catastrophic failures in future designs [109].

14. Conclusions
This rigorous analysis of creep deformation integrates mechanistic insights and phenomenological

descriptions into a comprehensive framework. By coupling diffusion kinetics, dislocation motion,
and damage mechanics, the models presented herein provide a robust foundation for predicting and
mitigating time-dependent deformation.
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shaped our understanding of creep deformation.
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