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 A B S T R A C T

Unified Mechanics Theory (UMT) relates cumulative entropy production to material degradation through a 
thermodynamic state index (TSI) derived from Boltzmann’s entropy formula. Although TSI evolution does 
not require an empirically fitted law, the entropy-generation formulation remains material- and loading-
specific. Existing UMT high cycle fatigue (HCF) models, developed primarily for body-centered cubic steels, 
therefore require reformulation for face-centered cubic alloys. This study develops a UMT-based framework 
for conventional fully reversed HCF of FCC aluminum alloys. Localized cyclic irreversibility is represented by 
a two-scale microplastic region embedded in an elastic matrix. The defect-scale flow rule is reformulated using 
an Eyring-type relation without imposing an explicit fatigue threshold, and entropy production is calculated 
from cumulative microplastic dissipation. Using a literature-based parameter set, the predicted fatigue lives 
agree well with fully reversed HCF data for smooth cylindrical dog-bone specimens made of AA7075-T651 
aluminum alloy and tested at 0.5–10 Hz over a range of stress amplitudes. Additional calculations at various 
stress ratios 𝑅 assess the model’s numerical behavior and reveal rapid local shakedown associated with the 
present linear kinematic-hardening formulation. A secondary study of smooth flat dog-bone specimens uses 
a separate literature-based parameter set for the 𝑅 = −1 baseline and subsequently retains it for prediction 
at 𝑅 ≈ 0 without further adjustment. The predictions reproduce the experimental S–N trend but moderately 
overpredict fatigue life at 𝑅 ≈ 0, highlighting a remaining limitation under tensile mean stress. Alternative 
microstructural parameter evolution laws and coupled-sensitivity studies further assess parameter uncertainty 
and interactions.
1. Introduction

Reliable fatigue-life prediction and cumulative-damage assessment 
are central to aerospace design because structural components and ro-
tating machinery experience complex cyclic loading histories. Turbine 
blades and disks undergo low-cycle fatigue (LCF) during engine start-
up and shutdown, when substantial local cyclic plastic deformation 
may develop [1,2]. They also experience high-frequency vibratory 
loading caused by fluctuations in the turbine-driving gas flow, which 
can induce high cycle fatigue (HCF) at stresses below the macroscopic 
yield strength. Cracks may then initiate from microscopic defects and 
propagate to catastrophic failure with little warning [2–4]. Aircraft 
fuselages and wing-root regions, commonly made from high-strength 
aluminum alloys, are likewise subjected to cabin-pressurization and 
ground–air–ground cycles, promoting damage at rivet holes, fastener 
sites, and joints [5–7]. Accordingly, both LCF and HCF degradation 
mechanisms must be considered in aerospace fatigue design and life 
assessment.

E-mail address: hwlee@gs.ncku.edu.tw.

Conventionally, metallic fatigue life is predicted using strain-life re-
lations for LCF, such as the Coffin–Manson relation [8–10], and stress-
life relations for HCF, such as the Basquin equation [10,11], often com-
bined with Palmgren–Miner’s linear damage rule [12–15]. Although 
widely used, these approaches are empirical or semi-empirical be-
cause their coefficients are calibrated to experimental data. Continuum 
damage mechanics (CDM) models have also been extensively devel-
oped [16–18]. Despite their thermodynamically consistent constitutive 
basis, their degradation potentials and damage evolution laws are often 
phenomenological and still require empirical assumptions or calibra-
tion [10,19–21]. Consequently, both curve-fitted fatigue relations and 
phenomenological damage-evolution models may be case-dependent 
and unreliable when extrapolated across materials, frequencies, stress 
ratios, or environments. They may also struggle to represent differ-
ent initial damage states or coupled degradation mechanisms, such 
as corrosion-fatigue [22–24] and hydrogen-assisted fatigue [25–27], 
which require specialized multiphysics treatment.

In recent years, cumulative thermodynamic entropy production has 
emerged as a physics-based measure for quantifying fatigue-damage 
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accumulation and estimating remaining life [28–34]. Within this con-
text, Unified Mechanics Theory (UMT) [35–37] relates material degra-
dation to cumulative entropy production through a thermodynamic 
state index (TSI) derived from Boltzmann’s interpretation of entropy 
and disorder. The same entropy-based TSI evolution law is applied 
across different irreversible degradation processes, thereby avoiding 
the need to postulate a separate process-specific scalar degradation 
law for each application. This universality, however, applies to the 
TSI evolution law rather than to the complete constitutive formula-
tion within the model. Importantly, the entropy-generation equation 
remains material- and loading-specific and must represent the domi-
nant irreversible mechanisms of the problem under consideration. Its 
formulation may therefore still involve physical idealizations, phe-
nomenological or semi-empirical relations, and parameters obtained 
from experiments, literature, or calibration.

UMT has been applied under electrical [38], thermal [39,40], chem-
ical [41], and mechanical loading conditions [42–47], including ex-
perimentally validated fatigue-life and degradation studies. However, 
existing UMT formulations for metallic HCF were developed primarily 
for BCC steels and are not directly transferable to FCC aluminum alloys, 
which are widely used in aerospace structures. The earlier formulation 
imposed an explicit microscopic fatigue threshold below which no 
microplasticity or associated entropy production was predicted. This 
assumption is more compatible with BCC steels, where the compar-
atively high Peierls barrier increases lattice resistance to dislocation 
motion and may contribute to an apparent endurance limit. In contrast, 
FCC aluminum alloys generally exhibit lower lattice resistance, lack a 
distinct endurance limit, and may retain finite cyclic microplasticity 
at low stress amplitudes. The earlier model also represented frequency 
effects through an external frequency-ratio coefficient and assumed an 
already stabilized defect-scale hysteresis loop, without explicitly resolv-
ing time-dependent kinetics or the transition from the initial response 
to stabilization. These limitations motivate the present FCC formulation 
with thermally activated flow, no explicitly imposed fatigue threshold, 
and an evolving defect-scale response.

The objective of the present work is to formulate and numeri-
cally evaluate a revised two-scale microplasticity model for computing 
localized dissipation and the associated entropy production, and to 
assess its performance against available experimental data. The study 
focuses on room-temperature, constant-amplitude, conventional HCF of 
AA7075-T651 under fully reversed loading (𝑅 = −1). The principal 
contributions are: (i) an Eyring-type microplasticity model for defect-
scale slip without an explicit fatigue threshold; (ii) an explicitly derived, 
work-conjugate microplastic dissipation measure as the entropy source; 
(iii) an assessment of alternative bounded microstructural parameter 
evolution laws for the active micro-defect fraction and micro-kinematic 
hardening modulus; and (iv) a hierarchical cycle/block integration 
scheme for efficient computation of entropy accumulation over millions 
of loading cycles. The primary benchmark prediction uses smooth 
cylindrical dog-bone specimen data at 𝑅 = −1, while a secondary study 
of smooth flat dog-bone specimens compares predictions at 𝑅 = −1 and 
then evaluates performance at 𝑅 ≈ 0 without parameter recalibration. 
Additional simulations at specified stress ratios examine rapid local 
shakedown and discuss limitations of the present formulation. The 
model shows good agreement with the fully reversed data but overpre-
dicts fatigue life at 𝑅 ≈ 0, indicating that further development is needed 
to account for tensile mean-stress effects. Explicit PSB evolution, grain-
boundary cavities, manufacturing-defect geometry, probabilistic scat-
ter, and variable-amplitude loading with history dependence remain 
beyond the scope of the present mean-field framework.

The intended advantage of the UMT-based fatigue model is that, 
once the relevant entropy-generation formulation and the required 
kinetic, microstructural, and mechanical parameters are established for 
a given material, fatigue response can be evaluated using the same TSI 
evolution law without introducing a separate empirical degradation law 
for each case. In the present study, however, calculations beyond the 
2 
fully reversed condition are interpreted as assessments of numerical 
capability rather than validated transferability. Parameter sensitivity 
and interaction analyses, together with assessments of alternative laws 
governing microstructural parameter evolution, are used to quantify 
parameter effects and associated uncertainties.

2. Derivation of the entropy production model

To contextualize the proposed model, we first revisit the definition 
of the TSI within the UMT framework, then examine the entropy-
generation mechanisms underlying high cycle fatigue (HCF) in met-
als, and finally adapt the microplasticity-based entropy production 
framework previously developed for BCC metals to FCC metals [41–43].

2.1. The thermodynamic state index

In Boltzmann’s formulation [48,49], entropy is given by 
𝑆 = 𝑘𝐵 ln(𝑊 ), (1)

where 𝑆 is the macroscopic thermodynamic entropy, 𝑘𝐵 is the Boltz-
mann constant, and 𝑊  is the number of accessible microstates (i.e., the 
degree of disorder). Within the UMT framework, degradation is quan-
tified by a scalar thermodynamic state index (TSI), 𝜙 ∈ [0, 1), defined 
as a dimensionless measure of the degree of disorder relative to the 
initial reference state. Accordingly, 𝜙 also serves as a monotonically 
increasing indicator of accumulated irreversibility. The TSI is defined 
through the following entropy-based relation [35,36,38]: 

𝜙 =
𝑊 −𝑊0
𝑊

= 1 − exp
(

−𝐴𝜙 𝑠tot
)

, 𝐴𝜙 =
𝑀𝑠
 𝜌

, (2)

where 𝑊0 denotes the number of microstates in the initial reference 
state, 𝑊  denotes the number of microstates in the current disordered 
state, and 𝑠tot is the cumulative entropy production per unit bulk vol-
ume, with units of J K−1 m−3. Here, 𝑀𝑠 is the molar mass of the material 
(kgmol−1),  is the universal gas constant (8.314 Jmol−1 K−1), and 𝜌
is the mass density of the metal (kgm−3). Accordingly, the coefficient 
𝐴𝜙 is obtained directly from expressing Boltzmann entropy in terms of 
cumulative entropy production per unit bulk volume, ensuring that the 
product 𝐴𝜙𝑠tot is dimensionless. Eq.  (2) further implies that 𝜙 evolves 
monotonically with cumulative entropy production and approaches 
unity asymptotically as degradation progresses. When 𝑠tot is expressed 
as a function of the loading cycle number 𝑁 in fatigue problems, the 
TSI evolution can be written as 
𝜙(𝑁) = 1 − exp

(

−𝐴𝜙 𝑠tot (𝑁)
)

, (3)

where 𝑠tot (𝑁) denotes the cumulative entropy production per unit bulk 
volume accumulated up to cycle 𝑁 .

2.2. Entropy generation mechanisms in metals under high cycle fatigue

The evolution of the TSI in Eq.  (3) depends on the cumulative 
entropy production generated during HCF. Expressing the evolution 
of 𝜙 on a per-cycle basis requires the increment of total entropy 
production per unit bulk volume and per cycle, denoted by 𝛥𝑠tot (units: 
J K−1 m−3 cycle−1). For a block of 𝑁𝑏 cycles, the cumulative entropy 
production per unit bulk volume is updated as 
𝑠tot (𝑁 +𝑁𝑏) = 𝑠tot (𝑁) +𝑁𝑏 𝛥𝑠tot . (4)

For the irreversible processes considered here, the total entropy 
production per cycle may, in general, be decomposed into the following 
contributions [41–43]: 
𝛥𝑠tot = 𝛥𝑠conf + 𝛥𝑠vib + 𝛥𝑠vcd + 𝛥𝑠cond + 𝛥𝑠f ric + 𝛥𝑠𝜇pl, (5)

where 𝛥𝑠conf , 𝛥𝑠vib, and 𝛥𝑠vcd denote the atomic configurational, vi-
brational, and vacancy-diffusion-related contributions, respectively. On 
the other hand, 𝛥𝑠 , 𝛥𝑠 , and 𝛥𝑠  represent entropy generation 
cond fric 𝜇pl
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due to thermal conduction, internal friction associated with rapidly 
moving dislocations and phonon drag, and microplastic dissipation, 
respectively [42,43,50]. Among these irreversible mechanisms, mi-
croplastic dissipation and internal friction can generate heat and may 
therefore contribute to temperature evolution, whereas 𝛥𝑠cond is as-
sociated with entropy production during heat transport through tem-
perature gradients. By contrast, 𝛥𝑠conf , 𝛥𝑠vib, and 𝛥𝑠vcd are primarily 
associated with irreversible changes in the internal material state and 
do not necessarily produce an observable macroscopic temperature rise.

Previous UMT studies of metallic fatigue have shown that the 
configurational, vibrational, and vacancy-diffusion contributions are 
several orders of magnitude smaller than the dominant mechanical-
dissipation contributions under comparable conditions [41–43]. For the 
conventional HCF regime examined here, the loading frequencies are 
limited to 0.5–10 Hz, where the response is predominantly thermoelas-
tic and significant self-heating or thermal gradients are not typically 
observed [42,51–53]. By contrast, frequency-induced heating, rapid 
dislocation motion, and phonon drag may become more important un-
der ultrasonic fatigue conditions [43,53]. The total entropy production 
per cycle is therefore approximated by the microplastic contribution: 
𝛥𝑠tot ≈ 𝛥𝑠𝜇pl. (6)

Accordingly, 𝛥𝑠𝜇pl governs the TSI evolution and associated HCF dam-
age accumulation. The omission of the remaining contributions is 
treated as a regime-specific approximation for the conditions consid-
ered here.

2.3. Two-scale microplasticity framework and entropy computation

In the HCF/VHCF regimes, the macroscopic response remains nomi-
nally elastic, while irreversible cyclic deformation is confined to highly 
localized microstructural regions [54–58]. Microplasticity may nu-
cleate near stress concentrators or strain-localization sites, including 
microvoids, nonmetallic inclusions, grain boundaries, persistent slip 
bands (PSBs), and PSB-associated surface intrusions and extrusions, 
where small regions of the surrounding matrix undergo cyclic micro-
yielding [54,56,58–60]. In FCC metals, this deformation commonly 
develops through PSBs formed by progressive dislocation localiza-
tion and rearrangement on favorably oriented slip planes. The re-
sulting intrusions and extrusions intensify local stress and strain con-
centrations and promote early crystallographic crack initiation [54,
61,62]. In BCC metals, cyclic microplasticity is more closely associ-
ated with screw-dislocation glide, frequent cross-slip, and heteroge-
neous dislocation-substructure evolution, with local stresses arising 
from cross-slip-mediated rearrangement, dislocation pile-ups, and in-
compatibility [59,63,64]. Rather than explicitly resolving individual 
stress concentrators or slip systems, the present two-scale model ho-
mogenizes the material into a mean-field continuum comprising an 
elastic matrix and an active microplastic defect phase [42,43,65–67], 
as illustrated in Fig.  1. Here, 𝑓𝑣 denotes the active micro-defect volume 
fraction, defined as the volume fraction of the active microplastic defect 
phase within the representative volume element (RVE) and bounded by 
0 < 𝑓𝑣,0 ≤ 𝑓𝑣 ≤ 𝑓sat < 1.

Because the thermodynamic state index (𝜙) represents macroscopic 
bulk degradation, the microplastic work density accumulated per cycle 
must be volume-averaged. In the two-phase mean-field framework, the 
bulk work density 𝑊 bulk

𝜇pl  (units: Jm−3 per cycle) is the volume-weighted 
sum of the constituent contributions: 
𝑊 bulk
𝜇pl = 𝑓𝑣𝑊

def
𝜇pl + (1 − 𝑓𝑣)𝑊 matrix

𝜇pl , (7)

where 𝑊 def
𝜇pl  and 𝑊 matrix

𝜇pl  are the microplastic work densities dissipated 
in the defect phase and surrounding matrix, respectively. Under the 
HCF conditions considered here, the matrix remains macroscopically 
elastic, such that 𝑊 matrix

𝜇pl = 0. The bulk dissipation is therefore governed 
entirely by the localized defect zones, and Eq.  (7) reduces to 
𝑊 bulk = 𝑓 𝑊 def . (8)
𝜇pl 𝑣 𝜇pl

3 
The defect phase is a localized yielding subdomain of the base matrix 
and therefore shares the same macroscopic elastic moduli (𝐸, 𝜇). This 
motivates the use of a Kröner-type inclusion formulation [68–70]. 
Under the applied macroscopic stress tensor 𝜮 (units: MPa), the total 
macroscopic strain tensor 𝑬 is decomposed as 
𝑬 = S ∶ 𝜮 + 𝑓𝑣 𝝐𝜇𝑝 , (9)

where S is the fourth-order elastic compliance tensor and 𝝐𝜇𝑝  is the mi-
croplastic strain tensor confined to the defect phase. The corresponding 
micro-stress is 
𝝈𝜇 = 𝜮 − 2𝜇(1 − 𝛽)(1 − 𝑓𝑣) 𝝐𝜇𝑝 , (10)

where 𝜇 is the shear modulus and 𝛽 is the Eshelby elastic accommoda-
tion factor determined by Poisson’s ratio 𝜈. The factor 𝛽 represents the 
elastic restraint imposed by the surrounding matrix and governs how 
localized microplastic strain modifies the micro-stress relative to the 
applied macroscopic stress.

In the earlier BCC-based formulation, the cumulative entropy pro-
duction associated with localized microplastic dissipation up to cycle 
𝑁 was expressed in the time domain as [42–44] 

𝑠𝜇pl(𝑁) = ∫

𝑡𝑁

𝑡0

1
𝑇 (𝑡)

𝑊̇ bulk
𝜇pl (𝑡) d𝑡 = 𝛹𝑓 ∫

𝑡𝑁

𝑡0

1
𝑇 (𝑡)

𝜙𝑓𝑣 𝝈𝜇 ∶ 𝝐̇𝜇𝑝 d𝑡. (11)

Here, 𝑡0 and 𝑡𝑁  correspond to cycle counts 0 and 𝑁 , respectively, and 
𝑊̇ bulk
𝜇pl = 𝜙𝑓𝑣𝑊̇ def

𝜇pl , with 𝑊̇ def
𝜇pl = 𝝈𝜇 ∶ 𝝐̇𝜇𝑝 . The factor 𝜙𝑓𝑣 represents the 

degradation-dependent active fraction of the defect phase, 𝑇 (𝑡) is the in-
stantaneous absolute temperature (units: K), and 𝛹𝑓  is a dimensionless 
correction factor introduced in earlier BCC-based ultrasonic-fatigue for-
mulations to account for the frequency dependence of screw-dislocation 
cross-slip. For conventional HCF, 𝛹𝑓  may be taken as unity.

Although Eq.  (11) accommodates general time-dependent loading 
histories within the earlier framework, explicit integration over mil-
lions of HCF cycles is computationally impractical. Under steady peri-
odic loading without significant global self-heating, the entropy incre-
ment per cycle can be expressed as the following closed-cycle contour 
integral in micro-stress-microplastic-strain space: 

𝛥𝑠𝜇pl =
1
𝑇
𝛹𝑓 𝜙𝑓𝑣 ∮ 𝝈𝜇 ∶ d𝝐𝜇𝑝 . (12)

The contour integral gives the defect-phase microplastic energy dis-
sipated per cycle, while 𝜙𝑓𝑣 converts it to the corresponding bulk-
averaged contribution. In the numerical implementation, stresses in 
MPa are converted using 1MPa = 106 Jm−3, ensuring that the dissipa-
tion is expressed as energy per unit volume. In the FCC formulation 
developed below, the degradation-dependent active-volume scaling is 
replaced by an explicitly bounded evolution law for 𝑓𝑣(𝜙), such that 
𝑊 bulk
𝜇pl = 𝑓𝑣(𝜙)𝑊 def

𝜇pl .

2.4. Limitations of the earlier microplastic entropy formulation

Although the earlier microplastic entropy formulation provided an 
efficient framework for HCF life prediction in BCC metals, its extension 
to FCC materials requires several assumptions to be reconsidered:

1. Dependence on a distinct micro-yielding threshold. The previous 
model activated microplasticity only when the applied stress 
amplitude exceeded a prescribed fatigue limit or micro-yielding 
stress 𝜎𝜇𝑦 . Although suitable for many BCC steels, this assumption 
is less appropriate for FCC metals such as aluminum alloys, in 
which small but nonzero microplastic strain may accumulate at 
low amplitudes and a strict endurance limit is generally absent.

2. Need for a more general description of rate and thermal effects. The 
earlier formulation introduced an extrinsic frequency coefficient, 
𝛹𝑓 , to represent the inverse relation between screw-dislocation 
cross-slip probability and loading frequency in BCC metals. This 
correction cannot be directly transferred to FCC metals, where 
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Fig. 1. Schematic diagram of the two-scale microplasticity model.
localized cyclic microplasticity is not governed by the same 
cross-slip mechanism. Moreover, 𝛹𝑓  does not explicitly represent 
the effects of temperature, strain rate, activation energy, or 
activation volume on microplastic slip.

3. Assumption of cycle-invariant defect-scale hysteresis. The earlier 
formulation assumed that the hysteresis loop at each defect 
site remained stabilized at a given stress amplitude, while only 
the active micro-defect fraction evolved with the thermody-
namic state index, 𝜙. Treating the localized microplastic work 
density, 𝑊 def

𝜇pl , as cycle-invariant therefore neglected possible 
hysteresis evolution caused by progressive microstructural re-
arrangement and degradation, limiting the coupling between 
mechanical dissipation and the evolving internal state.

2.5. Proposed microplasticity model for FCC metals

To extend the framework to FCC metals, the revised model em-
ploys an Eyring-type thermally activated flow law [71,72] without an 
explicitly imposed micro-yielding threshold. The active micro-defect 
fraction, 𝑓𝑣, and micro-kinematic hardening modulus, ℎ, are governed 
by bounded evolution laws defined by their initial and saturation values 
and corresponding shape parameters. The model therefore represents 
rate-dependent localized slip that can persist even at very low stress 
amplitudes, together with the evolution of active micro-defect regions 
and defect-scale kinematic resistance as fatigue degradation progresses.

2.5.1. Evolution of the active micro-defect fraction
Within the proposed two-scale framework, the active micro-defect 

fraction 𝑓𝑣 evolves with the thermodynamic degradation state 𝜙, rep-
resenting the progressive multiplication and spatial broadening of lo-
calized cyclic-slip regions in favorably oriented grains. Its evolution is 
expressed by the bounded mapping 
𝑓𝑣(𝜙) = 𝑓𝑣,0 +

(

𝑓sat − 𝑓𝑣,0
)

𝑔𝑣(𝜙), (13)

where 𝑓𝑣,0 and 𝑓sat denote the initial and saturated active micro-defect 
fractions, respectively. The transition function satisfies 𝑔𝑣(0) = 0 and 
𝑔𝑣(1) = 1. The benchmark adopts the power form 𝑔𝑣(𝜙) = 𝜙𝑎fv , with 
𝑎fv = 1. To evaluate sensitivity to the assumed transition shape, two 
bounded alternatives with the same endpoints are considered. The 
normalized-exponential form 𝑔𝑣(𝜙) = (1 − 𝑒−𝑘𝜙)∕(1 − 𝑒−𝑘), using the 
representative value 𝑘 = 4, concentrates most of the increase in 𝑓𝑣 at 
low 𝜙 before gradually approaching saturation, whereas the smoothstep 
form 𝑔𝑣(𝜙) = 3𝜙2 − 2𝜙3 evolves most rapidly at intermediate 𝜙. 
Nevertheless, experimental measurements of active-slip or persistent-
slip-band fractions are required to identify the appropriate transition 
law and its shape parameter.
4 
2.5.2. Microplastic driving force and kinematic hardening
To represent the internal resistance from localized dislocation inter-

actions within the defect phase, the backstress tensor 𝜶 is introduced 
through a simplified linear kinematic-hardening relation: 𝜶 = 2

3ℎ 𝝐
𝜇
𝑝 ,

where ℎ is the micro-kinematic hardening modulus (units: MPa) [73,
74]. The effective driving tensor for microplastic flow is defined as the 
difference between the deviatoric micro-stress, 𝒔𝜇 = dev(𝝈𝜇), and the 
backstress. Substitution of Eq.  (10) gives [42,68,70] 

𝐀 = 𝒔𝜇 − 𝜶 = dev(𝜮) −
[

2𝜇(1 − 𝛽)(1 − 𝑓𝑣) +
2
3
ℎ
]

𝝐𝜇𝑝 . (14)

Eq.  (14) represents the instantaneous defect-scale resistance to local-
ized slip, with the backstress generated by accumulated microplas-
tic strain opposing the driving force 𝐀. Many cyclically loaded FCC 
metals also exhibit progressive softening or reduced hardening capac-
ity due to dislocation rearrangement, slip localization, and persistent 
slip-structure development [75,76]. Depending on the material state 
and loading conditions, these evolving structures may appear as PSB 
ladders, wall–channel arrangements, or cellular substructures [77–79].

To represent this long-term evolution in reduced form, the present 
model assumes that the micro-kinematic hardening modulus decreases 
with increasing thermodynamic degradation. Accordingly, ℎ evolves as
ℎ(𝜙) = ℎ0 +

(

ℎsat − ℎ0
)

𝑔ℎ(𝜙), (15)

where ℎ0 and ℎsat are the initial and saturated micro-kinematic harden-
ing moduli, respectively, and 𝑔ℎ(𝜙) follows the bounded transition func-
tions introduced above. The AA7075-T651 benchmark uses ℎsat < ℎ0 to 
represent progressive cyclic softening. This reduction is physically asso-
ciated with repeated dislocation interactions during cyclic slip localiza-
tion, including cross-slip, annihilation, and the development of dipolar 
or wall-like structures within persistent slip bands. These dissipative 
rearrangement processes reduce the defect-scale resistance to subse-
quent slip while contributing to thermodynamic disorder and entropy 
production. Setting ℎsat = ℎ0 gives a constant micro-kinematic harden-
ing modulus, whereas ℎsat > ℎ0 permits an increasing micro-kinematic 
hardening modulus for materials exhibiting cyclic hardening; these 
cases require validation against corresponding cyclic-response data.

2.5.3. Thermally activated flow law and crystallographic bridge
FCC plastic deformation occurs through crystallographic slip on 

{111}⟨110⟩ systems, but the present mean-field model does not resolve 
individual slip systems. Instead, the continuum defect-scale driving 
tensor is represented by the invariant measure 

√

3∕2‖𝐀‖ and projected 
onto representative FCC slip systems using an effective Schmid factor 
𝑚̄. The effective resolved shear stress is therefore 

𝜏 = 𝑚̄
√

3
‖𝐀‖, (16)
eff 2
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where ‖ ⋅ ‖ denotes the Frobenius norm.
Microplastic flow follows Eyring-type thermally activated kinet-

ics [80–82]: 

𝛾̇ = 𝛾̇0 exp
(

−
𝛥𝐹0
𝑘𝐵𝑇

)

sinh
(

𝑉act 𝜏eff
𝑘𝐵𝑇

)

, (17)

where 𝛾̇0 is the reference shear-rate prefactor, 𝛥𝐹0 is the activation 
energy, 𝑉act is the activation volume, and 𝑘𝐵 is Boltzmann’s constant. A 
key feature of the FCC formulation is that 𝜏eff  contains no subtractive 
threshold stress. This reflects the comparatively low lattice friction of 
FCC crystals, allowing localized microplastic slip to vary smoothly with 
stress even at small nonzero amplitudes, consistent with the absence 
of a distinct endurance limit in many FCC systems. In contrast, the 
non-planar screw-dislocation cores in BCC crystals produce a significant 
Peierls barrier [83–86]. BCC formulations therefore often introduce 
a threshold resistance 𝜏𝜇 and define an effective overstress such as 
⟨𝜏eff − 𝜏𝜇⟩. The present formulation therefore represents rate depen-
dence directly through thermally activated kinetics without imposing 
an explicit micro-yielding threshold [41–44].

Eq.  (17) also provides a constitutive interpretation of loading-
frequency effects. At fixed stress amplitude and temperature, increasing 
the frequency shortens the loading period and therefore reduces the 
thermally activated slip accumulated per cycle. Differences in lattice 
resistance, dislocation-core structure, activation energy, and activa-
tion volume can consequently produce material-dependent frequency 
responses in BCC and FCC metals. In the present FCC formulation, 
frequency enters through the time integration of the Eyring flow rate, 
replacing the scalar frequency correction used in earlier BCC-oriented 
formulations.

2.5.4. Strain update and second-law consistency
To derive the microplastic strain update and entropy production 

consistently with the second law, the following assumptions are
adopted: (1) the surrounding matrix remains elastic, and dissipation 
is confined to the defect phase; (2) the macroscopic stress 𝜮 enters 
through the localization relations for 𝝈𝜇 and 𝐀, with the bulk-averaged 
dissipation rate given by 𝑓𝑣𝜇 , where 𝜇 is the local mechanical dissi-
pation rate per unit active micro-defect volume; and (3) the response is 
isothermal and infinitesimal-strain. The general case with evolving ℎ is 
derived first and then specialized to the stabilized-cycle solve, during 
which ℎ is fixed.

The defect-scale strain is additively decomposed as 
𝝐𝜇 = 𝝐𝜇𝑒 + 𝝐𝜇𝑝 . (18)

For the adopted linear backstress relation, the hardening internal vari-
able is taken as the microplastic strain, 𝝃 = 𝝐𝜇𝑝 . The Helmholtz free-
energy density per unit active micro-defect volume is postulated as 

𝜓𝜇 = 1
2
𝝐𝜇𝑒 ∶ C ∶ 𝝐𝜇𝑒 +

1
3
ℎ 𝝃 ∶ 𝝃. (19)

With 𝜖𝜇𝑝 =
√

(2∕3)𝝐𝜇𝑝 ∶ 𝝐𝜇𝑝 , the kinematic contribution becomes 𝜓𝜇𝑘 =
(1∕2)ℎ(𝜖𝜇𝑝 )2. The associated stress and backstress are 

𝝈𝜇 =
𝜕𝜓𝜇

𝜕𝝐𝜇𝑒
= C ∶ 𝝐𝜇𝑒 , 𝜶 =

𝜕𝜓𝜇𝑘
𝜕𝝃

= 2
3
ℎ𝝃 = 2

3
ℎ𝝐𝜇𝑝 . (20)

Under isothermal conditions without thermal gradients, the local
Clausius–Duhem inequality reduces to 
𝜇 = 𝝈𝜇 ∶ 𝝐̇𝜇 − 𝜓̇𝜇 ≥ 0. (21)

Allowing ℎ to evolve and using Eqs. (18)–(20) gives

𝜇 = 𝝈𝜇 ∶ 𝝐̇𝜇𝑝 − 𝜶 ∶ 𝝐̇𝜇𝑝 −
1
3
ℎ̇ 𝝐𝜇𝑝 ∶ 𝝐𝜇𝑝

= 𝐀 ∶ 𝝐̇𝜇𝑝 −
1
3
ℎ̇ 𝝐𝜇𝑝 ∶ 𝝐𝜇𝑝 ≥ 0, (22)
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where 𝐀 = 𝒔𝜇 −𝜶. Microplastic incompressibility, tr(𝝐̇𝜇𝑝 ) = 0, eliminates 
hydrostatic stress work. Thus, 𝐀 is work-conjugate to microplastic flow, 
while the second term represents the energetic contribution from the 
evolution of ℎ.

During each stabilized-cycle solve, ℎ is fixed, so Eq.  (22) reduces to
𝜇 = 𝐀 ∶ 𝝐̇𝜇𝑝 . (23)

To bridge the continuum defect response and crystallographic slip, their 
work increments are equated: 
𝐀 ∶ 𝛥𝝐𝜇𝑝 = 𝜏eff𝛥𝛾, (24)

where 𝛥𝛾 = 𝛾̇𝛥𝑡 and 𝜏eff = 𝑚̄
√

3∕2‖𝐀‖. Assuming that the microplastic 
strain increment is aligned with 𝐀 gives 

𝛥𝝐𝜇𝑝 = 𝑚̄
√

3
2
𝛥𝛾 𝐀

‖𝐀‖
, ‖𝐀‖ > 0, (25)

with 𝛥𝝐𝜇𝑝 = 𝟎 at 𝐀 = 𝟎. Because the Eyring relation gives 𝛥𝛾 ≥ 0, this 
update satisfies 𝐀 ∶ 𝛥𝝐𝜇𝑝 = 𝜏eff𝛥𝛾 ≥ 0. The defect-scale microplastic 
work dissipated per cycle and corresponding bulk entropy increment 
are therefore 

𝑊 def
𝜇pl = ∮ 𝐀 ∶ d𝝐𝜇𝑝 = ∮ 𝜏eff d𝛾 ≥ 0, 𝛥𝑠𝜇pl =

𝑓𝑣𝑊 def
𝜇pl

𝑇
≥ 0. (26)

For a closed stabilized cycle with fixed ℎ, ∮ 𝜶 ∶ d𝝐𝜇𝑝 = 𝛥𝜓𝜇𝑘 = 0, 
so ∮ 𝒔𝜇 ∶ d𝝐𝜇𝑝 = 𝑊 def

𝜇pl . In the present HCF calculations, the separate 
dissipation contribution associated with the evolution of ℎ is treated as 
negligible because the microplastic strain remains small and ℎ evolves 
gradually. The updated value of ℎ nevertheless modifies 𝜶 and 𝐀, 
thereby affecting subsequent microplastic-flow dissipation.

3. Numerical model implementation

3.1. Computation scheme for microplasticity entropy and TSI evolution

To simulate the extreme cycle counts of the HCF and VHCF regimes, 
a hierarchical cycle/block integration scheme integrates the intra-cycle 
microplastic response and advances the global degradation state over 
adaptive macroscopic blocks 𝑁𝑏:
1. Initialize the global variables and defect-scale tensors:

𝑁 = 0, 𝑠tot = 0, 𝜙 = 𝜙0 = 0, 𝝐𝜇𝑝 = 𝟎, 𝜶 = 𝟎.

2. For a prescribed macroscopic stress amplitude 𝜮𝑎, mean stress 𝜮𝑚, 
and frequency 𝑓 , discretize the loading period into 𝑛 increments.
When the loading condition is prescribed by the maximum stress 
and stress ratio,

𝛴𝑎 =
1 − 𝑅
2

𝛴max, 𝛴𝑚 = 1 + 𝑅
2

𝛴max.

The loading history is
𝜮(𝑡) = 𝜮𝑚 +𝜮𝑎 sin(2𝜋𝑓𝑡),

yielding the discrete sequence {𝜮𝑖}𝑛+1𝑖=1 .
3. At the start of block 𝑘, update the state-dependent parameters using 

𝜙𝑘 and hold them fixed over the block:
𝑓𝑣,𝑘 = 𝑓𝑣,0 +

(

𝑓sat − 𝑓𝑣,0
)

𝜙𝑎fv𝑘 , ℎ𝑘 = ℎ0 −
(

ℎ0 − ℎsat
)

𝜙𝑎ℎ𝑘 .

4. Integrate the microplastic response over the 𝑛 increments of duration 
𝛥𝑡 until the cyclic microplastic work stabilizes. For each increment 
𝑖 → 𝑖 + 1:
(a) Evaluate the midpoint macroscopic stress:

𝜮mid =
1
2
(

𝜮𝑖 +𝜮𝑖+1
)

.

(b) Compute the defect-scale driving tensor:

𝐀 = dev
(

𝜮
)

−
[

2𝜇(1 − 𝛽)(1 − 𝑓 ) + 2ℎ
]

𝝐𝜇 .
mid 𝑣,𝑘 3 𝑘 𝑝,𝑖
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(c) Evaluate the effective resolved shear stress:

𝜏eff = 𝑚̄
√

3
2
‖𝐀‖.

(d) Compute the crystallographic slip increment and update the 
microplastic strain:

𝛥𝝐𝜇𝑝 = 𝛾̇(𝜏eff )𝛥𝑡

(

𝑚̄
√

3
2

)

𝐀
‖𝐀‖

, 𝝐𝜇𝑝,𝑖+1 = 𝝐𝜇𝑝,𝑖 + 𝛥𝝐
𝜇
𝑝 .

(e) Accumulate the work-conjugate defect-scale dissipation over 
the stabilized cycle:

𝑊 def
𝜇pl =

𝑛
∑

𝑖=1
𝐀𝑖 ∶ 𝛥𝝐

𝜇
𝑝,𝑖 =

𝑛
∑

𝑖=1
𝜏eff ,𝑖𝛥𝛾𝑖 ≥ 0.

5. Evaluate the cyclic microplastic work and entropy production:

𝑊 bulk
𝜇pl = 𝑓𝑣,𝑘𝑊

def
𝜇pl , 𝛥𝑠tot =

𝑓𝑣,𝑘𝑊 def
𝜇pl

𝑇
.

Determine an adaptive block size 𝑁𝑏 from the target resolutions 
𝛥𝜙target and 𝛥𝑓𝑣,target . The instantaneous evolution rates are
𝑑𝜙
𝑑𝑁

= 𝐴𝜙(1 − 𝜙)𝛥𝑠tot ,
𝑑𝑓𝑣
𝑑𝑁

=
(

𝑓sat − 𝑓𝑣,0
) 𝑑𝑔𝑣
𝑑𝜙

𝑑𝜙
𝑑𝑁

.

For the benchmark power law, 𝑑𝑔𝑣∕𝑑𝜙 = 𝑎fv𝜙𝑎fv−1. The correspond-
ing candidate block sizes are

𝑁𝑏,𝜙 =
min

(

𝛥𝜙target , 𝜙cr − 𝜙
)

𝑑𝜙∕𝑑𝑁
, 𝑁𝑏,𝑓𝑣 =

𝛥𝑓𝑣,target
𝑑𝑓𝑣∕𝑑𝑁

.

The candidate block size is
𝑁𝑏,candidate = max

[

1,
⌊

min
(

𝑁𝑏,𝜙, 𝑁𝑏,𝑓𝑣 , 𝑁𝑏,max

)⌋]

.

Near failure,

𝑁𝑏,fail =
⌈

𝑠cr − 𝑠tot
𝛥𝑠tot

⌉

, 𝑁𝑏 = min
(

𝑁𝑏,candidate, 𝑁𝑏,fail
)

.

This records failure at the first integer cycle reaching 𝑠cr , with a 
crossing error below one equivalent cycle.

6. Advance the global state over the selected block:
𝑠tot ← 𝑠tot +𝑁𝑏𝛥𝑠tot , 𝑁 ← 𝑁 +𝑁𝑏, 𝜙 = 1 − exp

(

−𝐴𝜙𝑠tot
)

.

7. Repeat Steps 3–6 until
𝜙 ≥ 𝜙cr ,

and record 𝑁 as the predicted fatigue life.
The accelerated block scheme is most appropriate for fully reversed 

loading, where the local response rapidly approaches a periodic loop 
without sustained mean-strain drift. It also applies when the initial 
transient response under mean stress is brief and local ratcheting 
rapidly decays to a stabilized cycle. However, progressive long-term 
ratcheting would require a history-carrying cycle-by-cycle solver. The 
computational scheme is summarized in Fig.  2.

3.2. Inputs for the numerical model

The proposed microplasticity entropy model requires prescribed 
loading conditions, material constants, theoretically derived quantities, 
literature-based kinetic parameters, and parameters associated with 
assumed microstructural parameter evolution laws. Their identification 
strategy is summarized in Table  1, while Section 4.1 provides the values 
used in the benchmark study.

The loading variables (𝑇 ,𝛴𝑎, 𝛴𝑚, 𝑅, 𝑓 ) are prescribed by the test 
conditions, while 𝐸, 𝜈, 𝜌, 𝑀𝑠, and the universal gas constant  are 
obtained from standard material data or fundamental constants. Here, 
𝑅 denotes the stress ratio.
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Table 1
Summary of model parameters and their identification strategy, ordered by 
direct identifiability.
 Parameter group Source and identification strategy  
 𝑇 ,𝛴𝑎 , 𝛴𝑚 , 𝑅, 𝑓 Prescribed loading conditions and thermal 

environment.
 

 𝐸, 𝜈, 𝜌,𝑀𝑠 , Standard material databases, alloy composition, 
direct measurement, or fundamental constants.

 

 𝛽, 𝑚̄ Theoretical estimates derived from inclusion theory 
and FCC crystallographic considerations.

 

 𝛥𝐹0 , 𝑉act , 𝛾̇0 Selected from literature-reported 
dislocation-kinetics ranges or estimated from 
independent rate-sensitivity data. The resulting 
baseline set is held fixed for subsequent forward 
calculations.

 

 𝑓𝑣,0 , 𝑓sat Microstructural estimates based on the initial 
inclusion or microporosity volume fraction and the 
admissible fraction of slip-active grains.

 

 𝑎fv , 𝑎ℎ , ℎ0 , ℎsat Parameters of the assumed microstructural 
parameter evolution laws, selected with reference 
to cyclic deformation characteristics and examined 
through sensitivity analysis.

 

 𝜙cr Critical thermodynamic state index associated with 
final fracture and examined through sensitivity 
analysis.

 

The Eshelby elastic accommodation factor 𝛽 is determined from 
inclusion theory [68,87] for a spherical defect embedded in an isotropic 
elastic matrix: 
𝛽 =

2(4 − 5𝜈)
15(1 − 𝜈)

. (27)

Within the two-scale localization relation, 𝛽 enters through 2𝜇(1 −
𝛽)(1−𝑓𝑣) and quantifies the elastic constraint imposed by the surround-
ing matrix on the localized microplastic strain. The isotropic elastic ide-
alization is adopted because the bulk response remains nominally elas-
tic under HCF, while the local microplastic response is governed sep-
arately by the orientation factor, Eyring kinetics, and micro-kinematic 
hardening modulus.

The effective Schmid factor 𝑚̄ is selected from FCC crystallographic 
considerations [88]. The parameters 𝛥𝐹0, 𝑉act , and 𝛾̇0 are treated as 
effective room-temperature quantities and selected from literature-
reported ranges for dislocation-glide kinetics or estimated from inde-
pendent rate-sensitivity data [81,82]. The reference shear-rate prefac-
tor may be estimated from the Orowan-type relation [80,88] 
𝛾̇0 = 𝜌𝑚𝑏

2𝜈𝐷, (28)

where 𝜌𝑚 is the mobile dislocation density, 𝑏 is the magnitude of the 
Burgers vector, and 𝜈𝐷 is the Debye attempt frequency.

The remaining parameters governing defect evolution and the final-
state criterion, namely 𝑓𝑣,0, 𝑓sat , 𝑎fv, 𝑎ℎ, ℎ0, ℎsat , and 𝜙cr , are less 
directly identifiable and are therefore estimated from microstructural 
considerations, inferred from cyclic response characteristics, or in-
troduced as benchmark assumptions to be examined later through 
sensitivity analysis in Section 4.4.

It should be noted that the literature-based parameter set adopted 
for the cylindrical 𝑅 = −1 benchmark was applied across all benchmark 
stress amplitudes in Section 4.1 and retained for the prescribed stress-
ratio scenarios in Section 4.2, without pointwise or condition-specific 
refitting. For the smooth flat dog-bone specimen assessment in Sec-
tion 4.3, a corresponding literature-based parameter set was adopted 
for the plate 𝑅 = −1 cases and subsequently retained for prediction of 
the 𝑅 ≈ 0 results.

4. Numerical results and discussion

The numerical assessment uses AA7075-T651 as a benchmark for 
FCC alloys. The material properties and loading conditions for the fully 
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Fig. 2. Computational scheme of the UMT-based two-scale microplasticity model.
reversed smooth cylindrical dog-bone benchmark are introduced first, 
followed by the simulation parameter set and the predicted defect-scale 
hysteresis, evolution of the microstructural state variables, entropy 
production, and fatigue lives. Additional stress-ratio scenarios examine 
the model’s numerical capability, while comparisons with smooth flat 
dog-bone experiments at 𝑅 = −1 and 𝑅 ≈ 0 identify the present 
limitations under non-fully reversed loading. Parameter sensitivity and 
interaction, alternative microstructural parameter evolution laws, and 
validation limits are then discussed.

4.1. Benchmark simulation of fully reversed HCF in smooth cylindrical 
dog-bone specimens

4.1.1. Benchmark experiments and directly adopted inputs
The primary benchmark adopts the fully reversed uniaxial fatigue 

experiments on AA7075-T651 reported by Zhao and Jiang [89]. The 
tests used smooth cylindrical dog-bone specimens in room-temperature 
air. The material contains equiaxed grains of approximately 10–40 μm
and hard constituent particles of Cr2Mg3Al18 and (Fe,Mn)Al6 [89]. 
Table  2 summarizes the material properties and prescribed loading 
conditions, while Table  3 lists the exact stress-amplitude and loading-
frequency pairs. The benchmark is treated within the HCF framework 
because the specimens remain predominantly nominally elastic. How-
ever, the highest-amplitude cases, with lives near 103 cycles and stresses 
close to macroscopic yielding, are more appropriately regarded as lying 
within the LCF–HCF transition regime.

4.1.2. Parameter values for the benchmark simulation
Following the identification strategy outlined in Section 3.2, Table 

4 summarizes the remaining constitutive and kinetic parameters and 
the parameters defining the microstructural parameter evolution laws 
used for the AA7075-T651 benchmark.
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Table 2
Material properties and experimental loading inputs for AA7075-T651 based 
on [89].
 Parameter Value/Description  
 𝐸 Elastic modulus: 71.7 GPa  
 𝜈 Poisson ratio: 0.306  
 𝛴0.2 Macroscopic yield stress: 501 MPa  
 𝑇 Temperature: 298 K  
 𝑅 Stress ratio: −1  
 𝑓 Case-specific loading frequency: 0.5–10 Hz; see Table  3 
 𝛴𝑎 Stress amplitude: < 501 MPa  

4.1.3. High cycle fatigue life prediction using the UMT framework
Based on the prescribed material parameters, the model predicts 

cyclic responses at both the macroscopic and defect scales. Figs.  3–7 
present representative results at different macroscopic stress ampli-
tudes. Subplots (a) compare the global elastic-matrix response with the 
localized defect-phase response. Because the applied stress amplitudes 
remain below the macroscopic yield strength of 501 MPa, the matrix 
exhibits a linear elastic stress–strain relation, whereas the defect phase 
develops a finite hysteresis loop. This behavior illustrates the coex-
istence of macroscopic elasticity and localized microplasticity in the 
two-scale formulation. Subplots (b) show the total defect-phase hystere-
sis loops, including both elastic and microplastic contributions. These 
loops arise from crystallographic slip within the localized defect phase 
and represent the corresponding energy dissipation. Their progressive 
widening reflects the reduction in the micro-kinematic hardening mod-
ulus during fatigue. Subplots (c) isolate the microplastic component 
and therefore provide a direct representation of the irreversible strain 
responsible for entropy production and degradation.
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Table 3
Reported stress amplitudes and corresponding loading frequencies [89].
 Test case 1 2 3 4 5 6 7 8 9 10  
 𝛴𝑎 (MPa) 485.5 400.1 361.6 349.7 299.6 240.0 214.9 210.1 200.2 150.0 
 𝑓 (Hz) 0.5 0.5 1 1 1 2 10 10 6 10  
Table 4
Benchmark-specific parameters for the constitutive, kinetic, and microstructural parameter evolution laws of AA7075-T651.
 Parameter Adopted value Physical interpretation and source  
 𝑚̄ 0.327 Effective Schmid factor. For FCC alloys, the average Taylor factor is commonly taken 

as 3.06 [88,90–92]; therefore, 𝑚̄ is computed as its direct reciprocal.
 

 𝛽 0.47 Eshelby elastic accommodation factor, derived directly from Eq.  (27).  
 𝛥𝐹0 1.005 × 10−19 J (0.627 eV) Effective activation energy for localized cyclic microplasticity in FCC aluminum. 

Literature reports values on the order of 1.3 eV for macroscopic flow stress based on 
dislocation-glide barrier parameterization [81]. Since the present model represents 
defect-scale cyclic microplasticity rather than macroscopic yielding, 𝛥𝐹0 = 0.627 eV is 
adopted as an effective room-temperature value within the literature-reported range.

 

 𝑉act 1.17 × 10−28 m3 Effective activation volume for thermally activated slip. Set to 5𝑏3 to reflect 
restricted dislocation mobility in the peak-aged T651 temper, consistent with the 
experimental lower range reported for highly constrained AA7075 [93].

 

 𝛾̇0 107 s−1 Reference shear-rate prefactor. Estimated from Eq.  (28) using 𝜌𝑚 = 1013 m−2 [94–96] 
and 𝜈𝐷 = 1013 s−1 [97]. The adopted 𝜌𝑚 level is consistent with reported values for 
AA7075 and other aluminum alloys.

 

 𝑓𝑣,0 0.02 Initial active micro-defect fraction, selected to be consistent with the approximately 
2% coarse constituent-particle population reported for AA7075-T651 [98,99]. This 
choice reflects the role of coarse constituent particles as a dominant population for 
initial fatigue-crack initiation [54,89].

 

 𝑓sat 0.15 Saturated active micro-defect fraction. Ideally, this parameter should be inferred 
from the stabilized cyclic microstructure by estimating the fraction of localized 
cyclic-slip regions in FCC metals [100,101]. Because no literature directly supports 
an exact value for AA7075-T651, 𝑓sat = 0.15 is adopted as a physically reasonable 
upper-bound assumption guided by earlier numerical studies.

 

 𝑎fv , 𝑎ℎ 1, 1 Shape exponents for the active micro-defect fraction and micro-kinematic hardening 
modulus. The benchmark assumes linear variations of 𝑓𝑣 and ℎ with TSI in Eqs. (13) 
and (15), respectively. Alternative bounded microstructural parameter evolution laws 
are examined later to quantify the associated uncertainty.

 

 ℎ0 5000 MPa Initial micro-kinematic hardening modulus. Derived from macroscopic 
multicomponent cyclic-plasticity calibrations for AA7075-T6 [102] and scaled down 
to account for the lower strengthening coefficients associated with localized cyclic 
slip within the defect phase [70,101].

 

 ℎsat 150 MPa Saturated micro-kinematic hardening modulus. Derived from bulk cyclic calibrations 
[102] using the same micromechanical reduction adopted for the localized defect 
phase [70,101].

 

 𝜙cr 0.99 Critical TSI at macroscopic failure, taken as a representative high cycle fatigue 
failure threshold for metals in previous UMT studies [41–44].

 

The loop size depends strongly on the applied stress amplitude. As 
the amplitude decreases from 485.5 to 214.9 MPa, the total defect-
phase loops become narrower and approach a nearly linear response, 
while their progressive softening becomes less pronounced. The lower 
effective driving stress 𝜏eff  suppresses the thermally activated slip 
rate, reducing the microplastic strain accumulated per cycle and the 
influence of the evolving micro-kinematic resistance. Nevertheless, the 
plastic loops remain finite even at low amplitudes. Thus, microplastic 
dissipation decreases continuously with stress amplitude without van-
ishing below a distinct threshold. This behavior is consistent with the 
absence of a well-defined fatigue limit in many FCC metals and provides 
a mechanistic basis for HCF life prediction. Accordingly, the threshold-
free formulation predicts continued entropy accumulation and eventual 
failure at any nonzero stress amplitude. Apparent fatigue limits arising 
from material-specific arrest or saturation mechanisms remain outside 
the present model.

Fig.  8 presents the simulated evolution of the active micro-defect 
fraction 𝑓𝑣 and micro-kinematic hardening modulus ℎ with cycle count 
𝑁 at different stress amplitudes. Both variables are coupled to the 
TSI with 𝑎 = 𝑎 = 1. Although their dependence on 𝜙 is linear, 
fv ℎ
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their cycle-dependent evolution remains nonlinear because 𝜙 evolves 
through cumulative entropy production.

The active micro-defect fraction increases monotonically from 𝑓𝑣,0
toward 𝑓sat , while ℎ decreases from ℎ0 toward ℎsat . Both histories 
exhibit an S-shaped transition, with slow initial evolution, interme-
diate acceleration, and saturation near failure. The increase in 𝑓𝑣
represents the broadening and multiplication of active microplastic 
regions, whereas the decrease in ℎ reflects the loss of defect-scale 
kinematic resistance associated with cyclic softening. Decreasing the 
stress amplitude shifts both transitions to larger cycle counts. Lower 
amplitudes produce less microplastic dissipation per cycle, resulting in 
slower entropy accumulation, delayed TSI evolution, and longer fatigue 
life.

Fig.  9 shows the cumulative volumetric entropy production with 
cycle count on a logarithmic scale for different stress amplitudes. 
Entropy increases monotonically toward a common terminal value at 
failure, commonly referred to as the fracture fatigue entropy (FFE). 
In the present framework, this value is inferred from the entropy-TSI 
relation in Eq.  (3) after the material parameters and 𝜙cr are specified. 
Fig.  10 presents the corresponding TSI histories, with the predicted 
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Fig. 3. Simulated cyclic response at 485.5 MPa. Subplots (a)–(c) show the macroscopic and micro-stress responses, the total defect-phase loop, and the micro-
stress-microplastic-strain loop. The blue-to-red sequence contains 21 equally spaced TSI states from 𝜙 = 0 to 0.98 and resolves the continuous change in loop 
shape.
Fig. 4. Simulated cyclic response at 400.1 MPa. The defect-scale loop narrows relative to the 485.5 MPa case.
Fig. 5. Simulated cyclic response at 361.6 MPa. Compared with Fig.  4, the total defect-phase hysteresis loop further narrows.
fatigue life 𝑁𝑓  defined as the cycle count at which 𝜙 reaches 𝜙cr . Higher 
stress amplitudes accelerate entropy accumulation and TSI evolution, 
resulting in shorter fatigue lives.

The fatigue lives obtained from the TSI histories in Fig.  10 form 
the discrete UMT predictions shown in Fig.  11, which also compares 
them with Basquin and Stromeyer relations fitted to the experimental 
failures. Their accuracy is summarized in Table  5. In leave-one-out 
cross-validation, each failure point is withheld, the empirical relation 
is refitted to the remaining six points, and the withheld predictions 
9 
are combined to calculate the error statistics. The increased error 
reflects the dependence of empirical relations on the calibration data. 
By contrast, UMT uses a fixed literature-based parameter set and pre-
scribed evolution laws without fitting individual S–N points. Therefore, 
withholding one failure point leaves its predictions unchanged. Its 
principal advantage lies in mechanism-based forward prediction and 
the simultaneous description of defect-scale hysteresis, entropy accu-
mulation, microstructural evolution, and fatigue life. Application to 
other materials requires their corresponding physical parameters.
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Fig. 6. Simulated cyclic response at 299.6 MPa. Compared with Fig.  5, the defect-phase response becomes closer to the global elastic matrix response.
Fig. 7. Simulated cyclic response at 214.9 MPa. A finite but small defect-scale dissipation remains.
Fig. 8. Simulated evolution of (a) the active micro-defect fraction 𝑓𝑣 and (b) the micro-kinematic hardening modulus ℎ under the exact amplitude/frequency 
pairs in Table  3. Dashed horizontal lines mark the prescribed upper bound 𝑓sat = 0.15 and lower bound ℎsat = 150 MPa.
Fig.  12 presents the specimen-by-specimen comparison between the 
predicted and experimental fatigue lives. For the seven smooth cylindri-
cal dog-bone specimen failures, the logarithmic root-mean-square error 
(log-RMSE) is 0.129 decades, the geometric mean of the predicted-
to-experimental life ratios is 1.071, and all predictions lie within the 
factor-of-two and factor-of-three agreement bands.
10 
4.2. Constant-amplitude fatigue simulations and transient local response at 
different stress ratios

To assess the numerical capability of the model beyond fully re-
versed loading, simulations combined 𝑅 = −1, −0.5, 0, and 0.3 with 
𝛴max = 320, 360, 400, 440, and 480 MPa, yielding 20 constant-
amplitude cases at 𝑇 = 298 K and 𝑓 = 10 Hz. The corresponding mean 
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Fig. 9. Simulated evolution of cumulative volumetric entropy production versus cycle count for different prescribed stress amplitudes. In the present framework, 
the entropy threshold at failure is not imposed directly from experiment, but emerges numerically once the material parameters and the critical TSI value are 
specified.
Fig. 10. Simulated TSI histories for different prescribed stress amplitudes; the first integer cycle reaching 𝜙cr = 0.99 defines the predicted life.
Table 5
Accuracy of the UMT predictions and empirical S–N baselines for the seven 
experimental failures.
 Method log-RMSE (decades) Factor 2 (%) Factor 3 (%) 
 UMT (fixed parameter set) 0.129 100 100  
 Basquin (all data) 0.121 100 100  
 Stromeyer (all data) 0.092 100 100  
 Basquin (leave-one-out) 0.205 85.7 100  
 Stromeyer (leave-one-out) 0.192 85.7 100  

stresses and stress amplitudes were determined from the relations in 
Section 3.1, and the cylindrical benchmark parameter set was retained 
without further adjustment.

The accelerated block scheme in Section 3.1 replaces the initial 
transient response with stabilized-cycle work during block integration. 
To assess this approximation and examine transient local ratcheting 
followed by shakedown under nonzero mean stress, per-cycle resolved 
calculations were initiated from 𝝐𝜇𝑝 = 𝟎 for all four stress ratios at the 
representative 𝛴 = 400 MPa.
max

11 
Each cycle was integrated to stabilization while accumulating mi-
croplastic work and entropy production. The transition-work differ-
ence between the two schemes was divided by the accelerated block 
scheme’s stabilized work per cycle to obtain the equivalent life cor-
rection, whose magnitude relative to the predicted fatigue life defines 
the relative correction. Fig.  13 shows that the 𝑅 = −1, −0.5, 0, and 
0.3 cases stabilized after 21, 79, 236, and 418 cycles, respectively. The 
active micro-defect fraction and micro-kinematic hardening modulus 
were fixed at their initial values to isolate the transient response. For 
all cases, the relative correction remained below 9.7 × 10−5 within the 
present formulation.

The downward-right translation in Figs.  13(b)–(d) follows from the 
axial localization relation 
𝜎𝜇11 = 𝛴11 −𝐾loc𝜖

𝜇
𝑝,11, 𝐾loc = 2𝜇(1 − 𝛽)(1 − 𝑓𝑣) > 0. (29)

Under tensile mean stress, positive microplastic strain accumulation 
shifts the loop rightward, while, at a fixed macroscopic stress, the term 
−𝐾loc𝜖

𝜇
𝑝,11 lowers the micro-stress and produces the downward shift. 

Within the current linear localization and kinematic-hardening frame-
work, this transient represents local tensile microplastic accumulation 
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Fig. 11. UMT predictions, experimental failures and runouts, and Basquin and Stromeyer fits to the experimental failure data. The smooth curve through the 
discrete UMT points is included only as a visual guide and is not used to calculate fatigue life.
Fig. 12. Predicted-versus-experimental fatigue life comparison for the proposed UMT model. The solid diagonal line denotes perfect agreement, and the dashed 
and dotted lines indicate the factor-of-2 and factor-of-3 agreement bands, respectively.
and stress relaxation followed by shakedown. Such rapid stabilization 
can be plausible in HCF because microplastic deformation remains 
confined to a small active volume while the matrix remains macro-
scopically elastic. If experiments reveal progressive local ratcheting, 
slow mean-strain relaxation, nonlinear backstress recovery, or appre-
ciable crack-opening or closure effects in the tested material system, 
additional constitutive or damage mechanisms would be required; these 
behaviors define the present model limitations.

Fig.  14 presents the predicted 𝛴max–life responses. At fixed 𝛴max, 
increasing 𝑅 reduces 𝛴𝑎; within the present formulation, this reduc-
tion dominates the modeled mean-stress response and increases the 
predicted life. The same parameter set was retained for all stress 
ratios without further adjustment. These results demonstrate numerical 
capability beyond 𝑅 = −1. Broader validation requires independent 
fatigue experiments spanning multiple stress ratios, while improved 
quantitative prediction may require additional mean-stress-sensitive 
dissipation mechanisms. The following smooth flat dog-bone specimen 
assessment provides a limited evaluation against 𝑅 ≈ 0 fatigue data.
12 
4.3. Fatigue-life simulation of smooth flat dog-bone specimens at different 
stress ratios

Zhao and Jiang [89] also report room-temperature HCF data for 
smooth flat dog-bone specimens oriented at 0◦ and 90◦ to the plate 
rolling direction and tested at 𝑅 = −1 and 𝑅 ≈ 0. Although the nominal 
alloy and temper are unchanged, the plate and cylindrical tests consti-
tute separate specimen series whose effective localized-slip responses 
may differ because of specimen form, texture, surface initiation, and 
local constraint. The parameters 𝛥𝐹0 and 𝑉act were therefore adopted 
within literature-reported ranges for the plate baseline simulations at 
𝑅 = −1, giving 0.5923 eV and 5.5𝑏3, while all other parameters were 
retained. These values differ from the cylindrical baseline by only 
5.5% and 10.0%, respectively. No orientation-dependent adjustment 
was introduced. The same plate parameter set was applied to both 
orientations and subsequently retained for prediction of the 𝑅 ≈ 0
fatigue lives.
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Fig. 13. Per-cycle resolved transition of the micro-stress-microplastic-strain loops from the virgin state to stabilization at 𝛴max = 400 MPa. Each cycle is colored 
by the normalized transition progress 𝜂𝑁 = 𝑁∕𝑁𝑠, where 𝑁𝑠 is the number of cycles required to reach the periodic state for each stress ratio. The stabilized loop 
is outlined in black.
Fig. 14. Constant-amplitude AA7075-T651 predictions at four stress ratios using the unchanged cylindrical benchmark parameter set. Markers denote discrete 
UMT predictions, and lines are least-squares fits of 𝛴max = 𝑏0 + 𝑏1 log10𝑁𝑓 .
Fig.  15 compares the experiments with the plate 𝑅 = −1 baseline 
simulation and the 𝑅 ≈ 0 prediction. Straight lines are least-squares 
S–N fits to the respective discrete data and are included only for visu-
alization. For the 39 𝑅 = −1 failures, the log-RMSE is 0.255 decades, 
the geometric mean of the predicted-to-experimental life ratios is 1.01, 
and 97.4% of predictions lie within a factor of three. For the 15 𝑅 ≈ 0
failures within the nominally elastic HCF range considered here, the 
corresponding values are 0.461 decades, 2.40, and 46.7%, with all 
predictions within a factor of five. Table  6 summarizes these metrics. 
For the four runouts, the predicted lives were shorter than the reported 
test durations.

For the 𝑅 ≈ 0 failure data, predictions generally overestimate fa-
tigue life, indicating insufficient damage accumulation under tension–
tension loading in the present formulation. The bias is smaller for 
several of the lowest-amplitude cases. The residual bias and runout 
discrepancies suggest that tensile-stress-assisted damage, surface-crack 
initiation, and reduced crack closure may contribute to fatigue degra-
dation beyond the localized microplastic work represented here. These 
results define the model’s current applicability limits and motivate 
independent fatigue tests spanning multiple stress ratios, together with 
additional mean- or maximum-stress-sensitive dissipation mechanisms.
13 
Table 6
Fatigue-life prediction metrics for failures of smooth flat dog-bone specimens at 
𝑅 = −1 and 𝑅 ≈ 0. The geometric mean life ratio is calculated from 𝑁pred

𝑓 ∕𝑁exp
𝑓 .

 Stage 𝑛 log-RMSE 
(decades)

Geometric 
mean 
life ratio

Within 
×2

Within 
×3

 

 𝑅 = −1 baseline simulation 39 0.255 1.01 76.9% 97.4%  
 𝑅 ≈ 0 prediction 15 0.461 2.40 40.0% 46.7%  

4.4. Sensitivity study on the numerical results

Because several parameters adopted for the benchmark simulation 
in Section 4.1 were not directly measured, a targeted sensitivity study 
was performed to examine their influence on the predicted fatigue 
response. Each parameter group was varied individually from its bench-
mark value while all others remained fixed. The investigated groups 
included 𝜙cr , 𝑎fv, 𝑎ℎ, (𝑓𝑣,0, 𝑓sat ), (ℎ0, ℎsat ), 𝛥𝐹0, and 𝑉act . For each vari-
ation, the numerical procedure in Section 3.1 was repeated over the 
prescribed stress amplitudes, and changes in predicted life and state-
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Fig. 15. Experimental and predicted S–N responses of smooth flat dog-bone specimens oriented at 0◦ and 90◦ to the rolling direction: (a) 𝑅 = −1 baseline and 
(b) 𝑅 ≈ 0 prediction. No systematic orientation dependence is evident within the experimental scatter; both orientations are therefore evaluated using a common 
parameter set as combined comparison data.
Table 7
Test values adopted in the sensitivity study for the AA7075-T651 benchmark problem.
 Parameter group Benchmark Sensitivity values  
 Critical TSI at failure, 𝜙cr 0.99 0.97, 0.95  
 Defect-fraction exponent, 𝑎fv 1.0 0.5, 2.0  
 Hardening evolution exponent, 𝑎ℎ 1.0 0.5, 2.0  
 Active micro-defect bounds, (𝑓𝑣,0 , 𝑓sat ) (0.02, 0.15) (0.002, 0.15), (0.02, 0.25) 
 Micro-kinematic hardening moduli, (ℎ0 , ℎsat ) [MPa] (5000, 150) (5000, 50), (7500, 150)  
 Activation energy, 𝛥𝐹0 [eV] 0.627 0.55, 0.75  
 Activation volume, 𝑉act [𝑏3] 5 7.5, 10  
variable evolution were compared with the benchmark response. Table 
7 lists the corresponding test values.

Fig.  16 shows the influence of the critical TSI value, 𝜙cr , on the pre-
dicted S–N response. Reducing 𝜙cr from 0.99 to 0.97 and 0.95 slightly 
shortens the predicted lives because less cumulative entropy is required 
to satisfy the failure condition. The curves remain nearly parallel to the 
benchmark response, indicating that 𝜙cr primarily changes the failure 
threshold rather than the S–N slope. Its effect is therefore systematic 
but relatively small over the tested range. This moderate sensitivity 
follows from the exponential TSI relation, 𝜙 = 1 − exp(−𝐴𝜙𝑠tot ), for 
which small reductions near 𝜙cr = 0.99 gradually decrease the required 
failure entropy. A value closer to unity, such as 𝜙cr = 0.999, would 
increase the entropy threshold more substantially and produce a larger 
change in predicted life.

Fig.  17 compares the sensitivity to the microstructural evolution 
parameters and their bounds. The active micro-defect fraction bounds 
have the greatest influence because 𝑓𝑣 directly scales the bulk-averaged 
microplastic dissipation and entropy production per cycle. Increasing 
𝑓𝑣 enlarges the effective dissipating volume and accelerates damage 
accumulation, whereas reducing it delays entropy accumulation and 
extends fatigue life. The exponent 𝑎fv has a weaker effect, indicating 
greater sensitivity to the admissible range of active microplastic regions 
than to their transition shape. Variations in 𝑎ℎ and the bounds of ℎ
produce only minor changes. For the present benchmark, fatigue life is 
therefore governed more strongly by the amount of active microplas-
tic material than by the detailed evolution of the micro-kinematic 
hardening modulus.
14 
Fig.  18 shows that the thermally activated parameters exert the 
strongest influence on the predicted S–N response. The activation en-
ergy 𝛥𝐹0 is particularly influential. Increasing 𝛥𝐹0 to 0.75 eV shifts the 
predicted fatigue lives substantially to the right, whereas reducing it 
to 0.55 eV shifts the response strongly to the left. This occurs because 
𝛥𝐹0 enters the Eyring-type flow rule through the exponential factor 
exp(−𝛥𝐹0∕𝑘𝐵𝑇 ). Therefore, even a moderate change in 𝛥𝐹0 can sig-
nificantly alter the microplastic slip rate, the dissipated energy per 
cycle, and the rate of entropy accumulation. The activation volume 
𝑉act also has a pronounced effect because it controls the stress sensi-
tivity of the thermally activated slip term through sinh(𝑉act𝜏eff∕𝑘𝐵𝑇 ). 
Increasing 𝑉act therefore amplifies the response to the effective resolved 
shear stress, leading to faster microplastic accumulation and shorter 
predicted fatigue lives.

To further quantify the relative influence of each parameter, Fig.  19 
summarizes the global sensitivity using the mean absolute difference in 
logarithmic fatigue life, Mean|𝛥 log10(𝑁𝑓 )|, relative to the benchmark 
case. This metric is adopted because fatigue life varies over several 
orders of magnitude; therefore, differences in log10(𝑁𝑓 ) provide a more 
meaningful measure of relative life shifts than direct cycle-count dif-
ferences. For reference, |𝛥 log10(𝑁𝑓 )| = 0.3 corresponds approximately 
to a factor-of-two difference in fatigue life, while |𝛥 log10(𝑁𝑓 )| = 1
corresponds to one order-of-magnitude difference.

The results confirm that the thermally activated parameters dom-
inate the model sensitivity over the tested ranges. Relative to the 
benchmark case, decreasing and increasing 𝛥𝐹  to 0.55 and 0.75 eV
0
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Fig. 16. Sensitivity of the predicted S–N response to the critical TSI value 𝜙cr . Experimental failures and the runout are shown for reference. For every simulated 
case, markers denote discrete predictions and the corresponding line is a least-squares S–N display fit.
Fig. 17. Sensitivity to the active micro-defect fraction and micro-kinematic hardening evolution exponents and endpoint bounds. Experimental failures and the 
runout are shown for reference. Markers denote discrete calculations and the corresponding lines are least-squares display fits.
produce Mean|𝛥 log10(𝑁𝑓 )| values of 0.86 and 2.00, respectively. This 
pronounced sensitivity arises from the exponential dependence of the 
Eyring flow rate on 𝛥𝐹0. Increasing 𝑉act from 5𝑏3 to 7.5𝑏3 and 10𝑏3
gives corresponding values of 0.46 and 0.75. The active micro-defect 
fraction bounds are the next most influential parameters, with values 
of 0.14–0.19, while the effects of 𝜙cr are 0.08–0.12 and those of the 
micro-kinematic hardening parameters remain below 0.002.

4.5. Microstructural parameter evolution laws and coupled parameter sen-
sitivity

Fig.  20 compares the power, normalized-exponential (𝑘 = 4), 
and smoothstep functions used in Eqs. (13) and (15). Relative to the 
15 
power law, the normalized-exponential and smoothstep forms give 
Mean|𝛥 log10(𝑁𝑓 )| values of 0.108 and 0.019, respectively. Reversing 
(ℎ0, ℎsat ) from (5000, 150) to (150, 5000) MPa changes the predicted 
life at 299.6 MPa from 21,550 to 21,570 cycles, corresponding to 
|𝛥 log10(𝑁𝑓 )| < 0.001. This calculation demonstrates that the gener-
alized evolution relation can represent an increasing micro-kinematic 
hardening modulus, although validation of this behavior requires cyclic-
hardening data.

The coupled sensitivity of the parameter pairs (𝐶RT, 𝑉act ), (𝑓𝑣,0, 𝑓sat ), 
and (ℎ0, ℎsat ) was evaluated using 19 × 19 parameter grids, comprising 
19 sampled values for each parameter and 361 combinations per pair, 
at 𝛴𝑎 = 485.5, 299.6, and 200.2 MPa. At fixed temperature, 𝛾̇0 and 
𝛥𝐹  enter the Eyring law through the combined kinetic factor 𝐶 =
0 RT
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Fig. 18. Sensitivity to the thermally activated parameters 𝛥𝐹0 and 𝑉act . Experimental failures and the runout are shown for reference. Markers denote discrete 
predictions and the corresponding lines are least-squares display fits.
Fig. 19. Global sensitivity of the predicted fatigue life to model parameters, quantified by the mean absolute logarithmic life difference relative to the benchmark 
case.
𝛾̇0 exp[−𝛥𝐹0∕(𝑘𝐵𝑇 )]. For two parameters sampled at values 𝑥𝑖 and 𝑦𝑗 , 
let 𝑍𝑖𝑗 = log10𝑁𝑓 (𝑥𝑖, 𝑦𝑗 ). Their nonadditivity residual is defined as 

𝐼𝑖𝑗 = 𝑍𝑖𝑗 −𝑍 𝑖⋅ −𝑍 ⋅𝑗 +𝑍 ⋅⋅, (30)

where 𝑍𝑖⋅, 𝑍 ⋅𝑗 , and 𝑍 ⋅⋅ are the row, column, and overall grid means, 
respectively. A value of 𝐼𝑖𝑗 = 0 indicates additive effects on the 
logarithmic life scale, while a nonzero value measures parameter inter-
action. Figs.  21–23 use separate symmetric color scales for 𝐼  because 
𝑖𝑗
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the interaction magnitudes differ substantially; black contours show 
log10𝑁𝑓 .

The kinetic pair 𝐶RT–𝑉act produces the largest life variation, span-
ning 1.03–1.65 decades depending on stress amplitude, and the strong-
est interaction, with max |𝐼𝑖𝑗 | = 0.182 at 𝛴𝑎 = 485.5 MPa. The 𝑓𝑣,0–𝑓sat
pair spans 0.38–0.42 decades, with max |𝐼𝑖𝑗 | < 0.004, whereas the 
ℎ0–ℎsat pair spans at most 0.014 decades, with max |𝐼𝑖𝑗 | < 1.67 × 10−4. 
Thus, the coupled sensitivity is concentrated primarily in the kinetic 
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Fig. 20. S–N predictions using three bounded microstructural parameter evolution laws with common endpoints. Experimental failures and the runout are retained 
for reference. Markers denote discrete predictions and the corresponding lines are least-squares display fits.

Fig. 21. Coupled sensitivity of 𝐶RT and 𝑉act at three stress amplitudes. Colors show 𝐼𝑖𝑗 , black contours show log10𝑁𝑓 , and gray markers indicate the sampled 
combinations.
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Fig. 22. Coupled sensitivity of 𝑓𝑣,0 and 𝑓sat at three stress amplitudes. Colors show 𝐼𝑖𝑗 , black contours show log10𝑁𝑓 , and gray markers indicate the sampled 
combinations.
parameters, emphasizing the need for their independent experimental 
characterization.

5. Conclusions and limitations

A UMT-based HCF model was developed for FCC metals and as-
sessed using AA7075-T651 as a benchmark. The TSI evolves through 
cumulative entropy production and serves as the degradation variable. 
Within the two-scale framework, the macroscopic response remains 
nominally elastic while irreversible dissipation develops in localized 
microplastic zones. The work-conjugate effective force ensures non-
negative microplastic-flow dissipation consistent with the second law 
of thermodynamics. Compared with earlier BCC-based formulations, 
the present FCC model removes the explicit micro-yielding threshold 
and introduces thermally activated flow to describe gradual cyclic 
irreversibility that can occur even at low stress amplitudes. Bounded 
microstructural parameter evolution laws further connect entropy ac-
cumulation with the active micro-defect fraction and micro-kinematic 
hardening modulus.

The model was assessed against fully reversed fatigue data for 
smooth cylindrical dog-bone specimens made of AA7075-T651. The 
predicted S–N response follows the experimental trend with a log-
RMSE of 0.129 decades, and all seven failure predictions lie within 
a factor of two. The UMT model also links crystallographically mo-
tivated thermally activated slip, localized hysteresis and dissipation, 
entropy production, microstructural evolution, and fatigue life, pro-
viding physical-state information beyond conventional empirical S–N 
relations. Additional simulations for 𝑅 = −1, −0.5, 0, and 0.3 at 
five fixed maximum stresses assessed the numerical capability beyond 
18 
fully reversed fatigue. Per-cycle resolved calculations showed transient 
local ratcheting followed by rapid shakedown within the current linear 
localization and hardening formulation. In the smooth flat dog-bone 
specimen assessment, the literature-based plate parameter set adopted 
for the 𝑅 = −1 baseline was retained without further adjustment for 
prediction at 𝑅 ≈ 0, giving a geometric mean of the predicted-to-
experimental life ratios of 2.40, with 46.7% and 100% of predictions 
within factors of three and five, respectively. The remaining difference 
between the predicted and experimental 𝑅 ≈ 0 lives indicates limited 
quantitative accuracy under tension–tension loading.

The sensitivity study showed comparatively small effects from the 
critical TSI and micro-kinematic hardening parameters, while the ac-
tive micro-defect fraction bounds were more influential because they 
control the dissipating volume. The strongest sensitivity arose from 
𝛥𝐹0 and 𝑉act , which govern the rate of thermally activated slip. The 
tested alternative bounded microstructural parameter evolution laws 
produced modest shifts in predicted fatigue life while preserving the 
overall S–N response, with substantially smaller effects than the ther-
mally activated kinetic parameters. The coupled analysis identified 
the strongest interaction for 𝐶RT–𝑉act ; the active micro-defect fraction 
effects were moderate and nearly additive, while interaction between 
the micro-kinematic hardening endpoints was negligible.

Nevertheless, the primary validation remains limited to room-temp-
erature, fully reversed HCF of FCC aluminum alloy, while the sec-
ondary plate assessment at 𝑅 ≈ 0 still overpredicts fatigue life. The 
present model is intended for conventional-frequency HCF and does 
not account for rapid specimen self-heating that may occur during 
ultrasonic fatigue at frequencies near 20 kHz or above. Specimen 
heating changes the combined influence of 𝛥𝐹  and 𝑉  on thermally 
0 act
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Fig. 23. Coupled sensitivity of ℎ0 and ℎsat at three stress amplitudes. Colors show 𝐼𝑖𝑗 , black contours show log10𝑁𝑓 , and gray markers indicate the sampled 
combinations.
activated slip. The present room-temperature data cannot establish this 
dependence, so temperature-transfer capability remains unvalidated. 
Under nonzero mean stress, the linear localization and hardening rela-
tions promote rapid local shakedown. This response can be physically 
plausible in HCF because microplastic deformation remains confined 
to small active zones while the macroscopic matrix remains nomi-
nally elastic. If HCF experiments nevertheless reveal progressive local 
ratcheting, slow local mean-strain relaxation, nonlinear backstress re-
covery, tensile-stress-assisted damage, or appreciable crack-opening 
and closure effects, additional constitutive or entropy production mech-
anisms would be required. Finally, the proposed model also does not 
resolve specimen scatter, rolling-direction texture effects, individual 
manufacturing-defect morphology, or explicit persistent-slip-band and 
grain-boundary-cavity evolution.

Future work should include independently characterized fatigue 
datasets spanning multiple stress ratios and temperatures, cyclic tests 
at different loading rates, and direct measurements of microplasticity 
and stabilized hysteresis responses. Interrupted-test EBSD, TEM, and 
surface observations can support identification of the active micro-
defect fraction and its evolution. Ultrasonic-fatigue applications require 
modeling of self-heating caused by internal friction and coupling the 
entropy-production model with transient thermal analysis. If persistent 
local ratcheting or appreciable tensile mean-stress effects are observed 
under HCF conditions, nonlinear kinematic-hardening and recovery 
relations, mean- or maximum-stress-sensitive dissipation mechanisms, 
and crack-opening and closure descriptions should be considered. Ex-
plicit finite-element representation of manufacturing-defect size, shape, 
and location can provide the corresponding micro-stress and entropy-
production fields, while probabilistic formulations can address fatigue 
19 
scatter and censored runouts. Sequence-dependent variable-amplitude 
loading requires a history-carrying cycle-by-cycle solver. Extension 
to additional FCC materials using independently determined physical 
parameters remains essential for establishing the framework’s broader 
predictive capability.
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