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 A B S T R A C T

Microstructure-sensitive fatigue initiation prognosis approaches typically assume uniform periodic loading and 
often overlook in-service overloads, which increase uncertainty and reduce life prediction accuracy. Similarly, 
certification efforts rarely evaluate experimentally the impact of different overloads due to the prohibitive costs. 
Therefore, predictive models that estimate overload effects on fatigue initiation damage without extensive 
experimental data are valuable to improve prognosis approaches. However, the literature lacks microstructure-
sensitive approaches capable of assessing overload effects with models that simultaneously predict monotonic 
and cyclic responses without recalibration.

This work presents a novel strategy to predict the effects of overloads on early cyclic damage by 
evaluating the refinement dislocation structures. A substructure-based crystal plasticity approach relies on 
independent parameterizations from monotonic and cyclic loading to predict overload responses, without 
requiring additional experiments. The model agreement with macroscale experiments was further validated 
by comparing dominant mesoscale structures after overloads in single- and poly-crystals for metals and alloys. 
The analysis also identified overload-resistant crystal orientations and demonstrated that overloads increase 
the likelihood of initiating fatigue cracks in low apparent Schmid factor grains under low-amplitude fatigue. 
We conclude by discussing the value of material-invariant mesoscale parameters to rank overloads effect for 
materials and loading conditions for which no experiments are available.
1. Introduction

Fatigue damage is a prevalent cause of failure of industrial com-
ponents [1], and it is driven by repetitive mechanical loads. Most 
commonly, experimental, theoretical, or numerical fatigue damage as-
sessments assume a uniform periodic load, overlooking the variable 
mechanical excursions that occur during service. However, experiments 
have demonstrated that non-periodic cyclic deformation can have sig-
nificant effects on fatigue life [2–6]. Hence, cyclic deformation analyses 
that exclude excursions outside continuous periodic loads are prone to 
mispredicting realistic industrial service conditions. Notably, overloads 
can either accelerate or slow down fatigue damage [7–10], making 
their understanding valuable for improving safety and achieving eco-
nomic benefits from life extensions. In particular, the understanding 
of overloads effects on fatigue crack initiation is notably understudied 
given the experimental difficulties [11].

Much of the research related to non-uniform cyclic loading has fo-
cused on quantifying crack growth rate retardation or acceleration [8,9,
12–14], which have been explained by residual stresses, crack closure, 
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or damage ahead of the crack. Evidently, a prerequisite to modeling 
crack initiation is a constitutive model capable of predicting the crys-
tallographic behavior upon a change in loading conditions. Although 
a few attempts have addressed these needs [7,8,12,13], no systematic 
understanding has been developed for modeling the role of cyclic de-
formation followed by an overload/overstrain at the grain level. Some 
valuable efforts [15,16] have relied on calibrating multiple parameters 
or have made simple predictions [17,18] with fatigue models not 
validated for single crystals or overloads. However, the literature lacks 
a general microstructure-sensitive approach that can predict seamlessly 
(e.g., without recalibration) monotonic and cyclic responses over a 
wide range of plastic strain amplitudes and multiple materials. This 
deficit is even more noticeable for modeling single-crystal mechani-
cal responses, which are a means to validate models for polycrystals 
texture analysis. Hence, there is a need to advance mechanistic crystal 
plasticity approaches that estimate the response of materials beyond 
a few specific loading sequences used for calibration. These models 
can estimate damage potential under service conditions that have not 
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been directly tested. Moreover, they can support the design of material 
attributes such as texture and grain morphology to mitigate or take 
advantage of overload effects on cracking.

The cyclic response of metallic materials strongly depends on their 
microstructure and history, which may lead to cyclic softening or 
hardening [19]. After a few hundred or thousands of cycles (depending 
on the applied strain) dislocation hardening tend to saturate and the 
stress–strain loop stabilize. In single face FCC materials, this response 
has been related [20] to the formation of stable dislocation structures, 
which control forest dislocation hardening. However, experiments [3,
4,21,22] have demonstrated that a significant overload can destabi-
lize and refine dislocation structures. These structural changes, con-
trolled by the mesoscale, affect the behavior ahead of a crack and the 
macroscopic cyclic response. For example, Marnier and coworkers [3] 
demonstrated that the transformation from elongated to equiaxed dis-
location structures after an overload is the mechanism responsible for 
the increase in the subsequent cyclic stress. Hence, the modeling of 
mesoscale structural changes can support predictive approaches that 
can be validated at the macroscopic and mesoscopic length scales.

Castelluccio and McDowell [23] formulated a substructure-sensitive 
crystal plasticity (CP) model to compute the macroscopic cyclic re-
sponse of FCC single- and poly-crystals. Their work incorporates
mesoscale parameters with known uncertainty that interrelate exter-
nal stresses, internal stresses, and dislocation structure morphologies. 
However, their model assumes stable saturated structures formed by 
cyclic loading and cannot capture the structural changes of monotonic 
overloads. Their work was further extended by Ashraf and Castel-
luccio [20] to model cyclic history effect across temperatures by 
parameterizing the evolution of dislocation structures. Dindarlou and 
Castelluccio [24] further developed substructure-sensitive approaches 
for monotonic loading with a CP model based on the evolution of 
mesoscale structures evolution. This model successfully predicted both 
micro- and macro-scale behaviors of single and polycrystalline for 
numerous FCC materials with a single set of material-invariant pa-
rameters. Moreover, they demonstrated [25] the ability to predict the 
response of engineering alloys single crystal data without the need for 
mesoscale recalibration. Notably, both monotonic [24] and cyclic [20] 
models only differ on the parameterization of the shape and dimensions 
of dislocation structures, which are material independent but loading 
dependent; atomic unit processes parameters such as dislocation glide 
energy is identical in both models (and strongly material dependent). 
Hence, these results suggest that a general approach for overloads 
can be produced without the need for additional parameterization by 
assessing the stability of cyclic dislocation structures after a mechanical 
monotonic overload.

This work integrates monotonic and cyclic CP models without any 
reparameterization to predict the meso- and macro-scale response of 
FCC materials subjected to cyclic loading including overloads, includ-
ing single- and poly-crystals. We demonstrate that previously opti-
mized parameters for monotonic and cyclic responses can predict over-
load responses without the need for recalibration. The same set of 
mesoscale parameters were employed to blindly predict the response 
of NiCr alloys under cyclic loading with overload. Furthermore, the 
predicted macroscopic responses were explained by mesoscale structure 
changes during overload in agreement with the experiments ranging 
from macro- and meso-scales. Finally, we employ the approach to study 
the influence of overloads on fatigue crack initiation in polycrystals by 
means of Fatigue Indicator Parameters (FIPs).

2. Crystal plasticity finite element model

We briefly present the crystal plasticity formulation, which is similar 
to those proposed earlier for monotonic [25] and cyclic loading [20]. 
We consider the large deformation multiplicative decomposition of the 
2 
strain gradient 𝐅 [26,27], which is composed by elastic, 𝐅𝐞, and plastic, 
𝐅𝐩, components, i.e., 
𝐅 = 𝐅𝐞.𝐅𝐩. (1)

The time derivative of plastic deformation gradient, �̇�𝐩, relates to 
the isoclinic intermediate configuration plastic velocity gradient, 𝐋𝐩, 
such that 

�̇�𝑝 = 𝐋𝐩.𝐅𝐩 =
𝑁𝑠𝑦𝑠
∑

𝛼=1
�̇�𝛼(𝐬𝛼 ⊗𝐦𝛼), (2)

where ⊗ is dyadic product, �̇� is shear rate while 𝐬𝛼 and 𝐦𝛼 correspond 
to the slip direction and slip plane normal of slip system 𝛼, respectively. 
Elastic deformation gradient is calculated, 
𝐅𝐞 = 𝐅.(𝐅𝐩)−1, (3)

to compute elastic Green strain tensor, 
𝐄𝐞 = 1

2
[

(𝐅𝐞)𝑇 .𝐅𝐞 − 𝐈
]

, (4)

this tensor is then multiplied by fourth rank elasticity tensor with cubic 
symmetry, 𝐂, to compute the 2nd Piola–Kirchhoff stress, 
𝝈𝐏𝐊𝟐 = 𝐂 ∶ 𝐄𝐞, (5)

while the Cauchy stress is computed as, 

𝝈 = 1
𝑑𝑒𝑡(𝐅𝐞)

[

𝐅𝐞.𝝈𝐏𝐊𝟐.(𝐅𝐞)−1
]

. (6)

Following Orowan [28], the shear rate, �̇�𝛼 , in Eq.  (2) relates to the 
mobile dislocation densities, 𝜌𝛼𝑚, 
�̇�𝛼 = 𝜌𝛼𝑚𝑏𝑣, (7)

in which 𝑏 and 𝑣 are magnitudes of Burgers vector and mean mobile 
dislocations velocity.

Assuming that dislocation glide is a thermally activated process 
controlled by transition state theory [29], we compute the probability 
of a dislocation to overcome an obstacle as, 

𝑣 = 𝑙𝜐𝑒𝑥𝑝
(

−𝛥𝐺
𝑘𝐵𝑇

)

, (8)

where 𝑙, 𝜐, 𝑘𝐵 and 𝑇  are the average distance between dislocations bar-
riers, the attempt frequency, the Boltzmann constant, and the temper-
ature, respectively. Furthermore, 𝛥𝐺 corresponds to the Gibbs free ac-
tivation energy of a dislocation, which has been parameterized though 
multiple approaches [30–33]. Here, we follow the formulation pro-
posed by Kocks et al. [34], i.e., 

𝛥𝐺 = 𝐹0

(

1 −
[ 𝜏𝑒𝑓𝑓

𝑠0

]𝑝
)𝑞

, (9)

in which 𝐹0 is the glide activation energy at 0 K, 𝑠0 is thermal stress 
and 𝑝 and 𝑞 are profile parameters. Combining Eqs. (7), (8) and (9) we 
obtain the flow rule, 

�̇�𝛼 = 𝜌𝛼𝑚𝑏𝑙𝑠𝑡𝑟𝑢𝑐𝑡𝜐 exp

⎛

⎜
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⟨

1 −

⎡

⎢

⎢

⎢

⎣

⟨

|

|

|
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⟩
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⟩𝑞⎞

⎟

⎟

⎟

⎠

sgn (𝜏𝛼 − 𝐵𝛼) , (10)

where 𝜇 and 𝜇0 are the shear modulus at temperature 𝑇  and 0𝐾 and 
the Macaulay brackets follows ⟨𝐺⟩ = 0 if 𝐺 ≤ 0 or ⟨𝐺⟩ = 𝐺 if 𝐺 > 0. 
We assume that the substructures characteristic length (𝑙𝑠𝑡𝑟𝑢𝑐𝑡) is the 
limiting factor for the mobile dislocation mean free paths and varies 
for different orientations and loading history [35].

Eq. (10) relates the local plastic shear rate induced by the local 
effective stress, 𝜏𝛼𝑒𝑓𝑓 , driving dislocation glide. This stress relate the 
mesoscale (finite element) level shear stress, 𝜏𝛼 with the atomic unit 
process driving force such that, 
𝜏𝛼𝑒𝑓𝑓 = ⟨|𝜏𝛼 − 𝐵𝛼

| − 𝑆𝛼
⟩ , (11)

in which 𝑆𝛼 corresponds to the local athermal stress and 𝐵𝛼 to the 
intragranular back stress, which is controlled by the dimension and 
morphology of dislocation structures.
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Fig. 1. The cyclic (top left), the monotonic (top right) and the overload (bottom right) models to predict mesoscale structures. The overload model equates that in the post-overload 
cycles, the pre-cyclic wall fraction remains stable (𝑓𝑤 = 𝑓𝐶𝑦

𝑤 ). If the pre-cyclic structure transforms to 𝑇 𝑦𝑝𝑒𝐼𝐼𝐼 or 𝑇 𝑦𝑝𝑒𝐼 in monotonic model, then it will remain stable in post 
overload cycles, otherwise, the pre-cyclic structure remain unchanged (no overload effect).
2.1. Substructure-based back stress

Inelastic deformation of single phase FCC metallic materials results 
in production of dislocations that localize into immobile structures 
(walls) that constrain the mobile dislocations in channels in between. 
Since the dislocation density within the walls is normally much higher 
than in the channels, the plastic deformation within walls is negligible. 
Thus, elastically deformed walls and plastically deformation channels 
produce a residual intragranular back stress. Castelluccio and McDow-
ell [23] propose a mean field back stress rate based on the constraint 
induced by walls on dislocation glide, 

�̇�𝛼 =
𝑓𝑤 2𝜇(1 − 2𝑆1212)

𝑆 �̇�𝛼 , (12)

1 − 𝑓𝑤 1 + 4𝑆1212𝑓𝐻𝑖𝑙𝑙

3 
where the Hill factor under shear deformation, 𝑓𝑆
𝐻𝑖𝑙𝑙, has been defined 

as the instantaneous macroscopic plastic deformation tangent, i.e 

𝑓𝑆
𝐻𝑖𝑙𝑙 =

1
2
𝑑𝛾𝑝
𝑑𝜎

(13)

And the 𝑓𝑤 is the dislocation wall volume fraction and, 

𝑆1212 =
𝜋𝜂2 + (𝜂2 − 1.75 − 2𝜈𝑝𝜂2 + 2𝜈𝑝)𝐶12

8𝜋(1 − 𝜈𝑝)(𝜂2 − 1)
(14)

is the Eshelby tensor component for a prolate spheroid [36] with 

𝐶12 =
2𝜋𝜂(𝜂

√

𝜂2 − 1 − 𝑐𝑜𝑠ℎ−1(𝜂))
√

(15)

(𝜂2 − 1)3
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and 

𝜈𝑝 =
𝜈 + 2

3𝜇(1 + 𝜈)𝑓𝑆
𝐻𝑖𝑙𝑙

1 + 4
3𝜇(1 + 𝜈)𝑓𝑆

𝐻𝑖𝑙𝑙

. (16)

The wall and channel model is applicable to monotonic and cyclic 
loadings, which makes Eq. (12) sound for both loadings conditions. 
However, different loading conditions result in various dislocation 
structures [23,24], which need to be parameterized for monotonic 
and cyclic loadings. Under cyclic conditions, Castelluccio and Mc-
Dowell [23] parameterized the evolution of the saturated cyclic wall 
fraction (𝑓𝐶𝑦

𝑤 ) as, 

𝑓𝐶𝑦
𝑤 = 𝑓𝑖𝑛𝑓 + (𝑓0 − 𝑓𝑖𝑛𝑓 )𝑒𝑥𝑝(

−𝛥𝛾𝑚𝑎𝑥

2𝑔𝑝
), (17)

where 𝛥𝛾𝑚𝑎𝑥 is the maximum crystallographic shear strain, 𝑔𝑝 = 0.002
is a normalization parameter and 𝑓0 and 𝑓𝑖𝑛𝑓  are initial and satu-
rated walls fractions, respectively, which can be measured in experi-
ments [37].

Under monotonic loading, Dindarlou and Castelluccio [24] assumed 
𝑆1212 = 0.24 for all cases and assimilated the evolution of wall fraction 
akin to a phase transformation computed by, 
𝑓𝑀𝑜
𝑤 = 𝑓 𝑖

𝑤 × 𝑒𝑟𝑓 (𝛾𝑒𝑞), (18)

where 𝑓 𝑖
𝑤 is the wall fraction for Type I, II and III structure [24]. 

Furthermore, 𝛾𝑒𝑞 is the equivalent shear and computed as, 

𝛾𝑒𝑞 = 𝛾𝑒𝑞0
(

𝛾𝑀𝑎𝑥 + 𝛾𝐶𝑜𝑡𝑡𝑟𝑒𝑙𝑙 −
1
2
𝛾𝐻𝑖𝑟𝑡ℎ

)

, (19)

in which 𝛾𝐶𝑜𝑡𝑡𝑟𝑒𝑙𝑙, 𝛾𝐻𝑖𝑟𝑡ℎ and 𝛾𝑀𝑎𝑥 are accumulated shears in Cottrell, 
Hirth and primary slip systems, respectively (𝛾𝑒𝑞0 ≈ 10). Further details 
can be found in refs [20,24,25]

2.2. Substructure-based athermal stress

For both monotonic and cyclic, the athermal stress is computed as 
the sum of the stress required to bow-out dislocations from a sessile 
wall and the colinear dislocation–dislocation interaction strength [23], 

𝑆𝛼 = 𝛼𝐿𝐸
𝜇𝑏

2𝑑𝑠𝑡𝑟𝑢𝑐𝑡
+ 𝜇𝑏

√

𝛼𝑖𝑖𝜌𝛼 , (20)

in which 𝛼𝐿𝐸 is the dislocation line energy coefficient, 𝑑𝑠𝑡𝑟𝑢𝑐𝑡 is the wall 
spacing, and 𝛼𝑖𝑖 ≈ 0.1 is the colinear dislocation interaction parameter. 
Eq. (20) represents hardening in the channel due to colinear dislo-
cations. Interactions among different slip systems (latent hardening) 
results in locks that refine the dislocation structure, and are implicitly 
considered by taking into account the evolution of the dislocation 
structure (e.g., 𝑓𝑤 and 𝑑𝑠𝑡𝑟𝑢𝑐𝑡 in Eq.  (20)).

The mobile dislocations density (𝜌𝛼) evolves with the balance be-
tween dislocation multiplication, annihilation and cross slip such that
[23], 

�̇�𝛼 =
𝐾𝑚𝑢𝑙𝑡𝑖
𝑏𝑙𝑠𝑡𝑟𝑢𝑐𝑡

|�̇�𝛼| −
2𝑦𝑒𝑑𝑔𝑒𝑠

𝑏
𝜌𝛼|�̇�𝛼|+

𝜈𝐺
𝑑𝑠𝑡𝑟𝑢𝑐𝑡
𝑑0

⎛

⎜

⎜

⎜

⎝

𝜙𝑐𝑠

𝑁
∑

𝛽=1(𝛽≠𝛼)
𝜌𝛽𝑒

(−𝑉 𝛼
𝑐𝑠

𝜇𝑏
4𝜋𝑦𝑠𝑐𝑟𝑒𝑤𝑠

−|𝜏𝛼−𝐵𝛼 |

𝐾𝐵𝑇 )

−(1 − 𝜙𝑐𝑠)
𝑁
∑

𝛽=1(𝛽≠𝛼)
𝜌𝛼𝑒

(−𝑉 𝛽
𝑐𝑠

𝜇𝑏
4𝜋𝑦𝑠𝑐𝑟𝑒𝑤𝑠

−|𝜏𝛽−𝐵𝛽 |

𝐾𝐵𝑇 )
⎞

⎟

⎟

⎟

⎠

. (21)

Here, 𝐾𝑚𝑢𝑙𝑡𝑖 ≈ 1 is a geometric factor that scales the number of 
dislocations produced after applying a certain plastic shear strain while 
𝑦𝑒𝑑𝑔𝑒𝑠  and 𝑦𝑠𝑐𝑟𝑒𝑤𝑠  are the annihilation distances for edge and screw dislo-
cations, respectively. Cross-slip efficiency parameter 𝜙 ≈ 0.5 quantifies 
the likelihood for dislocation annihilation while cross-slipping and 𝑉𝑐𝑠
represents cross slip activation volume. We note that to accelerate 
4 
cyclic saturation, the dislocation density evolution production term 
in Eq.  (21) was increased by a factor of ten, during the first ten loading 
cycles (200 experimental cycles = 10 × 20 simulation cycles).

The mean spacing of sessile dislocations walls, 𝑑𝑠𝑡𝑟𝑢𝑐𝑡, is calcu-
lated assuming the so-called similitude relation for both cyclic and 
monotonic conditions [38,39], 

𝑑𝑠𝑡𝑟𝑢𝑐𝑡 = 𝐾𝑠𝑡𝑟𝑢𝑐𝑡
𝜇𝑏
𝜏𝑚𝑎𝑥

, (22)

in which 𝜏𝑚𝑎𝑥 is the maximum shear stress among all slip systems, 𝐾𝑠𝑡𝑟𝑢𝑐𝑡
is similitude coefficient. Sauzay et al. [38] analyzed myriads TEM 
images of structures under monotonic and cyclic loadings and reported 
that the value of 𝐾𝑠𝑡𝑟𝑢𝑐𝑡 for monotonic loading is almost twice of the 
cyclic (𝐾𝑀𝑜

𝑠𝑡𝑟𝑢𝑐𝑡 ≈ 2.0×𝐾𝐶𝑦
𝑠𝑡𝑟𝑢𝑐𝑡). In all cases, these constants are seemingly 

identical for a numerous FCC materials (i.e., material invariant).
Castelluccio and McDowell [23] further proposed that the dislo-

cation mean free path 𝑙𝑠𝑡𝑟𝑢𝑐𝑡 is limited by the structure such that, 

𝑙𝑠𝑡𝑟𝑢𝑐𝑡 = 𝜂𝑑𝑠𝑡𝑟𝑢𝑐𝑡, (23)

where the substructure aspect ratio, 𝜂, is a mesoscale parameter that 
describes dislocation structure morphologies and depends on the crys-
tallographic orientation and deformation level [40]. Stable structures 
under monotonic and cyclic loading conditions have different char-
acteristic parameterization of 𝜂. For example, Castelluccio and Mc-
Dowell [23] formulated 𝜂 for cyclic loading, based on accumulated 
plastic shear among slip systems. They proposed that if maximum 
plastic shear amplitude among all slip systems was lower than a critical 
value (𝛥𝛾𝑚𝑎𝑥 < 𝛥𝛾𝑝𝑙𝑀  [41]), then the dominated saturated structure 
corresponds to veins with 𝜂 ≈ 50. If the most active slip system 
surpasses 𝛥𝛾𝑝𝑙𝑀  while the plastic shear amplitude on planes associate 
to Hirth locks is lower than a predefined value (𝛥𝛾𝐻𝑖𝑟𝑡ℎ < 𝛥𝛾𝑝𝑙𝑀∕2), or 
maximum if the maximum shear amplitude is larger than the required 
shear for PSB formation (𝛥𝛾𝑚𝑎𝑥 > 𝛥𝛾𝑝𝑙𝑃𝑆𝐵), then the structure becomes 
cells with 𝜂 = 1.0. For the crystals with none of the above conditions, 
the labyrinthic structure with 𝜂 = 5 is dominant for profuse cross slip 
case (𝛥𝛾𝐶𝑟𝑜𝑠𝑠 > 𝛥𝛾𝑝𝑙𝑀 ) and PSB structures with 𝜂 ≈ 15 for low cross 
slip conditions. A flow chart explaining the identification of the cyclic 
structures is shown in the top left of Fig.  1.

For monotonic loading condition, Dindarlou and Castelluccio [24] 
proposed an error function form analogous to a phase transformation, 
i.e., 
𝜂𝑀𝑜 = 𝜂𝐼 ×

[

1 + 𝑒𝑟𝑓𝑐(𝛾𝑒𝑞)
]

, (24)

where 𝜂𝐼  is the aspect ratio of elongated cell structure and 𝛾𝑒𝑞 is ex-
plained in Eq.  (19). A summary of this strategy to identify the structure 
under monotonic models is shown in the top right of Fig.  1. Finally, we 
note that the model accounts for size effects by restricting 𝑙𝑠𝑡𝑟𝑢𝑐𝑡 to be 
smaller than the grain size, effectively capturing the behavior of crystals 
and grains larger than 100 μm.

2.3. Dislocation substructures stability under combine cyclic and monotonic 
overload

The production and annihilation of dislocations during deforma-
tion result in evolving structures with different metastablility. For 
example, Dhers [42] studied the cyclic response of Al single crystals 
oriented for single slip at room temperature and demonstrated that 
dislocation structures are unstable upon further cyclic deformation. 
Ashraf and Castelluccio [20] further assimilated this transition from 
veins to PSBs followed by cells to an accumulation of cross slip. 
Similarly, experiments with small overloads [3,4,21,22] demonstrated 
that dislocation structures are metastable and eventually transform into 
cells after large enough overloads. Indeed, the saturated cyclic stress 
remained unchanged for low overloads, while the cyclic stress increased 
significantly for overloads that manage to reconfigure the structure.
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This paper innovates with a framework that assumes that suf-
ficiently large overloads destabilize the prior structures, prompting 
a structural reorganization. Fig.  2 schematically illustrates different 
possible evolutions of cyclic structures after overloads of varying mag-
nitudes. The initial cyclic structures (veins, persistent slip bands (PSBs), 
cells, or Labyrinthic, which depend on prior cyclic history) will trans-
form into new structures at different strain levels (e.g., 2%, 5%, or 
10%). Mathematically, this is stated in the overload part of the flow 
chart in Fig.  1 (bottom right), in which the algorithm compares the 
structures predicted from monotonic and cyclic models and identifies 
the most stable dislocation structure as that with the smaller aspect 
ratio (𝜂) among both loading conditions. The value of this new ap-
proach is that it relies on a comparison of internal state variables from 
different loading routes to identify the most likely final state without 
any additional information. Moreover, these internal state variables 
corresponds to the wall fraction and dislocation structure morphology, 
which are known to be material invariant and can be validated at the 
mesoscale with microscopy. Hence, this approach provides the means 
to compare the morphology of mesoscale structures and determine 
whether a reorganization is likely to occur after an overload. The me-
chanical prediction following this analysis makes predictions assuming 
the most stable internal state without any additional parameterization 
beyond those initially implemented for monotonic and cyclic modeling.

2.4. Model implementation and parameterization

The crystal plasticity model was implemented in Abaqus 2020 
through a UMAT user subroutine with 8-node linear brick, reduced inte-
gration, and hourglass control elements (C3D8R) elements. A boundary 
condition of uniaxial tension was applied to a cubic specimen and 
force–displacement results extracted and converted to true strain–stress 
curves. Fig.  3 represents the mesh and the realistic microstructure with 
101 equiaxed grains and 8788 elements used in the simulations.

A major issue for crystal plasticity models is their parameterizations, 
which often relies on overfitting and makes it difficult to combine 
monotonic and cyclic approaches. Here, we follow parameterization 
for monotonic and cyclic follow from the work by Dindarlou and 
Castelluccio [25] and Ashraf and Castelluccio [43], respectively. Tables 
1 and 2 present mesoscale parameters that were previously shown to 
be material-independent for monotonic and cyclic loading, separately. 
We seek to confirm the material invariance character of the parameters 
under overloads by employing the same values for different metals and 
alloys.

Parameters that depend on the material composition relate to 
atomic unit processes and they are presented in Table  3. These param-
eters were estimated interdependently of their loading configuration, 
so they should be identical for monotonic and cyclic loading. Hence, 
the model employs the same elastic constants, glide activation energy, 
and thermal stress for monotonic and cyclic (which should indeed be 
identical), and they only differ on the dislocation structures (which 
should be different). Without this characteristic (which is rarely seen 
in models and requires individual estimation of parameters), it is not 
possible to combine independent monotonic and cyclic models into an 
overload framework.

3. Modeling results

Next, we assess the cyclic response after an overload for different 
crystal orientations and deformation conditions. We note that overloads 
not only induce changes to the bulk response, but they can also induce 
damage and cracking. Hence, we proceed by assuming that no cracking 
occurs during overloads and all damage accumulation proceeds from 
the cyclic deformation. Certainly, if necessary the approach presented 
can also be employed to evaluate fracture indicators that estimate 
damage during the monotonic overload.
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Table 1
Cyclic mesoscale material-invariant model parameters.
 Parameter Values  
 Similitude coefficient, 𝐾𝑠𝑡𝑟𝑢𝑐𝑡 2.75  
 Plateau plastic shear range, 𝛥𝐺𝑝𝑙

𝑀 1 × 10−5 − 7 × 10−4 
 PSBs upperbound shear, 𝛥𝐺𝑝𝑙

𝑃𝑆𝐵 0.018  
 The wall fraction change rate parameter, 𝑔𝑃 0.002  
 The initial wall fraction, 𝑓0 0.45  
 The final wall fraction, 𝑓𝑖𝑛𝑓 0.15  
 Veins aspect ratio, 𝜂𝑉 𝑒𝑖𝑛𝑠 50.0  
 PSBs aspect ratio, 𝜂𝑃𝑆𝐵𝑠 15.0  
 Cells aspect ratio, 𝜂𝐶𝑒𝑙𝑙𝑠 1.0  
 Labyrinthic aspect ratio, 𝜂𝐿𝑎𝑏. 5.0  

Table 2
Monotonic mesoscale material-invariant parameters 
[25].
 Parameter Values 
 𝐾𝑠𝑡𝑟𝑢𝑐𝑡 4.05  
 𝑓 𝐼

𝑤 0.24  
 𝑓 𝐼𝐼𝐼

𝑤 0.19  
 𝜂𝐼 4.5  
 𝜙 0.5  
 𝛾𝐶𝑟 3−3  

Table 3
Material-dependent parameters [25].
 Parameter Cu NiCr  
 𝑠𝑡0, MPa 8 20  
 𝐹0 ,

𝐾𝐽
𝑀𝑜𝑙𝑒

155 145  
 𝐶11, GPa 166.1 249.0 
 𝐶12, GPa 119.0 155.0 
 𝐶44, GPa 75.6 114.6 

3.1. Application to cu single crystal

We first explore the response of single crystals undergoing cyclic 
deformation followed by monotonic overload. Such experimental data 
are scarce in the literature, and the work by Li et al. [21] corresponds to 
one of the few reported efforts. Fig.  4 presents the modeling results at 
the meso- and macro-scale for a Cu single crystal oriented along [017] 
direction, subjected to different pre-cyclic deformation. Black, red, and 
blue curves present the overload response after low (𝛥𝛾𝑝𝑙 = 7 × 10−4), 
large (𝛥𝛾𝑝𝑙 = 3 × 10−3) or prior to cyclic deformation, respectively.

Under monotonic loading without cyclic deformation, the model 
predicts an extended Forsyth Stage I monotonic deformation (Fig.  4a). 
As stated by the authors [21], the absence of an extended Stage I in 
their experiments is unexpected (compared to the literature) and is 
likely due to crystal misorientation during testing; only a few degrees 
can significantly change the response as shown by Dindarlou and 
Castelluccio [25]. Mesoscale structures on experiments correspond to 
walls wider spaces (𝑑𝑠𝑡𝑟𝑢𝑐𝑡 = 10 μm) in Fig.  4b and elongated cells 
(𝜂 = 8 − 10) in Fig.  4c, both of which are correctly estimated by the 
model (Model: dotted lines, TEM estimates: dots).

The overload response predicted after low cyclic deformation (𝛥𝛾𝑝𝑙
= 7 × 10−4) exhibits both Stage I and Stage II hardening (Fig.  4a), con-
sistent with experimental observations. Stage I hardening arises from 
elongated labyrinthic structures (𝜂 = 5 in Fig.  4c) formed during cyclic 
deformation. This structure remains stable under 5% strain overload 
but transforms into equiaxed cells at higher overloads (𝜂 = 1 and 
𝑑𝑠𝑡𝑟𝑢𝑐𝑡 = 1 μm in Figs.  4b and 4c), which leads to Stage II hardening. 
High enough cyclic deformation (𝛥𝛾𝑝𝑙 = 3 × 10−3) form equiaxed cells 
that are more stable under overload conditions. As a result, smaller, 
more symmetric cyclic structures [4] increase initial hardening and 
reduce the impact of overloads.
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Fig. 2. Stability of various cyclic substructures during overloads. Veins, PSBs and labyrinthic substructures are stable up to five percent and transformed to stable monotonic 
structures (equiaxed and elongated cells) at ten percent overload. The TEM images from Ref. [4].
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Fig. 3. Realistic microstructure and mesh with 101 equiaxed grains, 8788 elements 
and uniaxial loading. On one end nodes are restricted to move in the axial direction 
while on the other end their are displaced under strain control.

3.2. Application to cu polycrystal

Fig.  5a and 5b compare experimental and modeling saturated cyclic 
stress strain curves (CSSC) for Cu polycrystals after five and ten percent 
overstrains, respectively. At five percent strain, the CSSC increases 
only at low cyclic strains, for which the monotonic excursion results 
in a finer structure than the stable cyclic structure. At higher cyclic 
strains, the structure is already finer that the from the overstain, so 
there is almost no change. At 10 percent overstain, the CSSC increases 
for all strain amplitudes. We highlight that no reparameterization was 
required, since the prediction arises from comparing the stability of 
independent dislocation structures from monotonic or cyclic loading, 
which were calibrated independently from the overload experiment.

Fig.  6a, 6c and 6e present the dislocation structures predicted by the 
model for fatigue, five and ten percent overstrain samples, respectively. 
The larger monotonic excursion results in a larger portion of grains 
occupied by cells. The predicted structure transformations are consis-
tent with TEM images in Fig.  6b, 6d and 6f. Therefore, at low cyclic 
strains, veins and PSBs dominate while cells and labyrithic structure 
do at high cyclic strains. After a low overload, the transition to cell 
structures dominate the response at low cyclic strains and no significant 
changes appear at higher cyclic strains, for which the intrinsic structure 
is already more stable. For large overloads, cells refine the stable cyclic 
structure for all strain ranges.

3.3. Application to nicr alloy polycrystal

The approach is now applied to predict the overload response 
of polycrystalline NiCr alloy (single phase FCC with solid solution 
strengthening) by making use of material invariant parameters in Ta-
bles  1 and 2, and the elastic properties and dislocation glide parameters 
in Table  3. Fig.  7 represents blind predictions of monotonic, cyclic, 
and overload response of NiCr polycrystal. Predicted and experimental 
mesoscale structures presented in Fig.  8a, 8b and 8c demonstrate that 
elongated structures refined after a 14% overload. It is worth noticing 
that this model employs the same parameters 𝐹0 and 𝑆0 for Cu and does 
not require any additional calibration using the experimental overload 
data.

4. Discussion

Rather than proposing a new model fit to limited overload data, 
this paper assesses the predictive power of substructure-sensitive mod-
els and their parameterizations using a novel strategy that compares 
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dislocation structures morphologies. Hence, this work demonstrates 
that models capture the response under complex loading conditions 
beyond the initial validation, and importantly, without changing the 
parameterization from monotonic and cyclic loading independently. 
The resulting model can predict dislocation substructures effectively 
without additional fitting or characterization. Thus, the approach al-
lows to explore confidently overload scenarios without requiring a 
specific overload test required for calibration. By further relying on 
material-invariant parameters calibrated from proxy materials, this 
work provides a route to reduce experimental needs and accelerate 
damage prognosis.

Our analysis has also demonstrated that the mechanical response 
after combining monotonic and cyclic deformation in single phase 
FCC materials strongly depends on the dominant dislocation structures. 
By comparing the dimensions of the substructures generated through 
independent loading routes, the novel approach in Fig.  1 predicts the 
response after overloads without any reparameterization. Notably, we 
the approach effectively relies on material-invariant mesoscale param-
eters, which reduce the need for additional testing to rank overloads 
effects for new materials and loading conditions.

Next, we employ the model to explore fatigue crack initiation in 
single- and poly-crystals after an overload for which almost no experi-
mental data is available. Here, we refer to initiation as the number of 
cycles to crack first grain. We note that even when we focus on a single 
overload, the approach is general enough to be applicable to a sequence 
of random overloads to quantify damage accumulation without any 
additional provision. Moreover, the approach can validate or improve 
cyclic counting methods, such as Rainflow algorithm [45], by deter-
mining their accuracy for different microstructures or crystallographic 
textures.

4.1. Effect of overloads on crystal orientation

No experimental study has comprehensively explored the roles of 
overloads in cyclic deformation at different strain levels and for single 
crystals of different orientations. Fig.  9 presents the model estimates for 
the cyclic deformation of Cu single crystals with different orientations 
and overloads levels. While a five percent overload is not sufficient to 
refine the PSB structure in crystals loaded along a [112] direction, a 
ten percent overload is enough to transform the structures to elongated 
cells and increase the cyclic stress (Fig.  9a). In [110] crystals with 
longer hardening Stage I, higher overloads are needed to change the 
structure into cells and increase the cyclic stress (Fig.  9b). Labyrinthic 
structure in [100] crystal are less stable in Fig.  9c and converts to cells 
after five percent overload. Since the change of dislocation structure 
aspect ratio in [112] and [110] crystals is larger than the change in 
[100] crystal (𝜂𝑃𝑆𝐵 → 𝜂𝐼 > 𝜂𝐿𝑎𝑏 → 𝜂𝐼𝐼𝐼 ), the increase of the stress due 
to overload is higher. However, cell structures in [111] crystals are sta-
ble even after large overloads, and the cyclic stress remains unchanged 
in Fig.  9d. These results support that the effects of overloads would 
be low for textured polycrystals with more grains near multiple slip 
orientations and their fatigue lives would not be significantly altered. 
Moreover, polycrystals with rolling texture dominated by [111] and 
[100] orientations are less susceptible to overloads affecting the cyclic 
response than those dominated by single-slip oriented grains, specially 
at low strain amplitudes. This analysis is consistent with trends found 
on experiments [46,47].

4.2. Effect of overloads on fatigue crack initiation

Since grains oriented for single slip are preferred sites for fatigue 
crack initiation [52], our analysis suggests that overloads will have 
a significant effect on early fatigue lives, specially in the high cycle 
fatigue regime. This rationale aligns with experimental evidence [53,
54], which demonstrated that overloads have a dominant effects at low 
strain amplitudes in the so-called threshold regime. In this case, long 
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Fig. 4. Meso- and macro-scale overload response of [017] Cu single slip crystal, subjected to different pre-cyclic deformation. Blue, black, and red curves demonstrate the overload 
response without (unfatigued), after low, and after high cyclic deformation, respectively (low 7×10−4 and high 3×10−3 cyclic plastic strain, 𝛥𝛾𝑝𝑙). (a) Predicted stress–strain curves, 
(b) Walls spacing, 𝑑𝑠𝑡𝑟𝑢𝑐𝑡, (c) Substructure aspect ratio, 𝜂. Experiments from Ref. [21].
Fig. 5. Increase of saturated cyclic stress of Cu polycrystal and transformation of mesoscale structures by five and ten percent overloads. CSSCs of virgin (VG) Cu polycrystals after 
(a) Five and (b) Ten percent overload. The macroscopic stress increase by the overloads coincides with mesoscale structure transformations. The experimental data from Ref. [3].
cracks encompass multiple grains oriented for single- and multiple-slip, 
which moderate overload effects.

To quantify the effects of overloads on crack initiation, we consider 
FIPs, which are microstructural surrogates of the fatigue crack initiation 
driving force [55,56]. Specifically, we evaluate the effect of overloads 
on fatigue initiation by considering the FIP proposed by Fatemi and So-
cie [57] and later reformulated at the slip-system level by Castelluccio 
and McDowell [58], i.e., 

𝐹𝐼𝑃𝐹𝑆 = 𝛥𝛾𝛼𝑚𝑎𝑥

[

1 + 𝑘
𝜎𝑚𝑎𝑥𝑛
𝜎𝑦

]

, (25)

where 𝛥𝛾𝛼𝑚𝑎𝑥 is the maximum cyclic plastic shear strain among all slip 
systems, 𝑘 is a normalization constant, 𝜎𝑚𝑎𝑥𝑛  is the maximum normal 
stress on the maximum plastic shear range plane, and 𝜎𝑦 is the reference 
strength (we used 𝜎𝑦 = 150 MPa for Cu and 𝑘 = 0.5 in this work).

Next, we use the polycrystal model in Fig.  3 and Eq.  (25) to compute 
the FIPs for every slip system and element during the first cycle after an 
overload. These values are then averaged for each grain, such that each 
results in 12 different grain-averaged FIPs, one per slip system. Fig.  10 
presents the grain-averaged FIPs for Cu taking into account the pristine 
material, as well as five and ten percent overloads; we also consider 
size levels of cyclic shear strains. The results demonstrate that at low 
cyclic plastic strains, overloads can significantly reduce the FIPs thanks 
to a transformation of elongated cyclic structures (veins and PSBs) into 
refined monotonic cells. We note that overloads affect both the mean 
and the extremes of the FIP distributions, the latter of which controls 
fatigue crack initiation.
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We further evaluate the correlation between the FIP following an 
overload and the initial apparent Schmid factor. The results in Fig.  11 
show that FIPs increase with the Schmid factor for cyclic deformation, 
but not for overloads, particularly at low cyclic strain levels. Certainly, 
overloads reduce or even eliminate the positive correlation between 
FIPs and apparent Schmid factor. Hence, these results suggest that 
fatigue crack initiation under low amplitude fatigue following an over-
load may be driven by grains oriented for both, low and high apparent 
Schmid factors. This result adds to the sources of uncertainty affecting 
fatigue lives during service and helps to explain the experimental fact 
that cracks not always initiate in high Schmid factor grains.

Finally, Fig.  12 represents the effect of the overloads on the fatigue 
life following the correlation between FIP and fatigue life (𝑁𝑛𝑢𝑐 ∝
𝐹𝐼𝑃−2) proposed by Castelluccio and McDowell [58]. Here, we con-
sider the maximum FIP among all grains to estimate the most critical 
fatigue crack initiation event. Our analysis suggests that large enough 
overloads can increase the number of cycles to initiate a fatigue crack 
by up to two orders of magnitudes. The largest life gains occur for 
low strains amplitudes in which long structures (Veins, PSBs and Lab.) 
transform into cells, which are not naturally formed during low ampli-
tude cyclic deformation. The increase in fatigue lives from overloads 
agree with the experimental trends reported, in which the threshold 
regime is more sensitive to overloads [3,4,7–10,12–14,21,22].

5. Conclusion

This work presents a novel framework to estimate the cyclic re-
sponse following overloads in the absence of dedicated experimental 
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Fig. 6. Mesoscale structures predicted for (a–b) VG sample, and after (c–d) Five and (e–f) Ten percent overloads agree with TEM images in d, g and h. Transformation of pre-cyclic 
long structures (Veins, PSBs and Labyrinthic) to refined cells and Type I structure, by the overloads, raises the macroscopic stress. The experimental data from Ref. [3].
data. The approach is based on evaluating the stability of dislocation 
structures under further deformation and their potential for refine-
ment. The framework combines substructure-based crystal plasticity 
(CP) models for FCC single-phase materials parameterized for mono-
tonic and constant periodic loading in order to predicted the influence 
of overloads on subsequent cyclic deformation. The models utilizes 
the same mesoscale parameters across different materials, demonstrat-
ing that complex loading sequences can be effectively modeled using 
the principle of parameter material invariance for single- and poly-
crystals. Overall, predictions for macroscopic stress–strain behavior 
and mesoscale structure morphology are consistent with experimental 
results for both single- and poly-crystals.

The analysis further demonstrated that the cyclic response after 
an overload is influenced by cyclic history and crystal orientation. In 
single crystals oriented for single slip, prior cyclic deformation can 
lead to a reduction or complete disappearance of monotonic Stage 
I, depending on the initially applied cyclic strain range. The higher 
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hardening rates and the earlier onset of Stage II under monotonic 
loading were attributed to the development of more refined and stable 
mesoscale structures during previous cyclic loading.

The effects of an overload on subsequent cyclic behavior depend 
on the level of deformation and crystal orientation. Sufficiently large 
overloads (ranging from 5% to 30%, depending on the orientation) 
can induce a transformation from elongated to equiaxed structures, 
altering the cyclic response. In polycrystalline metals and alloys, a 
similar transformation from elongated structures to equiaxed cells fol-
lowing an overload leads to an increase in the saturated cyclic stress, 
in agreement with experimental results. The comparison of the dom-
inant substructures predicted by the model and those observed in 
experiments provided a mesoscale validation of the approach.

Finally, the model evaluates the likelihood of fatigue crack ini-
tiation by analyzing changes in grain-averaged FIPs after overloads. 
The results show that the impact of overloads on fatigue life is highly 
dependent on crystal orientation and the magnitude of the overload. 
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Fig. 7. (a) Prediction of monotonic response of NiCr polycrystal. (b) CSSCs of virgin (VG) material and after 14 percent overload of this alloys. Experiments from Refs. [2,44].

Fig. 8.  Predicted mesoscale structures for VG sample (a), and after 14 percent overload (b) and (c) TEM image showing the refined structure after the overload. The transformation 
of long structures to cells by the overload increases the stress. Experiments from Refs. [2,44].
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Fig. 9. Predicted effects of overloads on cyclic deformation for (a) [112] (b) [110] (c) [100] and [111] Cu single crystals. While five percent overload is not sufficient to change 
the structure in [112] crystal, PSBs formed in pre-cycles transformed to elongated cells in ten percent overload. In [110] crystal with longer hardening Stage I, higher overloads are 
needed to change the structure. Accordingly, PSBs are stable even after 20 percent but altered to elongated cells after 30 percent overload. Labyrinthic structure in [100] crystal 
is changed to equiaxed cells even in five percent overload. Cell structure in [111] multiple slip crystal is stable even after 30 percent overload and stress remained unchanged. 
Experiments from Refs. [48–51].
An overload under small amplitude fatigue is more likely to modify 
the dislocation substructure and hence improve the fatigue life than 
under large amplitude deformation. Furthermore, the analysis suggests 
that overloads can enhance the fatigue life of polycrystalline materials 
with grains predominantly oriented for single-slip, especially in the 
high-cycle fatigue regime. As a result, fatigue crack initiation within a 
grain can be delayed by several orders of magnitude in this regime and 
overloads make crack initiation in low apparent Schmid factor grains 
more likely.
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Fig. 10. Predicted effects of the overloads on the averaged-per-grain FIPs at different cyclic plastic strains for Cu polycrystal. FIP distributions decrease by the overload. This 
reduction is more prevalent at low cyclic plastic strains where more long structures (veins and PSBs) transform to refined cells by the overload.
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Fig. 11. Predicted effects of the overloads on the averaged-per-grain FIPs for differently oriented grains (apparent Schmid factors) at various cyclic plastic strains for Cu polycrystal. 
The overloads affect mostly the single slip grains with high Schmid factors.
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Fig. 12. The effect of the overloads on the fatigue life as a function of the plastic strain 
amplitude. We used the maximum value of FIP among all elements to consider the 
most critical fatigue life assessment (𝑁𝑛𝑢𝑐 ∝ 𝐹𝐼𝑃 −2

𝑚𝑎𝑥). Large enough overloads, modify 
fatigue life by transforming long structures (Veins, PSBs and Lab.) to cells, which are 
finer structures.
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