International Journal of Plasticity 174 (2024) 103894

INTERNATIONAL JOURNAL OF

Contents lists available at ScienceDirect

International Journal of Plasticity

7
journal homepage: www.elsevier.com/locate/ijplas 7

Check for

Optimization of crystal plasticity parameters with proxy materials ity
data for alloy single crystals

Shahram Dindarlou ?, Gustavo M. Castelluccio **

a University of Twente, Netherlands
b School of Aerospace, Transport and Manufacturing, Cranfield University, Cranfield, UK

ARTICLE INFO ABSTRACT

Keywords: Multiscale modeling approaches have demonstrated ample value in understanding, predicting,
Crystal plasticity and engineering materials response. While increasing computational power has aided in model-
Parameter uncertainty ing atomic behavior from first principles, modeling mesoscale mechanisms such as intergranular
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failure or crack initiation still rely strongly on correlative models. Crystal Plasticity models
have been extensively used to relate process-property-structure in metallic materials including
mesoscale effects such as texture, microplasticity, and failure variability. However, models still
suffer from low predictive power at the grain scale, which leads to poor damage prognosis
outside the experimental calibration set. In addition to model form error, mesoscale uncertainty
is dominated by an inadequate model parameterization that arises from calibration exclusively
to macroscopic experimental data. This work explores parameter uncertainty in Crystal Plasticity
models and proposes a hybrid physic-based and numerical optimization approach to identify
parameters associated to mesoscale strengthening in FCC metals and alloys. The strength
and novelty of the approach rely on calibrating parameters independently using single-crystal
and polycrystal stress—strain curves. We further demonstrate that multiple materials can be
incorporated simultaneously into a single optimization algorithm to robustly quantify mesoscale
material-invariant parameters. These values are then used to blindly predict the response of
single- and poly-crystals engineering alloys. As a result, our approach mitigates modeling
uncertainty by augmenting the data for calibration with single crystal experiments from
different materials with similar dislocation structures (i.e., proxy materials). The results provide
the basis for a robust parameterization of crystal plasticity models that can predict single- and
poly-crystal responses for engineering alloys even in the absence of direct experimental data.

1. Introduction

The inelastic response of engineering metallic materials cannot yet be predicted sole from first principles and engineers rely
on strongly correlative models that are informed by myriads of experimental tests. These data-driven approaches require testing
every material under numerous abnormal extreme service conditions, which can be costly, impractical, or even impossible for
some service conditions. Alternatively, mechanistic approaches such as crystal plasticity (CP) (Roters et al., 2010) can predict the
constitutive response of metallic materials from a number of principles, but they require adequate parameterization to avoid spurious
extrapolations and low predictive power at the grain scale (mesoscale) (Pokharel et al., 2014) .
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Researchers have normally advanced constitutive models with novel physics-inspired formulations that often lack equally
rigorous quantification of parameter uncertainties (Roy and Oberkampf, 2011) . However, models without unique and independent
parameters cannot capture unequivocally the local response at or below the grain scale (El Shawish and Cizelj, 2017; Pirgazi and
Kestens, 2021) . Optimization and artificial intelligence schemes that fit parameters only to macroscopic stress—strain curves (Sedighi-
ani et al., 2022; Herrera-Solaz et al., 2014) are prone to overfitting and simply lack grain-level information. Since mathematical
optimization does not address the dearth of data that hinders independent parameterization, the solution lies in the fusion of data
from different sources and scales (Sangid, 2020). For example, Knezevic and coworkers (Savage et al., 2021; Feng et al., 2022;
Veasna et al., 2023) developed approaches to parameterized CP models that predict texture evolution by integrating stress—strain
curves from different loading conditions as well as information from grain rotation and phase formation (e.g., twins). Their work
clearly demonstrates that proper parameterization of CP to predict texture requires a plethora of data across scales.

Other researchers (Estrin et al., 1996; Brahme et al., 2011; Steckmeyer et al., 2012; Sauzay et al., 2014) sought multiscale data
augmentation by parameterizing the morphology of sessile dislocation substructures characterized by microscopy. Castelluccio and
coworkers (Castelluccio and McDowell, 2017; Dindarlou and Castelluccio, 2022; Ashraf and Castelluccio, 2023) further extended
this approach and garnered the mechanics of dislocation structures to propose a substructure-sensitive CP based on a two-phase
material model (i.e., walls and channels). Their work proved the need for validating models to single crystal responses by presenting
different parameterizations that match polycrystalline stress—strain curves accurately but differ drastically for single crystals.
Other researchers have also highlighted the value of parameterizing with experimental data from deforming a single grain or
crystal (Venkatraman et al., 2022; Bertin et al., 2013). Parameterizations that predict macroscopic polycrystal but not single crystal
responses translates into grain-level error (Sangid, 2020) and leads to poor damage prognosis (Rovinelli et al., 2017).

Two main limitations currently exist in mitigating model input errors (Roy and Oberkampf, 2011): firstly, most CP models have
not been validated with single crystal experiments and the literature lacks specific optimization approaches to integrate these data.
Secondly, single crystal data are scarce and despite some recent advances (Lodh et al., 2023), they are unlikely to be available
for most engineering materials. Hence, this work addresses both problems with a novel multi-objective physics-based optimization
approach that estimates unique material-invariant parameters for FCC metals by calibrating parameters to single- and polycrystal
responses. We study parameter sensitivity by performing separate optimization routes using individual or collective data from Cu,
Ni and Al to blindly predict the single-crystal response of engineering alloys. We propose a novel approach to calibrate CP models
with single- and poly-crystal data, and we demonstrate the value material-invariant parameters to mitigate uncertainty when no
single-crystal data is available.

1.1. Uncertainty in calibrating exclusively to polycrystal data

Strain hardening in metallic materials arises from multiple cooperating mechanisms across scales (point defects, forest disloca-
tions, grain boundaries, etc.). Many of these strengthening mechanisms result in similar macroscopic observable effects, which
makes it difficult to distinguish their origin, particularly for polycrystalline materials. The analysis of single crystals supports
the understanding of mechanisms by avoiding grain boundaries and promoting different dislocation processes among different
orientations. Hence, validating CP models with numerous single crystals mitigates epistemic and aleatoric uncertainty of forest
dislocation hardening. However, the main drawback is the lack of single crystal experimental data, which are only typically available
for a few pure metals.

To demonstrate the magnitude of the uncertainty associated with calibrating models only to polycrystalline experiments, we
consider the substructure-sensitive CP model (Dindarlou and Castelluccio, 2022) described in the supplementary material, which is
capable of predicting single crystal responses. Details about the mesh, loading conditions, boundary conditions and microstructure
are also presented in the supplementary material. In this case, we computed the parameters for stainless steel from the polycrystal
data in Fig. 1 along with the optimization procedure based on the Levenberg-Marquardt method as proposed by Herrera-Solaz et al.
(2014). This numerical approach estimates the parameters by minimizing an Euclidean objective function between the experimental
and the predicted stress—strain curve.

Fig. 1(a) demonstrates that the CP model with the optimized parameters closely matches the polycrystal experimental data.
In comparison, Fig. 1(b) presents CP single crystals predictions along with the experimental results from Karaman et al. (2001)
and Kashyap and Tangri (1995), who performed rare testing of stainless steels. In this case, the model results in incredibly poor
performance in predicting single crystal response. Indeed, not only the [111]-crystal hardening is underestimated, but the [213]
crystal artificially hardens above all curves at a strain of about 10%. These inaccuracies are typical in CP models parameterized
only with macroscopic polycrystal stress—strain data and arise from an artificial compensation in hardening among different crystals
(excessive strength for [213] compensates for [100] and [111] deficits). As demonstrated later, such poor prediction power is due
to the model inputs rather than model forms. In any case, most CP models are not systematically validated with single crystal data,
which tends to result in low predictive power at the grain level and is problematic for predicting mechanisms such as grain boundary
impingement, strain localization, decohesion, and cracking.

2. Methodology
Our premise for mitigating model uncertainty, particularly in relation to CP models with numerous material parameters, is to

reduce the number of parameters to facilitate their independent estimation in sequence. The demonstration of the optimization
sequence considers the substructure-sensitive CP model for monotonic loading (Dindarlou and Castelluccio, 2022) (full model
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Fig. 1. Prediction of stress—strain curves of stainless steel (316) using the parameters optimized by fitting with polycrystal data. While the polycrystal fitting is
excellent, the parameters fail to predict single crystals, which indicates that optimization with polycrystal data may not guarantee the predictability for single
crystals.

Source: Experiments from Refs. Karaman et al. (2001) and Kashyap and Tangri (1995).

description available in the supplementary material) with the understanding that the strategy is applicable to other approaches.
Substructure-sensitive approaches by Castelluccio and co-authors (Dindarlou and Castelluccio, 2022; Ashraf and Castelluccio, 2023)
were designed to allow for the independent validation of mesoscale attributes—dislocation structure spacing (d,,,.,), aspect ratios
(), wall fractions (f,,)—using TEM or ECCI imaging. The approach estimates d,,., with the inverse of the local (i.e., discounting
long-range effects) shear stress (%) associated with a slip system « through the similitude principle, i.e.,

dslruct = /;_f’ (1)
which depends on a material- and temperature-independent parameter (Sauzay and Kubin, 2011). Moreover, the algorithms predict
n and f,, for arbitrary crystal orientation to reproduce the response of single- and poly-crystalline. Although f,, and # algorithms
are different for monotonic and cyclic loading, in both cases, the associated parameters are material-invariant (i.e., FCC materials
share identical mesoscale parameters). Despite the success of these models, prior efforts fell short of a rigorous optimization of
mesoscale parameters that match macroscopic and mesoscopic experiments with minimum mathematical error. Moreover, a robust
optimization approach further serves to validate the notion of material invariance with respect to specific subsets of parameters.

Fig. 2 summarizes the novel optimization approach, which consists of four steps, each one running an optimization algorithm
proposed by Herrera-Solaz et al. (2014) to fit parameters to different experimental data. Step I relies on yield stress data, Steps
II and III employ stress—strain curves from a single crystal that develop thermal and athermal dislocation structures (Ashraf and
Castelluccio, 2022), respectively, and Step IV relies on the polycrystal stress—strain curve. Steps II to IV are calibrated to curves
with at least 10% deformation to achieve saturation of dislocation structures (Dindarlou and Castelluccio, 2022). We highlight that
subsequent steps do not affect prior parameters and do not reuse prior data.

2.1. Pre-optimization step

Prior to optimization, we recognize that a number of CP parameters can be effectively estimated independently from the
literature. For example, elastic constants can be inferred accurately from atomistic modeling or experiments as well as the Burgers
vector, whose uncertainty only results in a second-order effect in CP results. As discussed by Sauzay and Kubin (2011), the dislocation
self-interaction coefficient can be assumed to be «;; ~ 0.1 for numerous materials based on independent estimations with dislocation
dynamics modeling and experiments. The uncertainty of this coefficient is intrinsically related to the estimated initial dislocation
density and the model form error (Oberkampf et al., 2002) for the dislocation mean free path (Devincre et al., 2008). Hence,
we choose a predetermined value for «; and we will consider well-annealed FCC materials with large grains (>100 pm) and low
initial dislocation densities (10'! m~2) to avoid spurious calibrations that compensate for the other errors, as proposed by Ashraf
as Castelluccio (Ashraf and Castelluccio, 2021). Another low-sensitivity parameter corresponds to the jump frequency, which is
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typically in the range between 100 and 10'3 s~! and is closely related to the atomic vibration. Here, we consider the atomic
attempt frequency from Eyring’s reaction rate theory as employed by Ashraf and Castelluccio (2021), i.e.,
kT
V= —,
h
in which is T is the temperature, and k and / are the Boltzmann and Plank constants, respectively. Furthermore, the initial values
for parameters in Steps II to IV correspond to earlier estimates (Dindarlou and Castelluccio, 2022).

(2)

2.2. Step I: Yield stress

First, we estimate the parameters that describe the dislocation glide energy barrier associated with atomic unit processes
(e.g., solid solution strengthening from point defects, interstitial or substitutional alloying, and small precipitates compared to
dislocation lengths). Numerous formulations (Langer, 2019; Dunne et al., 2007; Kocks et al., 1975) have been proposed to
parameterize the Gibbs free energy associated with dislocation glide. Here, we consider the traditional approach by Kocks et al.
(1975), with the understanding that the optimization would serve other formulations. Kocks proposed Arrhenius-type equation such
that,

P\ «

. Fy )

ya = pabvrldstruct exp _kB_T<1 - S?L ’ ®
Ho

in which the plastic shear rate (%), depends on the dislocation density (p%). Plastic shear is controlled by four parameters: glide
activation energy at 0 K (F,), the thermal stress, (s;), and profile parameters p and g. Furthermore, ; and , are the shear modulus
at temperature T and 0 K, respectively.

As discussed by Ashraf and Castelluccio (2021), Gibbs free energy parameters are not uniquely defined when fitted to
experimental stress—strain curves at a single temperature or strain rate. In practical terms, this means that an increase in F, can be
compensated by a decrease in s, to match the experiments performed at one temperature or strain rate. However, this ambiguity
gets resolved when calibrating with experiments at multiple experimental temperatures. Ashraf and Castelluccio (2021) went further
and gathered experimental data across temperatures for multiple FCC materials to demonstrate that for fixed p = % and ¢ = %, F,
correlates inversely with the material stacking fault energy (SFE), i.e.,

SFE

Fy ~ 2.6 —0.0067 * -,

(€]

mJ m~

The robustness of this approach relies on the simultaneous evaluation of multiple materials rather than a single experimental
set, and the outcomes are parameters estimated independently. Hence, s? is the only unknown parameter and we can optimize its
value such that CP simulations match the yield point of polycrystal experiments with the understanding that single crystal data
would also serve this purpose if they were available. We note that the role of dislocation densities on yield strength is negligible
for large-grain well-annealed engineering materials. Furthermore, the energetics of dislocation glide is independent of the loading
conditions, and indeed this approach was successfully applied for calibrating glide activation parameters under cyclic loading (Ashraf
and Castelluccio, 2023).

2.3. Step II: Thermal structures

Next, we calibrate the parameters associated with thermal dislocation structures (equiaxed cells) by employing stress—strain
curves from crystal orientated for profuse cross-slip (e.g. [111]). As shown by Knoesen and Kritzinger (1982) for monotonic loading
and by Ashraf and Castelluccio for cyclic loading (Ashraf and Castelluccio, 2022), these crystal orientations result in well-defined
equiaxed cells (Type III structure) driven by cross slip and their wall fractions are constant and independent of temperature. Hence,
we employ the numerical optimization algorithm (Herrera-Solaz et al., 2014) to optimize the wall fraction value for cells f, ,1,’ I and the
similitude coefficient K., discussed by Sauzay and Kubin (2011). The morphology of cells results in an equiaxed structure with an
aspect ratio of /! = 1 and does not require calibration. Because thermal structures have constant wall fractions, forest dislocation
hardening in substructure-sensitive CP models (Dindarlou and Castelluccio, 2022; Ashraf and Castelluccio, 2023) depends on the
refinement of the cell size.

2.4. Step III: Athermal structures

Next, we calibrate the saturation values for the mesoscale parameters related to Type I and II thermal structures, which
correspond to elongated cells. We assume (f} = f/! and ' = #'’) and employ the numerical algorithm to optimize the parameters
using experimental data from single crystals oriented to prevent cross slip (which limits wall fraction refinement with temperature).
Because athermal structures vary their wall fractions, forest dislocation hardening depends on the simultaneous refinement of the
wall thickness, cell size, and aspect ratio until reaching saturation approximately at 10% strain
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Fig. 2. Sequential physics-based CP parameters optimization for FCC materials. Stress-Strain curves for Steps II to IV should reach at least 10% to achieve
saturation of the dislocation structures (Dindarlou and Castelluccio, 2022).

2.5. Step IV: Structure transition

Finally, we estimate y,,, which controls for intermediate crystal orientations the transition from athermal into thermal structures
with increasing accumulated cross slip. Because this condition would require assessing numerous crystal orientations, we calibrate
7., using polycrystal experimental data to capture the transformation of enough grains to equiaxed cells. We also optimize the cross
slip efficiency, ¢, which controls the annihilation and production of dislocation density.

3. Results and discussion
3.1. Pure metals

The proposed physics-based optimization methodology sequentially quantifies different CP parameters independently to match
single- and poly-crystals. Fig. 3 exemplifies the results from the optimization sequence applied to Cu. The optimization relies on
the stress-strain curves from two crystal orientations with and without profuse cross slip, which results in thermal and athermal
structures, respectively (Ashraf and Castelluccio, 2022). Each subfigure in Fig. 3 presents an optimization step and includes the
experimental data used for calibration (triangle gray line), intermediate optimization predictions (short broken red line), and the
optimum solution (long broken green line). These results show that the model form and the parameterization adequately capture
the experimental responses of single- and poly-crystals.

Following an identical procedure, we optimized the parameters for Ni and Al, and results in Table 1 demonstrate that mesoscale
parameters (K;,,.;, /.- n) are almost identical among all the materials. Also, cross-slip parameters are closely related, which suggests
that a similar amount of accumulated cross-slips is required to create similar structures in different materials; the caveat is this
cross-slip amount will occur at different strain levels for different materials. The similarity of these values supports the notion
that material invariant parameters characterize forest dislocation hardening in FCC metals and the differences in Table 1 are due to
overfitting. Moreover, the values are in close agreement with the estimates from inspection of dislocation structures in TEM and SEM
micrographs (Dindarlou and Castelluccio, 2022), which supports that calibration to single crystals dislocation structures provides a
mesoscale validation.

By assuming that different materials have identical mesoscale material invariant parameters, we implemented a multi-objective
physics-based optimization approach that combines Cu, Ni, and Al single- and poly-crystal stress—strain curves. This approach uses
the experimental data across multiple materials to optimize the parameters that best match all the experiments simultaneously. As a
result, we effectively mitigate experimental uncertainty from single- and poly-crystal samples. Fig. 4 presents the CP predictions for
single- and poly-crystals for Cu, Ni, and Al from a single multimaterial parameters optimization. We emphasize that all modeling
predictions use the same mesoscale parameters presented in the last column of Table 2, and they only differ on the elastic constants,
the activation energy F, and the athermal stress s,.

3.2. Calibration of engineering alloys by material proxy

Experiments (Hansen et al., 2008; Li et al.,, 2011) have shown that FCC metals and engineering alloys at equal homologous
temperatures share similar dislocation structures, which induce equivalent strain hardening among these materials. This logic
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Fig. 3. Sequential physics-based parameter optimization using experimental data from Cu. Red curves are predictions with non-optimized parameters and show
the optimization path and green lines are predictions with optimized parameters. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)
Source: Gray points experimental data taken from Refs. Takeuchi (1975), Venkatesan and Beshers (1970), Follansbee and Gray (1991), Mukherjee et al. (1965)
and Tagami et al. (2001).

Table 1

Parameters of various FCC materials optimized independently.
Parameter SS 316 (poly) Cu Ni Al
s0, MPa 250 8 20 10
SFE, mJ] m~2 78 (Schramm and Reed, 1975) 46 (Devlin, 1974) 120 (Carter and Holmes, 1977) 166 (Murr, 1973)
Fy=F,—ax SFE (Ashraf and 180 155 145 80
Castelluccio, 2021), -
Kot 6 3.94 4.05 4.9
fE=rl 0.3 0.24 0.25 0.25
s 0.1 0.19 0.19 0.19
' =n'" 5 4.3 5 2.8
] 0.5 0.48 0.49 0.49
Yor 3-3 3-3 13 3-3
Cy,» GPa 232.8 166.1 249.0 114.8
Cy,, GPa 154.0 119.0 155.0 62.0
Cyy, GPa 118.0 75.6 114.6 31.0
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Fig. 4. Predictions of Cu, Ni, and Al single- and poly-crystals with only one unique set of parameters, optimized by combining experimental data from Cu,
Ni, and Al (parameters in Table 2). Material invariant parameters enable the prediction of FCC materials, using experimental data from other materials for
calibration (without the need for experimental testing).

Source: Experiments of Cu from Refs. Takeuchi (1975), Steeds (1966), Kawasaki (1974) and Heinrich et al. (1992), Ni from Refs. Venkatesan and Beshers (1970)
and Follansbee and Gray (1991), Al from Refs. Mukherjee et al. (1965) and Tagami et al. (2001) and polycrsyals from Refs. Carreker and Hibbard (1953), Gracio
et al. (1989), Thompson (1977) and Marnier et al. (2016).

supports using single crystal data available for pure metals as proxies to calibrate engineering alloys, for which we lack single
crystal tests. Hence, we implemented Step I and IV of the optimization sequence using polycrystalline stress-strain data, while
relying on the prior parameterization with Cu, Ni, and Al single crystals for Steps II and III (Table 2).

Fig. 5 presents the predictions for single- and poly-crystals for engineering alloys using the mesoscale parameters calibrated by
combining data from multiple materials in Table 2. We emphasize that only elastic constants, F, s?, and y., were different among
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Table 2
Optimized parameters combining Cu, Ni, and Al experimental data. These parameters are employed
to predict various engineering alloy responses.

Parameter Cu, Ni, and Al combined
Kiruer 4.05
fL=rl 0.24
ra 0.19
PL— 4.5
¢ 0.5
Yer 373
Table 3
Material parameters optimized by the proposed method for the alloys.
Parameter SS 316 HEA NiCr NiCo CuMn
50, MPa 250 150 20 20 8
SFE, mJ m™2 78 (Schramm 30 (He et al., 2014) 120 (Carter and 120 (Carter and 46 (Devlin, 1974)
and Reed, 1975) Holmes, 1977) Holmes, 1977)
Fy=F, —ax SFE (Ashraf and 180 200 145 145 155
Castelluccio, 2021), Mkjle
C,,, GPa 232.8 172.0 249.0 249.0 166.1
Cy,, GPa 154.0 107.0 155.0 155.0 119.0
C,, GPa 118.0 92.0 114.6 114.6 75.6

materials and only two parameters were fit—elastic constants were taken from the literature Table 3 and F, was estimated following
the correlation with stacking fault energy (SFE) as proposed by Ashraf and Castelluccio (2021).

By relying on material-invariant parameters, the response of single- and polycrystal alloys only requires optimization of s° and y,
in Steps I and V, respectively. Both optimizations can be done with polycrystal data while the approach still predicts single crystals.
Interestingly, the polycrystalline material predictions in Figs. 5(f) and 5(g) do not match perfectly the experiments as compared to
Fig. 1(b), which can be taken as a measure of the model form error (or prior overfitting). Certainly, the current CP model assumes
no texture, low initial dislocation densities, and large grains to avoid size effects, which are sources of errors that can be mitigated
without changing the model parameters. Thus, the systematic assessment of model input error and the avoidance of overfitting can
effectively be used to understand model form error.

3.3. Sources of parameterization uncertainty

Although parameterization to polycrystals is not sufficient to assure mesoscale predictive power (Fig. 1), single crystal
experiments bring larger uncertainty. For example, Fig. 6 presents one experimental result for Ni reported close to [8111] single
crystal (Venkatesan and Beshers, 1970; Follansbee and Gray, 1991; Akhtar and Teghtsoonian, 1971) along with our modeling
prediction using material invariant parameters (broken blue line), which does not match the experiments. However, a slight
modification of one parameter (ygq) was sufficient to produce an excellent fitting to experiments (the dotted red line in Fig. 6(a)). The
analysis of only these data suggests that the multimaterial parameterization validated in Fig. 5 is incorrect. However, the comparison
of the experimental data with independent experimental data in Fig. 6(b) demonstrates that the orientation is incorrectly estimated
on the original reference. This idea is further supported by TEM analysis of the dislocation structure aspect ratio (#) shown in
Fig. 6(c), which is only predicted by material invariant parameters. In reality, the incorrect parameter provides additional hardening
by assuming that cell structures appear at smaller strains (lower ygq). This response is analogous to that observed after rotating
the sample towards the 001 orientation, which develops cells at lower due to the increase in cross slip. Hence, with a change in
orientation or yg" we can reproduce the same macroscopic stress—strain response, but the latter option will not be predictive for
other crystal orientations.

The variability in Fig. 6 exemplifies the sensitivity of stress—strain curves to the effective crystal misalignment (i.e., the orientation
of the lattice with respect to the applied force direction after manufacturing and mounting the sample on the testing machine).
It also demonstrates that small spurious modifications in parameters may be able to reproduce the experiment even when they
are inaccurate. In this case, an incorrect parameter results in cell structures arising at smaller strains (which shortens Stage 1),
which resembles a rotation towards [001] orientation, for which cells develop at smaller strains compared to single slip or [011]
orientations. Thus, rather than relying on one experiment, the overall uncertainty can be mitigated with the simultaneous calibration
of CP parameterization with multiple single crystals.

To further assess the impact on the parameterization of single crystal misalignment, we present the results from the CP model
calibrated for Ni, but adding five-degree random rotation, which is often used as a threshold for differentiating crystal orientations
among grains. The results in Fig. 7 demonstrate that [110] crystals are less sensitive to misalignment, which can increase or decrease
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Fig. 5. Predictions of FCC alloys from optimized parameters using combined data from various FCC pure metals experimental data for calibration (Cu, Ni, and
Al). Material invariant parameters optimized by the proposed approach enable the prediction of FCC alloys without experimental test requirements.
Source: Experiments from Refs. Karaman et al. (2001), Kashyap and Tangri (1995), Akhtar and Teghtsoonian (1971), Heinrich et al. (1992), Kronmiiller (1959),

Kireeva et al. (2018) and Kireeva et al. (2016).

the hardening. On the contrary, the misalignment induces softening in orientations that promote cross slip ([100] and [111]), and the
model results become an upper bound. These considerations should be taken into account by enlarging the calibration sampling with
multiple crystals, especially for orientation that facilitates cross-slip. In addition to the effective misalignment between the lattice
and load direction, minor misorientation within samples and different initial dislocation densities amplify testing uncertainties.
These considerations put into perspective the quality of the results in Fig. 5 and suggest that an accurate model would not match
all single crystal experiments given their intrinsic experimental uncertainty.
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Fig. 6. (a) Predictions of Ni [8111] crystal using valid and invalid (y,* = 40.0) sets of parameters. Excellent fitting with invalid parameters shows that using
only stress—strain curves for parameter optimization does not necessarily imply valid parameters and extra validation is required. (b) Experimental stress—strain
curves for other Ni crystals in the neighborhood of [8111]. (c) Mesoscale structure of FCC crystals in the neighborhood of [8111] and (d) Measurement of
structure aspect ratio from TEM images shown in c. Both macroscopic curves and mesoscale structures show that the experimental [8111] curve in a is may be
incorrect. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Source: Experiments from Refs. Venkatesan and Beshers (1970), Follansbee and Gray (1991), Akhtar and Teghtsoonian (1971), Kawasaki (1979), Steeds (1966),
Sumino et al. (1963), Sard and Weil (1970), Landau et al. (2010), Mori and Fujita (1982), Taylor and Christian (1967) and Staton-Bevan and Rawlings (1975).

4. Discussion and outlook

It is often assumed without further proof than matching experimental stress—strain curves that constitutive formulations are
material invariant and can be applied to a range of materials with similar deformation mechanisms. For example, Taylor hardening
has been employed to describe dislocation hardening in numerous materials. Similarly, we also assumed that the back stress
formulation applies to a range of materials, which implies that the mechanics of dislocation structures apply across the materials
studied. Our work further extended these notions by demonstrating that not only model forms but also model inputs can be material
invariant. We have demonstrated that a unique set of mesoscale parameters associated with forest dislocation hardening in FCC
materials can be identified for different materials that share similar dislocation structures. Since these parameters are known a priori,
they effectively reduce testing needs and mitigate mesoscale modeling uncertainty, especially for cases in which single crystal data
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Fig. 7. Orientation sensitivity of stress-strain curves in different areas of inverse pole figure.

cannot be accessed. Hence, the approach is unique in matching single crystal response with pre-known mesoscale parameters for
those FCC metals that share the same dislocation structures.

The novel sequential optimization approach calibrates parameters independently by analyzing simultaneously single crystal
stress-strain curves from materials with similar dislocation structures (i.e., proxy materials). These parameters were used to predict
the single crystal response of alloys such as stainless steel 316, NiCr, NiCo, and high entropy alloys. Hence, mesoscale attributes
associated with forest dislocation hardening can be assumed to be material invariant to decrease significantly model input error.
By leveraging on single crystal data from proxy materials we demonstrated that we can mitigate the parameter uncertainty more
efficiently than performing a simultaneous optimization of all parameters with a single polycrystal test (e.g., compare the results in
Figs. 1(b) and 5(a)). Moreover, disagreements with experiments in Fig. 5(a) can be used to identify sources of model form errors
(e.g., missing grain size or texture effects). Hence, this work provides an opportunity to facilitate the use of CP model in industrial
applications by drastically simplifying calibration while providing significant single crystal predictive power.

The notion of material invariant parameters may seem miraculous, and certainly, not all parameters fall in this category
(e.g., parameters related to atomic unit processes such as glide activation energy). However, material invariance of dislocation
structures has been established confidently from experiments (Sauzay and Kubin, 2011; Ashraf and Castelluccio, 2022). From the
modeling perspective, the idea of parameter invariance has been previously exploited implicitly without much consideration. For
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example, Bassani and Wu (1991) proposed a popular latent hardening matrix model for single crystals whose coefficients have been
widely used by the community for numerous materials (Chouhan et al., 2023; Indurkar and Joshi, 2023; Zheng et al., 2023). This
corresponds to an implicit use of material invariance related to dislocation hardening parameters that we formalize in this paper.
Furthermore, our work supports the notion that CP models in general could present a degree of parameter material invariance
given enough experimental data to identify parameters independently. Indeed, data-driven analysis (e.g., principal components
analysis Wang et al., 2023) along with ample multi-material experimental datasets have the potential to identify clusters of
parameters with low covariance across multiple materials. For example, novel approaches could determine the invariance character
of a CP parameter using optimization weights that link specific mechanisms to parameters and data (e.g., cross-slip parameters
in Step 2 could be calibrated to strong rolling textured polycrystals). Even the classical Chaboche model (Chaboche, 1989) could
be redefined with a hybrid phenomenological/physics-based approach in which some of the back stresses correspond to material
invariant contribution from forest dislocation hardening and do not need recalibration.

Our work has mainly focused on FCC metallic materials and can be directly applied to materials with similar structures. For
example, ferrite has also been shown to follow the similitude principle with similar structures (Yalcinkaya et al., 2009) and
could present material invariant parameters related to forest dislocation hardening. Notwithstanding, the sequential optimization
strategy introduced for FCC materials can be reformulated for the different mechanisms in BCC and HCP materials to mitigate CP
parameter uncertainty in these materials. Of course, even FCC engineering alloys have additional hardening mechanisms that are
not material invariant (e.i., twinning, and phase transformations, etc.), but we argue that the current mesoscale parameterization
may still describe dislocation hardening in those cases. For example, new optimization steps could be incorporated sequentially
to calibrate parameters associated with known fractions of twinning or martensite (Wong et al., 2016) but without affecting the
parameterizations of mesoscale dislocation structures. Hence, the overall uncertainty of a CP model with additional hardening
mechanisms is enhanced by relying on the independent parameterization of forest dislocation strengthening presented in this
contribution.

One final consideration with regards to size effects, which have been mostly ignored by considering macroscopic single crystals
or polycrystals with a grain size of a few hundred microns. The CP formulation does not incorporate a grain size effect to avoid
phenomenological equations without a rigorous parameterization strategy and physical interpretation (Yu et al., 2018). Hence, future
work will explore the potential material-invariant character of crystal size effects, which has been found in experiments (Thangaraju
et al., 2012).

5. Conclusions

This work explores model input uncertainty in CP models applied to FCC metals and alloys. Although we consider a specific
CP model that was designed to account for the origin of each parameter independently, the conclusions are likely valid for other
models and intrinsic material attributes. The results represent a significant step to facilitate the engineering use of CP models for
FCC engineering alloys by drastically simplifying calibration, which is among the most pervasive barriers to adopting CP models
for industrial applications. Moreover, we further enhance modeling confidence using parameterizations with proxy materials that
extend mesoscale predictive power for single crystals, even when experimental data is not available for the specific alloy.

The novel hybrid physic-based/numerical optimization approach identifies parameters associated with mesoscale strengthening
in FCC metallic materials. The approach determines sequentially parameters using single- or poly-crystal stress—strain curves and
results in almost identical mesoscale parameters across multiple materials. Hence, we consider these parameters material-invariant
and optimize them by combining stress-strain curves from different materials.

We also demonstrate that single-crystal stress—strain data are prone to larger experimental uncertainty than polycrystal data,
which affects model uncertainty. As a result, calibrating CP models with single-crystal data from numerous materials and orientations
is more effective in mitigating uncertainty compared to using fewer experiments from a single material.
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