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Abstract

Microscale forming operations have become popular due to miniaturisation which focuses on micro scale design and manufacturing
of devices, components and parts, e.g. in RF-MEMS. In such processes when the component dimension becomes comparable with
the grain size, considerable size effect is observed. Recent experimental studies on micron sized sheet specimens have shown that
the ratio between thickness (t) and grain size (d) has a significant influence on the mechanical behavior of materials which cannot be
explained merely with the intrinsic (grain) size effect. Even though the grain sizes are similar, remarkable differences in mechanical
response is obtained for cases with different thicknesses. In this context the aim of the current study is to address this extrinsic type
size effect through crystal plasticity simulations. A series of local crystal plasticity finite element simulations are conducted for
different values of t/d ratio in tensile specimens. Different granular morphologies of polycrystalline samples are generated using
Voronoi tessellation and tested under axial loading conditions. The macroscopic influence of varying t/d ratio is studied in detail
and compared with the experimental findings in the literature.
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1. Introduction

The ongoing technological advancements lead to usage of micron-sized devices necessary in various industries.
Because of the popularization of such tiny devices, there is a need for further investigation of the influence of mi-
crostructural characteristics on the mechanical response. At this length scale, different size effect phenomena plays
crucial role in the plastic behavior of the materials (see e.g. Yalçinkaya et al. (2018)). As the material become thinner,
fewer grains are present along the thickness direction. Hall-Petch relation dictates that material strength strongly de-
pends on the grain size with an inverse relation, which assumes a certain dependency for every grain size independent
of the specimen geometry. However, this traditional perspective of the grain size effect is not enough to explain the
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mechanical behaviour of specimens with few grains per thickness (see e.g. Kim and Lee (2012)). Experimental studies
have shown that thickness to grain size ratio (t/d) is a significant factor on the account of mechanical behavior (see
e.g. Janssen et al. (2006); Hug and Keller (2010); Keller et al. (2011)). In these experimental studies, the thickness
to grains size ratio (t/d) is controlled by either keeping the thickness constant and changing the grain size (by heat
treatment) or preserving the same grain size for different thickness values. Variation in mechanical responses is ob-
served among these specimens. Flow stress decreases with decreasing thickness to grain size ratio (t/d) much more
drastically for thin specimens in a certain interval. So in this interval, thin materials follow a different trend from the
bulk specimens in terms of flow stress and show a “multicrystalline behavior”, see region B in Fig. 1. The value of
t/d below which specimens follow this trend, is called critical value. The critical value differs for each material. After
that critical value, material behave like a “polycrystal”, see region C in Fig. 1. Moreover, for specimens having less
than one grain per thickness which is called “monocrystals”, similiar values of flow stress are recorded, see region A
in Fig. 1. This is due to the fact that surface grain ratio stays constant for all specimens, since all the grains are surface
grains.

Fig. 1: Experimental true stresses for different t/d ratios of nickel at 0.05 strain presented in Hug and Keller (2010).

As fewer grains are present along the thickness direction, the ratio of grains having at least one free surface in-
creases. Therefore, surface grains become more and more dominant on the specimen which leads to inferior mechani-
cal properties (see e.g. Miyazaki et al. (1979)). The main reason is that the inner grains are much more constrained by
the neighbouring grains than surface grains leading to more dislocation grain boundary interaction and more harden-
ing. The exponential decrease of flow stress with the decrease of t/d is explained by this proportional increase of free
surface (see e.g. Kals and Eckstein (2000); Raulea et al. (2001); Janssen et al. (2006); Keller et al. (2010)). Moreover,
low t/d ratio might lead to an anisotropic behavior since each grain will possess a strong influence on the overall be-
havior. Besides anisotropy, the grain boundaries are also crucial in these specimens which can be grouped as vertical
GB (along thickness direction) and horizontal GB (along the loading direction). For t/d values below 1, only vertical
GBs are present since all grains become columnar. However, for t/d values higher than 1, grains start to stack on
each other and horizontal GBs come into action. As the t/d is further increased until the critical value, the amount of
the horizontal grain boundaries increases significantly, which can be regarded as one of the factors that ensures the
increase in flow stress in the interval before the critical value (see e.g. Janssen et al. (2006); Hug and Keller (2010)).

The effect of the thickness to grain size ratio on flow stress is observed experimentally as explained above. In this
paper, the phenomena is studied numerically with crystal plasticity finite element method. A local crystal plasticity
model is employed to assess the mechanical behavior of thin materials. A representative volume element with 300
grains is created and parameters for the model are fitted to the experimental data of the aluminum AA6016 in T4
temper. Specimens with varying t/d ratios are created and subjected to the uniaxial tensile loading simulations. The
obtained results are compared with experimental studies and the capacity of crystal plasticity finite element calcula-
tions is discussed in this context.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.prostr.2021.12.069&domain=pdf
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As fewer grains are present along the thickness direction, the ratio of grains having at least one free surface in-
creases. Therefore, surface grains become more and more dominant on the specimen which leads to inferior mechani-
cal properties (see e.g. Miyazaki et al. (1979)). The main reason is that the inner grains are much more constrained by
the neighbouring grains than surface grains leading to more dislocation grain boundary interaction and more harden-
ing. The exponential decrease of flow stress with the decrease of t/d is explained by this proportional increase of free
surface (see e.g. Kals and Eckstein (2000); Raulea et al. (2001); Janssen et al. (2006); Keller et al. (2010)). Moreover,
low t/d ratio might lead to an anisotropic behavior since each grain will possess a strong influence on the overall be-
havior. Besides anisotropy, the grain boundaries are also crucial in these specimens which can be grouped as vertical
GB (along thickness direction) and horizontal GB (along the loading direction). For t/d values below 1, only vertical
GBs are present since all grains become columnar. However, for t/d values higher than 1, grains start to stack on
each other and horizontal GBs come into action. As the t/d is further increased until the critical value, the amount of
the horizontal grain boundaries increases significantly, which can be regarded as one of the factors that ensures the
increase in flow stress in the interval before the critical value (see e.g. Janssen et al. (2006); Hug and Keller (2010)).

The effect of the thickness to grain size ratio on flow stress is observed experimentally as explained above. In this
paper, the phenomena is studied numerically with crystal plasticity finite element method. A local crystal plasticity
model is employed to assess the mechanical behavior of thin materials. A representative volume element with 300
grains is created and parameters for the model are fitted to the experimental data of the aluminum AA6016 in T4
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2. Constitutive Model

A rate-dependent finite strain local crystal plasticity model with hardening law of Peirce et al. (1982) is employed
within the finite element analyses in this study. Crystallographic slip due to dislocation motion on active slip systems
and elastic lattice distortion are the two main mechanisms that cause the entire deformation. The deformation gradient
F is decomposed in a multiplicative manner,

F = Fe · Fp (1)

where Fe and Fp are the elastic and plastic deformation gradient, respectively. Fe is related to the stretching and
rotation of the crystal lattice. Plastic deformation is assumed to be occurred only due to the crystalline slip. Thus, Fp

includes only the effect of plastic shear,

L = Ḟ · F−1 = D +Ω (2)

Total velocity gradient L actually consists of the symmetric rate of stretching D and the antisymmetric spin tensor
Ω. Then D and Ω are additively decomposed to elastic and plastic parts,

D = De + Dp , Ω = Ωe +Ωp (3)

The plastic deformation gradient is determined by integrating the plastic velocity gradient, which is obtained by
summing the plastic slip rate γ̇ on each slip system,

Lp = Ḟ · (Fp)−1
=

N∑
α=1

γ̇(α)(m(α) ⊗ n(α)) (4)

where mα and nα represent the slip direction and the normal to the slip plane of the slip system α. The evolution
of the slip rate γ̇ occurs according to the power law shown below,

γ̇(α) = γ̇0

∣∣∣∣∣∣
τ(α)

g(α)

∣∣∣∣∣∣
n

sign(τ(α)). (5)

where γ̇0 denotes reference plastic slip rate and n represents the rate sensitivity exponent. τ(α) and g(α) denote
resolved shear stress and slip resistance, respectively. The slip resistance evolves according to

ġ(α) =
∑
β

hαβ
∣∣∣γ̇β
∣∣∣ (6)

For self-hardening Peirce and Asaro’s (sech) relation is employed,

hαα = h(γ) = h0sech2
∣∣∣∣∣

h0γ

gs − g0

∣∣∣∣∣ (7)

where h0 is the initial hardening modulus, g0 is the initial slip resistance, gs is the saturation slip resistance. Latent
hardening moduli are given by

hαβ = qαβhαα , (α � β) (8)

where q denotes the ratio of latent hardening to self-hardening. All 12 slip systems are included for the FCC (Face
Centered Cubic) material which are assumed to be active.

3. Numerical study

In this section the numerical analysis of specimens with different thickness/grain size ratio is presented. After
identifying the material parameters through a homogenization process various cases are studied and the results are
discussed in comparison to experimental observations from the literature.
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3.1. Material parameters

The crystal plasticity finite element simulations are conducted in ABAQUS employing a user-material subroutine
(UMAT) based on Huang (1991) with certain modifications. For the identification of material parameters an artificial
representative volume element (RVE) is generated through Voronoi tessellation using Neper software with 300 grains
(see Quey et al. (2011)). The material data for AA6016 in T4 temper condition is considered (Granum et al. (2019))
and the stress-strain response is fitted to the ones from the RVE computations. Symmetric boundary conditions with
tensile loading are imposed such that all surfaces of RVE are kept straight and ensure that triaxiality values remain
0.33 (see e.g. Yalçinkaya et al. (2021a)).

Cubic elastic parameters for aluminum sheet is taken as C11 = 108.2 GPa, C12 = 61.3 GPa and C44 = 28.5
GPa (Nakamachi et al. (2002)). Reference slip rate γ̇0 is taken as 10−3 and rate sensitivity exponent n is determined
as 60 for analyses to be rate-independent as much as possible. The ratio of latent hardening to self-hardening q is
a constant for all grains and taken as 1.4 considering strong latent hardening for aluminum (see e.g. Peirce et al.
(1982); Liu et al. (2019)). After the identification process, the hardening parameters are obtained as, initial hardening
modulus h0 = 190 MPa, saturation slip resistance gs = 95 MPa and initial slip resistance g0 = 47 MPa. Additionaly,
three different simulations with different sets of random orientations are conducted to verify the obtained hardening
parameters, see Fig. 2. For both parametrization and main analyses, the strain rate is determined as 10−3.
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Fig. 2: Experimental versus RVE stress strain response under axial loading condition for three different randomly oriented grain microstructures.

3.2. Tensile specimens

Tensile specimens are generated with 2 mm x 2 mm dimensions having varying thicknesses, see Table 1. Four
example microstructures of the specimens are presented in Fig. 3. Grain orientations are assigned randomly for
each grain where Euler ZYX convention is followed. The intervals for Euler angles are selected as φ[0 360],
θ[0 180],ψ[0 360].

Boundary conditions are visualized in Fig. 4. All the nodes of the bottom surface are constrained in Y direction
while the node at the origin is constrained in all three axial directions. Moreover, x1 node is constrained in z-direction
while z1 node is constrained in the x-direction to eliminate any possible rigid body rotation and ensure uniaxial
tension.

The employed local plasticity cannot predict the intrinsic size effect due to varying grain size. In order to include
such effects a strain gradient crystal plasticity model should be used (see e.g. Yalçinkaya (2019), Yalçinkaya et al.
(2021b), Yalçinkaya et al. (2021c)). The variation of both grain size and the thickness makes the analysis complicated
and it would be difficult to get a clear conclusion when both intrinsic and extrinsic size effect is active. Therefore as an
initial attempt we keep the grain size around a constant value and vary the thickness using a size-independent model.
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example microstructures of the specimens are presented in Fig. 3. Grain orientations are assigned randomly for
each grain where Euler ZYX convention is followed. The intervals for Euler angles are selected as φ[0 360],
θ[0 180],ψ[0 360].

Boundary conditions are visualized in Fig. 4. All the nodes of the bottom surface are constrained in Y direction
while the node at the origin is constrained in all three axial directions. Moreover, x1 node is constrained in z-direction
while z1 node is constrained in the x-direction to eliminate any possible rigid body rotation and ensure uniaxial
tension.

The employed local plasticity cannot predict the intrinsic size effect due to varying grain size. In order to include
such effects a strain gradient crystal plasticity model should be used (see e.g. Yalçinkaya (2019), Yalçinkaya et al.
(2021b), Yalçinkaya et al. (2021c)). The variation of both grain size and the thickness makes the analysis complicated
and it would be difficult to get a clear conclusion when both intrinsic and extrinsic size effect is active. Therefore as an
initial attempt we keep the grain size around a constant value and vary the thickness using a size-independent model.
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Table 1: Dimensions and corresponding t/d ratios of examined specimens.

x dimension (mm) y dimension (mm) thickness (µm) mean grain diameter (µm) t/d ratio total number of grains

2 2 18 59 0.30 665
2 2 35 73 0.48 665
2 2 53 85 0.62 665
2 2 70 93 0.75 665
2 2 88 100 0.88 665
2 2 105 105 1 685
2 2 147 105 1.4 959
2 2 168 105 1.6 1096
2 2 189 105 1.8 1233
2 2 211 105 2 1370
2 2 232 105 2.2 1507
2 2 253 105 2.4 1644
2 2 274 105 2.6 1781
2 2 295 105 2.8 1918
2 2 316 105 3 2055
2 2 358 105 3.4 2329
2 2 400 105 3.8 2603
2 2 442 105 4.2 2877
2 2 484 105 4.6 3151
2 2 526 105 5 3425
2 2 568 105 5.4 3699

(a) t/d = 0.3 (b) t/d = 1.0

(c) t/d = 2.2 (d) t/d = 4.6

Fig. 3: Microstructures of specimens having different t/d values.
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Fig. 4: Boundary condition for uniaxial tension simulation.

In this way the hardening parameters are naturally kept constant in all simulations. The strategy of controlling the
t/d ratio by changing thickness is also conducted experimentally in literature (see e.g. Hug and Keller (2010); Yuan
et al. (2020)). Note that the CPFE model does not include the effect of grain boundaries directly. For a more physical
analysis where the influence of grain boundary orientation and the misorientation between the grains are considered,
a proper GB model should be included in the modeling (see e.g. Yalçinkaya et al. (2021b)). In here the misorientation
between the neighbouring grains create a constraining effect anyhow due to the different plasticity evolution coming
from the random orientation distribution. Therefore, the model indirectly considers the effect of the grain boundaries
with a limited capacity.

A mean grain size of 105 µm is considered for each specimen with t/d > 1. The thickness of the specimens vary
between 18 µm and 568 µm, which leads to t/d ratios within an interval between 0.3 and 5.4. To capture the critical
value of the t/d ratio, the thickness is gradually increased until the increase in flow stress is almost levelled off. In order
to preserve the mean grain size, the number of grains is increased from 685 (t/d=1.0) to 3699 (t/d=5.4) by increasing
the thickness. On the other hand, the specimens having t/d ratio below 1 consist of 665 grains.

4. Results

In the simulations, a general trend of increase in flow stress with increasing t/d ratio is observed, which is obtained
solely through thickness increase. In this analysis the number of grains should be increased to see the influence of
higher t/d ratios. Even though the total grain number is increased, the number of grains at the free surfaces stays
nearly constant for all t/d ratios. Therefore, the ratio of the surface grains to all grains decreases for increasing t/d. As
discussed previously, higher the surface grain ratio weaker the stress response. The results presented in Fig. 5 confirm
this simple relation where the flow stress increases with increasing t/d and with decreasing surface grain ratio. At
t/d equals 1, almost all grains are surface grains and the stress response is lowest among the other specimens having
higher t/d. In Fig. 5a, it can be observed that flow stress increases rapidly with increasing t/d but then the rate of
increase slows down. Fig. 5b shows that the increasing trend in flow stress diminishes for higher t/d ratios and the
results converge to a single curve, which is expected for a polycrystalline material.

To get a better comparison with the experimental behavior shown in Fig. 1, the flow stress values at 0.1 macroscopic
strain are plotted for different specimens with different t/d values in Fig. 6. In the experimental studies, flow stresses
do not change much for specimens with t/d < 1. When the ratio is increased further until the critical value, flow
stresses are observed to be increasing rapidly. Above the critical value, the increase slows down and similar flow
stress values are recorded for higher t/d ratios. In the current numerical study, the most obvious difference with
experiments is obtained for t/d < 1 where a considerable increase in flow stresses occur. One of the reasons is that, in
our simulations, the imposed boundary conditions make the specimen deform homogeneously, therefore it delays the
localization. Another reason is that, even though the surface grain ratios are similar, the amount of grain boundaries
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t/d ratio by changing thickness is also conducted experimentally in literature (see e.g. Hug and Keller (2010); Yuan
et al. (2020)). Note that the CPFE model does not include the effect of grain boundaries directly. For a more physical
analysis where the influence of grain boundary orientation and the misorientation between the grains are considered,
a proper GB model should be included in the modeling (see e.g. Yalçinkaya et al. (2021b)). In here the misorientation
between the neighbouring grains create a constraining effect anyhow due to the different plasticity evolution coming
from the random orientation distribution. Therefore, the model indirectly considers the effect of the grain boundaries
with a limited capacity.

A mean grain size of 105 µm is considered for each specimen with t/d > 1. The thickness of the specimens vary
between 18 µm and 568 µm, which leads to t/d ratios within an interval between 0.3 and 5.4. To capture the critical
value of the t/d ratio, the thickness is gradually increased until the increase in flow stress is almost levelled off. In order
to preserve the mean grain size, the number of grains is increased from 685 (t/d=1.0) to 3699 (t/d=5.4) by increasing
the thickness. On the other hand, the specimens having t/d ratio below 1 consist of 665 grains.

4. Results

In the simulations, a general trend of increase in flow stress with increasing t/d ratio is observed, which is obtained
solely through thickness increase. In this analysis the number of grains should be increased to see the influence of
higher t/d ratios. Even though the total grain number is increased, the number of grains at the free surfaces stays
nearly constant for all t/d ratios. Therefore, the ratio of the surface grains to all grains decreases for increasing t/d. As
discussed previously, higher the surface grain ratio weaker the stress response. The results presented in Fig. 5 confirm
this simple relation where the flow stress increases with increasing t/d and with decreasing surface grain ratio. At
t/d equals 1, almost all grains are surface grains and the stress response is lowest among the other specimens having
higher t/d. In Fig. 5a, it can be observed that flow stress increases rapidly with increasing t/d but then the rate of
increase slows down. Fig. 5b shows that the increasing trend in flow stress diminishes for higher t/d ratios and the
results converge to a single curve, which is expected for a polycrystalline material.

To get a better comparison with the experimental behavior shown in Fig. 1, the flow stress values at 0.1 macroscopic
strain are plotted for different specimens with different t/d values in Fig. 6. In the experimental studies, flow stresses
do not change much for specimens with t/d < 1. When the ratio is increased further until the critical value, flow
stresses are observed to be increasing rapidly. Above the critical value, the increase slows down and similar flow
stress values are recorded for higher t/d ratios. In the current numerical study, the most obvious difference with
experiments is obtained for t/d < 1 where a considerable increase in flow stresses occur. One of the reasons is that, in
our simulations, the imposed boundary conditions make the specimen deform homogeneously, therefore it delays the
localization. Another reason is that, even though the surface grain ratios are similar, the amount of grain boundaries
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(a) Engineering stress-engineering strain curves of specimens having t/d below 3 (b) Engineering stress-engineering strain curves of specimens having t/d above 3

Fig. 5: Engineering stress-engineering strain curves for specimens having different t/d ratios.
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Fig. 6: Flow stress values at %10 displacement of specimens having different t/d ratios.

changes dramatically for these specimens. Moreover, the most important reason is that in the calculations the same
hardening parameters are used for each specimen. Yet, while specimens with t/d > 1 have the same mean grain size,
the specimens with t/d < 1 show decreasing grain size behavior with decreasing t/d ratio. If hardening parameters
were adjusted according to the grain sizes, or if a size dependent crystal plasticity model was employed, which would
lead to a harder response, then the results would be similar for t/d < 1 to the experimental observations.

The flow stress response shows a steep increase for t/d between 1 and a critical value compared to the response
at higher t/d ratios which converge to polycrystalline behavior. Fig. 6 shows that the critical value corresponds to
around 2. Between 1 and the critical value, the numerical study resulted in a similar trend with the experimental
results. Starting from t/d = 1, as the ratio is increased, the grain boundaries parallel to the loading direction start
to emerge. These GBs contribute to the resistance of the material to plastic deformation. The difference between
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flow stresses is not high compared to the experimental studies. The main reason is that the local crystal plasticity
method does not include the effect of the grain boundaries directly as it was explained in the simulations section.
Yet, there is a distinguishable evolution that constitutes observable trends. The influence of the boundary conditions
which leads to same homogeneous behavior in all specimens could influence the difference between the experiments
and the numerical results. While in experimental studies the thinner specimens start to localize earlier, here there is
no difference in that regard due to homogeneous behavior. As stated previously, the increase in flow stress diminishes
after the critical value. The findings of the simulations are parallel to the experiments. For these specimens, at least
2 grains are present through thickness and all grains have at least one horizontal grain boundary. Therefore, newly
formed grain boundaries do not create a significant difference in flow stress. As the t/d ratio further exceeds the
critical value, the mechanical response approaches to that of the bulk specimen and the effect of having few grains per
thickness disappears.

The von Mises stress distributions of specimens with different t/d ratios are shown in Fig. 7. The difference in stress
distribution is apparent especially on the lateral (thickness) surface. As the t/d ratio increases, a general increase in
the von Mises stress values is apparent. The emergence of new GBs can be observed by examining the stress variation
along the upper and lateral surfaces.
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Fig. 7: Von Mises stress distribution of specimens having different t/d ratios.

5. Conclusion

In this paper, the crystal plasticity finite element method is employed to assess the mechanical response of speci-
mens with micron sized thickness having few grains per thickness. A parameter fitting study was conducted at RVE
scale to find hardening parameters of AA6016 in T4 temper condition. With obtained hardening parameters, uniaxial
tension loading simulations are conducted on thin specimens having different thickness to grain size ratios.

The macroscopic responses of specimens are compared with the experimental findings in the literature in a quali-
tative manner. For specimens with thickness to grain size ratio t/d < 1, the numerical results were not in an agreement
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changes dramatically for these specimens. Moreover, the most important reason is that in the calculations the same
hardening parameters are used for each specimen. Yet, while specimens with t/d > 1 have the same mean grain size,
the specimens with t/d < 1 show decreasing grain size behavior with decreasing t/d ratio. If hardening parameters
were adjusted according to the grain sizes, or if a size dependent crystal plasticity model was employed, which would
lead to a harder response, then the results would be similar for t/d < 1 to the experimental observations.

The flow stress response shows a steep increase for t/d between 1 and a critical value compared to the response
at higher t/d ratios which converge to polycrystalline behavior. Fig. 6 shows that the critical value corresponds to
around 2. Between 1 and the critical value, the numerical study resulted in a similar trend with the experimental
results. Starting from t/d = 1, as the ratio is increased, the grain boundaries parallel to the loading direction start
to emerge. These GBs contribute to the resistance of the material to plastic deformation. The difference between
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critical value, the mechanical response approaches to that of the bulk specimen and the effect of having few grains per
thickness disappears.

The von Mises stress distributions of specimens with different t/d ratios are shown in Fig. 7. The difference in stress
distribution is apparent especially on the lateral (thickness) surface. As the t/d ratio increases, a general increase in
the von Mises stress values is apparent. The emergence of new GBs can be observed by examining the stress variation
along the upper and lateral surfaces.

(Avg: 75%)

S, Mises

170
185
200
215
230
245
260
275
290
305
320
335
350

45

819

(a) t/d = 0.3

(Avg: 75%)

S, Mises

170
185
200
215
230
245
260
275
290
305
320
335
350

103

831

(b) t/d = 1.0

(Avg: 75%)

S, Mises

170
185
200
215
230
245
260
275
290
305
320
335
350

118

850

(c) t/d = 2.2

(Avg: 75%)

S, Mises

170
185
200
215
230
245
260
275
290
305
320
335
350

70

856

(d) t/d = 4.6

Fig. 7: Von Mises stress distribution of specimens having different t/d ratios.

5. Conclusion

In this paper, the crystal plasticity finite element method is employed to assess the mechanical response of speci-
mens with micron sized thickness having few grains per thickness. A parameter fitting study was conducted at RVE
scale to find hardening parameters of AA6016 in T4 temper condition. With obtained hardening parameters, uniaxial
tension loading simulations are conducted on thin specimens having different thickness to grain size ratios.

The macroscopic responses of specimens are compared with the experimental findings in the literature in a quali-
tative manner. For specimens with thickness to grain size ratio t/d < 1, the numerical results were not in an agreement
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with the experiments. Significant differences between flow stresses of the specimens were observed even though sim-
ilar values were recorded in experimental studies. The disagreement was partly due to the boundary conditions which
delayed the localization and the variation in the amount of GBs transverse to the loading direction. The most im-
portant reason was the same hardening parameters being used for specimens with different mean grain sizes, which
would naturally decrease in the t/d < 1 regime. A more accurate study can be conducted in the future with appropriate
hardening parameters or by employing a strain gradient crystal plasticity model which would take into account the
size effect.

For t/d > 1, flow stresses increase rapidly until the critical value. The critical value is found to be approximately
2. The rapid increase was a result of the development of the GBs parallel to the loading direction. The trend is in line
with the empirical tests in literature, yet the differences between flow stresses were lower in simulations compared
to the experiments due to the employed local crystal plasticity model which cannot include the direct effect of the
GBs as well as the employed homogeneous boundary conditions. Further increase in the t/d ratio, above the critical
value, slows down the increase in flow stress. Since there is already a considerable amount of GBs parallel to the
loading direction, newly formed GBs do not make a substantial contribution to the resistance to deformation. Also,
for specimens with higher t/d ratios, the specimens can no longer be treated as thin specimens and the behavior
converges to the polycrystalline one.
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