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A multi-scale modeling approach was applied to predict the impact response of a strain
rate sensitive high-manganese austenitic steel. The roles of texture, geometry, and strain
rate sensitivity were successfully taken into account all at once by coupling crystal plas-
ticity and finite element (FE) analysis. Specifically, crystal plasticity was utilized to obtain
the multi-axial flow rule at different strain rates based on the experimental deformation
response under uniaxial tensile loading.The equivalent stress – equivalent strain response
was then incorporated into the FE model for the sake of a more representative hardening
rule under impact loading.The current results demonstrate that reliable predictions can be
obtained by proper coupling of crystal plasticity and FE analysis even if the experimental
flow rule of the material is acquired under uniaxial loading and at moderate strain rates
that are significantly slower than those attained during impact loading. Furthermore, the
current findings also demonstrate the need for an experiment-based multi-scale modeling
approach for the sake of reliable predictions of the impact response.
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INTRODUCTION
Austenitic high-manganese (Mn) steels, a class of high strength
steels, have received considerable attention since they offer a rare
combination of exceptional work hardening capacity, high wear
and abrasion resistance, high strength, and significant ductility
(Owen and Grujicic, 1999; Bayraktar et al., 2004; Bouaziz et al.,
2011). These extraordinary mechanical properties have been sub-
ject to several studies (Karaman et al., 2000, 2001; Bayraktar
et al., 2004; Hutchinson and Ridley, 2006; Ueji et al., 2008; Nien-
dorf et al., 2009, 2010), many of which revealed that the main
mechanism underlying the observed mechanical behavior is the
presence of twins in the microstructure accompanied by addi-
tional microstructural features, such as stacking faults, dynamic
strain aging (DSA), and interaction of twins with dislocations
(Karaman et al., 2000, 2001; Hutchinson and Ridley, 2006; Ueji
et al., 2008). Simultaneous activity of all of the aforementioned
micro-deformation mechanisms result in the improved strength
and work hardening capacity of this class of steels, where all
these mechanisms constitute obstacles against gliding dislocations
(Karaman et al., 2000, 2001; Hutchinson and Ridley, 2006; Ueji
et al., 2008). However, the complexity of the deformation behavior
of these materials makes it difficult to clearly distinguish between
the relative contributions of the hardening mechanisms.

A very good example to this complicated microstructure is that
of Hadfield steel, high-Mn austenitic steel with a face-centered
cubic (fcc) structure at room temperature (RT). Hadfield steel
is well known for its deformation by both slip and twinning
(Karaman et al., 2000; Toker et al., 2014), where the two mech-
anisms interact and further promote work hardening concomi-
tant with increasing strain. To add further to the complexity of
micro-deformation mechanisms, glide dislocations tend to form

high-density dislocation walls (HDDWs), which effectively hin-
der active glide dislocations from moving further, contributing to
the unusual strain hardening exhibited by this material (Canadinc
et al., 2005, 2007). However, dislocations are prevented from glid-
ing not by twin boundaries or HDDWs only, but also by carbon
(C), which can diffuse within the matrix throughout the defor-
mation, as it becomes easily excited by the energy provided by the
applied stresses (Canadinc et al., 2008a).

The excited C atoms diffuse within the matrix, however; when
they meet dislocations at interstitial zones, they prevent disloca-
tions from gliding further, which is referred to as pinning of the
dislocation by the C atom (Owen and Grujicic, 1999; Canadinc
et al., 2008a). This, indeed, gives way to DSA (Owen and Grujicic,
1999; Canadinc et al., 2008a), which further adds to the complexity
of the microstructure by promoting strain rate sensitivity (SRS)
and negative strain rate sensitivity (NSRS) (Canadinc et al., 2008a).
Specifically, as steel is deformed at a faster rate, the rate of gener-
ation of forest dislocations increases, also leading to an increased
level of stress at the same strain value, which is known as the SRS
(Canadinc et al., 2008a). In Hadfield steel, however; the diffusion
velocity of C also increases concomitant with strain rate. At lower
strain rates, the C atoms stay longer at an interstitial site, poten-
tially pinning a dislocation for a longer period, which is a positive
contribution in terms of strain hardening. However, as the defor-
mation rate increases, C atoms start to diffuse much faster, and
they cannot pin dislocations for extended periods, which indeed
takes away an important contribution to the overall hardening:
the result is softening, and even though the strain rate increases,
the material attains lower levels of stress at the same strains, which
is known as the NSRS (Canadinc et al., 2008a). The NSRS, how-
ever; is eliminated at very high strain rates, such that the missing
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Onal et al. Multi-scale modeling of impact response

contribution to the overall hardening due to the pinning of dis-
locations becomes negligible as compared to the significant forest
hardening, which constitutes the major mechanism of hardening
at elevated rates of deformation (Canadinc et al., 2008a).

Despite their complicated micro-deformation mechanisms,
other high-Mn austenitic steels with similar microstructures, such
as the twinning-induced plasticity (TWIP) steels, continue to
attract attention and find use in applications, mainly owing to their
superior mechanical properties (Hutchinson and Ridley, 2006;
Jeong et al., 2012; Xu et al., 2013; Wen et al., 2014). Automotive
industry and other load bearing applications utilize high-Mn steels
at an increasing rate, and ballistic applications constitute another
potential area that may utilize this class of steels. For all these appli-
cations, however, resistance to impact loading and understanding
of the deformation response under impact becomes of utmost
importance (Toker et al., 2014). Considering the design process
of any commercial product, on the other hand, one realizes that
the capability to realistically predict the impact response of these
alloys by numerical modeling is warranted, which constitutes the
motivation of the current work.

The impact performance of a material is governed by its
microstructure, and the corresponding parameters, such as grain
boundaries, grain size, precipitates, and delaminations, and the
material’s ductile-to-brittle transition temperature (DBTT) alto-
gether dictate the response to impact loading (Song et al., 2005;
Kimura et al., 2008; Morris, 2008; Onal et al., 2014). Another
important parameter affecting the impact response is the texture
of the material, which defines the grain boundary–dislocation
interactions, and thus, the crack propagation behavior under
impact loading, as well as the degree of anisotropy, which dic-
tates the relative slip activity in each grain (Onal et al., 2014),
warranting incorporation of anisotropy effects into the design
process.

The current study was undertaken with the motivation of
addressing this issue, such that a combined experimental and
numerical approach is proposed to predict the impact response of
high-Mn austenitic steels in a realistic manner. For this purpose,
uniaxial tensile deformation and impact responses of Hadfield
steel were experimentally monitored, where the uniaxial deforma-
tion experiments featured four different strain rates ranging from
moderate to high in order to also assess the role of NSRS exhibited
by this material. Finite element (FE) simulations of the impact
experiments were carried out, where the roles of texture, geom-
etry, and SRS were successfully taken into account all at once by
incorporating the proper multi-axial material flow rule obtained
from crystal plasticity simulations into the FE analysis. Specifi-
cally, crystal plasticity was utilized to obtain the multi-axial flow
rule at different strain rates based on the experimental deforma-
tion response under uniaxial tensile loading, and the equivalent
stress – equivalent strain response was then incorporated into the
FE model for the sake of a more representative hardening rule
under impact loading. The current results demonstrate that reli-
able predictions can be obtained by proper coupling of crystal
plasticity and FE analysis even if the experimental flow rule of
the material is acquired under uniaxial loading and at moderate
strain rates that are significantly slower than those attained during
impact loading. Overall, the approach presented herein constitutes

an important guideline for the design process of impact bearing
applications utilizing high-Mn austenitic steels.

MATERIALS AND METHODS
The material investigated in this study is Hadfield steel, high-Mn
austenitic steel with an fcc structure, and has a chemical composi-
tion of 12.44 wt% Mn, 1.10 wt% C, and balance iron. Small-scale
dog-bone shaped tension samples were extracted from railroad
frogs taken from service with the aid of electro-discharge machin-
ing to avoid any process-induced residual stresses and strains on
the samples. The RT monotonic tensile deformation experiments
were carried out on a servo-hydraulic test frame equipped with
a digital controller and a miniature extensometer of 3 mm gage
length. The results revealed a significant SRS prevalent in Had-
field steel polycrystals within the strain rate range of 1× 10−4

to 1× 10−1 1/s (Figure 1). A serrated flow was exhibited by the
material at all strain rates, however, the associated instability was
much more prominent at 1× 10−3 1/s, where NSRS was prevalent
as evidenced by the lower stress levels attained despite the 10-fold
increase in the strain rate from 1× 10−4 to 1× 10−3 1/s.

The impact samples were extracted from both the same Had-
field railroad frog with dimensions of 2.8 mm× 25 mm× 4 mm,
featuring a 60° notch with a radius of 0.1 mm and a depth of
1 mm (Onal et al., 2014). The specimens were mechanically pol-
ished down to a 4000 grit size in order to minimize the detrimental
effects of machined surfaces on the impact response. The impact
experiments were conducted at RT, and the specimens were sub-
jected to deformation with an impact energy of 50 J and at a veloc-
ity of 3.8 m/s, where 8000 data points were collected during each
experiment with a data acquisition frequency of 2 MHz. For both
uniaxial deformation and impact experiments, three companion
samples were tested in each case in order to ensure repeatabil-
ity. The initial textures of the samples prior to deformation were
determined by X-ray diffraction.

RESULTS AND DISCUSSION
FINITE ELEMENT SIMULATIONS OF EXPERIMENTAL IMPACT RESPONSE
OF HADFIELD STEEL
It is well known that very large deformations taking place within
very short time periods constitute the major difficulty of FE sim-
ulations of impact loading (Kormi et al., 1997; Raykhere et al.,
2010; Onal et al., 2014). Specifically, the available time period is
insufficient for the stabilization of the computed displacements
in the case of impact loading, such that the material’s behavior
significantly deviates under this dynamic type of loading from
that under normal conditions owing to the non-linear behav-
ior under dynamic loading (Onal et al., 2014). The current FE
simulations of the impact behavior were carried out utilizing the
ANSYS® 15 commercial software and the FE analysis was based
on an explicit dynamics system, where the LS-DYNA® solver was
employed in computations for the sake of a reliable non-linear
dynamic analysis.

The Lagrangian formulation and multilinear isotropic harden-
ing were chosen to represent the non-linearity and the plastic flow,
respectively. A fine “MultiZone” mesh was constructed with 13530
nodes and 11060 quadrilateral elements, where the geometry was
automatically decomposed into a hex mesh, increasing both the
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Onal et al. Multi-scale modeling of impact response

FIGURE 1 | Room temperature uniaxial tensile deformation response of Hadfield steel obtained at different strain rates, demonstrating the NSRS.
Data were recompiled from Canadinc et al. (2008a).

FIGURE 2 |The RT experimental impact response of Hadfield steel and the corresponding FE simulation result, where the flow rule was defined based
on the experimental uniaxial tensile deformation response obtained at a strain rate of 1 × 10−4 1/s.

accuracy and computational efficiency of the simulations. The
notch region was meshed with an element size of 0.1 mm, and the
mesh had an orthogonal quality of 0.98 (out of 1.0). All contact
regions of the impact sample were assumed to be frictional, and
the corresponding static and dynamic friction coefficients were set
to 0.2 and 0.09, respectively (Onal et al., 2014). As for the boundary
conditions, a nodal displacement was imposed on the top notch
surface and fixed supports were placed at the right/left sides and
on the bottom surface. Beyond the fracture point of the specimens,
i.e., where the sample, hammer contact terminates, the equivalent
plastic strain (EPS) criterion was utilized to define failure of the
material, namely an EPS of 0.68 was preset as the failure initia-
tion point. The Cartesian coordinate system was considered while
designating the dimensions and constraints.

The first set of simulations made use of the experimental RT
uniaxial tensile deformation response of Hadfield steel obtained

at a strain rate of 1× 10−4 1/s to define the multilinear isotropic
hardening rule (Figure 2). This strain rate is rather a moderate
strain rate typically utilized in laboratory experiments employed
to characterize the material’s deformation response (Onal et al.,
2014). It is evident that the corresponding simulation result signif-
icantly differs from the experimentally measured impact behavior,
indicating that the flow rule of the material should be based on
experiments featuring much higher strain rates as the impact
deformation itself takes place very rapidly. Thus, in order to assess
the role of strain rate, FE simulations considering higher rates of
deformation, namely 1× 10−1, 1× 10−2, and 1× 10−3 1/s, were
carried out (Figure 3). As expected, a comparison of experimental
and simulated impact responses (based on four different strain
rates) expressed in terms of force–time data (Figures 2 and 3)
indicates that the best predictions are made when the flow rule
is based on the experimental deformation response obtained at
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Onal et al. Multi-scale modeling of impact response

FIGURE 3 | A comparison of the RT experimental impact response of Hadfield steel and the corresponding FE simulation results, where the flow rule
was defined based on the experimental uniaxial tensile deformation responses obtained at strain rates of 1 × 10−1, 1 × 10-2, and 1 × 10−3 1/s.

the strain rate of 1× 10−3 1/s. A further look at the results pre-
sented in Figures 2 and 3 reveal a more interesting fact: the
second best prediction is obtained when the flow rule is defined
based on the uniaxial tensile deformation response obtained at a
strain rate of 1× 10−4 1/s. This implies that the experimental data
obtained within the NSRS range should not be utilized to define
the hardening rule when constructing a FE model to predict impact
response, regardless of the strain rate.

Overall, all of the FE simulation results presented in Figures 2
and 3 exhibited noticeable deviation from the experimental
impact response, implying that the provided hardening response
based on the experimental uniaxial tensile deformation data
was not sufficiently representative of the material’s mechani-
cal behavior under impact loading at any of the considered
strain rates. Further simulations featuring a finer mesh were
also carried out in order to question the numerical procedure;
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Onal et al. Multi-scale modeling of impact response

however, the same deviation from the experimental results
persisted.

It has recently been demonstrated that a multi-axial stress–
strain state is present in the critical region of the sample (Onal
et al., 2014), and a comparison of normal and von Mises stress
distributions reveals that employment of the uniaxial tensile defor-
mation data as the input defining the material’s flow rule under
impact loading is not appropriate (Figure 4). Even though this
approach might be appropriate for an isotropic material, it falls far
from being realistic for a textured material exhibiting a significant
degree of anisotropy (Onal et al., 2014). The numerical analyses
carried out until this point (Figures 2–4) clearly demonstrate the
need for a proper representation of microstructure under impact
loading, in addition to the strain rate effects.

INCORPORATION OF THE ROLE OF MICROSTRUCTURE INTO THE FINITE
ELEMENT SIMULATIONS THROUGH CRYSTAL PLASTICITY
In order to utilize a proper flow rule to define hardening of
Hadfield steel during impact and account for the role of tex-
ture and the corresponding anisotropy, in addition to the strain
rate effects, in the current FE simulations, a crystal plastic-
ity approach was adopted. Specifically, based on the aforemen-
tioned analysis of stress–strain distributions upon impact loading

(Figure 4), a flow rule based on equivalent stress–strain response
was defined. In order to do so, a visco-plastic self-consistent
(VPSC) algorithm was utilized to predict the von Mises stress–
strain behavior of the material based on the experimental uni-
axial tensile deformation data. Even though an alternative way
of establishing the equivalent stress–strain response would have
been carrying out multi-axial deformation experiments, the cur-
rent methodology is much more efficient due to the impracti-
cal multi-axial experiments, especially in the case of high strain
rates.

A successful crystal plasticity model should both predict the
macroscopic deformation response and capture the deformation
characteristics at the slip system level (Canadinc et al., 2011), such
that the deformation response could be predicted under any type
of loading (Canadinc et al., 2008b). With this motivation, the
deformation of Hadfield steel was modeled at the microscopic
level for each strain rate considered herein based on the corre-
sponding experimentally obtained uniaxial deformation response
(Figures 5–8). The VPSC model utilizes the initial texture of the
material as an input, such that the loads on each grain, and thereby
the slip activities in each grain, are dictated by the texture of the
material (Lebensohn and Tomé, 1993; Kocks et al., 1998; Biyikli
et al., 2010). Thereafter, the same micro level model established for

FIGURE 4 | A material-independent FE simulation of impact loading demonstrating the typical distribution of normal and equivalent stress-strain
fields (above the arrow), and the corresponding division of sample geometry based on stress intensities within the sample (Onal et al., 2014).
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Onal et al. Multi-scale modeling of impact response

FIGURE 5 |Top:VPSC simulation of the RT experimental uniaxial tensile
deformation of Hadfield steel at a strain rate of 1 × 10−1 1/s, and the
corresponding initial texture along the loading direction (representative

of the texture of all companion samples). Bottom: the corresponding
predicted equivalent stress–strain response for each zone within the impact
sample based on the distribution of stress concentration (Figure 4).

each strain rate was utilized to predict the corresponding equiva-
lent stress–strain response (Figures 5–8), which can be utilized
as a proper flow rule for the impact simulations, as discussed
before.

The VPSC algorithm employed in the current study considers
plastic deformation only, which takes place when one or more
slip or twinning systems become active. For a slip system S,
the corresponding resolved shear stress

(
τs

RSS

)
facilitating plastic

deformation can be described in vector form based on the Schmid(
ms

i

)
and the applied stress (σi) tensors:

τs
RSS = ms

i σi (1)

The non-linear shear strain rate in the system S can be described
as a function of τs

RSS:

γ̇s
= γ̇0

(
τs

RSS

τs
0

)n

= γ̇0

(
ms

i σi

τs
0

)n

(2)

where γ̇0 is a reference rate, τs
0 is the threshold stress correspond-

ing to this reference rate, and n is the inverse of the rate sensitivity

index. When the contributions of all active systems in a single
grain are superposed and pseudolinearized (Lebensohn and Tomé,
1993):

ε̇i =

[
γ̇0

s∑
1

ms
i ms

j

τs
0

(
ms

kσk

τs
0

)n−1
]

σj = M c(sec)
ij (σ̃) σj (3)

where M c(sec)
ij is the secant visco-plastic compliance of the crys-

tal, which gives the instantaneous relation between stress and
strain rate. At the polycrystal level, this relationship assumes the
following form (Lebensohn and Tomé, 1993):

Ėi = M (sec)
ij

(
Σ̃
)

Σj + Σ̇0 (4)

where Ėi and Σ represent the polycrystal strain rate and applied
stress, respectively.

In a continuum comprising a matrix and inclusions, the devi-
ations in strain rate and stress of the inclusions from those of the
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Onal et al. Multi-scale modeling of impact response

FIGURE 6 |Top:VPSC simulation of the RT experimental uniaxial tensile deformation of Hadfield steel at a strain rate of 1 × 10−2 1/s. Bottom: the
corresponding predicted equivalent stress–strain response for each zone within the impact sample based on the distribution of stress concentration (Figure 4).

matrix can be defined as:

˙̃εk = ε̇k − Ėk (5)

σ̃j = σj −Σj (6)

where ε̇k and σj stand for the local (grain level) strain rate and
stress. When the Eshelby inclusion formulation is employed to
solve the stress equilibrium, one can obtain (Kocks et al., 1998):

˜̇ε = −M̃ : σ̃ (7)

The interaction tensor M̃ is defined as:

M̃ = n′(I − S)−1 : S : M (sec) (8)

where M (sec) is the secant compliance tensor for the polycrystal
aggregate and S is the visco-plastic Eshelby tensor (Kocks
et al., 1998). In Eq. 8, an effective value of n′= 1 was
used, which ensures a rigid interaction (Lebensohn and Tomé,
1993).

Substitution of Eqs 3 and 4 into Eq. 7 yields the macroscopic
secant compliance, M (sec), and the macroscopic strain rate is eval-
uated by taking the weighted average of crystal strain rates over all
the grains as in Eq. 9:

M (sec)
=

〈
M c(sec) :

(
M c(sec)

+ M̃
)−1

:
(

M (sec)
+ M̃

)〉
(9)

Iterative solution of the Eqs 3, 7, and 9 gives the stress
in each grain, the crystal’s compliance tensor, and the poly-
crystal compliance consistent with the applied strain rate Ėi .
In this work, the term n in Eq. 2 was chosen as 20, which
makes the formulation rate insensitive (Lebensohn and Tomé,
1993). This sounds contradictory to the overall aim of incor-
porating the NSRS of Hadield steel into the simulations, how-
ever; it should be noted that the uniaxial deformation response
at each strain rate was modeled separately rather than uti-
lizing a single micro-deformation model accounting for the
SRS. Therefore, the term n in Eq. 2 was assigned a value to
ensure rate insensitivity within the same simulation, or in other
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Onal et al. Multi-scale modeling of impact response

FIGURE 7 |Top:VPSC simulation of the RT experimental uniaxial tensile deformation of Hadfield steel at a strain rate of 1 × 10−3 1/s. Bottom: the
corresponding predicted equivalent stress–strain response for each zone within the impact sample based on the distribution of stress concentration (Figure 4).

words, for each case. One reason for this is that, to the best
of the authors’ knowledge, a crystal plasticity model capable
of predicting the NSRS exhibited by Hadfield steel has not
been forwarded yet. Furthermore, the incorporation of NSRS
requires coupling of crystal plasticity with atomistic simula-
tions to properly account for the diffusivity of C and the cor-
responding consequences, which is beyond the scope of the
current work.

The rate of overall dislocation density can be expressed as:

ρ̇ =
∑

n

{
k1
√

ρ− k2ρ
} ∣∣γ̇n

∣∣ (10)

where k1 and k2 are geometric constants that define the athermal
(statistical) storage of the moving dislocations (Kocks et al., 1998).
The flow stress τ is defined in the traditional Taylor hardening
format as:

τ− τ0 = αµb
√

ρ (11)

where α is the dislocation interaction parameter and τ0 is a refer-
ence strength, which is related to deformation at the grain level.
The reference strength value for Hadfield steel was determined as
132 MPa in previous work (Canadinc et al., 2007), where the 0.2%
offset yield strength value is normalized by the Taylor factor. The
Taylor factor for the current materials was determined based on
the experimentally measured texture (Canadinc et al., 2008b), and
it is about 3.11, which represents a slightly textured material as
compared to the fully random texture case that has a Taylor factor
of 3.06. From Eq. 11, with τ0 constant, the rate of the flow stress
is obtained by taking the time derivative as,

τ̇ =
αµbρ̇

2
√

ρ
(12)

Substituting Eq. 10 into Eq. 12 results in:

τ̇ =
∑

n

{
k1

αµb

2
− k2

αµb

2

√
ρ

} ∣∣γ̇n
∣∣ (13)
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Onal et al. Multi-scale modeling of impact response

FIGURE 8 |Top:VPSC simulation of the RT experimental uniaxial tensile deformation of Hadfield steel at a strain rate of 1 × 10−4 1/s. Bottom: the
corresponding predicted equivalent stress–strain response for each zone within the impact sample based on the distribution of stress concentration (Figure 4).

From Eq. 11, the following identity is obtained for the square
root of the density of dislocations:

√
ρ =

τ− τ0

αµb
(14)

Once Eq. 14 is substituted into Eq. 13, the rate of flow stress
evolution is given by:

τ̇ =
∑

n

{
k1

αµb

2
− k2

(τ− τ0)

2

} ∣∣γ̇n
∣∣ (15)

One should note that the term
{

αµb
2 k1 −

(τ−τ0)
2 k2

}
in Eq. 15

is the linear Voce hardening term (Eq. 17). Having noted this, Eq.
15 can also be expressed as (Kocks et al., 1998):

τ̇ =
∑

n

{
θ0

(
τs − τ

τs − τ0

)} ∣∣γ̇n
∣∣ (16)

where θ0 is the constant strain hardening rate, and τs represents
the saturation stress in the absence of geometric effects, or the
threshold stress. The hardening is defined by an extended Voce
law (Kocks et al., 1998), which is characterized by the evolution of
the threshold stress (τs) with accumulated shear strain (Γ) in each
grain of the form

τs
= τ0 + (τ1 + θ1Γ)

(
1− exp

(
−

θ0Γ

τ1

))
(17)

where τ0 is the reference strength, and τ1, θ0, and θ1 are the para-
meters that define the hardening behavior (Kocks et al., 1998).
The hardening law defined by Eq. 17 characterizes the onset of
plasticity and the saturation of threshold stress at larger strains.

The current VPSC model described by Eqs 1–17 was employed
to solve for the stresses corresponding to the given strains through-
out the deformation. The experimentally determined initial tex-
ture of Hadfield steel (inset of Figure 5) was utilized as input,
and the macroscopic deformation responses were predicted as
presented in Figures 5–8 for all the strain rates considered in
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this work. The corresponding Voce hardening parameters for each
strain rate are provided in Table 1.

In order to define a proper hardening rule for the FE sim-
ulations of the impact deformation, the current VPSC model
was employed to predict the equivalent stress–strain response of
Hadfield steel based on the uniaxial deformation responses at all
four strain rates considered herein (Figures 5–8). Specifically, the
successful prediction of the experimental data (Figures 5–8) is
a strong indication that the materials’ deformation was success-
fully modeled at the micro-deformation level, and therefore, the
same VPSC model was utilized to predict the equivalent stress–
strain response for each strain rate utilizing the same hardening
parameters for each strain rate. Since the material-independent
consideration of the stress–strain distribution under impact load-
ing (Figure 4) had also demonstrated that the distribution of
stresses and strains throughout the sample is heterogeneous, the FE
mesh for each sample was divided into three different zones with
three different flow rules (Figure 4), such that a more homoge-
neous stress–strain distribution can be obtained within each zone
upon impact loading. Therefore, the VPSC model was utilized to
predict the corresponding equivalent stress–strain state response
for each zone at all four strain rates (Figures 5–8). Specifically,
the same hardening parameters as in the VPSC model predicting
the experimental uniaxial deformation response were employed
in all three simulations for each strain rate. The corresponding
deformation of the polycrystalline aggregate within each zone was
defined to the VPSC algorithm through velocity gradient tensors,
which were determined based on the material-independent strain
distributions under impact loading (Figure 4). The corresponding
velocity gradient tensors for each zone were computed as:

U̇1 =

4.2 1.0 0
1.0 −2.1 0
0 0 −2.1

 ,

U̇2 =

3.0 1.0 0
1.0 −1.5 0
0 0 −1.5

 ,

and

U̇3 =

0.3 1 0
1 −0.15 0
0 0 −0.15

 ,

for zones 1, 2, and 3, respectively (Onal et al., 2014).
The corresponding VPSC simulation results demonstrating the

equivalent for each zone are presented in Figures 5–8 for the strain
rates of 1× 10−1, 1× 10−2, 1× 10−3, and 1× 10−4 1/s, respec-
tively. It should be noted that the strength levels attained by the
equivalent deformation curves for each strain rate follows the same
trend as that of the experimental uniaxial curves. This is not sur-
prising since both the plastic deformation and the hindering of
dislocations by diffusing C atoms are considered at the slip system
level, where the latter leads to NSRS in Hadfield steel. Moreover, for
each strain rate, higher stresses were obtained for zone 1 as com-
pared to zones 2 and 3, and zone 3 exhibited the lowest stress levels
(Figures 5–8), which stands in good agreement with the stress

Table 1 | Voce hardening parameters utilized in the current VPSC

simulations.

Strain rate (1/s) τ0 (MPa) τ1 (MPa) θ0 (MPa) θ1 (MPa)

1×10−1 132 925 53×104 350

1×10−2 132 147 43×103 408

1×10−3 132 1580 60×104 390

1×10−4 132 918 55×104 398

intensities demonstrated in Figure 4, where the stresses decrease
as one moves from zone 1 that contains the notch toward zone 3
with the least stress concentration factors.

The results of the FE simulations incorporating the roles of
microstructure and NSRS texture through crystal plasticity are
presented in Figure 9. Even though the predictions are much
better for all strain rates as compared to those of the initial FE
simulations that defined hardening based on the experimental
uniaxial deformation response only (Figures 2 and 3), there is
an important difference between the two cases in terms of strain
rate dependence. Specifically, the results of the initial simulations
revealed that the best predictions were obtained by defining the
flow rule for Hadfield steel based on the uniaxial deformation
response recorded at the highest strain rate (1× 10−1 1/s in the
current work), in addition to the fact that the worst predictions
were based on the flow rules defined within the NSRS range. Upon
incorporation of microstructure into the FE model through crys-
tal plasticity, however, it was evident that the best prediction was
obtained by defining the flow rule based on the VPSC predictions
of the equivalent stress–strain response at 1× 10−2 1/s (Figure 9),
which is the second highest strain rate and within the NSRS range
(Figure 1). This contradictory result clearly demonstrates that
reliable predictions can be obtained by proper coupling of crys-
tal plasticity and FE analysis even if the experimental flow rule
of the material is acquired under uniaxial loading and at strain
rates that fall within the NSRS range. This is especially important
in terms of utilizing standard laboratory experiments to charac-
terize a material’s fundamental properties, which are simple and
may be restricted to strain rates within the NSRS owing to prac-
tical limitations, while predicting its deformation response under
complicated loading scenarios, such as impact loading.

CONCLUSION
The RT impact response Hadfield steel was studied with the aid of
a multi-scale modeling approach coupling crystal plasticity and FE
analysis. The roles of texture, geometry, and SRS were successfully
taken into account all at once, where crystal plasticity was utilized
to obtain the multi-axial flow rule at different strain rates based
on the experimental deformation response under uniaxial tensile
loading. The FE simulation results demonstrated that the utility of
equivalent stress–equivalent strain response for defining the hard-
ening rule under impact loading resulted in improved predictions.
Interestingly, the simulation results indicated that a multi-axial
definition of the material flow rule is the major parameter dictat-
ing the success of the predictions of impact loading deformation
even in the presence of negative SRS, as in the case of Hadfield steel.
Finally, the current set of results also demonstrated that reliable
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FIGURE 9 | Comparison of the experimental impact response and results of the FE simulations incorporating equivalent stress–strain responses
predicted by crystal plasticity for all strain rates considered.

predictions can be obtained by proper coupling of crystal plasticity
and FE analysis even if the experimental flow rule of the material is
acquired under uniaxial loading and at moderate strain rates that
are significantly slower than those attained during impact load-
ing. This observation opens the venue for utilizing more practical
and simpler laboratory experiments to characterize a material’s
fundamental properties while predicting its deformation response
under complicated loading scenarios, such as impact loading.
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