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Abstract: This work presents the results of experimental and finite element modeling studies of
impact behavior on the response of a high content of manganese steel blanks with a 1.2 mm thickness
of sheets, known also commercially as Hadfield steel (an austenitic structure with a basic composition
containing C 1.2% and Mn 12%). The study was done with a standard drop weight test device under
certain variable parameters (velocity: 3 m/s and 5 m/s and temperature: room temperature, 70 ◦C,
100 ◦C, and 140 ◦C). In this study, the evolution of force and energy values were analyzed depending
on the time in the case of impact. Special care was given to the evolution of peak stress counters
of finite element simulation for different temperatures. The results of the force-time, energy-time,
and force-displacement curves under different temperatures and impact velocities are compared
experimentally and numerically. Then the discussion are built on the effect of the operational
parameters on the damage behavior of this steel. Both of these works (experimental and finite
element modeling) were compared and highly satisfying results were obtained.

Keywords: Hadfield steel (HF) sheet; drop weight test; impact velocity; impact damage; deformation
behavior; finite element modelling (FEM)

1. Introduction

Hadfield steel sheets, being extremely tough and at the same time very sensitive to plastic
deformation, are mainly used in various types of military applications [1]. All of the unique mechanical
properties such as high strength, high toughness, abrasion, and heavy impact resistance show up
together. The mechanical properties of the Hadfield steel vary according to the amount of carbon and
manganese components. At approximately 1.2% C, tensile strength and ductility reach maximum
values, and as carbon content increases, these properties tend to decrease continuously. Hardens are
happened very rapidly as a function of the plastic deformation range [2,3]. The yield stress of this steel
does not show any singular point on the stress-strain curve because of the stacking fault appearing
in the grains just after elastic domain. The stacking faults can take position in the direction of the
stress and thicken during deformation and can easily be transformed into twins. Finally, they play
an effective role in the deformation mechanism, mainly caused by work hardening of the structure.
For this reason, the stress-strain curve of Hadfield steel shows a serrated flow caused by dynamic
strain-aging during the deformation process (twinning and de-twinning), successfully repeated during
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the deformation. A number of former research studies [4–13] described the work hardening behavior
and certain ideas were proposed to explain this phenomenon in the steel during the forming processes;
for example, the usual tensile tests and deep drawing of thin sheets of Hadfield steel are typical
examples where the effect of the deformation rate on the work hardening mechanism can be observed.
In addition, there are detailed studies in the literature, investigating the effects of internal structure
interactions and phase transformations on plastic deformation mechanisms formed under different
loads of hybrid materials produced with the desired properties in terms of engineering [14–16].

It has also been shown in the results of former studies that it is only an austenitic diffraction
peak [2,8–13]. In these specimens, which are in conformity with previous studies, there is no evidence
that transformation from the austenite structure (γ) to the α or εmartensite structure is observed by
the induced strain [17–23]. For this reason, it can be seen that the work hardening mechanism is not
the martensite hardening theory [24].

Another typical example is the impact damage to observe work hardening phenomenon and
damage behavior during the impact caused by drop weight testing carried out on the of Hadfield
steel sheets. This is important for military applications of Hadfield steel sheets which are used in the
manufacture of special helmets and security armor lining-plates. Many different types of protection
(for example for some of the military helicopters) need to be produced to withstand projectiles with
a low impact rate. It is rather difficult to understand the deformation behavior of this steel in army
ballistic testing. In fact, for ballistic testing of materials for military applications, several different
test types and characterization techniques are used. Among them, drop-weight testing (DWT) is a
quite simple method. Up to now, a considerable number of works has been carried out for different
application of Hadfield steel sheets. Details of formability-deformation behavior of Hadfield steel
(1.2% C and 12% Mn) and also other experimental procedures have already been explained in other
references [2,9,10,18].

This study aims to discuss the effect of operational parameters on damage behavior in impacted
Hadfield steel sheets and also to compare the results obtained of the experimental and numerical
studies. The experimental and numerical results obtained within the scope of this study are then
further compared with the related studies in the literature [1]. Another aspect of this article is to
present the test engineer with a useful user manual which is a powerful tool for using measurement
parameters, obtained during impact testing, to compute the related impact, absorbed, and elastic
energies. The rapid work hardening mechanism in Hadfield steel at various temperatures and strain
rates (different impact velocity levels) can be understood very well as well as made clearer by means
of drop weight testing [2].

2. Experimental Method and Physical Conditions

Test specimens were prepared of 100 mm × 100 mm × 1.2 mm dimensions from high manganese
steel blanks according to the drop weight impact test conditions. The CEAST 9350 drop weight impact
test machine (Instron, Norwood, MA, USA) was used to analyze the deformation and damage behavior
of Hadfield steel sheets and to characterize the impact velocity test. Figure 1 illustrates that the base of
the machine is engineered as an environmental chamber as well as a pneumatic clamping device [25].
Drop weight impact tests were carried out with according to the standard of ASTM D5628 FE [26].

All of the impact tests were performed at two different impact velocities (crosshead velocity) of
3 and 5 m/s, and four different test temperatures as room temperature, 70, 100, and 140 ◦C, respectively.
To prevent slippage during the impact test and to keep the test specimens in a rigid position, pressure
is applied by these two blank holders onto steel sheet specimens (100 mm × 100 mm) placed between
two steel blank holders as opposing supports containing a 40 mm circular hole. At the top component
of the test machine, the mass of the dropping equipment containing the weight box to add mass
and the striker is about 10.3 kg. The striker is composed of a rod connected with impactor nose and
force transducer. During the impact test, the measurement of the contact load between the specimens
of the steel plate and the impact nose is carried out with a force transducer depending on the time
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using Visual-IMPACT Software (Version 6.00, Instron, Norwood, MA, USA) based on Newton’s
second law, kinematic transformed time-force histories taken from the force transducer to the velocity,
and displacement histories [26].Metals 2018, 8, x FOR PEER REVIEW  3 of 18 
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Figure 1. Impact test fixture setup used for HF sheet specimen.

The outside of the damaged samples (on the top of the dome) were also investigated with Scanning
Electron Microscopy (SEM; JEOL USA, Inc., Peabody, MA, USA). The effect of the applied force is
evaluated by the impact damage of the Hadfield steel sheets that refers to the ability to allow a specified
amount of damage [9,13,21–24].

3. Numerical Method and Modeling Conditions

Numerical models are powerful auxiliary tools that can help in the structural modeling and
optimal functional design process of energy absorbing materials. Although there have been significant
developments in the modeling of damage and failure processes as a result of impact, penetration and
destruction in the past few years, there are still many challenges that need to be overcome. Numerical
modeling can be used as a powerful tool to predict the physical-chemical-mechanical behavior of
developed new materials under different loading conditions. In addition, it can be used as an aid in
evaluating the optimal functionality of the structures and the most suitable material according to the
needs of the design. The optimum design area of the energy absorbing materials should be evaluated
in detail but there is a gap which is still in its early stage [27]. For this reason, much more attention
is paid to finite element analysis to predict the deformation behavior after damage of the Hadfield
steel sheets.

In this study, the modeling of low velocity impact behavior on high manganese steel plates
of 100 mm × 100 mm × 1.2 mm in size is performed by the use of commercial software
Abaqus®/Explicit (2018, Dassault Systèmes, Waltham, MA, USA). The damage of high manganese steel
modeling is made with VUMAT (Abaqus®/Explicit workspace compatible with the User MATerial)
subroutine. Numerical simulations were made according to the experimental conditions that are in
the configuration consisting of four different temperatures: 23, 70, 100, and 140 ◦C and two different
velocities; 3 and 5 m/s. A contact period is defined between Impactor and steel plate as appropriate for
the general contact properties. After that, Abaqus®/Explicit software is automatically created with a
contact pair and each time a contact is defined for each solution step by step in the simulation. Finally,
energy vs. time and force vs. time graphics were obtained from numerical analysis. Consequently,
very good agreements are obtained between the experimental and numerical simulations based with
the model created in the present work.
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3.1. Methodology Used for Modeling

Experimental conditions are modeled using the Finite Element Method (FEM). Abaqus®/Explicit
workspace was used by implementing a VUMAT subroutine in it for modeling of the materials. In fact,
the explicit solution technique is a very suitable procedure for determining the metal damage of
the subsequent dynamic impact load. The explicit dynamic analysis procedure in Abaqus®/Explicit
is based upon the implementation together with the integration rules of the diagonal elements or
lumped mass matrix. As indicated in Equations (1) and (2), explicit difference integration rules are
used between impactor and steel plate such as integrated motion equations [28].

.
u(i+ 1

2 )=
.
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2 ) +
∆t(i+1) + ∆t(i)

2
..
u(i) (1)

u(i+1)= ui + ∆t(i+1) .
u(i+ 1

2 ) (2)

where
.
u is velocity and
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u is acceleration respectively. The superscript (i) refers to the increment number

and i − 1
2 and i + 1

2 refer to mid increment values and the central difference integration operator is
.
u(i− 1

2 ) and
..
u(i) is from the previous increment.

The algorithmic chart of the whole process is illustrated in Figure 2. First of all, temperature and
impact conditions in the experiments are created numerically. Then the high manganese steel plate
and impactor geometry is modeled. The boundary conditions, well-defined for the steel plate and low
velocity parameters are also defined for the impactor. Damage initiation on the metal plate is examined
by the modeling of impactor and high manganese steel plate materials via the VUMAT subroutine.

Stress tensor components are purchased in the metal damage model for the numerical simulation.
It means that a stress tensor for each integration point is obtained individually by the VUMAT
subroutine. For example, if metal plasticity damage does not start, the updated stress tensor should
be equal to the original stress tensor. Then, each simulated situation is recorded to compare with the
increase in each step. In this way, the incremental loop is continuous until the stress level reaches the
appropriate value for each step to create impact damage.
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Figure 3 illustrates that the meshed view of the finite element model of high manganese steel plate
is modeled by using eight node brick (C3D8R: Eight-node brick element with reduced integration)
as linear elements and a semi-spherical impactor with a diameter of 20 mm is defined as four node
(R3D4: 3D bilinear discrete rigid quadrilateral) elements [29].
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The conditions determined in the experimental studies are also used in numeric model studies.
In this study, the Rice-Tracey model is preferred in the modeling of high manganese Hadfield steel in
which the behavior under low velocities is investigated in detail. This model is the most appropriate
analytical model that can characterize the micro- and macro-structure changes under the effect of
impact generated at physically different temperatures and at different velocities. Within the scope
of this study, the use of this model was achieved through the finite element method. This analytical
model used in the study can calculate the stages of damage occurring on the basis of the stresses on
the material and the continuous increase of these stresses. For this, it primarily involves isotropic
hardening, which causes elastic-plastic deformation due to stresses on the material. After, these stresses
can then progressively demonstrate the irreversible damage that occurs after the material has exceeded
its strength limits. With regard to this model used in the study, more detailed explanations are given in
the next Section 3.2. After that this suitable model for high manganese steel material is implemented as
a FORTRAN® software (2018, Intel Composer XE, NY, USA) subroutine for using in the finite element
code. For the model, VUMAT subroutine is implemented into Abaqus®/Explicit software.

3.2. Damage Mechanism of High Manganese Steel

Operational parameters accomplished in the VUMAT subroutine are illustrated in Figure 2.
The flow diagram systematically shows the relationships between the steps of the numeric model
through the finite element method. The most important factors that ensure this flow chart are original
are that the accuracy and reduced working time of the parameters used in the construction of the
numerical model according to the data obtained from the test results are determined/converged
and the damage geometry is formed during the obtained stages. Therefore, it is another advantages
that help us to understand the associations of the physical parameters with each other for the next
different dimension studies in the framework of the obtained parameters of the model. In this figure,
the theoretical background of damage modeling of the material is well-described. The damage
modeling of material carried out by means of analytic equations with FORTRAN® software is inserted
in Abaqus®/Explicit.
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3.2.1. Rice-Tracey Model

This model is chosen because equivalent plastic strain of the initial damage should be considered
as a function of the velocity change of triaxial stress and strain. Here, there are two major mechanisms
of ductile metal damage: Ductile fracture due to nucleation, growth, and progression and also shear
fracture due to the local shear band.

Stress triaxility is frequently used as a parameter to define multi-axiality in the stress state that is
given such that:

σ̃ =
σm

σ
= −p/σ (3)

where σm mean stress or hydrostatic pressure and the von Mises equivalent stress, σ. In fact,
Rice and Tracey [30] were considered based on the ductile void enlargement under triaxial stress,
σ̃ as an important parameter in the model for determining during the damage initiation mechanism.
This parameter is important and based on the effect of damage initiation of the two major mechanisms
mentioned above for the damage mechanism [31].

∫ εf

0
exp(

3
2
σ̃)dε= CRT (4)

where, εf refers to plastic strain change during the breaking of the material. Also, isotropic hardening
is identified in elastic-plastic damage initiation that consists of two types of elasticity: softening of the
yield stress and degradation of elasticity. As a result of the speed and acceleration values calculated
from the functions in Equations (1) and (2), there are deformations due to different stresses on the test
specimen, and a damage mechanism that occurs due to these deformations. In order to calculate these
mathematically, it is first necessary to determine the mechanical behavior of the material in question
on the micro- and macro-scale. The Rice-Tracey model based on the stress triaxility value given in
Equations (3) and (4) expresses the damage mechanism of the material examined in the research
in terms of calculated coefficients. However, in order to determine the occurrence of elastic-plastic
damage on the material, it is necessary to determine the distribution of stress on the material and
determine the formation stages. As is known from experimental studies, the final damaged specimens
are obtained at the end of the experiment. The investigation of the effects of these is done in connection
with the results. For the reason, that stress distribution on the material directly affects the occurrence of
damage, in the scope of the study, first the damage mechanism is examined in Section 3.2.1, followed
by formation of the stresses that are caused in Section 3.2.2. The material modeling is then created by
using isotropic hardening in terms of a comprehensive study.

3.2.2. Isotropic Hardening

As a result of low velocity impact in the high manganese steel plate stress distribution occurs
homogenously in all directions, only yield surface is change. For this reason, isotropic hardening model
is used. It means that isotropic hardening model in Abaqus®/Explicit is used for all numerical analysis
along to the change in each plastic strain in the steel plate as identified in Equation (5). Therefore,
isotropic hardening should be enlarged up to the initial yield surface f(σ) = 0 isotropically. In addition,
the stress value generated during analytically stress-induced damage modeling is similar to the von
Mises equivalent stress (σ ≡ σ).

f(σ)− κ(α) = 0 (5)

where “κ” is a monotonically increasing function of the hardening parameter “α”.
This hardening parameter can be described as the effective plastic strain or strain-hardening

hypothesis “α = εp” and the total plastic work “α = Wp” are explained here as the work-hardening
hypothesis [13,21–24,32,33].
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4. Results and Discussion

First discussion is given on the impact test results shown as force-time, energy-time and
force-displacement graphics. All of the experimental and numerical impact results are compared
depending on the temperature (variable from ambient up to 140 ◦C) and impact velocity (3 and 5 m/s).
After that, evolution of impact, absorbed, and elastic energies are compared as a function of temperature
and impact velocity for each experimental and FEM result. Second, discussion is given on the damage
mechanisms of Hadfield manganese steel at high impact velocities depending on the time (deformation
behavior and spring back effect of the high manganese steel sheets subjected to impact damage).
After that, a detailed comparison is shown between numerical and experimental damage shapes for
different temperatures; isotropic strain waves are evaluated as a typical deformation characteristic of
high manganese steel sheets according to the model created on the high manganese steel sheets.

Figures 4 and 5 show the evolution of the force and energy depending on time. Both of two
curves consider two impact velocities under different temperature conditions. At the beginning of the
curves, there is a small part of the curve called incubation time (t < 0.5 ms) coming from the initial
contact between steel plate and punch. From this point, a linear increment begins (steady state) for
all of the curves that indicates uniform deformation on the specimen during the impact. There is
a final stage which begins from the point of the deviation of the slope (t = 1.8 ms) up to the point
(t = 3.2 ms). This part should be considered as the final deformation part. It means that, the strain
hardening mechanism (dislocation + twinning) is complete on the impacted steel sheets in this part.
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As for the temperature effect on the maximum impact force, there is a weak effect; at ambient,
the maximum impact forces are equal to 23 kN and 51 kN for the two velocities, 3 and 5 m/s,
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respectively. In the same way, at 140 ◦C, the maximum impact forces are equal to 22.5 kN and 46 kN
for the two velocities, 3 and 5 m/s, respectively. Additionally, Figure 5 gives temperature effects on
the maximum impact energy values. The contact time (punch-specimen) should be also indicated in
these curves; the contact time is a little bit higher for the impact velocity of 3 m/s than for the impact
velocity of 5 m/s (quasi the same contact time at 140 ◦C). For this reason, the specimens impacted at
the impact velocity of 3 m/s should present as pseudo static behavior. Figure 5 indicates that there
is no sudden diminution of the impact curves obtained from both of the impact velocities after the
completion of the impact deformation.Metals 2018, 8, x FOR PEER REVIEW  9 of 20 
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Specimens impacted by the velocity of 5 m/s present deformations much more intense around
the impact area between the punch and the specimen whereas specimens impacted by the velocity of
3 m/s present deformations much more distributed on the specimens as seen clearly in Figure 6.

These curves resulted in the following interpretations in order to justify the evolution of the
impact tests:

A rapid work-hardening phenomenon occurs during plastic deformation which encourages a
twinning phenomenon (Figures 4 and 5). Evolution of deformation twin density with plastic strain
level should be explained by the effect of (impact velocity) strain rate which is shown in Figure 5.
The amount of twin content increases with plastic strain progressively at high strain rates (high impact
velocities) and a strong relation exists between strain and strain rate and twin formation accounting
for work hardening.

The impact behavior of Hadfield steel plates is shown in Figure 6 as a function of temperature.
In general, it has been observed that as the temperature increases, there is a decrease in the elastic
energy as well as an increase in the absorbed energy levels. It can be stated that the test specimen at
high temperature has increased plastic deformation behavior.
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Figure 6. Evolution of impact, absorbed, and elastic energies as a function of temperature: comparison
of experimental and FEM results (a) 3 m/s, and (b) 5 m/s.

Figure 6 also shows that a certain part of the total impact energy values applied to them during
each impact test is absorbed by the steel plate specimen. It is observed that this absorbed energy
provides the formation of a strain hardening mechanism which causes deformation changes on the
test specimen. In this mechanism, micro-scale is realized through dislocation and twinning in the
internal structure. These interactions between the granules in the internal structure cause plastic
deformations that can be easily observed in the macrostructure. In addition, a certain part of this
impact energy applied to the test specimen is transformed into elastic energy. As is known from the
law of conservation of energy, total impact energy is conserved and the transformation (the sum of
the energies absorbed for each experiment is equal to the total impact energy, as clearly shown in
Figure 6) takes place only in different processes during the impact evolution process. As a result,
findings obtained from experimental studies are supported by numerical studies. The result of the
low velocity impact test and the shape of the final damage on the specimen is mainly affected by
these factors.

A summary of a comparative study is given in Figure 6. To evaluate the level of impact and the
elastic and absorbed energies for both impact velocities, see Figure 6a, 3 m/s and Figure 6b, 5 m/s,
respectively. All of three energy levels are compared depending on the temperature.

In the case of impact velocity of 3 m/s, high elastic energy is transformed from both total impact
energy and evidently low absorbed energy, obtained from the total impact energy variable with
temperature. However, the specimens deformed with the impact velocity of 5 m/s have absorbed
much more energy regarding the lower impact velocity with low elastic (vibration) energy converted
from the total impact energy also variable with temperature. Consequently, the specimens impacted
by the impact velocity of 3 m/s show a low deformation level more distributed on the specimens.
These observations and the evolution of impact energies can be easily observed with the images
obtained by the FEM model in Figures 7 and 8, evaluated here.

Figure 7 shows the final damage shapes obtained from experimental and numerical studies under
experimental speeds of 3 m/s and at different temperatures. As a result of increasing the temperature,
it is observed that the final damage patterns on the specimens changed very little. Generally, it has
been determined that the samples under high temperature absorb more energy.

Figure 8 shows the final damage shapes obtained from experimental and numerical studies
under experimental speeds of 5 m/s and at different temperatures. As stated in Figure 7, as a result of
increasing the temperature, it is observed that the final damage patterns on the specimens changed very
little. Generally, it has been determined that the samples under high temperature absorb more energy.
Furthermore, when comparing the ultimate damage shapes obtained as the result of experimental
and numerical studies, it is seen that there are small tears in the final damage shapes obtained in
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the numerical studies. The reasons for these are that the internal structure of the numerical model
specimen is completely homogenized, although the internal structure of the specimen under real
physical conditions is geometrically very complex at the micro-scale.
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Here, impact damages have been shown as a cross-sectional view at different temperatures and
different impact velocities, for observing the former see Figures 7 and 8. Damage shapes intensity are
presented by means of FEM simulation seen more clearly in Figure 9.

In many observations on microstructures in the literature, it has been shown that slip bands,
dislocations, faults and twinning all increase with the impact energy [2,13,21–24,34–39]. Below the
critical impact energy (obtained by 3 m/s), the microstructure is composed of dislocations, faults,
and little twinning; the hardening mechanism is dislocation with mainly slip mechanism. Above the
critical impact energy (obtained by 5 m/s), the microstructure is composed of twinning and dense
dislocation, so the work hardening mechanism is a twinning hardening mechanism at high impact
velocity [24]. It seems that there is no slip–twin interaction and/or competition as observed as the
usual tensile test deformation.

The observed force-displacement response given in Figure 10 is influenced greatly by impact
velocity, resulting in obvious changes of work hardening rate, strain rate sensitivity and activation
volume, etc. This idea was also discussed by many researchers [19–24,34–39]. In other words,
dislocation tangles and slip or deformation twin substructures develop very easily depending on the
deformation rate (at low impact velocity, 3 m/s). This idea is confirmed by Figure 10. Here, one may
observe a negative strain rate effect on the deformation. Also the effect of the temperature is neglected
on the plastic deformation level under these experimental conditions considering the hot deformation
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level of this steel. That is why, at high impact velocity (5 m/s), the penetration of the punch (impactor)
is deeper (around 7 mm) regarding the lower impact velocity (3 m/s) (around 4 mm).
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Figure 8. Comparison between numerical and experimental damage shapes for different temperatures
at 5 m/s impact velocity.

These ideas on the stress distributions discussed above are presented in other way in Figure 11.
Here, the stress distributions (damages caused by the stress distributions are detailed in Figures 7–9)
of Hadfield manganese steel are explained with distribution of deformation on the sheet samples at
high impact velocity levels (5 m/s) depending on the time elapsed from the beginning of the impact
up to the saturation levels around 3.6 s. In fact, the total deformation time is divided into 20 equal
elapsed times. For the sake of simplicity, here, only six elapse times are presented for observing the
evolution of deformations distributed on the sheet specimens. As seen in Figure 11, deformations are
very compact mainly around the punch (up to t = 1.8 s) and arrive at a saturated level around 3.6 s and
quasi the same for all the test temperatures used in the present work. Additionally, partially, the effect
of the spring back phenomenon is also another point that should be remarked upon here.

These evolutions are also very apparent in Figure 12 to clarify the results presented in Figure 11.
This means that the evolutions of the peak stress counters are shown by FEM simulation at two impact
velocities for different temperatures.

First of all, the evolutions of the stress counters begin at the same incubation time (less than 0.2 s)
for the two impact velocities. However, these values can reach a maximum at the early stage (around
1.3 s) in the case of the high impact velocity, regarding low impact velocity this may be due to the
negative strain rate effect of Hadfield manganese steel.
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Figure 11. Stress distributions of Hadfield manganese steel at high impact velocity levels depending
on the time, (v = 5 m/s).

As explained in the literature, the theory of “Dynamic Strain Ageing” (DSA) is generally attributed
to the pinning of mobile dislocations arrested at obstacles by the solute atoms diffusing within the
matrix [4,19,21–23,39]. When dislocation slide is delayed caused by obstacles, there is a time period
(incubation time) which should be passed before the dislocations overcome the obstacles. During the
waiting time, solute atoms might diffuse into the arrested dislocations, leading to DSA. For this reason,
twin stress and the corresponding twin barriers to dislocation motion are not rate-dependent [4–6,40].
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Figure 13 shows the microstructures of the samples taken from drop weight impact tests taken via
SEM. Here, twinning formations with impact deformation on the top of the dome of the specimens are
shown for different temperature at 3 m/s and 5 m/s impact velocities. All of the pictures are obtained
from the real specimens with simple polishing of the deformed surfaces. Mainly slip formations are
visible, twin formations are also visible in the specimens after work hardening at high impact velocities.
The density of slip bands is thought to be related to the proportion of the impact deformation rate.

The hardening and elastic-plastic deformation parameters in the context of the analytical equations
used in the numerical model represent the behavior of the different deformation mechanisms in the
internal structures observed in Figure 13. The formation process of deformations due to stresses
during the experiment was investigated in more detail through the internal structures. The analytical
calculation of the stresses was also carried out in this way, and the corresponding deformations also
investigated by comparison with experimental studies. With regard to the ultimate form of damage
as a result of the test, it is possible to investigate in more detail the effects of the change in internal
structures in a computable way. As a result, it was observed that every deformation that occurs in the
macrostructure appears to be dependent on micro-scale changes.

As indicated before in Figure 6, it is apparent that the absorbed energy provides the formation
of a strain hardening mechanism which causes deformation changes of the test specimen. In this
mechanism, micro-scale is realized through dislocation and twinning in the internal structure.
The interactions between the granules in the internal structure cause plastic deformations that can be
easily observed in the macrostructure. In addition, a certain part of this impact energy applied on the
test specimen is transformed into elastic energy.

Under current experimental conditions, a narrow range of temperatures is used due to the limit
of the drop weight test conditions in the laboratory. For this reason, there is not so much an effect of
temperature as seen in the present work.

All these results show that the best work-hardening effect can only be achieved when the impact
energy reaches or exceeds the critical impact energy [24]. Experimental results and mathematic
modeling carried out here show that the main deformation mechanism is slip formation and some of
the observations (basically at high impact velocity) reveal also mainly twinning formation.

Below the critical impact energy at low impact velocity, it is mainly the dislocation and slip
hardening mechanism, but this changes to the twinning hardening mechanism when the impact
energy is above the critical impact energy at high impact velocity. It is not pretended that there is an
interaction and/or competition of slip and twinning. However, it means that the impact velocity as the
impact deformation rate applied in the drop weight test plays an important role on the deformation
mechanism by slip or twin formation. These presented results and interpretations are very similar and
show an agreement with those given in the literature [13,20–24,39].
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The methodologies in this research can lead to industrial applications such as military ones,
to analyze the overall impact behavior of the material under different thermal and loading conditions.

5. Conclusions

In the present work, deformation behavior and the main damage mechanism of austenitic high
manganese, Hadfield steel sheets were investigated by means of the drop weight test. The research
was carried out in two stages: First, very full experimental study was realized at different conditions
in a configuration consisting of four different temperatures; 23, 70, 100, and 140 ◦C and two different
impact velocities; 3 and 5 m/s. Second, modelling of impact behavior on high manganese steel plates of
100 mm × 100 mm × 1.2 mm in size was succeeded by using experimental results. Abaqus®/Explicit
was used to perform this model. Additionally, the damage of high manganese steel modeling was
identified with VUMAT subroutine (Abaqus®/Explicit workspace compatible with the User Material
Subroutines). Also, numerical simulations were made according to the experimental conditions.
A contact period was defined between Impactor and steel plate as appropriate for the general contact
properties. After that, Abaqus®/Explicit automatically created with the contact pair. Then, each time a
contact was defined for each solution step by step in the simulation. Finally, energy vs time and force
vs time graphics were obtained by numerical analysis. Consequently, very good agreement was found
between the experimental and numerical simulations based upon the model created in this research.

All of these results indicated that the paramount work hardening effect could be obtained only
when the impact energy reaches or exceeds the critical impact energy [24]. Experimental results
and mathematic modeling showed that the main deformation mechanism causes slip-formation and
twinning-formation (respectively, at low and high impact velocity). It means that mainly dislocation
and slip hardening mechanism takes place below the critical impact energy at low impact velocity,
but it changes to the twinning hardening mechanism when the impact energy is above the critical
impact energy at high impact velocity [24]. It is not pretended that there is an interaction and/or
competition of slip and twinning. More highlighted observations on the deformation responses
indicate that impact velocity (as impact deformation rate) applied in the drop weight test under
experimental conditions used here plays a significant role in the deformation mechanism by slip
and/or twin formation. The results and interpretations given in the present work are very similar and
show an agreement with those given in the literature.
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