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The evolution of threats and scenarios requires continuous performance improvements of ballistic
protections for armed forces. From a modeling point of view, it is necessary to use sufficiently precise
material behavior models to accurately describe the phenomena observed during the impact of a pro-
jectile on a protective equipment. In this context, the goal of this paper is to characterize the behavior of a
small caliber steel jacket by combining experimental and numerical approaches. The experimental
method is based on the lateral compression of ring specimens directly machined from the thin and small
ammunition. Various speeds and temperatures are considered in a quasi-static regime in order to reveal
the strain rate and temperature dependencies of the tested material. The Finite Element Updating
Method (FEMU) is used. Experimental results are coupled with an inverse optimization method and a
finite element numerical model in order to determine the parameters of a constitutive model repre-
sentative of the jacket material. Predictions of the present model are verified against experimental re-
sults and a parametric study as well as a discussion on the identified material parameters are proposed.
The results indicate that the strain hardening parameter can be neglected and the behavior of the thin
steel jacket can be described by a modeling without strain hardening sensitivity.
© 2023 China Ordnance Society. Publishing services by Elsevier B.V. on behalf of KeAi Communications

Co. Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).
1. Introduction

The constantly evolving ballistic threats enforce the improve-
ment of ballistic protections, in terms of performance, weight
reduction and wearing comfort. Ballistic tests are conventionally
carried out to assess and validate the levels of protection. Con-
ducting tests makes it possible to obtain information on the
mechanisms occurring during the impact and characterize the
macroscopic behavior of the protection (stopping of the ammuni-
tion, perforation, deflection of the rear face, etc.). Without any
doubt, experimental tests are crucial and invaluable, but they
remain time consuming (preparation of the different geometries,
tests set-up, limited number of shots…) and limited in terms of the
range of investigated impact conditions. As an alternate and
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complementary approach, a finite element-based method is useful
to explore a larger range of situations, and develop a better un-
derstanding of fracture mechanisms during impact including the
interactionwith the behavior of the projectile at the local scale. The
main advantage of numerical simulations lies in the possibility to
evaluate a wide variety of configurations (loading amplitude, ma-
terials, geometry, architecture, etc.). In order to obtain reliable re-
sults, it is necessary to use sufficiently precise constitutive models
to accurately describe the phenomena observed during the impact
of a projectile on protective equipment. Our study focuses on a
9 mm small caliber ammunition with a ductile core, more specif-
ically on the behavior of the steel alloy jacket. The goal is to identify
a constitutive model using lateral compression tests on ring spec-
imens taken from the steel jacket, keeping the material and
microstructural properties originating from the forming process.

A jacketed bullet is a small caliber projectile made of a soft core
(often lead as in the case of our study [1]) generally enclosed in a
harder metal shell called an ammunition jacket [2]. It can be made
of KeAi Communications Co. Ltd. This is an open access article under the CC BY-NC-

eral ring compression test applied to a small caliber steel jacket:
g/10.1016/j.dt.2023.11.001

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:yael.demarty@isl.eu
www.sciencedirect.com/science/journal/22149147
http://www.keaipublishing.com/en/journals/defence-technology
https://doi.org/10.1016/j.dt.2023.11.001
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.dt.2023.11.001


Y. Coget, Y. Demarty, C. Czarnota et al. Defence Technology xxx (xxxx) xxx
of different materials such as brass, cupronickel or less frequently a
steel alloy [3e6]. Jacket is used to enhance the rigidity of the
ammunition and to avoid deposition of metal into the barrel, so that
higher speeds are reached at the exit. Usually, the mechanical
characterization of a constitutive relationship for a steel alloy is
performed using compression tests on cylindrical samples (milled
from a raw plate or bar) at different strain rates and temperatures
[3,5,7]. Various phenomenological, physical or semi-physical
constitutive law parameters are then identified and subsequently
used in numerical simulations. If this type of geometry allows
materials characterization using well established experimental
protocols, the identified constitutive lawwould probably not reflect
the actual behavior of materials obtained from different processing
routes.

In addition, when one needs to characterize materials including
viscoplasticity, anisotropy, microstructural changes, a large number
of tests are needed and the identification procedure based on direct
approaches tends to be difficult. Coupling experimental measure-
ments (from force-displacement curves or full-field measure-
ments) with numerical simulations [8e10] or analytical approaches
based on virtual field methods [11,12] has thus gained in popularity,
see Ref. [13]. These inverse identification procedures are usually
applied to complex geometries where heterogeneous fields
develop and consequently a reduced number of tests are required
to identify various sensitivities (e.g. strain rate, thermal) of a
constitutive modeling. This coupling procedure can also be used to
characterize the material's behavior of samples for which the ge-
ometry is dictated by the needs [14].

For the studied case, the jacket is formed through a thermo-
mechanical process which consists of successive metal punching
and drawing operations. In order to preserve the microstructure
and the thermo-mechanical history inherited from the
manufacturing process, ring specimens corresponding to the steel
jacket were extracted from the ammunition. The cylindrical ge-
ometry, with various shapes of the cross sections, has been largely
considered in the context of crashworthiness studies to optimize
the energy absorption capabilities of components used in trans-
portation systems and subjected to axial static [15] or dynamic
loading [8,16].

Lateral compressive experiments on rings and tubes have also
been considered in the literature [17e19], particularly for nuclear
material research where it is used as a screening test to determine
material ductility in the circumferential direction [20]. Within a
different context, Ref. [21] combined a Finite Element model with
an inverse identification approach to identify a power-law strain
hardening law describing a brass alloy. As a numerical output, the
authors used load/deflection curves in the inverse identification
loop, combined to an analytical approach which relates the strain
hardening parameters and the plastic modulus.

In Ref. [22], lateral compression tests were carried out to analyze
the influence of heterogeneities introduced into the constitutive
model of an aluminum alloy. An inverse method was also used for
the determination of material constitutive law parameters. In their
work, the authors considered two strain hardened material
models: a power law [21,23] and a hybrid model assuming a linear
saturated strain hardening but including a statistical description of
the yield stress. In line with the scope of the present work,
following the work of [14,21] used lateral compression tests and
inverse identification method for the characterization of a 12.7 mm
AP ammunition composed of a brass jacket and high-strength steel
core. The authors showed that the method is relevant and gives
accurate results for the 12.7 diameter ammunition.

It is reported in the literature that there are analytical methods
which allow to obtain the Young modulus, the yield stress and the
stress-strain behavior from lateral compressive experiments on
2

rings [24,25]. However, these analytical approaches are valid for
some specific geometrical conditions where the thickness to
diameter ratio verifies 0:1� t=d �0:4.

Characterizing the behavior of thin rings (thickness to diameter
ratio <0.05) made of steel, directly extracted from the jacket of
ammunition is a field of research which is not fully explored and
requires more attention. If the protocol used here is well inspired
from a previous work of our research group [14], the character-
ization of material properties from a very thin walled ring is very
challenging. To this end, the purpose of the present work is to
identify a constitutive model of the 9 mm steel jacket (directly
extracted from the ammunition) from an inverse approach coupled
with finite element calculations. The specimens will be subjected to
low loading rates and moderate temperatures. Even if the material
is characterized in these regimes, the constitutive relation and
identification provide a set of material parameters which describe
materials and components used in ballistic impact. Indeed, the set
of identified parameters has been successfully employed to
describe, with sufficient accuracy, the dynamic response of a pro-
jectile composed of lead core and this steel jacket. This validation
underscores the practical utility of the findings of the present pa-
per. In addition, experimental results and analysis reported in this
paper may help designers of protective equipment against 9 mm
steel jacket ammunition.

The present manuscript is organized as follows. In Section II, the
material chemical composition is first presented followed by
hardness results revealing the homogeneity of the tested material.
The section ends with the detailed experimental program carried
out in this work. Section III begins with the inverse approach
implemented for the model parameter identification. Then, the
finite element model using Abaqus/Standard is described. All re-
sults (experimental followed by identified parameters and a
comparative analysis) are next provided in Section IV. Material
sensitivities to strain rate and temperature are analyzed and
quantified. In order to evaluate relevancy of identified values of the
parameters, a parametric study is finally proposed in Section V
where the influence of strain hardening parameters are examined.

2. Description of the bullet jacket and lateral compression
protocol

2.1. Description of the bullet jacket: materials and geometry

The jacket corresponding to the outer shell of the 9 mm bullet,
studied in this paper has a density of 8050 kg/m3. It is made of a
mild steel alloy plated on both faces with tombac which is a brass
alloy used to improve the sliding properties between the munition
and the barrel of the weapon. Fig. 1(a) shows a cross section of the
bullet composed of a soft inner core made of lead and the outer
jacket. Measurements made on the munition with a Field Emission
Scanning Electron Microscope (FE-SEM Thermofisher NNS450)
revealed an external diameter of 9.00 ± 0.01 mm and a thickness of
0.35 ± 0.01 mm for the jacket (steel and tombac), see Fig. 1(b). The
thickness of each tombac layer is approximately 0.025 mm, which
infers that the thickness of both layers represents about 14% of the
jacket thickness. Considering the low proportion of tombac, this
coating layer is assumed to have a limited influence on the overall
mechanical response and a single material model will be identified
to describe the whole response of the jacket.

2.2. Hardness testing and analysis of homogeneity

Vickers microhardness indentationswere conductedwith a load
of 1 kgf on a polished cross-section using a micro-hardness tester
Wilson® VH 1202 Buehler. The diamond indenter has an angle of



Fig. 1. (a) Cross-section of the 9 mm ammunition made of lead-core and a steel casing plated with tombac; (b) SEM observation of the jacket (steel in dark grey and tombac in light
grey).

Fig. 2. Microhardness map (unit HV1) of the jacket cross section. Measurement points (red symbols) are located within the steel.
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136� between opposite faces. Fig. 2 shows the indentation locations
all along the cross-section. Twenty-nine measurements were done
at regularly spaced positions along a path at a mid-distance of the
jacket borders. Based on it, the average value may be considered as
representative of the mechanical property. A unique specimen was
used for microhardness testing, for which, as shown in Fig. 2, a
rather homogeneous hardness is observed. A mean value of 173
HV1 and a standard deviation to the mean of 22 HV1 have been
defined.

The measured values can give a rough estimate of the elastic
limit sy of the jacket steel from linear equations involving the
diamond pyramid hardness Hv [26,27]. For instance, using the
following relationship [26], the yield stress may be estimated.

sy¼ �90:7þ 2:876Hv (1)

In this work, using a specific bullet, the value is
sy ¼ 406.8±64.3 MPa. Note that Eq. (1) has been verified for over
150 steels having a wide range of compositions and a variety of
microstructures and that the other properties have been defined
using mechanical tests [26].
2.3. Ring lateral compression tests description

2.3.1. Specimen geometry design and preparation
The exact composition of the jacket materials as well as the

manufacturing process and thermal treatment are unknown. The
determination of an accurate constitutive relation aiming to
describe the jacket behavior in a ballistic impact implies to extract
3

samples from a material which has undergone identical thermo
mechanical processes. Following the approach of [14], the samples
were machined directly from the original ammunition. The final
geometry of specimens corresponds to a thin-walled tube of height
6.00mm (±0.03mm), diameter 9.00mm (±0.01mm) and thickness
0.35 mm (±0.01 mm) (see Fig. 3). This geometry has been adopted
to examine the response of ring specimens under lateral
compression considering five different loading conditions in terms
of temperature and traverse speeds. This is detailed in the next
section.

2.3.2. Experimental set-up and testing conditions
The first step of the characterization process is to acquire the

experimental data set necessary to identify the parameters of the
constitutive relation. All ring lateral compression tests were carried
out under quasi-static regime on an Instron® 5982 universal press
equipped with a 1 kN load cell. The load cell allows to measure the
force imposed to the ring while the traverse displacement sensor
provides from the global displacement. Compression tests were
performed up to a crosshead displacement of 5 mm. Dependencies
with the strain rate in quasi-static regime and temperature were
analyzed by considering different conditions in terms of traverse
speed and sample temperature, see Table 1. We conducted a total of
two tests for each of the five loading conditions. While our initial
intention was to perform three replicate tests per condition to ac-
count for test error and data scatter, the amount of material limited
us to two tests. Additionally, it is important to note that the repli-
cation of test results was in the maximum range of 10%.

We believe that the identified parameters, as reported in this



Fig. 3. 9 mm ammunition and specimen after preparation (machining and soft core
removal).

Table 1
Experimental conditions of the ring lateral compression experiments.

Experiment # 1 2 3 4 5

Traverse speed/(mm$min�1) 1 3 10 3 3
Temperature/K 293 293 293 373 473
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study, will only require slight adjustments when based on a larger
dataset. The analysis and methodology remain consistent with the
work of [14], where the same methodology has proven its
effectiveness.

Tests at elevated temperatures were conducted by heating the
samples using a Steinel 2300 W heat gun while the temperature of
tested samples was controlled by a thermocouple positioned on the
inner face. It should be noted that the homogeneity of the tem-
perature field has been verified, in advance, using multiple ther-
mocouples glued on one sample. A camera Basler acA 1920-40 g
with a 1220 1920 � 1200 pixels resolution and a recording frame
rate set to 10 fps as well as a lighting device were used to record the
shape geometry evolution during experiments.
3. Inverse identification of constitutive model parameters
using an optimization algorithm

3.1. Description of the constitutive relation used for numerical
simulations

Metals and more specifically steel alloys used for armor pro-
tection or bullet cores are well-known materials and were very
often studied in the literature under static and dynamic regimes
[7,28e30]. However, there is a constant need to precisely identify
constitutive relations for steel alloys specifically dedicated to
ammunition components. The knowledge of the constitutive rela-
tion is the key point for numerical simulations. It has to be noticed,
that numerous constitutive models, based on physical or
phenomenological approach, have been developed to describe the
dynamic behavior of materials such as Refs. [31e33]. For the 9 mm
ammunition jacket, the phenomenological Johnson-Cook model is
adopted in the present work. This model, which is already imple-
mented in most finite element codes, is widely used for the simu-
lation of ballistic impacts where strain rate sensitivities and
4

temperature dependencies are observed [34]. In this model, the
equivalent plastic stress s is expressed as

s¼ðAþ BεnÞ
�
1þC ln

�
_ε

_ε0

���
1�

�
T � T0
Tm � T0

�m�
(2)

where ε is the equivalent plastic strain, _ε is the plastic strain rate
and T the temperature. _ε0 is a reference strain rate, T0 a reference
temperature and Tm being the material melting temperature. The
parameter A is the initial yield strength of the material at the
reference strain rate and for a reference temperature. B and n
represent the strain hardening while C and m describe the strain
rate and thermal sensitivities respectively.
3.2. Identification of constitutive model parameters: inverse method
coupled with finite element simulation and an optimization
procedure

It is important to know that the determination of conventional
stress-strain curves is not trivial since a lateral compression test on
rings is used. Therefore, a straightforward identification of material
parameters involved in Eq. (2) is not possible. An attempt was
proposed in Ref. [25] where the authors developed a model using
compressed metal rings with isotropic properties coupling to a
power law. The approach proposed was validated for thickness to
diameter ratios varying as 0.1 � t

∅ � 0.4. In our study, as the ratio is
lower than 0.04 and falls out the range of validity of the theoretical
approach of Ref. [25], the process of identification to define the
model parameters was based on an inversemethod. More precisely,
a Finite Element Updating Method has been considered [35],
coupling the FE solver Abaqus/Standard and the standalone opti-
mization package from LS-OPT. The formulation of LS-OPT (in
charge of the automatic identification) relies on the minimization
of a multi-objective function FðF1;F2;…;FNÞ expressed as

F ¼
XN
k¼1

Fk (3)

where N is the number of objectives and Fk ¼ FkðxÞ, k ¼ 1 … N,
represents the kth objective function, x being the vector parame-
ters. Based on the Mean Squared Error's (MSE) method, FkðxÞ is
written as

Fk ¼
1
Pk

XPk
j¼1

"
Ck;jðxÞ � Tk;j

max
���Tk;j���

#2
(4)

where Pk stands for the number of points on the target experi-
mental curve T, with Tk;j the corresponding values and Ck;jðxÞ the
respective components of the computed curve C . The technique
implemented in LS-OPT and used to minimize F in Eq. (3) is based
on the Kriging metamodeling technique [36]. In addition, the ac-
curacy of the metamodel was improved by a successive response
surface method (SRSM) in which the size of the subregions over
which the objective function is evaluated is reduced until conver-
gence. More details can be found in Ref. [37].

The measurements used in the optimization procedure are
directly taken from the compression experimental data i.e. the cell
force and the traverse displacement. From the experimental mea-
surements, the iterative approach consists of approximating the
model's parameters to get the best match between numerical re-
sults and experimental data [38,39]. After each iteration, LS-OPT©
compares the numerical results with the experimental ones and
adjusts the parameter values for the next iteration until the



Fig. 4. Diagram depicting the optimization method using the inverse method for Johnson-Cook model parameters identification.
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termination criteria are reached. In addition, for a rheological
identification problem, an appropriate domain of parameter values
having a physical sense must be introduced so that the optimiza-
tion problem is formulated as, see Ref. [39].

(
min

x2DðxÞ
Fðx;C; TÞ

DðxÞ ¼ fxjxmin < x< xmaxg
(5)

The upper and lower limits are thus very important to prevent
the parameters to reach non-physical values. To obtain more pre-
cise values, it is possible to compute several optimization loops
refining the bounds of each parameter.

The diagram reported in Fig. 4 details the method used for the
determination of the Johnson-Cook constitutive model parameters
of the steel jacket.

For this optimization routine, some material model parameters
have been kept constant as the Poisson's ratio (set to 0.3), the
melting temperature Tm, reference temperature T0, reference strain
rate _ε0. The values are the following: Tm ¼ 1793 K, T0 ¼ 293 K and
_ε0 ¼ 0.0003 s-1, Eq. (2). Finally, six parameters of the material law
are unknown in the numerical model. Indeed, five parameters of
5

the constitutive relation (A, B, n, C, m) and one of the elastic
properties, the Young's modulus (E) need to be identified through
the optimization process. It is reminded that the density of the
material has been measured to 8050 kg/m3 and the Poisson's ratio
has been set to 0.3. The five experimental conditions listed in
Table 1 are simulated using Abaqus/Standard considering the
Johnson-Cook model to describe the jacket material response.

Three objective functions, i.e. N ¼ 3 in Eq. (3), are introduced to
consider the strain hardening, the strain rate sensitivity and the
thermal softening observed in Fig. 10.

- F1 stemming from the force-displacement curve obtained at
3 mm/min and 293 K for the identification of the hardening
parameters of the Johnson-Cook model (A, B and n in Eq. (2) and
the Young's modulus).

- F2 built from data points collected at a constant displacement of
3 mm on force-displacement curves obtained at various speeds
and room temperature. These data, lying on the plateau part are
used to identify the strain rate dependence (parameter C in Eq.
(2)).



Fig. 5. Representation of one eighth of the sample and applied boundary conditions
for lateral compression of ring.

Fig. 6. Force versus time for a compression test conducted at a traverse speed of 3 mm/
min and room temperature (293 K). The force in the compression test does not start
from zero due to initial contact forces. The plot begins at the point where significant
deformation begins. Red cross mark times of recorded snapshots reported in Fig. 8.
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- F3 defined from measurements taken at a constant displace-
ment of 3 mm on force-displacement curves obtained at a
constant traverse speed of 1 mm/min under various tempera-
tures. As for F2, these points are located on the plateau part and
they are used here to identify the thermal sensitivity of the
material (parameter m in Eq. (2)).

Eight optimization loops, each involving fifty iteration steps,
were necessary to reach the convergence of model parameters. The
value of the multi-objective function at the end of the optimization
procedure were the number of iteration (set to 20) and/or the
objective function lower than a value (<0.01) (see Fig. 9).

3.3. Description of the finite element model of the lateral
compression test

Three-dimensional finite element calculations were conducted
using Abaqus/Standard. One eighth of the ring specimen presented
in Fig. 5 is meshed using 1200 linear hexahedral elements with
reduced integration (C3D8R from the in-built element library of
Abaqus/Standard). A mesh-size sensitivity study has been con-
ducted (results not shown here) which exhibited that theminimum
required number of elements in the thickness is four. This number
is sufficient to describe buckling and bending of the structure [40].
The tools are modelled by analytical rigid surfaces. The interaction
between contacting surfaces is defined using the isotropic Coulomb
friction model with a standard friction coefficient set to 0.2. This
adopted value is discussed in section V.1. The boundary conditions
used are presented on Fig. 5. They consist of symmetries about 1-,
2- and 3-directions and imposed velocity on the upper rigid sur-
face. The material is thermo-elastic-viscoplastic (linear elasticity)
following von-Mises plasticity with isotropic hardening, the yield
stress being given by Eq. (2). Due to large deformation, geometrical
nonlinearities are accounted in the numerical modeling. Depending
on the loading configuration (see Table 1), an initial temperature is
applied to the material nodes. The displacements being imposed at
the upper tool, corresponding reaction forces are computed in or-
der to build the multi-objective function F, see Eqs. (3) and (4).

The macroscopic simulation allows to obtain local values and to
understand in a better way the kinematic of the structural test.

4. Experimental results and identification of constitutive
model parameters

4.1. Force-displacement curves and ring deformation

4.1.1. Analysis of the force-displacement curves
The test performed with a constant velocity of 3 mm/min and

T ¼ 293 K is first analyzed. Fig. 6, displaying the force versus time
graph shows that the deformation curve can be schematically
divided into four stages. Stage I corresponds to a linear increase of
the force (from t¼ 0e8 s) and is governed by the elastic response of
the material. Stage II shows a gradual increase of the force which is
reflecting the inception and early accumulation of plastic defor-
mation within the sample (8e22 s). Stage III (from 22 s to about
75 s) is defined by a linear growth of the force and during the last
Stage IV, the force is non-linearly increasing with time up to the
complete crushing of the specimen and corresponding to
compaction.

On the following curves, the loading speed effect and temper-
ature are illustrated Figs. 7(a) and 7(b) respectively. As a peculiar
observation, it is worth noting from Fig. 7(a) that the elastic parts
obtained at loading rates of 3 mm/min and 10 mm/min closely
coincide with each other. However, the structural elastic response
obtained at a loading rate of 1 mm/min appears to exhibit a slightly
6

softer behavior. This variation in the elastic region may be attrib-
uted to a combination of factors, including variations in material
properties, specimen preparation, specimen geometry, contact
initiation.

Any variations in the elastic region are believed to not signifi-
cantly impact our analysis and the material parameters of the
Johnson Cook law identified in our study. The comparison of the
different tests conducted for a constant temperature 293 K and
varying the traverse speed reveals the material's strain rate sensi-
tivity in the low strain rate regime. It is shown on Fig. 7(a) that
higher the speed induces a force increase. Similarly, the tests con-
ducted at 3 mm/min for different initial temperatures induce a
thermal softening effect.

In addition to the mechanical tests the kinematic of the ring has
been analyzed.
4.1.2. Kinematics of the deformation of the ring
The shape of the specimen and the characteristics contact are

continuously linked during the deformation process. It can be
observed in Fig. 8 for a test conducted at 3 mm/min and room
temperature. During the test, the initially annular sample (t ¼ 0 s)
evolves, takes an oblong shape and further transforms into a bow
tie. In addition, the contact zones (between the sample and the



Fig. 7. Force-displacement curves: (a) at constant temperature (293 K) for 3 displacement speeds; (b) at constant displacement speed (3 mm/min) for 3 temperatures.

Fig. 8. Evolution of the cross-section for the test conducted at 3 mm/min and 293 K.

Fig. 9. Observation of a folding instability occurring in a specimen submitted to lateral
compression at 3 mm/min and T ¼ 293 K.
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platens) move from the center to the periphery due to the neck
shape observed in the middle of the ring. As a result, the moment-
arm length is reduced which causes the load to increase as platen
displacement increases [20].

For the displacements greater than 4 mm, larger deformations
are achieved and structural instability emerges, as illustrated in
Fig. 9. This instability, leads to the occurrence of folds in the sample
at the place where lateral plastic hinges develop. The time at which
the instability develops and the peculiar shape of the folds may
depend on the loading condition, the geometry of the sample and
materials (e.g. the mismatch between the steel core and tombac
7

layer mechanical properties). It is important to note that the
identification procedure we employed primarily centered on the
material's response prior the onset of folding occurred.

Using all the tests described before and coupling different data,
the constants of the Johnson Cook model and the Young's modulus
may be defined from the finite element updating method.

4.2. Identification of material parameters from the inverse
procedure

Experimental results presented in the previous section in terms
of force versus displacement curves are used for the optimization
routine. The three target experimental curves, C 1;T , C 2;T and C 3;T
related toF1,F2 andF3 respectively, and defined in Eqs. (3) and (4),
are reported in Fig. 10. Note that F2 and F3 are based on experi-
mental points within Stage III, prior the instability takes place in the
ring.

Initial values and bounds of each parameter have been taken
from the literature [3,41,42], to obtain realistic parameters for a
steel alloy. The values are given in Table 2.

Fig. 11 shows the evolution of the various parameters (red color
curves) during the final loop of optimization. The bounds of the
research domain, which are shown to evolve with the iteration
step, are represented with blue and yellow solid lines. Note that, as
a result from previous loops of optimization, these bounds at the
initial iteration step may strongly differ from values reported in
Table 2. The results of Fig. 11 shows that the parameters tend to-
wards bounded values which guarantees accurate convergence and
reliable results.

The values of Johnson-Cook model parameters obtained in the
present study with T0 ¼ 293 K, Tm ¼ 1793 K, _ε0 ¼ 0.0003 s�1, and
those reported in the literature, are summarized in Table 3.

Except for the set (B, n) characterizing the material strain
hardening, other parameter values identified in our study are in
good agreement with those found in the literature for mild steels
[3,7]. The influence of deformation history on material parameters



Fig. 10. Target experimental curves: (a) C 1;T corresponding to the force-displacement
curve obtained at 3 mm/min and 293 K; (b) C 2;T corresponding to the force measured
at a displacement of 3 mm on experiments #1, #2, #3; (c) C 3;T corresponding to the
force measured at a displacement of 3 mm on experiments #1, #4, #5.

Table 2
Initial values and bounds for the optimization process.

A/MPa B/MPa n C m E/GPa

Initial values 350 275 0.36 0.0022 1 190
Initial bounds [0e500] [0e400] [0e1] [0.00e0.05] [0e1.5] [160�220]
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could explain the large discrepancy observed for the hardening
parameters. In fact, the material studied here has undergone
hardening and possible thermal treatment while the jacket was
formed. Another explanation may be found in the diametral
compression test. A discussion is proposed in section V.2. The
temperature sensitivity parameter (m¼ 1.25) is also a little bit more
pronounced. The value of A ¼ 389 MPa, which stands as the elastic
yield limit (at T ¼ T0, _ε ¼ _ε0), is lower the average value,
sy ¼ 406.8± 64.3 MPa, estimated using hardness measurements
and Eq. (1). The value of A is consistent with the analytical approach
proposed by Ref. [43] for a tube subjected to a radial compression.
In this work of Ref. [43], the yield stress is expressed as

sy ¼acrPcrr0
e20l0

(6)

where acr is a parameter equal to 0.886, r0 the initial inner radius of
the tube, l0 its length and e0 its thickness. Pcr is the collapse load,
corresponding to the intersection of the tangent of the plastic zone
to the tangent of the elastic zone on the experimental force-
displacement curve. Considering the specimen geometry r0 ¼
4:5 mm, l0 ¼ 6:3 mm, e0 ¼ 0:35 mm and the collapse load Pcr ¼
75 N, estimated from Fig. 6, one obtains sy ¼ 388:7 MPa. This
value is very close to the value of A obtained from the optimization
procedure.

Finally, based on the value of the strain hardening sensitivity n
and the low value of B, the constitutive relation to define the jacket
submitted to diametral compression may be reduced to

s¼A
�
1þC ln

�
_ε

_ε0

���
1�

�
T � T0
Tm � T0

�m�
(7)

with A, C, m listed in Table 3.
In order to validate the identification procedure and constitutive

model parameters obtained in the previous part, numerical simu-
lations of compression tests were conducted using the identified
parameters of the Johnson-Cookmodel (see Table 3). Recall that the
force-displacement curve obtained at 3 mm/min and 293 K and
only one result point per other configurations were used in the
identification procedure. Consequently, a comparative analysis of
numerical and experimental force-displacement curves is first
proposed in this section for loading configurations of Table 1. The
evolution of the cross-section is also compared for one case. Nu-
merical simulations are next used to examine stresses and strains
within the specimen along with the evolution of the cross-section.
We wish to clarify that the numerical modeling employed in our
studywas not able to capture the specific folding behavior shown in
Fig. 6. Our primary focus in the numerical simulations was to
investigate the deformation behavior prior the folding emerged.

The comparisons between experimental and numerical results
are shown in Fig. 12 in terms of force versus displacement curves
obtained for all tested configurations. One can observe that there is
a good correlation between numerical curves and experimental
results. The gradual increase of the force during Stage II (see Fig. 6)
and its linear increase observed in Stage III are well described
whatever the speed or temperature. Nevertheless, some differences
are noticeable, mainly in the elastic zone (Stage I) due to sample



Fig. 11. Evolution of Johnson-Cook parameters and Young modulus during the last loop of optimization: (a) Convergence for the parameter A; (b) Convergence for the parameter B;
(c) Convergence for the parameter C; (d) Convergence for the parameter E; (e) Convergence for the parameter m; (f) Convergence for the parameter n.

Table 3
Comparison of identified parameters and published data.

E/GPa A/MPa B/MPa n C m

Present study 189 389 1 0.96 0.013 1.25
S355NL steel [7] 190 353 590 0.32 0.024 0.85
1006 steel [3] 206 350 275 0.6 0.022 1.00
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geometry variability and when high displacements are concerned
(Stage IV).

A comparative analysis is also proposed in Fig. 13 showing, for
the test at a displacement speed of 1 mm/min and room temper-
ature (293 K), a proper consistency between the snapshots taken
with the camera and the front cross section obtained from nu-
merical simulations. This result also provides validation of the FE
analyses along with the identified parameters.

The next step is to examine the local stress and strain distri-
bution obtained for a traverse speed of 3 mm/min, at room tem-
perature (293 K). First, it is important to mention that numerical
simulations naturally account for the complex loading state which
develops during deformation. As a consequence, the numerical
9

force-displacement curve presented in the manuscript reflects the
influence of shear and bending stresses within the specimen, which
develop at boundaries where contact occurs and along its curved
section, respectively. The extent to which shear and bending
stresses develop can depend on various factors, including the ma-
terial properties, geometry of the ring, loading conditions, and
boundary constraints. Let us now focus on Fig. 14 which presents
the equivalent plastic strain field (PEEQ) and the von Mises stress
fields (svmÞ inside the ring for t ¼ 4 s, 33 s and 130 s.

This result gives an indication on the localization of plasticity
areas. One observes that plasticity is initiated and first develops at
the tool contact zones in the region aligned with the loading di-
rection (tz 4 s/dz 0.2 mm) where the equivalent stress reaches a
value of z 395 MPa (svm >AzsyÞ. As observed in experiment (see
Figs. 8 and 13), the contact with the upper tool quickly splits with
contact areas moving away from each other (the same applies for
the lower tool). Plastic deformation next localizes (t z 33 s/d z
1.65 mm) at lateral regions of the specimen where it further de-
velops prior to a marked changed of the cross section of the cyl-
inder which turns into a bow tie shape. At the end of the test
(t ¼ 130 s/d ¼ 6.5 mm) the accumulated plastic strain and the von



Fig. 12. Comparison of force-displacement plots between the experimental and numerical results at: (a) Constant temperature (293 K); (b) Constant displacement speed 3 mm/min.

tt=0 s  /  =0 s  /  dd=0 mm=0 mm tt=60 s  /  =60 s  /  dd=1 mm=1 mm

tt=120 s  /  =120 s  /  dd=2 mm=2 mm tt=180 s  /  =180 s  /  dd=3 mm=3 mm

tt=240 s  /  =240 s  /  dd=4 mm=4 mm tt=300 s  /  =300 s  /  dd=5 mm=5 mm

Fig. 13. Comparison of numerical cross-sections overlayed with experimental images for the test at a traverse speed of 1 mm/min and sample temperature of 293 K.
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Mises stress increase to reach a maximal value of 0.29 and 401 MPa
respectively, on the lateral regions of the specimen. It thus appears
that in regions where plastic flow occurs, the equivalent stress is a
bit larger than the initial yield stress A ¼ 389 MPa. Since strain
hardening effect is negligible (low value of B in the constitutive
law), this can be attributed to the strain rate sensitivity of the
material.

Despite some differences between numerical and experimental
results, the comparative analysis is satisfactory. In fact, the
10
simulation is an ideal case scenario which considers perfectly cy-
lindrical specimens. By contrast, geometrical imperfections can be
observed in specimens used in experiment as reflected at t ¼ 0 s on
Fig. 13. This may be at the origin of some discrepancies between
experimental and numerical results. However, it is noteworthy that
the set of identified parameters demonstrated its effectiveness in
reproducing the dynamic response of ammunition, as detailed in
Ref. [2]. In this study, Split Hopkinson Pressure Bar (SHPB) tests
were conducted on the lead core and steel jacket assembly,



Fig. 14. Von Mises stress (in MPa) and plastic strain (PEEQ) fields during the simulation carried out at 3 mm/min and 293 K: (a) t ¼ 4 s/d ¼ 0.2 mm; (b) t ¼ 33 s/d ¼ 1.65 mm; (c)
t ¼ 130 s/d ¼ 6.5 mm.

Fig. 15. Geometrical parameters characterizing the shape of the sample cross section: (a) Initial configurationwith b ¼ a ¼ r0, the initial internal radius of the ring, and c ¼
ffiffiffi
3

p
=2r0 ;

(b) Oval shape with b> a> c ; (c) Bow tie shaped where b> c> a.
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Fig. 16. Time evolution of characteristic lengths a, b, c for the compression test con-
ducted at a traverse speed of 3 mm/min and room temperature (293 K). Comparison
between experimental and FEM results.

Fig. 17. Time evolution of characteristic lengths a, b, c (left axis) and force (right axis)
for the test conducted at 3 mm/min under room temperature (T ¼ T0 ¼ 293 K), and
corresponding linear fits in dashed lines.

Fig. 18. Influence of the friction coefficient f on force-displacement curves for the test
at 3 mm/min and 293 K.
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extracted from the ammunition, to validate the constitutive
modeling of the entire ammunition system. The comparison be-
tween the numerical and experimental strain measurements at
both input and output bar gauges revealed a compelling correla-
tion, reaffirming the accuracy of our numerical predictions based
on the identified parameters.

For analysis purposes, the current shape of the sample's cross
section is characterized by three specific length parameters, see
Fig. 15. Parameters a and b stand for the vertical and horizontal, mid
distances between cylinder's walls, respectively. The length c cor-
responds to the vertical mid distance determined at themiddle of b.
Initially, b ¼ a ¼ r0, the initial internal radius of the thin cylinder,

while c ¼
ffiffiffi
3

p
2 r0 < a. Under applied loading, the dominant defor-

mationmode of the cross section evolves from a circular (b ¼ a> c,
Fig. 15(a)) to an oval shape (b> a> c, Fig. 15(b)) then adopts a bow
tie shape (b> c> a, Fig. 15(c)).

Fig. 16 proposes a comparison between experimental and nu-
merical results showing the time evolution of the characteristic
lengths a, b and c, defined in Fig. 15. Despite some differences, the
agreement between simulations and experimental is still accept-
able and allow to validate the model used to couple the method of
optimization.

The numerical results are now isolated in order to highlight
relationships between length parameters and the force-
displacement curve. Fig. 17 presents the time evolution of lengths
a, b and c (left axis) as well as the force (right axis) for the test
conducted at 3 mm/min at 293 K. One observes that a and b evolve
in a linear manner up to a critical time t¼ t*z50 s which falls close
to the end of Stage III (as defined in subsection 4.1.1, Fig. 6). Inter-
estingly, from Fig. 17, it appears that t � is well characterizing the
point where a and c intercepts, thus identifying the time at which
the cross-section changes from an oval to a bow tie shape. At the
end of the test, a is close to zero meaning that the top and bottom
parts of the ring are nearly in contact inducing a compaction
process.

Using numerical simulation, a parametric study is reported.

5. Parametric study of friction coefficient and hardening
parameters

This section aims to study the friction coefficient effect and the
12
hardening parameters B and n on the numerical estimations to
explain experimental tests. The numerical modeling described in
subsection 3.3 is used with prescribed velocity of 3 mm/min and
temperature of 293 K. The reference set of parameters reported in
Table 3 is adopted, except otherwise specified.
5.1. Influence of the friction coefficient on the force and deformation
during lateral compression test

This section focuses on the influence of the friction coefficient f,
between the sample and the compression platens. Fig. 18 displays
numerical force-displacement curves obtained when f is varying
from 0.05 to 1. One observes that the two first stages (as defined in
Fig. 6) are not depending on fwhile Stages III and IV are only slightly
influenced by the friction coefficient. Between the lowest friction
coefficient of 0.05 and the highest value of 1, there is a slight in-
crease of about 7 % in the force at a displacement of 6.5 mm.

Fig. 19 portrays the final shape of the front section of the spec-
imen obtained at t ¼ 130 s (i.e. at a displacement of 6.5 mm) for



Fig. 19. Comparison of the front cross section at t ¼ 130 s (i.e. a displacement of 6.5 mm) for different values of the friction coefficient for the test at 3 mm/min for 293 K: (a)
Experimental; (b) f ¼ 0.05; (c) f ¼ 0.1; (d) f ¼ 0.2; (e) f ¼ 0.3; (f) f ¼ 1.

Fig. 20. Force-displacement curves obtained for the test at 3 mm/min and 293 K. In-
fluence of the strain hardening parameter n for B ¼ 400 MPa.
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various values of the friction coefficient f. In contrast with the
negligible influence of f on the force-displacement curves, the ef-
fect of friction is more remarkable on the ring cross section. For a
very low value of f ¼ 0.05, the sample has a pronounced bow tie
shape while when f ¼ 1, the ring exhibits a more oval shape. The
comparison with the experimental case (Fig. 19(a)) points out that
the value of f ¼ 0.2 (Fig. 19(d)) gives a better rendering of the
experimental shape.

It finally appears that the value of f has a negligible influence on
the force-displacement curve such that an adjustment of this
parameter could not provide a better restitution of the experi-
mental data (see Fig. 18). However, the friction coefficient strongly
influences the deformation of the sample. The value of 0.2, which
was found as an optimal value able to reproduce the experimental
shape, has been adopted in the present paper.

5.2. Influence of the hardening parameters B and n

As previously mentioned, the values of B and n identified in
subsection 4.2.2 are low compared to the set of values reported in
the literature for mild steels, see Table 3. This may be explained by
the hardening and possible thermal treatment undergone by the
material while forming the jacket but can also find explanation in
the practical identifiability of the hardening parameters from the
ring diametral compression test. The aim here is not to apply the
parameters' identifiability framework [44,45], but to develop a
better understanding of the interplay between B and n. This is done
by examining, from a numerical point of view, the effect of the
hardening parameters on the force-displacement curve and the
deformation of the front cross section. The test at 3 mm/min and
293 K is considered in this section.

Let first concentrate on the influence of the hardening exponent
by varying n between 0.1 and 0.96 for a constant value of B. The
maximal tested value of B ¼ 400 MPa is chosen so as to better
highlight a potential effect of n. Fig. 20 emphasizes that n has an
effect on two characteristics of the force-displacement curve. First, an
increase in n leads to an increase in the force at the end of stage II.
Second, as n is enhanced, the slope of the force-displacement curve,
dF/dd, is reduced in stage III, while it is slightly affected in the last
stage IV. A large value of n thus provides a better restitution of the
limited growth of the force observed in experiment during stage III.

The influence of B is now examined in the range from 0 MPa to
400 MPa for the fixed reference value of n ¼ 0.96, which inferred
the most limited increase of the force during stage III. Fig. 21 pre-
sents the influence of the parameter B on the force-displacement
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curve for the test conducted at 3 mm/min and T ¼ 293 K. It ap-
pears that the value of B has very little influence on Stage II while it
naturally does not affect Stage I. An increase of B induces a small
increase of the slope dF/dd in Stage III which in turns induces a
larger force. At the end of Stage IV, the maximal deviation between
the tested configurations is about 13.5%.

A complementary case has been evaluated. Fig. 21(b) shows the
force-displacement curves considering the reference value of
B ¼ 1 MPa and two values of n: 0.96 corresponding to the reference
value and 0.1. Due to the very low value of B, the two curves are
superimposed.
5.3. Influence of constitutive model parameters B and n on the ring
shape on the deformation kinematics during lateral compression
test

The test at 3 mm/min at room temperature (T ¼ 293 K) is
considered adopting three sets of hardening parameters (all other
parameters being taken from Table 3): B ¼ 1 MPa, n ¼ 0.96, cor-
responding to the identified set of hardening parameters, and two
simulations which showed the highest sensitivity on the force-
displacement curves of Fig. 22 (B ¼ 400 MPa/n ¼ 0.96 and



Fig. 21. Force-displacement curves obtained for the test at 3 mm/min and 293 K: (a) Influence of the parameter B for n ¼ 0.96; (b) influence of the strain hardening exponent n
when B ¼ 1 MPa.

Fig. 22. Time evolution of lengths a, b and c characterizing the cross section obtained from numerical simulations (traverse speed of 3 mm/min, temperature of 293 K). Three values
of (B, n) have been considered: (1 MPa, 0.96), corresponding to the identified set of hardening parameters, (400 MPa, 0.96), (400 MPa, 0.1). All other parameters are listed in Table 3.
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B ¼ 400 MPa/n ¼ 0.1).
Results are reported in Fig. 22, showing the time evolution of the

characteristic lengths a, b and c. Clearly, the results are very similar
whatever the studied case, meaning that the shape evolution is
only little influenced by the tested sets of hardening parameters.
Recall that the experimental result revealed a faster evolution of b
(see Fig. 16). From our results, it seems that the reduction of this
difference would not benefit from an adjustment of hardening
parameters.

To conclude, this analysis emphasizes the interplay between B
and n. A small value of B mitigates the effect of n and a value of n
close to 1 (i.e. linear hardening) plays a similar role with respect to
B. It has also to be pointed out that the macroscopic behavior ob-
tained from lateral compression tests on thin cylinders may include
a non-negligible part of structural response which makes difficult
to be so discriminant on the hardening parameters. In other words,
the identified parameters are intended solely for characterizing the
mechanical properties of the steel grade within the confines of the
ring geometry and the unique forming process employed in
shaping the thin ammunition jacket. Notably, the large value of n
and the low value of Be an unusual observationwithin the existing
literature on this type of steele both contribute to better reflect the
slight force increment observed during Stage III.
6. Conclusions

In this paper, the mechanical properties of a 9 mm small caliber
steel jacket were studied to determine the parameters of the
constitutive Johnson-Cook model. Experimental lateral compres-
sion tests on ring-shaped specimens directly extracted from the
bullets were conducted under various strain rates and temperature
conditions. Due to the particularly small and thin dimensions of the
rings, these tests did not allow us to obtain classical stress-strain
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curves. Thereby, an inverse optimization method using LS-OPT©
and Abaqus/Standard was implemented to identify the parameters
of the constitutive model from the measured force-displacement
curves. It is worth highlighting that the numerical model inher-
ently addresses the complex loading state that arises during the
deformation of the ring specimen, which includes both shear and
bending stresses.

The optimization procedure utilized three objective functions,
one corresponding to the force-displacement curve obtained for a
specific loading condition (speed of 3 mm/min and room temper-
ature), while the other two were constructed from specific data
points collected from all force-displacement curves. By imple-
menting this testing and optimization method, we preserved the
jacket material properties and geometry in their original state,
contributing to the accuracy of the constitutive model.

Furthermore, numerical simulations conducted with the FEM
software Abaqus/Standard were employed to validate the model by
comparing the experimental and numerical force-displacement
curves, as well as the deformation of the cross-sections. While
our numerical results did not capture the late stage of the defor-
mation process, the simulations and discussions highlighted that
the material could be effectively described by a model that in-
corporates strain rate and temperature sensitivities, without the
need for strain hardening dependencies. The limited sensitivity to
hardening, an uncommon observation for this type of steel in the
literature, can be attributed to the specific ring geometry (thus
reflecting partly a structural response), forming process used in
shaping the thin ammunition's jacket and its inherent deformation
history.

Apart from its validation purpose, the numerical model was
employed to investigate the connection between the characteristics
of the force/displacement curve and the configuration of the cross-
section. Besides, an examination of the friction sensitivity between
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tools and the sample revealed that this parameter primarily in-
fluences the deformation shape of the sample and not the
measured forces.

A comprehensive numerical model-based analysis of the inter-
play between parameters B and n of the Johnson-Cook law revealed
that the shape of the cross section is little influenced while these
parameters have a marked effect on force-displacement curves.
Notably, themain differences between numerical and experimental
results were observed during the final stage of the test when the
sample underwent large deformations. A closer examination of the
post-mortem sample showed the occurrence of a folding-type
instability in regions of the ring where plastic deformation local-
ized. Our study focusedmainly on the elastic and plastic behavior of
the structural part, prior the occurrence of any instability. More-
over, while this observation may explain the deviations observed in
the force-displacement curves between numerical and experi-
mental values at late stages, it is important to note that this type of
deformation mode is not typically encountered in ballistic impacts.

Additionally, during all of the ring diametral compression tests,
the traverse speedwas limited to 3mm/min, constraining the study
to the low strain rate regime. Due to the geometry of the sample, it
was not possible to conduct dynamic experiments (e.g., using the
Split Hopkinson apparatus) on the jacket extracted from the
ammunition. Nonetheless, it is noteworthy that the identified value
of the C parameter of the Johnson-Cook model, which captures the
strain rate effect, is in the same order of magnitude as values re-
ported in the literature for mild steels and identified using high
strain rate experiments. It is important to highlight that the set of
parameters obtained in this paper has been effectively used to
describe the dynamic response of a cylinder comprising a lead core
and the steel jacket used here with sufficient accuracy [2]. This
validation highlights the practical applicability of our findings.

In summary, the results presented in this work should be
viewed as a preliminary investigation, which requires further
complementation through dynamic characterization and valida-
tion, i.e. considering the full bullet system under ballistic impact.
Ultimately, these efforts will enable us to numerically describe the
ballistic performance of protective equipment when subjected to
the impact of such ammunition, further demonstrating the appli-
cability of the identified parameters.
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