Experimental Mechanics (2023) 63:823-837
https://doi.org/10.1007/s11340-023-00954-x

RESEARCH PAPER q

Check for
updates

Experimental Characterization and Numerical Modelling of the Impact
Behavior of PVC Foams

M. Sasso' - F. Sarasini? - E. Mancini® - A. Lattanzi'© - J. Tirillo? - C. Sergi?

Received: 27 September 2022 / Accepted: 28 February 2023 / Published online: 28 March 2023
© The Author(s) 2023

Abstract

Background Polyvinyl chloride (PVC) foams are widely used in crashworthiness and energy absorption applications due to their
low density and the capability of crushing up to large deformations with limited loads. This property is due to their particular con-
stitutive behavior: the stress-strain curve is characterized, after an initial yield or peak stress, by a relevant plateau region followed
by a steep increase due to foam densification. Furthermore, the mechanical response of PVC foam is strongly strain rate dependent.
Objective This work aims to characterize the mechanical behavior of PVC foams and to develop a complete constitutive
model for impact and energy absorption applications.

Methods Compressive tests are carried out at different speeds on PVC foam samples having different relative densities.
Quasi-static and intermediate strain rate tests are performed by a pneumatic machine, while high strain rate tests are con-
ducted by means of a Split Hopkinson Pressure Bar. The uniaxial stress-strain curves are used to calibrate the visco-elastic
and visco-plastic constitutive model. In particular, the material behavior is divided into two parallel branches: the former
describes the elasto-plastic behavior, while the latter accounts for the visco-elastic one; the plastic branch also includes a
multiplicative term accounting for the strain rate sensitivity of the base material.

Results The tests highlight a strong compressibility of the foam with negligible lateral expansion. The energy absorption
efficiency, as well as the densification strain, is evaluated. The material model is also implemented in Finite Element (FE)
simulations of puncture impact tests, validating the results of the calibration procedure.

Conclusions The calibration of the visco-elasto-plastic material model offers a physically consistent identification of the
constitutive response of the PVC foams, showing an effective characterization of the impact behavior of the material.

Keywords PVC - Foam - Visco-elasticity - Visco-plasticity - Hopkinson bar

Introduction of foam, PVC is extensively employed in crashworthiness

and energy absorption applications and in all those fields
Polyvinyl chloride (PVC) is one of the so-called “commod-  where impact or shock loadings must be attenuated. For
ity polymers” because of its low cost and availability in dif-  instance, PVC foams are widely used as the core in sand-

ferent grades, including high-elasticity blends. In the form  wich panels [1, 2], in marine and underwater systems [3, 4],
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in civil structures [5], and in several sports equipment [6].
Their feasibility as performant core materials encouraged
the investigation of different aspects of the sandwich struc-
tures achievable with them such as their bending behavior
[7, 8], fatigue resistance [9] and impact response [2, 10].

The broad diffusion of PVC foams in energy absorption
applications is certainly due to their low density combined
with the capability of crushing up to large deformations
with limited loads. In particular, the stress-strain curve is
characterized by a plateau region after the yielding stress,
followed by a steep increase in material stiffness due to
foam densification [11]. After the initial linear elastic
behavior regulated by foam cell walls bending, the wide
plateau region — responsible for their energy absorbing
capability — can be ascribed to the collapse mechanism of
the cells, generally associated with brittle crushing, elastic
buckling or plastic yielding of the material, triggered at
almost constant loading conditions. When opposite cell
walls start to experience mutual contact, the densification
region is approached, and a strain hardening is observed.

Considering the second main application of PVC foams
and the paramount importance of working with a core mate-
rial characterized by high out-of-plane stiffness and strength,
the compressive behavior of PVC foams was extensively
studied in both quasi-static [12, 13] and dynamic [14-21]
conditions. Despite the extensive experimental data avail-
able in the literature, an effective constitutive modelling of
the material behavior is essential to make reliable predic-
tions of the response of real objects by means of either ana-
lytical methods or finite element simulations. Over the years,
several constitutive models have been developed to describe
the stress-strain relationship of PVC and other polymeric
foams. With regard to the elasto-plastic behavior, the mod-
elling started from the seminal work by Rusch [22] and has
been further developed in more complex analytical formula-
tions by Gibson and Ashby [23], Liu and Subhash [24], and
Avalle et al. [25], to describe the crushing behavior under
large deformations. The evolution of damage has also been
considered by Gielen [26].

Furthermore, the mechanical response of PVC foam is
strongly influenced by the strain rate due to its viscoelastic
nature. As most of the applications are related to dynamic
or impact loading of the foams, proper characterization
and modelling of their time-dependent behavior are fun-
damental. To account for this, different models have been
proposed, in which the material strength is typically mul-
tiplied by an analytical function that incorporates strain
rate [27, 28], and often temperature and density [29, 30].
As a result, the global behavior of a PVC foam can be
described as the sum of various contributions, including
elasto-plastic deformation and viscous effects.

In this framework, the present manuscript represents a step
forward towards understanding the behavior of PVC foams

under compression loading, by addressing the effect of mate-
rial density and strain rate. In particular, three different den-
sities and four different test speeds — from quasi-static, to
intermediate and high strain-rate regimes — are considered.
The obtained stress-strain curves have been used to compute
the energy absorption efficiency and the densification strain,
according to the procedure described in [31, 32]. Finally, the
uniaxial stress-strain curves are used to calibrate an inno-
vative combined visco-elastic and visco-plastic constitutive
model, based on a 2-layer scheme [33]. In the model, the
material behavior is divided into two parallel branches: the
first one represents the visco-elastic behavior, whereas the
second one represents the visco-plastic behavior. In the latter,
a multiplicative term is introduced to account for the strain
rate sensitivity of the base material.

The analytical model is implemented in the commercial
finite element (FE) software Abaqus®/Explicit through
a VUMAT subroutine for the simulation of the puncture
impact behavior of the foams under study. Also in this case,
the analytical model proved to be an efficient tool to simu-
late material dynamic response providing a good fitting of
the experimental curves in terms of both maximum indenta-
tion depth and punch speed profile. This proves the effec-
tiveness of the proposed model even in working conditions
that are well far from the pure compression employed to
validate the analytical model.

Tested Materials and Equipment
Materials

In this work, parallelepiped samples of closed-cell PVC
foam were tested to characterize the constitutive behavior
of the material. We investigate the material response of com-
mercial PVC foams with different densities, namely 130, 200
and 250 kg/m>, provided by the company Diab® and here
indicated with their commercial name: Divinycell® HP130,
HP200 and HP250, respectively. These densities are selected
to have foams with a high mechanical response and suit-
able for high-end applications, as the mechanical properties
increase with foam density.

The tests were conducted in a wide range of nominal strain
rate, i.e. 107, 107!, 10" and 10? s~1. All PVC foam samples
have a nominal 12 mm X 12 mm square cross-section. The
length of the samples was 15 mm for the tests at 10~ and
107" s7!, while it was 10 mm for the ones tested at 10" and
10% s7!; samples with different lengths were adopted to match
the strain rate over the prescribed range according to our
testing facilities. Figure 1 shows an example of a PVC foam
sample before and after compression; the black arrow marks
the growth direction of the foam.
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Fig.1 Example of HP130 PVC foam samples before and after compres-
sion test at 107 7!

All samples were tested in compression, with the load act-
ing parallel to the growth (out-of-plane) direction. To get a
perception of the PVC foam’s mechanical response accord-
ing to the material orientation, we performed exploratory
tests at different directions, observing a limited anisotropy as
detailed in [34, 35]; however, for the purposes of this work,
anisotropy does not play a relevant role and will not be con-
sidered. Three repetitions were carried out for each test con-
dition, obtaining a strong repeatability of results; hence, only
one curve for each test condition will be shown hereinafter.
In addition, as expected for this class of material, a negligible
lateral expansion was observed during compression tests, as
depicted in Fig. 2 in the case of dynamic tests on the HP200
foam. The same behavior can be found for all the investigated
foam densities, as captured by the movies reported in sup-
plementary data provided along with the paper.

Low and Medium Strain-rate Test Equipment

A pneumatic testing machine, model Siplan® equipped with
a 3 kN load cell (Fig. 3 Servo-pneumatic testing machine),
has been used to carry out the compression tests at strain
rates from 107 to 10! s~!. The machine piston can reach a
speed of 100 mm/s. The sampling rate for piston position
and load was set to have approximately 1000 points at a
nominal strain of 70%. The tested samples were obtained
from PVC planks of three different densities, i.e. 130, 200
and 250 kg/m?, corresponding to 0.09, 0.14, and 0.18 rela-
tive density, respectively.

In the low strain rate regime tests, i.e. 103 and 107" 571,
the piston was gently moved downwards, approaching the
upper sample surface, and the test started when the preload
reached the value of 2 N.

In the tests at medium strain rate (i.e. 10" s™1), the piston
was moved to the uppermost position and accelerated from
0 to 100 mm/s before going into contact with the sample. In
this way, the samples were deformed at the most constant

Fig.2 Snapshots of a HP200 PVC foam sample at three different instants
during a dynamic test at 10> s™!. The images highlight how the foam
sample does not exhibit lateral expansion during the compression test

speed achievable with the used machine. The test was consid-
ered to start when the load exceeded 2 N. A perfect strain rate
control cannot be achieved; however, the actual average strain
rate was found to be in the range 7.0 — 8.0 s~!, which was
considered acceptable when compared to the target of 10~
Moreover, a small peak in the load cell measurement during
the initial ramp was observed in all tests at 10! s~!. This can
be attributed to the problem of inertial effects and load oscil-
lations which is well known in this kind of intermediate strain
rate test [36], and dedicated machines have been developed
to overcome the phenomenon [37]. Nevertheless, the oscilla-
tions in this case were very limited due to the intrinsic effect
of material damping; in fact, even if no particular precautions
were taken, the peaks were always less than 20% in amplitude
of the plateau stress and were easily filtered out manually. An
example of this manipulation is shown in Fig. 4.

‘”Lc;ad Cell

Fig.3 Servo-pneumatic testing machine
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Fig.4 Example of manual peak removal in the loading ramp at 10
s~! due to inertia effect: the black dashed line indicates the initial
peak observed experimentally, while the red straight line indicates the
resulting correction

High Strain-Rate Test Equipment

The dynamic tests were performed by means of the Split
Hopkinson Pressure Bar (SHPB) shown in Fig. 5, whose
calibration and adaptation to test soft materials are exten-
sively described in [38—40].

The SHPB apparatus is made up of three aligned bars
named pre-stressed, input and output bars, which are 3.0,
7.5 and 4.0 m long, respectively. All bars have a diameter
of 18 mm. A compression wave is produced inducing a sud-
den release of the elastic energy stored in the pre-stressed
bar, which is statically pre-loaded by means of an electro-
mechanical actuator. This input wave travels through the input
bar at the sound speed of the bar material and reaches the
sample that is placed between the input and the output bars.
While the sample is quickly deformed, the wave is partially
transmitted to the output bar and partially reflected into the
input bar. The strain induced by the incident g(t), reflected
ex(t) and transmitted e,(t) waves, respectively, is measured
by strain gauge rosettes placed on the input (subscript I) and
output (subscript O) bars in full Wheatstone bridge configura-
tion. The signals obtained are used to compute the load at the

Pre stressed bar (3 m)

Sua in ga iges
4 L
I8 [ Ciepucbar (75 m)

Fig.5 Split Hopkinson Pressure Bar setup

Output bar (4 m)

two edges of the sample that are in contact with the input and
output bars, according to the equations:

Py(t) = E; - Af[e,(D) + £4(1)] )

Po(t) = Ep - A, [er(D)] )

where FE is the elastic modulus and A the cross-section area
of the bars, P; and P,, are the loads on the sample computed
at the input and output bar interfaces, respectively. Once the
loads are calculated, the stresses can be determined by divid-
ing the load values obtained by the sample cross-section
area. The velocity i at the two edges of the sample can be
computed through the following equations:

ity (1) = C;[e,(t) — ex(0)] 3

ity (t) = Cy [e(1)] @)

where C is the sound speed of the bar material. The integration
of equations (3) and (4) allows to calculate the engineering
strain e experienced by the material according to equation (5),
where L, is the sample length:

em=%lhm—%ﬂm 5)

The pre-stressed and input bars are made of aluminum
(AA7075 T6) whereas, polyethylene terephthalate (PET)
has been used for the output bar with the aim of increasing
the sensitivity in the load measurement. To account for the
viscoelastic nature of PET, the dedicated calibration and pro-
cedure shown in [41, 42] was exploited to post-process the
experimental data. Tests were carried out on parallelepiped
samples with a gauge length of 10 mm and a square section
of 12 mm of side.

Puncture Impact Test Equipment

The puncture impact tests were performed on square samples
with 100 mm of side and 15 mm of thickness (Fig. 6(d)) in a
drop weight tower Instron/Ceast® 9340 (Fig. 6(a)) equipped
with the Data Acquisition System DAS 64 K by Ceast®.
The latter allows to record material reaction force during the
impact and to measure impactor initial velocity by means of
an optical sensor placed just above the impacted area. From
the force record, it is possible to extrapolate velocity, dis-
placement and energy records through an integration process
performed directly by the data system. Samples are placed
onto a hollow circular base support with an inner diameter
of 40 mm and are clamped by a pneumatic system, as shown
in Fig. 6(c). The impactor used is shown in Fig. 6(b) and is
characterized by a hemispherical shape, a diameter of 12.7
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AFTER IMPACT

Fig.6 Puncture impact testing with Drop Tower machine (a), with details
on the hemispherical impactor (b) and circular base support (¢). An exam-
ple of square sample before and after impact is shown in (d)

mm and an overall mass of 3.055 kg. PVC foam samples
were tested at 1, 2.5, 5, 10 and 15 J, corresponding to an
impact speed of 0.79, 1.27, 1.80, 2.55 and 3.11 m/s, respec-
tively, which are included in typical range of impact speeds
described in the standard ASTM D3763. Increasing impact
energies and velocities were achieved by increasing the ini-
tial height of the impactor. The samples’ perforation was
detected at 2.55 m/s for HP130 and 3.11 m/s for HP200.

The impacted samples were subjected to a post-impact
profilometric analysis to measure the residual indentation
depth caused by the impactor. This non-destructive analysis
was carried out with a laser profilometer Taylor Hobson®
150 and the acquired images were processed with the soft-
ware TalyMap® 3D. A typical indentation profile is repre-
sented in Fig. 7.

Constitutive Material Modelling

Cellular solids models can be divided into two categories:
phenomenological models and micro-mechanical models.
The phenomenological models aim to give the best fit of the
experimental mechanical behavior without a direct relation-
ship with the physics of the phenomenon. On the contrary,
the micro-mechanical models are based on the analysis of
the deformation mechanisms of the micro-cell structure
under loading.

One widely accepted work was presented by Rusch [22]
where the relationship between engineering stress s and
engineering strain e was expressed as:

s(e) = Ae™ + Be", 6)

where the exponents 1 < n < coand 0 < m < 1, while A and
B are material coefficients. Liu and Subhash [24] suggested

X coordinate

500 .

indentation depth
5
g8
)5
X

Fig.7 Indentation profile of an HP250 sample impacted at 5 J

a six parameters model to describe the quasi-static stress vs
strain curve of polymeric foams:
exp(ae) — 1

s(e) = Aexg((ﬂﬁ + exp(c)[exp(re) — 1], )

Several non-linear constitutive laws have been proposed
in the literature, from the seminal works of Rusch [22] to
more recent model of Liu and Subhash [24], where the engi-
neering stress s is expressed as a polynomial function of
engineering strain e; in this work, a further model proposed
by Avalle et al. [25] has been adopted, with some modifica-
tions, to describe the non-linear stress-strain relationship.
From the original five-parameter law [25]:

s(e)=A{1—exp[—§e(1 —e)’”]}+3<1ie>” ®)

the term m has been neglected since it was found to be unnec-
essary in the following model calibration; in addition, a term
R was introduced at the denominator of the part related to the
air response, as proposed in [22]. Hence, the final model is a
modified five-parameters Avalle et al. model:

%) ©

The global uniaxial stress of the crushed foam is com-
prised of two parts. The former is governed by 2 coef-
ficients E and A, which account in a simplified way for
the solid material deformation and cell walls instability:
E stands for Young’s modulus, A is representative of the
plateau stress. The second part of equation (9) is governed
by coefficients B, R and n, and accounts for the pressure
increase of the air trapped in the closed-cell. B is a con-
stant related to the initial air pressure, n is the polytropic
coefficient of air (1.4 in adiabatic condition, 1.0 in isother-
mal condition) and in principle, R is the relative density
or air volume fraction. This means that /-R is the maxi-
mum achievable compressive strain when voids volume is
reduced to zero and air pressure is infinite.

In this formulation, the model can represent reason-
ably well the loading characteristics of foams in quasi-
static conditions. However, when dealing with polymer
foams, the experience suggests that the material strength

s(e) =A{1 —exp[—%e] } +B(

SEM
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is strongly influenced by strain rate, and the accumulated
deformations are both plastic and elastic. A possible
way to describe this behavior is to divide the model of
the foam into two parts, one visco-elastic and the other
visco-plastic. Berezvai and Kossa [33] adopted a two-
layer model, where a classical Maxwell-type viscoelastic
branch is placed in parallel with an elasto-plastic one.
Both layers were specified using multi-linear isotropic
elasticity. In this work, a similar scheme is used, as shown
in Fig. 8, but the modified Avalle et al. model represented
by equation (9) is used to describe the non-linear behavior
of both layers as a function of strain.

In the model shown in Fig. 8, the arcs indicate that
the springs are non-linear, their stiffness K given by the
derivative of equation (9) with respect to strain:

K(e) = ds _ Eexp(—§e> + Bn(1 = R)¢"'(1 —e — R~V

de
(10

The first spring in the second layer represents the initial
elastic modulus, i.e. the stiffness E in equation (9); for
stresses below the plateau stress A, the constitutive relation
could be linearized, hence the arrow is dashed.

The second layer is made visco-plastic by including a
multiplicative term which accounts for the sensitivity of the
material to the strain rate ¢ = de/dt as described by Nagy
et al. [27] and Jeong et al. [43]. While the works in [27, 43]
use expressions of this term as function of both strain and
strain rate, here we keep a formulation that depends only on
¢, basically referring to the classical Johnson-Cook approach:

M(e)=1+a1n<,ﬁ> 1)

€

Hence, from the strain history, the stress in the visco-
plastic branch is computed as:

s'P(1) = / K(e)M(é)eédt 12)
0

Moreover, the first layer is made visco-elastic by adding a
dashpot in series to the non-linear spring, the stiffness of the
visco-elastic layer is « times the stiffness of the visco-plastic

Visco-elastic

NLVisco-plastic
E V

Fig.8 Scheme of the 2-layer non-linear visco-elasto-plastic model

layer. This means that the stress in the visco-elastic branch
at instant ¢ is given by:

§(f) = exp(—d?t )sz(z —AD+ aK(e)exp(—% )Ae (13)

where At and Ae are the increments in time and strain,
respectively, 7 is a relaxation time, and « is the ratio between
the stiffness of the viscoelastic branch with respect to the
total model stiffness. The total stress in the model is the sum
of the visco-plastic and visco-elastic stresses:

s(t) = sP(t) + s¥(1) (14)

Experimental Results and Model Calibration

The engineering stress and strain obtained from the experi-
mental tests are reported in Fig. 9 in black dot curves. The data
have been used within a procedure in Matlab® software, where
the stress is analytically computed by applying the 2-layer
model equations (13) and (14) to the measured strain histo-
ries. The fmincon built-in method was used to iteratively vary
the coefficients of the model until the error function, defined
as the root mean square of the difference between the experi-
mental and numerical stress, was minimized. The analytical
curves obtained by this fitting process are also shown in Fig. 9,
where the different contributions to the global response are
highlighted with different colors: the blue dashed lines rep-
resent the term given by equation (9), the green dashed lines
represent the stress in the viscoelastic layer given by equa-
tion (13), the brown dashed lines represent the visco-plastic
term given by equation (12), and the red lines represent the
overall response of the model, that is the sum of the visco-
plastic and visco-elastic responses as in equation (14).

The coefficients of best fit are reported in Table 1 together
with the value of the error function. In the minimization pro-
cess, the term n has been kept constant at 1.4, as it represents
the adiabatic gas constant. It must be admitted that more solu-
tion sets could be achieved, providing similar good matching
between experimental and analytical curves. In particular, the
visco-elastic description could be improved by adding more
Maxwell terms and/or performing relaxation/unloading tests.
Nevertheless, all the achieved coefficients have a reasonable
value if their physical meaning is considered: indeed, the
coefficients A and E represent the plateau stress and the ini-
tial modulus, respectively, while B refers to the effect of the
air trapped in the foam cells. These coefficients are seen to
increase with foam density. a represents the strain-rate sen-
sitivity of the visco-plastic response of the material when the
strain-rate is higher than a threshold é,; a and 7 describe the
contribution of the visco-elastic part to the global stiffness and
the typical relaxation time, respectively.
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Fig.9 Stress-strain behavior at different strain rates for the three den-
sities of PVC foams here investigated. The figures compare the exper-
imental curves with the proposed visco-elasto-plastic modelling (i.e.
the global model) and the quasi-static formulation introduced in equa-
tion (9). By considering each layer of the Maxwell model separately
it is possible to disentangle the effects of the visco-elastic (Equa-
tion (13)) and visco-plastic (Equation (12)) branches, respectively

Finally, the energy absorption efficiency # can be com-
puted according to [32]:

_ [
n(e) = s(e)_/o s(e)de (15)

The measured values for all three densities tested are plot-
ted in Fig. 10: the efficiency slightly decreases with increas-
ing density, moving from about 0.475 for HP130 to 0.425 for
HP250. Moreover, the efficiency is slightly higher in the two
fastest tests compared to the slowest ones. The densification
or critical strain, that is the strain of maximum efficiency,
appears to be quite stable with density, being in the range
0.5-0.6 for all tests.

Finite Element Modelling

After material model calibration, the impact tests were
simulated by means of the commercial Finite Element soft-
ware. In particular, the Abaqus®/Explicit code was adopted
because it is well suited for implementing user-defined

HP130 HP200 HP250

Fig. 10 Evaluation of the energy absorption efficiency of foams at the
three investigated densities according to different levels of strain rates
achieved during the compression tests

constitutive models by means of user-defined Fortran sub-
routines (VUMAT). All the numerical models in the fol-
lowing sections adopt the same explicit scheme for the
stress reconstruction, here reported in detail in Appendix B.
Basically, the numerical integration algorithm is based on
the main assumptions of Von Mises yield surface, isotropic
hardening and associative flow rule for the visco-plastic
branch. Note that, in this paper, we kept the modelling of
the plastic behavior relatively simple to be consistent with
the data provided by the experiments above. Nonetheless,
further experimental studies will be necessary to expand
the constitutive modelling to include the anisotropic plastic
behavior and understand the nature of the flow rule. It is also
important to highlight that the integration scheme is mainly
developed to handle the loading phase of the impact test and
uses a damage variable to decouple the elastic strain from
the plastic one; therefore, there is no formal involvement of
the plastic flow rule equation in the strain decoupling. This
aspect is also discussed in detail in the Appendix.

A 2D axisymmetric model of the PVC block impacted
area and of the impactor has been built, as shown in
Fig. 11(a). The PVC block is meshed with 2D axisym-
metric reduced integration elements (CAX4R). Arbitrary
Lagrangian-Eulerian (ALE) adaptivity option is used with
some advantage in problem convergence. The impactor is
discretized as a rigid surface, with a 3.055 kg mass and an
initial velocity equal to the experimental values.

A mesh sensitivity analysis was performed, starting from
a coarse mesh (1 X 1 mm) and refining up to the mesh
shown in Fig. 11(a) (0.25 X 0.25 mm minimum element
size), which was sufficient to stabilize the results in terms
of residual rebound speed and max indentation depth within
less than 1% variation. On the other hand, convergence
issues have been experienced for higher impact energy and

Table 1 Fitting coefficients

. A[MPa] B[MPa] E[MPa] m n a éo[s’l] a 7 [s] err %

of the two-layer visco-elasto-
plastic model HP130 2.86 0.48 178.8 0.0287 4.0e-4 0485 0.0346 4.1%
HP200 4.98 1.20 228.0 0 1.40 0.0361 6.6e-2 0.389 0.056 3.5%
HP250 6.36 2.17 510.9 0.0320 1.0e-5 0.446 0.1 4.2%

SEM
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Fig. 11 Finite element model of the impact tests

lower material density. Indeed, when the impact velocity
is high and the material is soft, a very large deformation
occurs suddenly in the elements that are in contact with
the impactor; the material of these elements is likely to
reach the plateau region of the stress-strain curve while the
surrounding elements are much stiffer. The distortion of
the softer elements determines the non-convergence of the
explicit solver.

Hence, a second approach is used for modelling the
impact test at higher speed and lower material density, which
consists of a 3D Coupled Eulerian-Lagrangian (CEL) model,
where a 15° sector of the PVC cylinder and steel punch have
been reproduced. The model mesh is shown in Fig. 11(b).
The normal displacements of lateral faces are constrained
to reproduce a cyclic sector of the entire object and signifi-
cantly reduce the computational cost. In such a simulation,
the external Eulerian domain shown in blue is meshed with
3D reduced integration elements (EC3D8R). At the begin-
ning of the simulation, only the elements that are inside the
volume highlighted in red are filled with the solid material;
then, the material can deform and move from its initial posi-
tion into elements of the external Eulerian domain that are
initially empty. In this model, the PVC block is fixed at its
outer radius (i.e. the contacts with the tools have not been
simulated), while its upper face is in contact with the impac-
tor. The latter is discretized as a rigid surface, meshed with
Lagrangian shell elements, and it was assigned a mass of
15/360-3.055 kg and an initial velocity equal to the experi-
mental values.

Table 2 summarizes the approach used for all the simula-
tions carried out. For the HP250 foam, only the simulation
of the higher tested impact velocity, i.e. 3.11 m/s, which
required the CEL approach. The HP200 foam’s simulations
required to switch to the Eulerian approach already at 1.8
m/s. For the HP130 foam, the standard Lagrangian approach
failed to converge even at the slower speed, i.e. 0.79 m/s;
hence, all HP130 simulations were performed with the 3D
CEL method.

Stable time increment was in the order of 2E-8 s and 2E-9 s
for the 2D axisymmetric and 3D Eulerian models, respectively.

The PVC foam surface is characterized by a relevant
roughness; hence friction is expected to be high. A sim-
ple test with an inclined plane showed a friction coefficient
at least as high as 0.45; a value of 0.7-0.75 was found in
many case-studies [6] where polymeric foams are in contact
with metallic, even smooth, plates. For this reason, “rough”
behavior was chosen as the tangential contact behavior
between the PVC and the tools.

As anticipated in the “Puncture Impact Test Equipment”
section, perforation of the sample occurred in two experi-
ments. A detailed simulation of this phenomenon involving
material failure would have required a dedicated test cam-
paign, with related damage and damage evolution models
calibration, which were beyond the scope of the present
work. For this reason, a simple damage criterion inspired by
the Drucker-Prager model was implemented in the VUMAT
code, which consists of deleting the elements whose shear
stress exceeds a pressure-dependent threshold: 7 > a + fp;
a and f are density-dependent parameters that have been
iteratively adjusted; their estimated values are « = 6.0 MPa
and g = 1.0 for HP130, and are « = 6.5 MPa and f =1.2
for HP200.

Impact Tests Verification
Finite Element Simulations’ Results

The impact tests performed experimentally with the equip-
ment described in the “Puncture Impact Test Equipment”
section have been replicated numerically by means of the
FE model and material subroutine VUMAT described in the
“Finite Element Modelling” section. The results of the finite

Table 2 Finite Element

. Energy [J] Speed [mm/s] HP130 HP200 HP250
approaches used for impact tests
simulations 1 790 Eulerian 3D Lagrangian Axisym Lagrangian Axisym
2.5 1270 Eulerian 3D Lagrangian Axisym Lagrangian Axisym
5 1800 Eulerian 3D Eulerian 3D Lagrangian Axisym
10 2550 Eulerian 3D Eulerian 3D Lagrangian Axisym
15 3110 - Eulerian 3D Eulerian 3D
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element simulations are reported in the following figures,
in terms of equivalent strain €, at the instant of maximum
penetration depth of the impactor (Fig. 12) and after the
impactor rebound (Fig. 13).

Figure 12 shows that the equivalent strain can be as high
as 1.5 (corresponding to about 0.8 of compressive engineer-
ing strain). As expected, the equivalent strain increases with
impactor speed and decreases with foam density. By observ-
ing the deformed profile, it is also evident that the indenta-
tion depth increases with impact energy and decreases with
the foam density. It is worth noting that high equivalent
strain is achieved, as expected, in the central part of the PVC
block, which is the region that goes first into contact with
the impactor.

However, as the penetration increases, the location of the
maximum equivalent strain moves away from the center of
the contact region, toward the outer region of contact with
the impactor. It is from this outer location that PVC fail-
ure starts in the cases of complete perforation. Figure 13
shows the partial recovery of deformation that occurs when
the impactor rebounds. It can be observed that the indenta-
tion left by the impactor is less pronounced with respect
to Fig. 12, and the equivalent strain reduces, meaning that
part of the deformation was stored elastically. Hence, the
contour maps here shown can be regarded as distributions

of the equivalent plastic strain. Note that for the impacts of
HP130 at 10 J and HP200 at 15 J, where sample perfora-
tion occurred, the pictures in Fig. 12 refer to the last instant
before damage initiation (first element deletion), while the
pictures in Fig. 13 refer to the last simulated time step, where
the impactor displacement exceeds the sample thickness.

Results Comparison

The charts reported in Figs. 14 and 15 compare the results of
the FE simulation with the experimental measurements, in
terms of impactor speed and displacement. Figure 14 exhib-
its that the calibrated constitutive model and its implementa-
tion into the FE code can provide a very good description
of the PVC block behavior, as the impactor deceleration is
very well reproduced, especially at high-medium speed. A
slightly less accurate prediction is observed when the impac-
tor speed becomes close to zero or inverts its sign, during
the rebound.

Note that for the impacts of HP130 at 10 J and HP200 at
15 J, the FE curves in red are dashed after the damage initia-
tion; the divergence from experimental curves occurs since
damaged elements are instantaneously deleted, without any
damage evolution or stress softening.

HP130 ‘ HP200 HP250

1.0J-0.79 m/s

|

25 J-127m/s

1.0 J-0.79 m/s

25)-127m/s

50J-1.80m/s

5.0J-1.80 m/s

10 J-255m/s

Test not executed

151-311m/s

Fig. 12 Contour maps of equivalent strain from FE simulations of impact
tests at the instant of maximum penetration

10 J- 2,55 m/s

Test not executed

15)-3.11 m/s

Fig. 13 Contour maps of equivalent strain from FE simulation of impact
tests after rebound
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Looking at the impactor displacement histories in Fig. 15,
a similar matching between experimental and numerical
curves can be detected, and, in some cases, the FE simula-
tions predict a slightly higher rebound of the impactor. The
displacement is considered to start from the instant of first
contact of the impactor with the PVC block and is reported
as a positive value that coincides with the indentation depth
except for the slight deflection of the PVC block.

By subtracting the deflection of the PVC block from the
displacement, the net depth of the indentation is obtained. Fig-
ure 16 reports the net indentation depth as a function of impact
speed for the three different PVC densities here considered.
Note that the tests at 2.55 m/s on HP130 and at 3.11 m/s on
HP200 are not shown since complete perforation was achieved.
The lines with triangular markers refer to the max hole depth
achieved during the tests, as measured by experimental equip-
ment (in blue) and by FE analyses (in red). The matching is
very good in all cases. The lines with circular markers refer
to the residual indentation depth. It must be highlighted that
the residual depth was measured experimentally, by means of
a profilometer, hours after the tests, whereas the numerical
results refer to the last instant of the simulation (which is in
the order of milliseconds after the impactor rebound). Hence,
further stress relaxation and strain recovery could be expected,
thus explaining the overestimation of the residual indentation
depth predicted by FE observed in some cases.

Conclusions

In this work, compression tests on PVC foams with differ-
ent densities, namely 130, 200 and 250 kg/m3, have been
carried out at different strain rates, nominally from 1073
to 10° s~!. The tests were conducted by means of a servo-
pneumatic machine, exception made for the high-strain rate
tests performed by using a Split Hopkinson Pressure Bar,
used to infer the stress-strain curves of the material and the
consequent energy absorption efficiency, which is above 0.4
for all tests. Slight increments in efficiency are observed for
increasing strain rate or decreasing density.

Moreover, the stress-strain curves are used to calibrate a
visco-elasto-plastic model based on a two-layer scheme. The
minimization of an error function between the experimental and
the analytical curves provides a reasonable estimation of param-
eters, to which a precise physical meaning can be attributed.
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Once validated, the analytical model is exploited to simu-
late the impact response of the foams under study. In par-
ticular, the material analytical model is implemented in a
commercial Finite Element solver. The comparison of the
experimental and numerical results confirms the validity of
the proposed model showing a good fitting of the curves.
The main discrepancies between experimental and numeri-
cal data are observed in the residual indentation depth, but
these differences can be explained considering that the
experimental data were obtained through a profilometric
analysis several hours after impact, whereas the FE simula-
tion refers to the permanent indentation just after impactor
rebound. This means that further stress relaxation and strain
recovery phenomena intervene in the experimental case.

Appendix A: Kinematics

The integration of stresses relies on their relationship with
strains, expressed by the constitutive equations, and on the
kinematics, which establish the link between strains and
displacements at each material point. Moreover, in finite
deformation problems where the material exhibits a strain
rate dependency, the stress is controlled by the loading his-
tory and its calculation generally requires the formulation of
the constitutive equations in rate form [44—46].

Let us consider a general material point P, whose posi-
tion in the Euclidian space in the reference (undeformed)
configuration at time t is mapped by the vector X. At ¢ + At,
a load is applied to the material, which experiences a com-
bination of rigid body translations, rigid body rotations
and stretch; here, the updated position of P in the current
(deformed) configuration is identified by the vector x, so
that x = x(X, f). Therefore, the deformation gradient tensor
is defined as:

F_ax

=X (16)

The deformation gradient F can be uniquely decomposed
into the product between a rotation tensor and a pure defor-
mation (namely the stretch) tensor according to the polar
decomposition theorem, viz.:

F =RU = VR, (17

where R is the rotation tensor, while U and V are the right
and left stretch tensor, respectively. By applying the time-
derivative to the deformation gradient, it is possible to intro-
duce the spatial velocity gradient L. from the material point
velocity v:

L= _0VIX_ pp

T ox  oXox ’ (18)

which can be alternatively written using the polar decompo-
sition as L = RR” + RUU~'R”. In turn, the velocity gradi-
ent can be decomposed into symmetric and antisymmetric
parts as follows:

1

L= (L+LT)+§(L—LT)=D+W, (19)

N —

allowing to disentangle the rate of deformation, expressed
by the tensor D, and the continuum spin W.

In finite element implementations, the constitutive equa-
tions are generally defined in a co-rotational coordinate sys-
tem, where the basis system rotates with the material. This
makes the co-rotational Cauchy stress tensor 6’ objective,
i.e. independent from rigid body rotations and based only
on the constitutive response of the material. The objectiv-
ity property is also important for introducing a consistent
measure of the stress rate since the rate of Cauchy stress
tensor 6 and the rate of deformation D cannot be employed
together. It is worth considering that the Cauchy stress ¢
is expressed in the deformed configuration, which means
that the application of only rigid body rotations makes ¢
changing with time (6 # 0) although the rate of deformation
tensor D is zero. Therefore, the stress rate should be defined
following the so-called corotational derivative (also known
as Lie Derivative), to provide a measure of the stress rate
independent from rigid body rotations and based only on the
constitutive behavior of the material:

6, =6 —Lo —oL”; (20)

in particular, Abaqus®/Explicit uses a particular formulation
of the Lie Derivative which considers only the first term of
the velocity gradient Q = RR7 (called angular velocity ten-
sor), namely the Green-Naghdi stress rate:

6y = 6 — Qo6 + 6Q. 1)

The use of a co-rotational coordinate system has also
important implications on the definition of the strain increment
employed for the stress calculation. Looking at equation (19),
the rate of deformation can be written as:

D= %R(UU‘1 +U'U)R" =RD'R’, (22)

where D’ indicates the rate of deformation before rigid body
rotations, that is independent from the coordinate system
(i.e. objective). The numerical integration of the constitutive
equation in large strain problems often assumes that the prin-
cipal directions of the right stretch tensor U are kept constant
during the deformation increment, so the principal material
lines of U and U are coincident at the end of the increment.
Since the right stretch tensor U and U are symmetric, the
rotationless rate of deformation becomes:

SEM
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D = UU—I, (23) Input : o(t), 0%°(t), 0'P(1), e(t), Ag, e(t), €7, ¢, At

where the product UU~ is also symmetric and makes the
principal directions of D’ also aligned with the principal
material lines of the right stretch tensor. Therefore, the strain
increment A’ can be defined by integrating D’ at the begin-
ning and at the end of the increment:

, t+At ,
Ag =/ D'dr = InU|’*. (24)
12

The €’ = InU is also known as logarithmic Hencky strain
tensor, which is expressed as Lagrangian quantity in equa-
tion (24). And describes the deformation in the material
coordinate system. Exploiting the objectivity property of D/,
it is straightforward to demonstrate that the A€’ corresponds
to the strain increment provided by Abaqus®/Explicit in the
co-rotational coordinate system. The use of the logarithmic
strain increment is common in FE applications and has foun-
dations in the incremental deformation theory based on the
minimum plastic work path (proportional logarithmic strain
path); further details about its formulation and implementation
are reported in [47, 48] for the case of finite deformations in
anisotropic plasticity problems.

Appendix B: Explicit Integration Scheme
in the VUMAT Subroutine

At each time increment, the integration of the constitutive
equation associated with the modified Avalle et al. mate-
rial model is performed according to the explicit algorithm
summarized in Fig. 17; the integration scheme has been
implemented in the Abaqus® commercial FE code through
a VUMAT subroutine and is valid for both 2D axisymmet-
ric and 3D Coupled Eulerian-Lagrangian numerical models
presented in the “Finite Element Modelling” section.

Even if less important in energy absorption applica-
tions, the unloading phase has been considered in this
work. The unloading from the maximum strain is modelled
differently for the visco-elastic and visco-plastic branches,
as shown in Fig. 18. When the load is removed, the first
branch has a complete strain recovery, following the typi-
cal hysteretic loop observed in visco-elastic materials.
This is mathematically achieved using equation (11) with
negative strain increments. The second branch follows an
elastic unloading, with slope equal to a damaged Young’s
modulus E; = E-(1-D); thus a permanent deformation ¢,
is predicted when the stress is removed. The damage vari-
able D was considered here to coincide with the maximum
compressive strain €* achieved during the loading phase.

Let us consider that all the mechanical quantities such
as the total stress 6, the stresses on the viscoelastic and
viscoplastic branches 6" and ¢'?, the total strain € and

Output: o(t + At), 0¢(t + At), o"P(t + At), e(t + At), e(t + At), €*
Update strain quantities;

begin

Total logarithmic strain: e;;(t + At) = €;;(t) + Aeyj;

Von Mises equivalent strain:

e(t+AL) = m{?) £ (t+ AL) £ (t+AL) — {skk(tJrAt)]?}l/z;

Strain rate: (¢t + At) = [e(t + At) — e(t)]/At;
Conversion to equivalent engineering strain:
e(t+ At) = exp(—e.) — 1;
Store maximum engineering strain:
if €(t + At) > ¢* then
| e =e(t+ At);
end
end
Compute the stiffness K(e) (Eq. 12);
Convert the stiffness K (e) to true stiffness K (¢) (Eq. 26);

Compute the tangential stiffness matrix C*':

€ K(e)v .
Ceh = =———(0u0k + 0ird; ———————0;0ki;
ijkl 2(1+V)( 105k + didj) + AT )12 kL
Stress calculation;
begin

Update the stress on the viscoplastic layer:
if €(t + At) > €(t) then

Retrieve the stress increment: Ao;; = C{_;MAekl;
o (t+ At) = 07](t) + M(¢) Aoyy;

else /* Unloading */

/* Loading */

Compute the relaxation elasticity matrix C°? (Eq. 27);

oif (t+ At) = o7 (1) + Cily Aens

end
Update the stress on the viscoelastic layer:
0if(t + At) = exp(—dt/T)o}s (t) + aK (e) exp(—dt/27) A,y
Total stress: 0;(t + At) = o} (t + At) + 0,7 (t + At);
end

Fig. 17 Explicit stress reconstruction scheme for PVC foams

the equivalent Von Mises strain € are known at the load
step ¢; the algorithm reconstructs the stress state for each
integration point at ¢ + At from the given strain increment
Ae. As mentioned in the previous section, the integration
of the constitutive equations is carried out according to the
material co-rotational coordinate system (for the sake of
clarity we omit the prime symbol to indicate co-rotational
quantities), therefore, the Abaqus® solver rotates all the
strain and stresses on the global coordinate system at the
end of the increment to display the results.

[a] (bl4,

Fig. 18 Examples of the unloading mechanisms of the of the 2-layer
non-linear visco-elasto-plastic model: a visco-elastic branch, b visco-
plastic branch
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As first stage of the stress reconstruction algorithm, the
total strain field is updated to the current time increment and
used to compute the equivalent Von Mises strain (f + Af);
this equivalent measure of the strain is also exploited to deter-
mine the strain rate associated to the time increment A¢. Since
the modified Avalle et al. model employed to describe the
behavior of PVC foams is defined in terms of engineering
stress and engineering strain quantities, the equivalent strain
€ is converted to the engineering strain e. The equivalent
engineering strain is used for calculating the strain rate and
the stiffness K according to equation (10). At this step, the
stiffness K computed on the engineering curve is pulled back
to the true (logarithmic) ¢ — € curve to have an expression of
the tangential stiffness matrix C* consistent with the stress
and strain measures used by the FE compiler. The compres-
sion tests reported in the “Experimental Results and Model
Calibration” section have shown that the PVC foam is charac-
terized by a Poisson’s ratio v equal to zero; in other words, the
sample cross-section remains constant during the compres-
sion, so that the engineering stress s can be considered equal
to the true stress o. Considering the relationship between the
engineering and true strains e = exp(e) — 1 the material stiff-
ness according to the true curve is retrieved through:

do ds _dsde
K(e) = T I T dede K(e)exp(e). (25)

Before the stress integration, the algorithm also checks and
stores the maximum amount of engineering strain £* to com-
pute the damaged elastic modulus in the case of unloading.

In the second stage, the stress is retrieved on the two Max-
well layers separately. The visco-plastic layer accounts for the
inelastic behavior of the foam, which is mainly regulated by
assigning a different material behavior between loading and
unloading increments. Since the material is compressible and
no locking occurs in the stress calculation, no plastic flow
rule is needed and the material stiffness K(g) can be used
directly to compute the stress increment Ac'?; therefore, dur-
ing the loading phase, the stress tensor is updated by using
a multilinear isotropic elasticity framework where the stress
increment is computed by multiplying the tangential stiffness
matrix C* to the strain increment Ae. This approach is valid
for small-time increments indeed, meeting the requirements
of the conditional stability in explicit solutions. On the other
hand, when an unloading increment takes place, the stress
6'7(t + At)is obtained through the relaxation elasticity matrix
C*? from the damaged Young’s Modulus E, i

E,v 5.5
(1 + v)(1 =2v) Ik
(26)

ed __ d
Ciy = ) (8uby + 646;) +
where 6;; indicates the Kronecker delta.

Due to the multilinear elasticity framework and the
assumption of small strain increments, the loading/unloading

criterion can be expressed through the comparison between
the values of equivalent Von Mises strain at the current and
the previous time step, as outlined by the if-loop in the stress
update box in Fig. 17. Using the equivalent strain allows to
tackle some of the difficulties of the common loading criteria
defined in the stress space, as for differentiating the unload-
ing from strain softening response of materials [49, 50], and
offers a more general approach suitable for the proposed
explicit integration algorithm.

Besides, the stress on the viscoelastic layer is recon-
structed by means of equation (13); thus, the subroutine
ends calculating the total stress for each integration point
by combining the stress tensors from the viscoelastic and
visco-plastic branches as in equation (14).

The implemented explicit integration scheme offers a
straightforward implementation of the constitutive model,
especially for the study of energy absorption applications,
although it does not offer a generalized description of the
whole material response mainly due to the following hypoth-
esis on the visco-plastic branch:

e Unlikely the classical elasto-plasticity theory of met-
als and other works on PVC foams [26, 33, 51] where
the total strain is additively decomposed into elastic and
plastic parts, here the inelastic component of the strain
tensor is expressed through damage [52]. The approach
was already introduced in [53] for modelling the complex
inelastic mechanisms of concrete related to the interac-
tion between the plastic flow and the growth of micro-
cracks in a heterogeneous material. In this paper, we used
a simpler formulation for the damage function based on
the maximum strain achieved during the loading phase;
as consequence, the material can accumulate damage
even in the case of very small strain increments, with no
complete recovery of the initial shape.

e The algorithm does not decouple the elastic strain from
the plastic strain at each At, but the total strain decom-
position is performed only when the integration point
experiences unloading increments.

It is also important to highlight that some of these
assumptions are geared by the absence of direct experimen-
tal data on the PVC foams behavior under unloading condi-
tions; therefore, as future developments, further experiments
on cyclic loading-unloading tests should be performed to
have a complete insight of the foam relaxation mechanisms.
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