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ARTICLE INFO ABSTRACT

Keywords: The work presents experimental and numerical results on dynamic fracture of PMMA plates subjected to impact
Impact loading. The experimental tests were conducted using steel cylinder-shaped projectile accelerated using a gas
Penetration gun. In order to evaluate performance of the tested specimens, residual impactor velocity was assessed using
PMMA . high-speed photography setup. Square-shaped PMMA specimens with three thicknesses were investigated using
;l;lr\zshold velocity various projectile velocities. For all the three specimen types the ballistic limits were experimentally obtained.

The conducted experiments were numerically simulated using finite element method with explicit time in-
tegration scheme and incubation time fracture model for the material failure prediction. Experiments with all
three specimen configurations were successfully simulated using one parameter — incubation time, which was
evaluated from existing experimental data on the dynamic fracture of PMMA. In addition to the simulations of
the real experiments estimates on performance of a sample with a virtual geometry were made using the de-
veloped numerical approach.

Incubation time

1. Introduction

Impact fracture of materials is of high importance for engineering
applications, since this phenomenon is ubiquitous: design of military
protective systems, (bulletproof vests, vehicle armor, etc.), automotive
industry (car crash safety), aeronautics (bird impacts, space debris
threat, solid particle erosion of turbine blades), electronics (drops of
handheld devices), etc. Experiments on impact fracture of materials are
time and effort-consuming, since they require high-speed registering
systems and precise synchronization of the equipment. Moreover, these
experiments can be rather costly, since specimens are disposable.
Numerical simulations can serve as a tool to optimize experimental
studies and the product design due to constantly increasing computa-
tional capabilities of contemporary machines. A wide variety of nu-
merical approaches to the dynamic fracture problems are now pre-
sented in the literature, which include finite element method with
cohesive zones approach (e.g. see classic works by Needleman [1]),
smooth particle hydrodynamics methods [2,3], discrete particle ap-
proach [4] Element-free Galerkin methods [5], perydynamics [6,7].
However, apart from the numerical scheme choice an appropriate
fracture model should be applied since materials can exhibit
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complicated behavior when subjected to intensive dynamic loading:
increasing strength with a growing strain rate [8,9], peculiarities re-
lated to dynamic crack propagation [10,11], problems of dynamic
fragmentation of solids [12].

According to one of the most common approaches to the dynamic
fracture modeling strain rate dependencies are explicitly introduced
into the material models. Johnson-Cook constitutive model [13, 14] is a
prominent representative of this approach being one of the most used
material models in the field of impact engineering and dynamic frac-
ture. This model has been successfully applied in a vast number of
works, however, it contains a relatively large set of parameters to be
defined using rather complicated procedures [15,16] and not all of
these parameters have a clear physical interpretation. Analogous ap-
proach is used to predict the dynamic fracture in specimens with cracks:
classic fracture criterion by Irwin [17] is extended to the dynamic case
by introduction of the strain rate dependencies and substitution of the
material parameters by functionals [18, 19]. These functional de-
pendencies are regarded as material properties that should be evaluated
experimentally. In general, the strain rate-dependent fracture models
rely on comparatively large sets of parameters and functional de-
pendencies, which are sometimes hard to evaluate experimentally.
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A relatively effective approach to the engineering problems is based
on the introduction of dimensionless damage numbers [20, 21], which
describe behavior of the structure subjected to dynamic loading. These
numbers are evaluated using parameters characterizing loading, geo-
metry of samples and material mechanical properties. The damage
numbers provide possibility to estimate structure response to dynamic
loading and to compare the structure performance for various testing
conditions (target shape and dimensions, loading parameters, material
parameters).

Another group of the dynamic fracture criteria are based on time
characteristics of the fracture process. In this work incubation time
fracture model [22,23,24] was used to perform numerical simulations
of impact experiments on PMMA conducted within the study. Impactor
velocity drop due to interaction with the target was registered in these
tests. The experiments were conducted on specimens with three thick-
nesses and the incubation time model which includes a single time
parameter was able to provide good agreement between experiments
and numerical simulations for all three sample geometries and a wide
range of the impactor velocities. The incubation time value for the
PMMA had been evaluated in previous works using experiments on
spallation in rods due to impact. Different time-based integral models
have been recently successfully applied to simulate impact damage
[25], however the approach used in the presented work relies on the
incubation time parameter which is considered to be a material prop-
erty and can be assessed from experiments.

The PMMA was used since it can be regarded as a benchmark ma-
terial for the dynamic fracture research. This material exhibits re-
markable properties which are valuable for the fundamental fracture
studies: it is transparent and birefringent and thus methods of caustics
and fringe patterns stress analysis are applicable, moreover PMMA can
be regarded as a brittle material. This material has been used in nu-
merous works on dynamic crack propagation [26, 27], impact [25, 28],
spallation [29, 30] and its strength parameters and behavior are well-
known. On the other hand, the PMMA is widely used for various en-
gineering applications [31] and the results of this work (both experi-
mental and numerical) can be useful for practical needs.

2. Experimental tests

Square (100mm x 100mm) PMMA plates with three thicknesses (4
mm, 6 mm and 10 mm) were studied. The sample was clamped in a
four-arm holder (see Fig. 1)

In order to conduct impact tests a gas gun experimental facility was
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Fig. 1. The sample mounting device: four grips fixing the specimen (fitting:
single).
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Fig. 2. Scheme of the experimental setup; 1 — high pressure chamber, 2 —
shatter device, 3 - membranes, 4 — barrel, 5 magnetic coil for the impactor
velocity measurements, 6 — pressure drop valve to trigger a shot, 7 — high-speed
camera rig, 8 — sample, 9 — protection chamber; P indicates pressure (fitting:
1.5).

used. The setup is schematically shown in Fig. 2. The initial projectile
velocity was controlled by air pressure in the system and appropriate
choice of the membranes placed in the gun shatter. Two membranes
were used in the shatter and each could sustain half of the operating
pressure. Due to pressure drop in the auxiliary pressure chamber the
membranes broke and the projectile started to move through the barrel.
The initial velocity was measured using a magnetic coil placed at the
exit end of the barrel, while the residual impactor velocity was eval-
uated using HSFC pro high-speed photography equipment, produced by
PCO AG. This setup consists of four Dicam pro modules, which provide
possibility to capture eight frames with a variable time interval. For
almost all the experiments 150 ps inter-frame time interval.

Steel cylindrical impactor (diameter 6 mm, length 20 mm and mass
8.3 grams) was accelerated to velocities ranging from 40 m/s to 350 m/
s. The impactor was placed in a disposable aluminum bed which fitted
precisely the gun barrel. The bed was stopped by a barrier at the end of
the barrel and the impactor continued to move leaving the bed. The
contact between the bed and the barrier caused linkage of the electrical
circuit and enabled triggering the high-speed photography setup with a
programmable time delay.

3. Numerical scheme
3.1. Incubation time fracture model

The incubation time fracture criterion was originally proposed by
Petrov and Utkin in [22]. The incubation time approach regards mac-
roscopic experimentally observable fracture as a non-instantaneous
event, which requires a specific time to develop. The macroscopic
fracture results from microscopic preparatory processes such as mi-
crocracking, interaction of pores and defects etc. The time taken by
these preparatory processes is considered to be a material property to
be assessed experimentally. This parameter is called the incubation
time and the corresponding microscopic fracture processes are often
referred to as the incubation processes.

According to the model the fracture initiation condition reads as:

t X
L fow axdr = a.

T4 @
where o(x, t) is a time-dependent stress at point x, o, is the material
static ultimate tensile stress and 7 stands for the incubation time.

The criterion (1) contains linear size parameter d, which was firstly
introduced as a fracture process parameter by Neuber [32] and No-
vozhilov [33] for static problems with a complex geometry. This
parameter is treated as the minimal characteristic size of the fractured
material volume. This way, fracture is a spatially non-local phenom-
enon with a step-like development, since fracture occurs in a d-sized
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Fig. 3. Finite element mesh with an enlarged contact area (b). The model for a 6 mm plate is shown (fitting: single).

Table 1
Material properties used in the numerical model.

PMMA target Steel projectile
Young's modulus, E, Pa 3.3e9 2.09el11
Poisson's ratio, v 0.35 0.28
Density, p, kg/m* 1180 7720
Ultimate tensile stress, 0., Pa 72e6 -
Ultimate stress intensity factor, K;., MPa 1.7 -
Incubation time, 7, us 1 -

domain containing point x. This approach fits perfectly into the fra-
mework of numerical simulations, as numerical solutions of the solid
mechanics equations usually imply spatial discretization of the modeled
bodies. The linear size d can be calculated using expression
d = 2K%/no?, where Ky is the critical stress intensity factor (mode I
loading is supposed) for the studied material.

The left side of inequality (1) contains integration over time and
thus history of the stresses is accounted for. The microscopic fracture
processes are supposed to develop due to these stresses and specific
time 7 is needed for the macroscopic fracture to evolve.

The criterion (1) can be reformulated for the case of the dynamic
crack initiation problem using linear fracture mechanics methods:

t
L [ K@ > K,
Tt (2)

where K;(t) is a time-dependent stress intensity factor for a mode I

loading.

The incubation time parameter 7 can be evaluated from experiments
on dynamic fracture. In order to calculate the incubation time value,
one should register fracture initiation time and the stress — time de-
pendence in the point of interest. The stress — time function is then
substituted to formula (1) and 7 is evaluated as a fitting parameter so
that fracture occurs at the registered fracture initiation time. Experi-
ments on spallation or dynamic crack initiation can be used to obtain
the incubation time value. It should be noted here that an adequate
choice of the fracture scale level is crucial for the sake of the simulation
correctness. One should define fracture scale level to be considered in
the studied problem and then use an appropriate = value, which was
measured on an appropriate scale level. For a more detailed discussion
on the fracture scales please refer to the work presented in [34].

3.2. Finite element model

The developed numerical scheme is based on a finite element
method with explicit time integration and LS-DYNA software is used as
a solver. The incubation time fracture criterion was implemented via
user defined material (UMAT41 routine) in the LS-DYNA code.
Evolution of stresses for each element is stored in additional array
parameter and time integral in the inequality (1) is computed according
to the trapezoidal integration rule. The element size equals linear size d
used in the incubation time fracture condition (1) and element deletion
technique is implemented in order to simulate the fracture develop-
ment. This scheme fits perfectly the incubation time approach since the

Fig. 4. The speed-photography frame sequence used to calculate the impactor residual velocity. 10 mm thick target and 144 m/s initial impactor velocity case

depicted (fitting double).
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Fig. 5. High-speed photography of the threshold velocity impact: 10 mm plate thickness and 70 m/s impactor velocity (fitting double).
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Fig. 6. Residual velocity - initial velocity dependencies for different specimen thicknesses; (a)-(c) comparison of the experimental and numerical data (d) a mere

numerical prediction and the arrows indicate the ballistic limit (fitting: double).

minimal characteristic size of a fractured region equals d. Mesh sensi-
tivity testing revealed that further reduction of the element size does
not affect the computation results.

A fully integrated (with 8 integration points) solid element was
found to be the most robust in terms of stability of the numerical si-
mulation. The finite element mesh is shown in Fig. 3. The problem is
solved in a three-dimensional statement and the boundary conditions
are satisfied due to displacement restrictions imposed on the nodes
lying under the holder grips (see Fig. 1).

The material parameters used in the simulations are listed in
Table 1. All the properties were either taken from the material in-
formation sheet supplied by the PMMA manufacturer or from elsewhere

[35]. The material behavior was supposed to be governed by Hooke's
law and thus two material parameters (Young's modulus and Poisson's
ratio) were sufficient for the stress-strain dependency description. The
incubation of 1 ps provided a good coincidence between the numerical
results and the experimental data. This value is close to the PMMA
incubation time for a “small” scale level (0.8 ps) calculated in [34].
According to [34] the 0.8 us value was obtained from experiments on
spallation of PMMA rods, where microcracking (small-scale fracture)
was registered. Element erosion applied in our scheme can be also
considered as a small-scale fracture since the element size is small
comparing to the sample dimensions.

This way, application of a 1 ps incubation time is correct within the
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Fig. 7. Ballistic limit — sample thickness dependence; 5 mm point is a numerical
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Fig. 8. Fracture patterns: experiment and numerical simulation; 10 mm plate
results are shown (fitting: 1.5).

studied case. The incubation time values close to 1 ps have been also
used to simulate dynamic crack propagation in PMMA specimens
[27,36].

The element size selection resulted in a fine finite element mesh: the
regular mesh for the thickest target (10 mm) contains 2306196 solid
elements, while the impactor consists of 26745 solid elements.

4. Results

Here we provide both experimentally obtained data and results of
numerical simulations using the developed scheme. Fig. 4 shows typical
set of frames from the high-speed camera obtained from the conducted

International Journal of Impact Engineering 143 (2020) 103597

tests. Frames 5-8 were used to calculate the residual projectile velocity.

A typical case of a threshold impactor velocity (ballistic limit) is
shown in Fig. 5. The impactor is almost completely stopped by the
target and no penetration is observed, however the target is severely
damaged.

Experimental and numerically obtained dependencies of the re-
sidual impactor velocity (V,) on the initial impactor velocity (V;) are
shown in Fig. 6 together with the ballistic limits. The dependencies can
be approximated with a straight line for middle range and high im-
pactor velocities, while the V, values drop abruptly in the near ballistic
limit velocity range. Some graphs of the numerical results in Fig. 6
contain negative V, values, which means that the impactor bounced
from the target and no penetration occurred.

The numerical results fit well the experimental data, especially for
the thinner plates. In all cases the numerical model could reliably
predict the ballistic limit for the studied targets. The V, — V; dependence
was numerically predicted using the model for a 5mm plate and the
ballistic limit for this virtual test configuration was assessed.

Fig. 7 shows both the experimental and numerically evaluated de-
pendencies of the ballistic limit on the specimen thickness together with
the numerical prediction for a 5 mm thick plate.

The numerically obtained fracture patterns generally resemble the
experimental results. The impact results in crater formation and cracks
propagating toward the edges of the sample. For relatively low im-
pactor velocities the fracture pattern is similar. Higher impactor speeds
result in shorter cracks comparing to the experimental results. The
crack propagation trajectories are defined by the applied boundary
conditions — the sample bracing in our case. The fracture patterns for
relatively low impact velocities resemble those for the purely quasi-
static case — cracks propagating toward the clamps. The fracture pattern
changes for the higher impactor velocities, since the effect of the fixa-
tion method is less pronounced in this case due to shorter target —
projectile interaction time. Relatively short interaction times lead to
concentration of the impact energy in the contact spot leading to a more
localized fracture. Fig. 8 compares numerical results and experimental
fracture patterns for the 10 mm thick plate at three impact velocities
including a threshold one (70 m/s).

5. Conclusions

The work contains experimental and numerical results on impact of
PMMA plates with various thicknesses using a steel projectile.
Dependence between initial impactor velocity V; and the residual im-
pactor velocity V, was experimentally assessed using a gas gun and a
high-speed photography setup. In addition to this, the ballistic limit for
all three sample types was obtained. The experimental data was used to
test and validate a numerical approach, which uses the finite element
method and the incubation time fracture model for the material failure
predictions. The applied scheme is rather simple and involves a limited
number of the material parameters. All of the parameters are either
standard material data or can be evaluated from the experiments on the
PMMA described in the literature (e.g. the incubation time value).

The simulation results appear to be promising: both ballistic limits
for the particular targets and the projectile and the V, — V; function can
be predicted using relatively simple numerical scheme. This way the
developed numerical approach can be applied to predict the impact
fracture in other cases: for other brittle materials (e.g. ceramics) and
other specimen configurations. For example, numerical estimates for
the ballistic limit and for the V; — V; dependence of the 5 mm thick
PMMA plate are presented in the work.
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