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Abstract
The dynamic tensile spall failure strength of polymers subjected to high-pressure shock compression and high-strain-rate 
deformation is of increasing interest across a wide range of applications in extreme environments. Currently, there is no 
expansive database of polymeric materials for which spall strength properties are available. Plate-on-plate impact gas gun 
experiments were performed on 11 commercially available polymers using a multi-sample target configuration. The spall 
strengths obtained from velocity profiles captured using Photon Doppler Velocimetry interferometry for these polymers range 
from 25 to 160 MPa, with no direct correlation to their inherent characteristics, including the amorphous/semi-crystalline 
structure. A database of the spall strengths of 23 unique polymers, experimentally determined in this work and combined with 
those available in the literature, was created to include readily available mechanical and physical properties of the various 
polymers. The spall strength of most polymers is found to be typically higher than the corresponding quasi-static compres-
sive and tensile strength values and about 30–50% of their bulk and elastic moduli, with some exceptions. Normalizing the 
spall strengths of the various polymers with respect to their calculated theoretical strength, and then correlating with their 
decompression (tensile) strain rate, reveals consistent trends similar to those for metals and alloys. Namely, the normalized 
spall strengths are nominally within 20% of the theoretical strength, although no obvious distinction between the spall failure 
response of the various polymer types based on amorphous or semi-crystalline structure is observed.
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Introduction

The dynamic mechanical behavior of materials subjected 
to high-velocity impacts, explosions, and seismic events is 
important across a wide range of applications in commercial, 
military, mining, and geological sectors. It is also of sci-
entific importance for understanding the structure–property 
correlations in materials subjected to high-pressure shock 
compression and high strain rate deformation, particularly 
relevant to guiding their design for such extreme environ-
ments. The dynamic tensile, or “spall” failure, is a kineti-
cally evolving internal rupture process occurring via void/

crack nucleation, growth, and coalescence. It occurs when 
impact-generated shock waves propagating and reflecting at 
free surfaces produce rarefaction (release) waves that inter-
act, producing internal tensile stresses exceeding the tensile 
strength of the material. The measure of a material’s resist-
ance to such tension-induced internal failure (or rupture) 
is defined as the spall strength [1], a critical property often 
considered to determine the performance of materials during 
extreme conditions of high-velocity impact associated with 
automotive crashes, structural barriers, space debris impact, 
and ballistics [2–6].

Shock compression preceding the buildup of internal ten-
sion can cause plastic deformation at strain rates exceed-
ing  105   s−1 and can significantly alter the pre-existing 
microstructure, creating sites for spall-induced void/crack 
nucleation. While prior research and understanding of spall 
strength and failure processes have primarily concentrated 
on metals and alloys (through experiments and/or compu-
tational simulations) [7–10], there have been only limited 
studies performed on polymers [11–14]. Polymers present 
increasing opportunities for use in crafting lightweight, 
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impact-resistant armors and protective shells for containing 
explosive devices, among other applications [15]. Further-
more, the deformation and failure characteristics of fully 
amorphous or semi-crystalline polymers under shock com-
pression and high strain rates can be markedly different due 
to their uniform micro- and meso-scale structures, compared 
to those of metals and alloys [16].

The primary method for spall strength determination 
is through measurements of free surface velocity profiles, 
commonly obtained using time-resolved optical interferom-
etry during gun-launched plate-on-plate impact, explosive 
charges, and pulsed laser experiments. The free surface 
velocity profiles capture characteristic signatures: rapid 
loading to peak shock state, unloading, reloading with 
velocity pullback (resulting from spall failure), followed 
by continued wave reverberations. The magnitude of the 
pullback from the steady-state peak velocity provides the 
measure of the spall strength. Various shock-loading tech-
niques generate different peak states, durations, and strain 
rates, which can lead to different spall failure responses and 
properties. In particular, spall strengths are higher at higher 
strain rates  (106–109  s−1) typically obtained with explosive 
and laser shock experiments, in comparison to strain rates 
obtained in gun-launched plate-on-plate impact experiments 
 (104–106  s−1). Variations in spall strengths are also often 
seen with increasing impact stress, in part due to microstruc-
tural alterations caused by shock compression preceding the 
generation of tension, although the trend is more obvious 
in metals and alloys. The higher degree of compression of 
polymers (in comparison to metals) can influence the rate of 
deformation and in turn affect the rate dependence of spall 
strength [16].

The response of polymers to shock compression and 
high strain rate loading is dependent on several factors, 
including polymer type (thermoset or thermoplastic, 
glassy or rubbery, and amorphous or semi-crystalline), as 
well as processing and impact conditions. Thermoset poly-
mers undergo irreversible crosslinking upon cooling, ren-
dering them unable to be reshaped through reheating. In 
contrast, thermoplastics retain their ability to be reshaped 
upon heating. A comparative study utilizing PTFE and 
KEL-F-800 as thermoplastics and Estane as a thermoset-
ting polymer reveals distinctly different dynamic behav-
iors between the two classes [17]. Similarly, the shock 
compression responses of polyethylene (PE), polytetra-
fluorethylene (PTFE), polycarbonate (PC), and epoxy 
(XB3485 resin and 3486 hardener) have been shown to 
exhibit distinct differences in behaviors under weak (low-
pressure) shock loading, due to their capacity to overcome 
interchain interactions (Van der Waals forces) [15]. The 
different behaviors delineate the response of thermosetting 
polymers, characterized by extensive crosslinking, from 
thermoplastics that lack such structures. At higher shock 

pressures, however, the influence of crosslinking dimin-
ishes, leading to a convergence in the behavior between 
thermoplastics and thermosetting polymers, with both 
exhibiting similar responses.

Additionally, two-part epoxies such as those created by 
polymerizing the EPON 828 resin exhibit differing spall 
responses depending on the curing agent used, which influ-
ences the cross-linking process within the polymer matrix 
[18]. Some polymers also demonstrate spall strengths that 
are unaffected by processing and impact loading conditions. 
Notably, as demonstrated by Jordan et al. [19, 20], high-
density polyethylene (HDPE) exhibits consistent dynamic 
failure response with spall strength values of 50–70 MPa 
at impact velocities of 428–800 m/s. On the other hand, 
more recent work on ultra-high molecular weight polyeth-
ylene (UHMWPE) has shown nearly constant spall strength 
of ~ 70 MPa at impact pressures up to 0.9 GPa, followed by 
a continuous decrease in spall strength to ~ 30 MPa at higher 
shock stresses of about 2.0 GPa [21].

A limited number of computational studies using molec-
ular dynamics (MD) simulations have been performed on 
polymers to provide a molecular-level understanding of the 
spall failure mechanism and to determine the spall strength. 
Dewapriya and Miller [22, 23], using large-scale MD simu-
lations, showed that the spall strength of amorphous poly-
mers (polyurethane and polyurea) computed from simulated 
free surface velocity histories correlates with fracture nucle-
ation stress rather than the quasi-static tensile strength. In 
another more recent study on amorphous PE [24], which 
does not contain cyclic structures in its monomer (unlike 
polyurethane and polyurea), the same authors simulated the 
impact of a slab of PE molecules at a higher velocity and cal-
culated the corresponding free surface velocity history. The 
spall strength computed from their simulated velocity pro-
files showed values consistently and significantly lower than 
the actual buildup of tensile stresses in the spalled region.

In this paper, we present results of spall strength measure-
ments on several commonly used polymers, including two 
(HDPE and PET) that have been previously studied [19, 25]. 
The measurements involve gas gun plate-on-plate impact 
experiments using a multi-sample target configuration and 
Photon Doppler Velocimetry (PDV) to obtain the free sur-
face velocity profiles and determine the pullback velocity 
as the measure of the spall strength. The spall strengths of 
polymers determined in this work are combined with those 
of polymers documented in the literature to establish a 
database of over 20 polymers. The spall properties of these 
polymers are compared with routinely available properties 
to determine trends correlating quasi-static and dynamic 
behavior of polymeric materials. Comparisons among dif-
ferent polymeric systems are also mapped, considering the 
spall strength normalized with their theoretical strength as 
a function of the decompression (tensile) strain rate, which 
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represents the rate of material expansion during unloading 
from the high-pressure state.

Materials and Methods

Table  1 lists the various thermoplastic amorphous and 
semi-crystalline polymers experimentally investigated in 
this work. The polymers were commercially acquired in 
the form of plates, from which disk-shaped samples were 
machined for the impact experiments. The density of each 
polymer sample disk was measured using the Archimedes 
method, and their ultrasonic sound speeds were measured 
using transducers oriented normal to the in-plane direction 
of the plate. The longitudinal wave speed (CL) was meas-
ured using a VSP 200 pressure transducer, while shear wave 
speed (CS) was measured using an SRD50-5 Ultron pressure 
transducer with an Olympus 5072PR pulsar/receiver in the 
pulse echo configuration and a Tektronix DPO 5104 1 GHz 
Oscilloscope. The bulk wave speed was calculated from the 
measured longitudinal and shear wave velocities. Values of 
the density and elastic wave velocities for each polymer are 
listed in Table 1.

The spall strengths of the various polymers were deter-
mined using plate-on-plate impact experiments performed 
with the 80 mm diameter barrel single-stage gas gun at 
Georgia Tech. Figure 1a shows a schematic of the impact 

experiment geometry illustrating a polyurethane foam-sup-
ported (ρ = 0.32 g/cm3) HDPE flyer plate (2.5 mm thick-
ness and 70 mm diameter) mounted on an aluminum sabot, 
impacting the sample holding target assembly. Two types 
of multi-sample target configurations (three-sample and 
seven-sample) illustrated schematically in Fig. 1b and c 
were used. The three-sample configuration (Fig. 1b) was 
used with HDPE sample disks machined from the different 
x-, y-, and z-orientations of a 5 cm thick slab,1 to deter-
mine if orientation effects associated with the manufactur-
ing of the slab influence the spall strength. A collimated 
PDV probe with 1 mm housing size (AC Photonics P/N: 
1CL15P020LCB01) was placed on the back of each of the 
three samples. An additional focusing probe with 8 mm 
housing size (Oz Optics P/N: LPF-04-1550-9/125-S-1.6-48-
18AS-60-3A-1–2) probe was also placed on the back of the 
through-thickness (or x-orientation) sample to determine the 
effect of the probe size. The experiment was performed at 
an impact velocity of ~ 430 m/s, with each of the three target 
sample disks of thickness of 5 mm and diameter of 25 mm 
embedded in a PMMA surround ring.

For the seven-sample configuration (Fig. 1c), the disk-
shaped samples were cut from commercially acquired sheets 
of approximately 7 mm thickness to a diameter of 25 mm. 

Table 1  Polymers investigated listing the type, brand, and measured values of their respective density and sound speed values

a Provided by Los Alamos National Laboratory
b Sample unable to support shear waves; hence, sound speeds calculated using Poisson’s ratio of 0.327 [26]

Material—Brand—Form Density, 
�(g∕cm3)

Longitudinal 
wave speed, 
cl(m∕s)

Shear wave 
speed, 
cs(m∕s)

Bulk wave 
speed, 
cb(m∕s)

Acrylonitrile butadiene styrene (ABS) Absylux®—Amorphous thermoplastic 1.031 2210 911 1944
Chlorinated polyvinyl chloride (CPVC) Corzan®—Amorphous thermoplastic 1.441 2143 1014 1795
High density polyethylene (HDPE) Densetec®a—Semi-crystalline thermoplastic 0.941 2440 1016 2139
Polyetherimide (PEI)
ULTEM 1000—Amorphous thermoplastic

1.243 2485 1060 2163

Polyester, or polyethylene terephthalate (PET) Celanex®—Semi-crystalline thermo-
plastic

1.354 2441 1023 2136

Polyoxymethylene (POM)
Delrin®—Semi-crystalline thermoplastic

1.405 2383 983 2095

Polypropylene (PP)
Propylux®—Semi-crystalline thermoplastic

0.916 2583 1273 2124

Polyphenylene Oxide (PPO)
Noryl®—Amorphous thermoplastic

1.049 2258 999 1941

Polyphenylene sulfide (PPS)
Techtron®—Semi-crystalline thermoplastic

1.326 2483 1046 2169

Polyphenylsulfone (PPSU)
Radel® R5500—Amorphous thermoplastic

1.271 2264 860 2034

Polyvinylidene fluoride (PVDF)
Solef®—Semi-crystalline fluoropolymer

1.730 2024 972b 1684b

1 Same HDPE slab as that used in the work by Jordan et al. [19].
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Similar to the three-sample target configuration, a foam-
supported HDPE flyer of 3.3 mm thickness impacted the 
samples at velocities of ~ 430 m/s. A 1 mm collimated PDV 
probe was placed on the back of each sample. For some 
experiments, the back free surface of each sample was sput-
ter coated with a gold layer to improve reflectivity.

The PDV probes in both experimental configurations 
were connected to a mixed multiplex PDV (MPDV) sys-
tem capable of conventional, time-delayed, and frequency 
up-shifted measurements. A 1 km long SMF-28 fiber optic 
cable created a ~ 5 µs time delay in simultaneous impact 
events, while frequency separations of ~ 2 GHz and ~ 4 GHz 
were used to upshift the frequency of captured signals. A 
PDV probe positioned orthogonally to, and flush with, 
the impact surface was also used to determine the impact 
velocity 

(

Vimpact

)

 with an accuracy of 0.1%. A series of four 
electrically charged pins of known spacing were attached 
approximately 50 mm in front of the target plate to trigger 
the digitizer and collect the PDV data, as well as a backup 
measurement of the impact velocity. The PDV signals were 
collected using a Teledyne Lecroy WaveMaster 813Zi-B 
13 GHz Oscilloscope. The data analysis was performed 
using HiFiPDV [27], applying a range of window functions, 
duration/time bins, and peak determination methods to find 
the best fit and uncertainty for the velocity at each point in 
the profile. A typical free surface velocity profile obtained 
from a plate-on-plate impact experiment as the shock wave 
propagates through the polymer target displays an ini-
tial increase to a steady-state peak velocity, followed by a 
decrease (decompression) until tension-induced spall failure 
causes a pullback in velocity, followed by recompression and 
ringing in the spalled region. The stresses corresponding to 
the peak velocity state (�peak) and the spall strength ( �SPALL) 
obtained from the pullback are calculated using Eqs. (1) [16] 

and (2) [28], where �0 is the initial density, CL is longitudi-
nal sound speed, Vpeak is peak velocity, C0 is the bulk sound 
speed, and �ufs is the change in the free surface velocity 
from the peak velocity to the pullback trough observed in 
the measured profiles.

The decompression (tensile) strain rate ( ́𝜖 ), also known as 
the volume rate of material expansion, is given by Eq. (3), 
where �u̇fs is the rate of change of the pullback velocity and 
C0 is the bulk sound speed [28]:

Results and Discussion

Spall Properties of Polymers from Experiments 
Under Similar Impact Conditions

Three sets of gas gun plate-on-plate impact experiments 
were performed using the three- and seven-sample target 
configurations at impact velocities of about 430 m/s. The 
measured PDV velocity profiles obtained from the first 
experiment performed on HDPE (disks of different plate 
orientations) using the three-sample target configuration at 
an impact velocity of 433 m/s are shown in Fig. 2a and b. 
The velocity profiles in Fig. 2a illustrate no effect of impact 

(1)�peak =
1

2
�0ClVpeak

(2)�SPALL =
1

2
�0C0Δufs

(3)�́� =
1

2

Δu̇fs

C0

Fig. 1  Sketch of the experimental setup for the multi-sample configuration showing a the side view of the projectile impacting the target ring of 
b 3-sample and c 7-sample configurations
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orientation relative to the samples sectioned from different 
orientations of the HDPE slab. The near-identical signatures 
are independent of sample orientation, showing similar rapid 
rise time and duration of peak state, decompression, and 
pullback characteristics with no significant velocity increase 
upon recompression. Hence, it is seen that HDPE exhibits 
no evidence of asymmetric orientation-dependent behavior. 
Figure 2b shows velocity profiles captured by both the 1 mm 
collimated and 8 mm focusing PDV probes, also revealing 
identical responses. The spall strengths of the three HDPE 
samples calculated from the velocity profiles obtained from 
this experiment are 65–70 MPa, which are in the same range 
of values reported by Jordan et al. [19] on HDPE at dif-
ferent impact velocities. The similarity of measured veloc-
ity profiles and spall strength values is indicative of a lack 
of dependence of the spall response on impact conditions, 
as well as on directional anisotropy that may otherwise be 
influenced by the polymer fabrication process.

Two additional experiments were performed using the 
seven-sample target assembly at 429 m/s on PET, POM, 
and PP polymers, and at 427 m/s on ABS, CPVC, PEI, PPO, 
PPS, PPSU, and PVDF polymers. The measured velocity 
profiles obtained from the corresponding PDV probes for 
all polymer samples investigated (including HDPE) are 
shown in Fig. 3. It can be seen that in all cases, the veloc-
ity profiles reveal the similar initial rise to a steady-state 
peak and plateau, followed by a gradual decrease (decom-
pression) and velocity pullback indicative of spall failure. 
The profiles for CPVC, PEI, PET, and PP show recom-
pression following velocity pullback, while none or weak 
recompression is observed for ABS, HDPE, POM, PPO, 
PPS, PPSU, and PVDF. The gradual release (decrease in 
velocity) from the peak state is indicative of slow, or “vis-
cous,” ductile tensile fracture [11, 12, 16, 17]. The various 
atypical responses observed in our work, such as the pull-
back signal illustrating decompression followed by lack of 

recompression and ringing, are not different from those seen 
in the literature. While recompression is indicative of void 
nucleation, growth, and coalescence processes, it is likely 
that the low strength of the polymer is not able to support 
further recompression and ringing, and therefore the veloc-
ity profile in some cases shows a flat or even decreasing 
slope. For the purpose of this work, we determined the spall 
strength considering the pullback velocity based on the peak 
and the point at which a change in slope is seen following 
the decompression. Only in the case of PPSU, the velocity 
profile shows an abrupt end point following decompression, 
which we considered for determining as the pullback veloc-
ity. The rise time to peak velocity as seen in the PDV pro-
files for each of the impacted polymers is relatively similar 
(0.1–0.3 µs), which is an order of magnitude longer than 
that for metals (~ 0.01 µs) at similar impact conditions. This 
could be because of shock wave dispersion as it propagates 
through the relatively convoluted molecular structure of 
polymers, including chains and cross-linked molecules, as 
well as the inherent free volume of the amorphous structure.

Table 2 lists the various measured parameters (impact 
velocity, rise time, and peak and pullback velocities) as well 
as the calculated values of the peak stress, spall strength, and 
decompression strain rate obtained using Eqs. (1–3). The 
error ranges indicated for each set of calculated data repre-
sent uncertainty in the measured values. This uncertainty 
is determined by the fluctuations in peak velocity shown in 
the profiles in Fig. 3, which in turn affects the spall strength, 
peak stress, and decompression strain rate.

It can be seen that under similar impact velocity condi-
tions (~ 430 m/s), the rise time to peak state ranges from 
0.11 to 0.27 µs with no obvious correlation with the semi-
crystalline or amorphous characteristics of the various poly-
mers investigated. The peak stress range of 468 to 566 MPa, 
corresponding to peak free surface velocities of 318 to 438 
m/s, is affected by the shock impedance (product of density 

Fig. 2  Velocity profiles for 
HDPE obtained from a samples 
of three different orientations of 
a plate and b two different types 
of PDV probes
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and shock speed). The rate of release from the peak velocity, 
or decompression (tensile) strain rate, is indicative of the 
rate of material expansion upon release. Polymers experi-
encing similar impact velocity conditions show a range of 
decompression strain rates from 2 ×  104 to 5.3 ×  104  s−1. Fig-
ure 4 plots the calculated values of the peak stress (top) and 
spall strength (bottom) versus the calculated decompression 
strain rate for the various polymers based on the experiments 
performed in this work. It can be seen that while multiple 
HDPE samples (blue circles) impacted in the same experi-
ment (Shot 2101) show almost similar values of peak stress 
and spall strength with small variation in decompression 
strain rate, the three polymers PET, POM, and PP (orange 
circles) also impacted in the same experiment (Shot 2301) 
show variations in peak stress and decompression strain rate 
but similar spall strength. The seven polymers (green cir-
cles and triangles) impacted in the same experiment (Shot 

2305) show widely varying values of peak stress, spall 
strength, and decompression strain rate, independent of their 
amorphous (triangles) and semi-crystalline (circles) struc-
ture states. Hence, no obvious effects of structural (semi-
crystalline or amorphous) characteristics or correlations 
are revealed from the variation of the peak stress and spall 
strength as a function of the decompression strain rate for 
the polymers investigated.

The spall strength, or the ability to withstand internal 
tensile rupture, obtained from the measured pullback veloc-
ity for amorphous polymers is found to be in the range of 
64 MPa on the low end for ABS and PPO to 160 MPa on 
the high end for PEI, while for semi-crystalline polymers 
it ranges from 25 MPa on the low end for PPS to 100 MPa 
for PVDF. Most polymers have spall strength values in the 
60–90 MPa range. It should be noted that the decompression 
strain rate and spall strength are specific for each polymer 

Fig. 3  PDV velocity profiles measured from the plate-impact gas gun 
experiments performed on the 11 polymers investigated in this work. 
HDPE has multiple traces because of the experiment performed on 
samples from the three different orientations of the plate. Some of 
the velocity profiles (e.g., for CPVC and PPSU) end abruptly due to 
time-delay since the data collection of the next multiplexed probe 

starts and cuts off the data from the prior probe prior to recompres-
sion. The velocity profiles for CPVC, PEI, PET, and PP show recom-
pression following velocity pullback, while only weak recompression 
(or none) is observed for ABS, HDPE, POM, PPO, PPS, PPSU, and 
PVDF
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and not a consequence of varying impact conditions, since 
the data obtained for each polymer is based on experiments 
performed at the same nominal impact velocity.

The velocity pullback characteristic of the wave pro-
files and calculated values of spall strength appear to be 
indicative of ductile failure response for the amorphous and 
semi-crystalline polymers investigated in this work. Grady 
[1] formulated an equation to calculate the theoretical spall 
strength of ductile materials, considering an energy balance 
model accounting for the work done and energy dissipated 
in the activation, growth, and coalescence of voids. The 
model assumes that the spall strength for ductile materials 
is independent of strain rate, since the latter only provides a 
consideration of the time factor during which spall occurs. 
The theoretical spall strength according to Grady’s model is 
given by Eq. (4), where �c2

0
 is the compressibility (or bulk 

modulus), Y is the flow stress (or yield strength), and �c is 
the critical void volume fraction. For ductile polycrystalline 
metals and alloys, �c = 0.15.

Grady’s model does not include dependence on micro-
structure-dominated material properties, though some more 
recent models for metals account for microstructure. Never-
theless, for homogeneous single-phase materials, it provides 
a reasonable estimate of spall strength compared to meas-
ured values for various metals and alloys [1]. Considering 

(4)Ps =
(

2�c2
0
Y�c

)1∕2

that the spall response of polymer systems is different from 
that of metals, we nevertheless applied Eq. (4) to calculate 
the critical void volume fraction (�c) at spall for the polymers 
investigated in this work. We assumed ductile spall behavior 
and used the actual measured spall strength values along 
with the values of the bulk modulus and quasi-static yield 
strength (see the Appendix for Table 3 of properties) of vari-
ous polymers. The calculations reveal that the critical void 
volume fraction (�c) at spall is not constant for polymers, 
unlike that for metals and alloys. For amorphous polymers, 
�c is in the range of 0.01 for PPS to 0.24 for PVDF, while 
that for semi-crystalline polymers is in the range of 0.12 for 
ABS to 0.35 for POM. The variability and wide range of the 
critical void volume fraction at spall for polymers could be 
associated with the viscous fracture and lack of effects of 
stress concentration initiating spall-induced void nucleation 
typically seen with metals and alloys.

Combined Spall Data from Current Experiments 
and Literature

In addition to the polymers investigated in this study, we 
catalogued other polymers from the literature [17–19, 24, 
28] for which the data on spall strength measurements per-
formed only using gas gun plate-on-plate impact experi-
ments, essentially within the same strain rate range, are 
available. Figure 5 shows a plot that includes the com-
pilation of the spall strengths of a total of 23 different 

Table 2  Measured parameters including rise time, and peak and pull-
back velocities, and calculated values of peak stress, spall strength, 
and decompression strain rate obtained from the three plate impact 

experiments performed on all polymer samples (A-Amorphous, 
S-Semicrystalline) investigated

The error bars for rise time and peak velocity were calculated based on fluctuations (min/max) in velocity; those for peak stress, decompression 
strain rate, velocity pullback, and spall strength were determined based on the variations in peak velocity (min/max)
a For all samples in this experiment, the back free surface of each sample was sputter coated with a gold layer to improve reflectivity

Experiment number Target material Rise time (�s) Peak velocity (m∕s) Peak stress (MPa) Decompression 
strain rate ×  104 
(1∕s)

Δufs
(m∕s)

�sp

(MPa)

2101
@ 433 m/s

S-HDPEx-f 0.22 ± 0.07 434 ± 1 548 ± 1 3.0 ± 0.0 64 ± 1 69 ± 1
S-HDPEx-c 0.26 ± 0.01 438 ± 4 553 ± 2 3.0 ± 0.1 62 ± 2 68 ± 2
S-HDPEy 0.22 ± 0.04 438 ± 3 553 ± 3 2.9 ± 0.1 61 ± 2 66 ± 2
S-HDPEz 0.22 ± 0.09 435 ± 6 549 ± 4 3.4 ± 0.2 60 ± 3 66 ± 4

2301
@ 423 m/s

S-PET 0.16 ± 0.09 349 ± 4 573 ± 5 2.3 ± 0.1 77 ± 3 84 ± 3
S-POM 0.25 ± 0.08 340 ± 4 554 ± 4 2.9 ± 0.1 83 ± 2 90 ± 3
S-PP 0.27 ± 0.01 404 ± 8 480 ± 5 2.1 ± 0.1 81 ± 4 88 ± 5

2305a

@ 427 m/s
A-ABS 0.16 ± 0.09 410 ± 4 468 ± 3 5.3 ± 0.3 59 ± 3 64 ± 3
A-CPVC 0.13 ± 0.05 364 ± 19 563 ± 25 3.8 ± 0.7 87 ± 16 94 ± 17
A-PEI 0.24 ± 0.09 366 ± 10 566 ± 8 4.7 ± 0.2 147 ± 5 160 ± 6
A-PPO 0.27 ± 0.08 412 ± 6 488 ± 5 2.5 ± 0.2 59 ± 4 64 ± 4
S-PPS 0.20 ± 0.02 318 ± 9 524 ± 10 3.1 ± 0.9 23 ± 6 25 ± 7
A-PPSU 0.11 ± 0.09 382 ± 11 549 ± 12 4.2 ± 0.4 79 ± 8 86 ± 9
S-PVDF 0.14 ± 0.03 319 ± 12 558 ± 13 3.1 ± 0.2 92 ± 7 100 ± 8
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Fig. 4  Experimentally determined values of peak stress (top) and 
spall strength (bottom) correlated with decompression strain rate for 
various polymers. The data points are color coded with respect to 
the samples being simultaneously impacted using multi-sample tar-

get assembly (all three experiments performed at same approximate 
impact velocity) and different symbols are used to indicate amor-
phous (circle) or semi-crystalline (triangle) state of polymer

Fig. 5  Median spall strength of 23 different polymers plotted with 
increasing values from left to right. Different symbols are used to 
indicate amorphous (circle) or semi-crystalline (triangle) state of pol-

ymer. The bars indicate the range of data from varying experimental 
conditions, including impact velocity, and flyer or target thickness
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polymers sourced from literature and the current work 
(plotted from lowest to highest value). It includes thermo-
set polymers, like epoxies, in addition to various thermo-
plastic polymers. Thermosetting epoxies have the highest 
spall strength of ~ 525 MPa (median value that varies with 
impact conditions), while thermoplastic Estane is on the 
opposite end of the spectrum, having a spall strength of 
only a few MPa.

We considered various physical and mechanical (elastic/
plastic) property attributes to determine if the spall strength 
of polymers correlates with any singular material property, 
beyond the bulk modulus and quasi-static yield strength, 
which are the two properties considered in Grady’s model 
for calculation of the theoretical spall strength. Figure 6 
plots the spall strengths correlated with various quasi-static 
strength properties (ultimate, tensile yield, and compressive 
yield strength), elastic properties (bulk, shear, and Young’s 
modulus), Izod impact energy for fracture, and physical 
properties (melt and glass transition temperatures). The data, 
including the spall strength values of over 20 polymers, are 
compiled in Table 3 in the Appendix. In general, increasing 
quasi-static strengths, shear and Young’s moduli, glass tran-
sition temperature, melting temperature, and fracture energy 
result in higher values of the spall strength. The Pearson 
correlation coefficient (r) confirms this with positive coef-
ficients, although the values tend to be low ( r = 0.2–0.4). 
The highest Pearson correlation coefficient is 0.787 for the 
Izod impact energy.

It is also seen that the spall strength of polymers is typi-
cally higher than the corresponding values of the quasi-static 
tensile and compressive yield strengths and the ultimate ten-
sile strength. Exceptions include polymers such as Estane, 
polyurea, PPS, and rubber, which have very low values of 
spall strength. Values of the spall strength also appear to be 
about 30–50% of the bulk modulus and the Young’s modu-
lus, with the exception of two-part epoxies such as those 
created by polymerizing the EPON 828 resin, whose spall 
strength is about 90% of the bulk modulus and only slightly 
higher than the value of the Young’s modulus. Estane and 
polyurea are other exceptions, having spall strengths that are 
a small fraction of the bulk and Young’s moduli.

In order to map the response of the various semi-crystal-
line and amorphous thermoplastic and thermosetting poly-
mers to their dynamic tensile failure response, we correlated 
the normalized spall strength (with respect to the ideal spall 
strength) as a function of the decompression (tensile) strain 
rate, which represents the rate of material expansion during 
unloading. Values of the ideal strength were calculated based 
on the equation defined by Kanel et al. [29] given by Eq. (5), 
where �0 is density, and C0 and b are coefficients (obtained 
from literature) of the linear equation of state of the form: 
Us = C0 + bup [16], where Us and up are respectively the 
shock and particle velocities.

Figure 7 shows the normalized values of the spall strength 
(�sp∕�id) for various polymers plotted as a function of the 
decompression strain rate. Common metals, including FCC 
Al and Cu, as well as BCC Fe and Mo, are also included (for 
comparison purposes), showing increasing spall strength 
with increasing decompression strain rate. For most poly-
mers, the spall strength is shown for singular values of the 
decompression strain rate. Epoxy (XB3485 resin and 3486 
hardener) and PMMA are two polymers for which the spall 
strength data are available for several decompression strain 
rates, showing the normalized spall strength increasing with 
increasing decompression strain rate. It can be seen that, 
in general, polymers exhibit spall strengths that are up to 
about 20% of their ideal strength. This is similar to that of 
the metals (at similar decompression strain rates) included 
in the comparison. Two-part epoxies using EPON 828 as the 
resin exhibit spall strength almost 60% of the ideal strength 
under dynamic tensile loading. There is no obvious trend 
illustrating differences in the spall failure response for semi-
crystalline versus amorphous polymers.

The mapping of the normalized spall strengths (obtained 
from measurements of free surface velocity profiles) with 
respect to the idealized strength of polymers as a function of 
the decompression (tensile) strain rate shows a wide range 
of tensile failure responses. It does not, however, provide 
direct correlation of failure processes associated with differ-
ent polymer systems. In order to develop the necessary cor-
relations among different polymeric systems, time-resolved 
diagnostics of structural changes leading to void/crack initia-
tion prior to spall failure are necessary. In-depth MD simu-
lations of amorphous and semi-crystalline polymers may 
also aid the understanding of spall failure initiation and the 
correlation of spall strength with increasing impact stress 
and tensile strain rate.

Conclusions

The dynamic tensile spall failure strength of several com-
mercially available polymers is experimentally determined, 
adding to those for which their values are available in the 
literature. Plate-on-plate impact experiments using multi-
sample target configurations with a single-stage gas gun are 
used to determine the spall strengths from sample back free 
surface velocity profiles captured using PDV interferometry. 
The measured velocity profiles generally reveal similar sig-
natures of the high-pressure state, unloading, and velocity 
pullback associated with spall failure, indicating no obvious 
effects of process-related anisotropy or impact stress. Values 
of the spall strengths calculated from the velocity profiles 

(5)�id =
�0C

2
0

4b
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Fig. 6  Spall strength plotted against various strength, fracture, elas-
tic, and physical properties. Different symbols are used to indicate 
amorphous (circle) or semi-crystalline (triangle) state of polymer. 
The Pearson correlation coefficient (r) is annotated in each plot. For 

the most part, spall strength values scale with the other properties. 
Two-part epoxies such as those created by polymerizing the EPON 
828 resin fall outside many of the ranges due to its high spall strength 
value, so it has not been included
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measured for the various polymers range between 25 and 
160 MPa, with no direct correlation to inherent character-
istics, including amorphous/semi-crystalline structure. The 
calculated spall strengths, correlated with a model for theo-
retically predicted spall strength values, provides the void 
volume fraction at spall being in the range of 0.01 to 0.35, 
unlike the constant value of 0.15 common for ductile metals 
and alloys. The database of the spall strengths of 23 unique 
polymers (experimentally determined in this work combined 
with those available in the literature) along with readily 
available mechanical and physical properties shows no direct 
correlation with specific physical and mechanical properties, 
although the spall strength of most polymers is typically 
higher than the corresponding quasi-static compressive and 
tensile strength values and about 30–50% of the bulk and 
elastic moduli, with some exceptions. Spall strengths of the 
various polymers normalized with respect to their calculated 

idealized strength and correlated with the decompression 
(tensile) strain rate reveal consistent trends to those for met-
als and alloys (with normalized spall strengths nominally 
20% of idealized strength), although no obvious distinction 
between the dynamic tensile spall failure response of the 
various polymer types, including thermoplastic amorphous 
and semi-crystalline polymers, is observed.

Appendix: Database of Median Spall 
Strength and Mechanical and Physical 
Properties of Polymers

See Table 3.

Fig. 7  Spall strength/ideal strength versus strain rate for various pol-
ymers and metals. Polymers are shown in blue, Al is orange, Fe is 
green, Cu is red, and Mo is purple. Data indicated by triangles come 

from Kanel [16]. Guidelines have been drawn to show the trends of 
those materials with multiple data points (Color figure online)
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