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Testing of Polymeric Foams at High and Medium Strain
Rates

Han Zhao

Laboratoire de Mécanique des Solides, Ecole Polytechnique, 91128 Palaiseau, France

ABSTRACT

Experimental data of the behaviour of polymeric foams at high and medium strain
rates is required in the crash simulations developed in the automotive industry. This
paper presents an investigation of particular difficulties in the testing of polymeric
foams, using a Split Hopkinson Pressure Bar (SHPB). On the one hand, viscoelastic
bars are used to improve the impedance ratio between the bar and the specimen and
consequently the accuracy of measurements. A generalised two-gauge method is used
to extend this measurement to the complete range of strain (up to 80% of nominal
strain), and allows also for performing tests at medium strain rates (5-50 s™'). On
the other hand, the assumption of the homogeneity of the strain and stress fields in
the specimen is studied, using a high speed photographic system.

1 INTRODUCTION.

Mechanical properties of polymeric foams are often involved in the study of
crash worthiness in the automotive industry. For example, anthropomorphic
dummies have been developed to investigate the response of the human body
and to analyse the interaction with the passenger compartment. Polymeric
foams are recurrent both in the crash dummies and in the passenger compart-
ment. Experimental car crash investigation offers currently appreciable capa-
bilities but requires a car prototype. To evaluate the occupant protection in
the early phases of car design by numerical crash simulations, modelling of
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the mechanical behaviour of polymeric foams and especially their rate sensi-
tivity is indispensable. Accurate experimental data on polymeric foams is
then needed.

The quasi-static behaviour of the polymeric foams can be obtained with the
ordinary testing machine and some constitutive models are proposed.! The
measurement of the behaviour of polymeric foams at relatively high strain
rates has been an interest of investigators since the 1960s. Lacey? and Traegar®
have reported their results at high and medium strain rates using falling weight
techniques. As they have indicated, the measurement using those techniques
is not accurate.

The Split Hopkinson Pressure Bar (SHPB) is a widely used experimental
technique to study constitutive laws of materials at high strain rates.*> This
technique, initially developed for the testing of metallic materials, has gained
great popularity in the past decades and is also used for many non-metallic
materials (rocks, concrete, polymer, etc).® Rinde and Hoge’-® have performed
tests on polymeric forms at high strain rate with SHPB. However, because of
a too weak resistance of foams, the specimen stress is measured by quartz
crystals which are not sufficiently accurate at the early stage of loading so
that the apparent Young’s modulus and yield stress have not been measured.
Furthermore, the limitation of measuring duration of the classical SHPB makes
the maximum measured strain during the test less than 10%.

In this paper, particular difficulties of the testing of polymeric foams at
high and medium strain rates are investigated. The use of viscoelastic SHPB
bars permits an accurate measurement at high strain rates and the generalised
two-gauge method extends this measurement to a large strain range, and this
allows an accurate measurement at medium strain rates (5-50 s~'). A high
speed photographic device is developed to analyse the validity of the assump-
tion of the homogeneity, of strain and stress fields in the specimen, which is
incorporated in the classical SHPB analysis.

2 MEASURING PROBLEMS IN TESTING ON FOAMS
2.1 Impedance ratio and the use of a viscoelastic SHPB setup

A typical SHPB setup is composed of the long input and output bars with a
short specimen placed between them (Fig. 1). The impact of the projectile at
the free end of the input bar develops a compressive longitudinal incident
wave €4(1). Once it arrives at the bar specimen interface, a reflected wave €/1)
is developed in the input bar, whereas a transmitted wave €(?) is developed
in the output bar. From those basic experimental data (incident, reflected and
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input bar output bar

Fig. 1. Scheme of SHPB set-up.

transmitted waves), forces and velocities at both faces of the specimen can
be calculated.

Fipult) = S,E(€(1) + €(0)) and Vinpul 1) = Col () — €,(1))

n (D
Fouzpur(t) = SbEbet(t) Voutput(t) = Cbet(t)
where E,, S,, C, denote Young’s modulus, the cross-sectional area and wave
speed of the bar.

Using the classical assumption of homogeneous stress and strain fields in
the specimen, an average stress—strain relation is then given as follows.’

) 2C,
&= ‘j—fr(f)

0.0 ="t 1) 2

where [, and S, are the length and the cross-sectional area of the specimen.

Nevertheless, one must overcome a major difficulty, which consists of a
too low impedance ratio between the foam specimens and metallic split bars.
Indeed, the partition of the reflected wave and that of the transmitted wave
depend on the actual impedance ratio r between specimen and bars (r not
being constant during the test).

l1—r _r o
l + rei(t)’et(t) - (l + r)26f

with r =8,p,CJS.psCs 3)

€()=—

where S,, p,, C, and S, p,, C,, are the cross-section, the density and the wave
speeds of the bar and the specimen, respectively.
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As the impedance of foams is very small (about 0.1% of the impedance of
the bars), the transmitted wave €,¢) is weak, and €,(z) is almost equal to —€(2).
This then leads to imprecise measurements of the input force, output forces
and output velocity [eqn (1)]. Consequently, in earlier tests on foams using
ordinary metallic bars, an additive measuring device such as quartz crystals
is used.”®

The use of low impedance bars which are generally viscoelastic is then
proposed. Two 3 m long nylon bars of 40 mm diameter (density being
1200 kg/m* and wave speed 1700 m/s) are used in our laboratory; it provides
an improvement of about 20 times the impedance ratio, in comparison with
a classical steel bar (density being 7850 kg/m* and wave speed 5000).

The use of viscoelastic bars in a SHPB setup introduces complications such
as the wave dispersion in a viscoelastic bar, the calculation of stress and
particle velocity from the measured strain and the projectile length limi-
tations.” The correction of dispersion effects based on the analysis of wave
propagation in an infinite viscoelastic cylindrical bar is used.'®'" With pre-
cautions in the data processing, the nylon bar provides a satisfactory measur-
ing precision.'?

A typical nylon bar test on foams (diameter and length of the specimen
being 40x40 mm, respectively) is shown in Fig. 2. The stress and strain rate
curves are obtained using the classical SHPB analysis (eqn (2), its validity
will be discussed in Section 3). It is illustrated that the strain rate during the
test is quite constant and the apparent elastic modulus and yield stress are
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Fig. 2. Typical tests on polymeric foams.
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obtained. Nevertheless, the measurable maximum strain is about 20% at a
strain rate of 500 s .

2.2 Limitation of measuring duration and the use of the generalised
two-gauge method

One particular feature of foam testing is the need to achieve a large maximum
strain (up to 80%) in order to study the densification part of the response,
associated with a significant increase of the stress. It is shown above that the
SHPB test cannot provide such strains, even if such strains are easily reached
after the measuring phase, because of the very low resistance of foams.

This is because the measuring duration of SHPB is limited. Indeed, the
measuring technique using bars is based on the following principle. According
to the elastic wave propagation theory, the stress, the strain and the particle
velocity associated with a single wave are proportional to each other; and the
superposition principle implies that the stress, the strain and the particle velo-
city at any cross-section can be considered as the algebraic sum of those values
associated with the two elementary waves propagating in opposite directions at
this cross-section. Such a technique requires then a separate measurement of
each single wave propagating in the bar, but the measured strain is due to the
contribution of two elementary waves.

However, an observing window could exist when the reflection has not
come back and superimposed with the incident impulse. The SHPB uses this
observing window so that its observation duration AT depends on the length
of the bar and is limited to AT<L/C, C being the wave speed and L the length
of the bar. Consequently, the measurable strain is limited for a given average
strain rate (€., <€AT).

To overcome this measuring limitation, one has to investigate the multiple
reflections in bars.'> A two-gauge method has been reported to separate the
two waves in elastic bars,'* and it can be extended to separate the two elemen-
tary waves in the case of a viscoelastic bar where the correction of wave
dispersion is indispensable.'?

In practice, the strain history in each bar is recorded by two strain gages
at distinct points A and B. Since the recorded strain is the sum of the contri-
butions of the two waves propagating in opposite directions, we have:

EA(t) = GascA(t) + GdesA(t)
EB(t) = ascB(t) + GdesB(t) (4)
where €.,c4(7), €ascp(t), €sesal(t), €aess(t) are waves propagating in the ‘ascend-

ing’ direction (artificially defined) and those in the ‘descending’ direction at
A and B.



We break down the two strain measurements €,(¢) and €g(?) into time inter-
vals of At corresponding to the time for a round-trip between A and B (Fig.
3). The first interval at point A contains the single ‘ascending’ wave induced
at one end of the bar before it reflects at the other end. Knowing how the
waves propagate, we shift the interval to point B and focus on the ‘ascending’
wave at that point. Using eqn (4) we can now calculate the ‘descending’ wave
at point B for the same interval. Continuing in this way, both the ‘ascending’
and the ‘descending’ waves can be calculated for all the intervals. The stresses
and the particle velocities at each section of bar can be then calculated from
the two virtually separated waves. In this way, an unlimited duration of
measurement can be obtained. It leads to the measurement in the complete
range of strain for testing on foams.

The use of such an unlimited measuring technique can be also applied to
perform tests at medium strain rates. In studies related to passive security in
the automotive industry, strain rates involved in a crash situation are approxi-
mately situated between 5 s~' and 1000 s~', and mostly in the lower part. It
is important to have experimental data of foams at medium strain rates (5—
50 s~') which are generally performed with a fast hydraulic machine where
a suitable measuring technique, often very expensive, is needed to obtain
reliable signals.'®

Figure 4 shows the rate sensitivity of foams in its complete range of strain.
The test at 250 s~! is performed with a nylon SHPB. The generalised two-
gage method provides four loading—unloading cycles corresponding to the
round-trip of input impulse in the input bar, whereas the classical analysis
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Fig. 3. Scheme of the separation of waves.
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Fig. 4. Rate sensitivity of foams in the complete range of strain.

gives only half of a cycle. The test at 25 s~! is performed by a so-called
‘slowbar’ technique which uses the bars as a measuring device and a high
speed oil jack as a loading device.!”

3 DISCUSSION ON THE CLASSICAL ANALYSIS OF SHPB TEST ON
FOAMS

The stress—strain relation presented above is on the basis of the classical SHPB
analysis which is correct only when the homogeneity of stress and strain fields
is verified.> In order to study if there is really the uniformity of strain fields
in the specimen, a high speed image acquisition device was developed to
observe qualitatively the specimen during tests. This setup gives four images
at the chosen time delay with an exposition time up to 1 image per microse-
cond (Fig. 5). It is shown that there is not always axial uniformity of strain
field in the specimen (Fig. 6), at least at the early stage of the loading. It is
rather easy to prove that the stress field in the specimen is not uniform either.
The use of viscoelastic nylon bars provides an accurate measurement of input
force, and Fig. 7 shows that the input force is about twice the output one at
the early stage of the test.

In this paper, it is proposed to use the measurement of the input force as
a tool to check if the assumption homogeneity can be used. On the one hand,
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Fig. 5. Scheme of image acquisition device.
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Fig. 6. Image of the strain field in a foam specimen: (a) at the early stage of loading; (b) at
the end of loading.
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Fig. 7. Input and output forces for a foam specimen.

when the difference between the two forces is small, the conventional SHPB
formulae can be used. On the other hand, when this difference is quite signifi-
cant, the measurement of the forces and particle velocities at two bar—speci-
men interfaces can be used to produce the information on material behaviour
in another way. Indeed, a SHPB test provides superabundant measurements
that are forces and velocities at both ends of the specimen. In order to obtain
the material behaviour, an identification technique based on an inverse calcu-
lation method can be used in such a case, as used in the case of concrete and
rocks.® It is assumed that an appropriate form of the material behaviour is
known, with parameters to be determined. Using a part of data as input data,
(velocities for example), another part of data (the two forces) is used to deter-
mine the parameters that give the best fit between the measured and calculated
forces. Theoretical analyses '® show that this inverse technique can provide
good results if an appropriate form of the material behaviour of foams is
found.

4 CONCLUSIONS

In this paper, the measuring imprecision due to the weak impedance ratio, the
limitation of maximum strain, and the validity of assumption of homogeneity
of stress and strain fields are the main problems in the testing on polymeric

9



foams using SHPB. Accurate experimental data at high and medium strain
rates is obtained in their complete range of strain (up to 80%), using a viscoel-
astic SHPB setup and a generalised two-gage method. The inverse method
can be applied whenever there is no equilibrium of forces in the specimen.
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