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' Laboratoire de Mécanique des Solides, Ecole Polytechnique, route de Saclay,
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Abstract — In the present study, dynamic compression tests have been performed on
polycarbonate (PC) specimen for strain rates in the range of 500 to 2000s™" and on aluminum for
a strain rate around 1300s’ using a Split Hopkinson Pressure Bar (SHPB). Temperature
measurement has been carried out using a fast response infrared optical pyrometer which is able
to measure the surface temperature rise of a specimen during the tests. The temperature data
shows that the mechanical work is not completely converted into heat. It implies the existence of
a stored energy within the material and possibly a subsequent delay for the conversion of
mechanical work into heat.

Introduction

Plastic deformations generate work which is converted into heat. The subsequent temperature
rise can induce a modification of the properties of material and more often a thermal
softening. The equation of heat conduction [1] which relates the mechanical state (strain and
stress) to temperature is given by :

apC VT - pC,T =—fo -2r +kET,r (2¢)/(1-2v) n
where the “dots” indicate the differentiation with respect to time, a is the thermal diffusivity,
p is the density, C_ is the heat capacity, § is defined below, o is the stress, £ris the
plastic strain rate, & 1s the coefficient of thermal expansion, £ is Young’s modulus, T is the
initial or ambient temperature, &+ is the elastic strain rate and v is Poisson’s ratio. The first
term on the right represents heating due to irreversible plastic deformation and the second
term represents heating due to the reversible thermoelastic effect. If elasticity is neglected and
adiabatic conditions prevail, then the heat equation takes a more simple form and the
conversion rate of plastic work into heat is given by :
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The phenomena of mechanical dissipation of energy in metals have been known for a very
long time. Taylor and Quinney [2] showed that approximately 90% of plastic work was
transformed instantaneously into heat, the rematnder being stored in the microstructure of the
material. More recently, Hodowany et al. [3] showed that the fraction of plastic work
converted into heat for an aluminum alloy Al2024-T3 varies from 60 to 30% at high strain
rates (3000s™).
These phenomena have not been much studied in the case of polymers. In this study, one will
observe and characterize the transformation of plastic work into heat for polycarbonate. Then
the results of polycarbonate will be compared with the results of aluminum,




1. Experimental procedure

1.1. Measuring mechanical properties

The technique we use allows the measurement of the conversion rate under adiabatic
conditions [1] when there are no thermal exchanges between the specimen and the
surrounding devices. It is then possible to investigate the effects of some parameters among
those governing the loading, like the strain rate.

1.1.1. SHPB apparatus

The split Hopkinson pressure bar shown in figure 1 is a well-established technique for high
strainrate testing [4]-[5].
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figure 1 : Scheme of the split Hopkinson bar with figure 2 : Raw data for a test on polycarbonate
optical pyrometer (a) incident and reflected waves, (b)
transmitted wave and (c) temperature signal as
functions of time
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The SHPB allows to measure the forces and the displacements applied to both faces of the
specimen. In order to make a dynamic compression test with a SHPB, a short specimen is
inserted between two bars with ahigher yield stress than the tested material. Strain gauges are
cemented to the bars. With the impact of a projectile (sticker), a longitudinal compressive
elastic wave is induced in the incident bar (called the incident wave). A part of this wave is
reflected at the bar-specimen interface (called the reflected wave), the other part is transmitted
through the specimen and induces an elastic wave in the transmitted bar (called the
transmitted wave). Such waves are shown in figure 2.
The waves are lmown at points A and B, thanks to the recording of the corresponding
longitudinal strain. They have then to be shifted to the bar ends in contact with the specimen.
In our processing technique, this shifting takes account of the wave dispersion correction and
uses an assisted precise delay setting based on the simulation of the elastic transient response
of the specimen, as described in [6]. Let us call &(f), &, (tf) and &) the corresponding
waves, after the shifting process.
The velocities and forces at both specimen faces are given by the following formulas [6] :
Fo=S,E () +£,@) V,, 0=-Cye()-£ ) 3)
F ()= S,E£,(1) Vi () = =Ci8,(1)

where S,, E, and C, are the bar’s cross-sectional area, Young’s modulus and elastic wave
velocity, respectively.



Assuming then that stresses and strains are
homogenous in the specimen, the average :
behavior of the material tested can be found. -
This assumption is checked by comparing :?:;:::‘:’;:el
input and output forces before going on : o
processing the test data. An example of the

equilibrium is plotted in figure 3 in the case 5w a0 s e | smo | e
of atest for PC at 900s™. Time us)

figure 3 : Checking equilibrium for a
polycarbonate specimen : input and output
forces

1.2. Temperature measurement

In order to record the temperature rise during the SHPB tests, we measure the radiation
emitted from the specimen by optical pyrometry [7]. The method is noninvasive, the response
time is short and the measurement is easily made at the surface of a radiating specimen.
However, the signal produced by the detector is directly dependent on the surface emissivity
of the specimen. Its value is often unknown, even at the early stage of the test, and may also
depend on temperature, strain, surface finish, etc... Moreover, we have to take into account
the fact that the temperature for the low strains is close to the ambient temperature.

The theoretical signal from an infrared source over the spectral band of the pyrometer can be
calculated by integrating the Planck distribution so that the output signal of the pyrometer is
given by [7] :

S(4 — 2,,0.T) =405, : t(A)r(2)e(A,6.T)L° (1,6,T)dA )

where A is a calibration constant, Qis the solid angle between the imaging system and the
detector, S, is the area of the detector, rgl is the spectral transmissibility of the imaging
system, r(zl) is the spectral responsivity of the detector, £(4,6,T) is the spectral directional
emissivity of the specimen and L’ (A,G,T) is the Planck spectral luminosity.

Direct radiometric emissivity evaluations are
made by measuring the radiances of a heated
specimen and of a blackbody at the same wes - . |
temperature and under the same spectral and |
geometric conditions. The emissivity is S S S S S N
computed as the ratio of the two radiances [8].
The figure 4 shows the results of emissivity
measurements for specimens of PC : one
undeformed and a other after a test at 900s™.
The emissivity depends on temperature and
strain. As a first approximation, we consider
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that the emissivity varies linearly with the Temperature (°C)
temperature and the strain and is given by : figure 4 : Emissivity for polycarbonate as
E(S,T ) =-1.9410"T -6.111026+0.895  (5) functions of temperature



According to the bibliography, we can say that the emissivity of aluminum is equal to 0.25
and is almost independent of the temperature and the strain.

1.2.1. Experimental set-up
1.2.1.1. Detector

There exist several types of optical transducers available for the measurement of temperature.
Important factors that influence the choice of a radiometer are time resolution, expected
temperature range, materials involved in the experiments and size of the system. A single
element, Indium-Antimonide (InSb), photovoltaic detector, with maximal responsivity in the
4 to 5.5um wavelength region, was used in this study. The detector is mounted in a liquid
nitrogen cooled dewar with a sapphire window. Since the detector is at 77K, the noise is
significantly reduced. The detector area is a 1 mm diameter spot and its response time is in the
order of one microsecond.

1.2.1.2. Imaging system

The pyrometer shown in figure I has a spectral sensitivity range between 1 and 5.5um. The
radiation of the transmitting surface is collected through a biconvex lens in fluorite (25.4mm
in diameter and 25.4mm in focal distance). The distance between the detector and the lens and
the distance between the lens and the emitting surface of the specimen are equal to twice the
focal distance. This optical assembly optimizes the energy received by the detector from the
1mm diameter spot of the specimen surface. The signal/noise ratio of the detector obtained
with this optical assembly is maximum.

1.2.2. Experimental procedure
1.2.2.1. Alignment

In order to measure the surface temperature, it is necessary to carefully focus the optical
system on the specified surface region of the specimen. Before each test, a thin metallic
pointer temporarily mounted on the optical system is used to define precisely the position of
the focal point on the surface of the specimen placed between the bars.

1.2.2.2. Calibration

The calibration technique consists in
heating the specimen up to a known
temperature and measuring the pyrometer
signal. After a series of SHPB tests, a ) o o
black body (& =0.97) was placed between E -/

the SHPB at the same location than the ;

specimen. Since the electronics are only
sensitive to AC signals, a chopper wheel
was used to produce a pseudo AC signal
(figure 1 calibration apparatus). We
simultaneously record the signal amplitude
from the detector and the temperature of . s :
the black body which is measured by a K- ¢ |
type thermocouple. The corresponding erperates ()

curve is shown in figure 5 which allows to

determine the calibration constant 4. figure 5 : Calibration curve
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Using the calibration constant and the emissivity (5), we calculate the surface temperature (4)
for PC and aluminum.

2. Results

Commercial polycarbonate (PC) cubes
with section 10mm*10mm and thickness

of 6-8mm and a specimen of aluminum ]
with section 8mm*8mm and thickness of IS ;:;”;w"g,
6mm were tested. The true compressive st ’ @ oo
stress versus true strain curves are shown 250 © 18008’
in figure 6 for PC and aluminum. This 2000
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figure shows that the flow stress is

dependent on the strain rate for PC. Two (ot £

characteristics are observed : firstly, a sm\u’-"/

rather large linear domain exists until a o

strain of 0.1. This domain is one order of oo s .
magnitude greater than the typical linear

elastic domain of metals. Secondly, figure 6 : True stress-true strain plot at
following this linear domain, a pronounced different strain rates for polycarbonate and
softening domain is noticed up to a strain aluminum

of about 0.3 beyond which the material
shows strain hardening.

The temperature does not rise significantly below 0.1 strain (figure 7) beyond which it rises
steeply and levels off before dropping. This dropping is due to the fact that the specimen is
not in the view field of pyrometer. For the test at a strain rate 1800s”, the masimum of
temperature corresponds to a true strain of 0.8. The curves showing the temperature rise
versus plastic strain are shown in figure 8 for PC and aluminum. For PC, even at high strains,
the temperature is lower than 75°C which is a smaller value than the melting temperature.
This explains the lack of significant thermal softening for the test at 1800 s™’. In this case, the
temperature rise does not seem dependant on the strain rate.
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figure 7 : True stress-true strain and temperature  figure 8 . Temperature as functions of plastic
at astrain rate of 1800s” for polycarbonate strain for polycarbonate and aluminum



The fraction of plastic work converted into
heat (B) for PC and aluminum, plotted
against plastic strain during uniaxial
compression deformation is shown in
figure 9. For PC, no significant observed
dependence of P on strain rate was
observed. During the test, the
instantaneous conversion factor of plastic
work into heat is first decreasing to a .
minimum and then increases. For a plastic TR SN M I N N
strain of 0.1, 35% of the plastic work are T A

N Lo ) Plastic strain Plastic strain
instantaneously dissipated into heat. It

implies that 65% of the remaining energy figure 9 : Fraction of plastic work converted
are stored in the material. into heat as functions of plastic strain for
For aluminum, the fraction of plastic work polycarbonate and aluminum

converted into heat varies from 1 t0 0.7.
3. Conclusions

This article presents a first evaluation the rate of conversion of plastic work into heat during a
dynamic SHPB test on polycarbonate specimens. An infrared pyrometer has been developed
which is capable of measuring specimen surface temperatures with a time resolution of about
lus. The single detector has been used to measure the temperature during compression
loadings at strain rates up to 2000s™. The experimental setup was capable of repeatable
measurement of mechanical and thermal quantities. The temperature seems to be independent
of the strain rate. The observed instantaneous conversion factor of plastic work into heat
varies between 0.4 and 1 and there was no significant observed dependence of B on the strain
rate. By comparison with aluminum, the typical evolution of the conversion factor for PC
shows a thermal behavior providing an extra information that will help for a better further
definition of the constitutive law.
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