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Energy Absorption in Polymeric Foams. 
Prediction of Impact Behavior from Instron 

Data for Foams with Rate-Dependent Modulus 
11. 

DAVID M. SCHWABER and EBERHARD A. MEINECKE, Institute o j  
Polymer Science, The University of Akron, Akron, Ohio 4.4304 

synopsis 
Impact behavior can be predicted for rate-dependent foams from constant rate of 

The response must be factorized into a rate-dependent modulus func- 
In this way the rate-dependent modulus can vary 

strain response. 
t,ion and a strain-dependent function. 
throughout the impact as the velocity of the impactingobject decreases. 

INTRODUCTION 

As has been shown in a previous paper,' the behavior of certain cellular 
materials during impact loading can be predicted from stress-strain data 
obtained at constant strain rates. For some foams, the stress-strain curve 
is independent of the strain rates a t  which they are compressed. On the 
other hand, the mechanical properties of many foams vary with the rate of 
strain, i.e., some of them exhibit rate-independent and others rate-depen- 
dent behavior. 

This rate dependence can be due to various factors. If the bulk material 
is in the transition region between its glassy and rubbery state (Fig. l), its 
modulus is strongly rate dependent.2 In  the glassy and rubber plateau 
regions, however, the bulk material properties are approximately rate 
independent. The rate dependence can also be caused by parameters 
related to the structure of the foam. Air passing through small pores will 
create rate-dependent pneumatic d a m ~ i n g . ~  Compression of gases in 
closed  cell^*^^ as well as rupture of closed cell walls may also cause rate 
dependence. 

The material studied previously' was a sample of a reticulated poly- 
urethane foam (Scott Paper Co). The large, open cells and the low glass 
txansition temperature of -45°C of the matrix materiala made this foam an 
ideal model with approximately rate-independent properties. 

This same foam can be modified by coating its structure with bulk 
materials exhibiting properties different from the urethane itself. Building 
model foams in this manner permits the change in bulk material properties 
without affecting seriously the geometry of the structure, which conve- 
niently exhibits no rate-dependent effects. In  impact tests, the rate of 
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Fig. 1. Typical mastercurve of modulus vs. rate and temperature for crosslinked polymer. 

strain varies from the velocity of impact to zero. The analysis of the im- 
pact behavior of a rate-independent foam does not have to take into account 
this changing rate. On the other hand, an analysis of the mechanics of 
impact for rate-dependent materials must take into account the changing 
stiffness of the foam, which increases with rate of strain (Fig. 2). 

Prediction of impact behavior of cellular materials requires stress-strain, 
and hysteresis data during compression up to different strains, at different 
rates of strain. These data can be used to estimate the kinetic energy to 
deform a material in impact and the energy loss from that deformation. 

THEORETICAL CONSIDERATIONS 

The energy of deformation Ed of a material is measured as the area under 
the stress-strain curve,* 

E', = crde 
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where u is the loading stress at any strain c. This value is the same as the 
kinetic energy lost by a freely moving body striking and compressing a 
sample if all other energy losses are assumed to be negligible: 

rt 
mvo2 - nwe2 = J ude 

0 

where m is the mass of the moving body, vo is its velocity immediately 
before impact, and v, is its velocity at strain E. This energy balance can be 
used to determine the velocity profile after an impact. 

STYRENE COATED loppi FOAM 

V 0.5 c m h m  
LI 2.0 cm/mm 
0 10.0 cm/mm 
A 200 cm/min 

0 50 100 
STRAIN (Ye ) 

Fig. 3. Stress-strain behavior of styrene-coated urethane foam. 

The velocity profiles for rate-independent materials are given by1 

the function ~ ( c )  being independent of rate. 
The velocity profile of recovery can be predicted in a similar manner by 

integrating the unloading stress h from t.he maximum strain to any strain e 
as described previously’ : 

For a rate-independent. material, the stress is a function of strain alone 
(Fig. 3), 

= S(4, 
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Fig. 4. Stress-strain behavior of SJBR-coated urethane foam at various rates of strain. 
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Fig. 5 .  Strain energy vs. modulus for SBR-coated urethane foam. 

but for a rate-dependent material, the stress is a function of the rate of 
strain as well as the strain (Fig. 4) : 

u = f(v,s). 

The energy-to compress an SBR-coated sample is proportional to the 
apparent Young's modulus (slope of stress-strain curve for E-0) of the 
material in the specific conditions of each test (Fig. 5 )  as discussed by Gent 
and Thomas.' 
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The loading stress for the rate-dependent, material can be normalized with 
respect to the initial modulus, so that, a rate-independent strain function 
(Fig. 6) can be found: 

U 
-- = f(c). 
Ell 

For these materials, the rate- as well as strain-dependent st,res can 
therefore be represented by the product of two functions: one which 
depends on rate alone, Eo(v), and another one, which is independent of rate 
but depends on strain, u/Eo(e): 

u = Eo(w) [.' (.)I 
Ell 

SBR DIPPED IOppi 
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Fig. 6. Stress/modulus vs. strain for SBlt-coated urethane foam. 

Both Eo(v) and u/Eo(e) can be determined experimentally and represented 
by empirical equations. This factorization of the modulus from the stress 
function has been applied to the deformation of foamsg as well as to bulk 
elastomers. lo 

Experimental values of &(v) for the SBR-coated polyurethane foam ver- 
sus the rate of compression are given in 14gurts 2. Owr limited regions of 
rate. the motlnlw CIII he represented by the cmipiricnl cyu:itioi~ 

E',(v) = K d '  

where K is the value of &(v) for some arbitrary rate and the slopes of the 
straight line sections. 
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The rate-independent function f(c), &s previously described, was origi- 
nally fitted to t<he equation proposed by R U S C ~ , ' ~  

where #(c) = me-" + re+". 
The agreement of this representation with the experimental results was 

not accurate enough for predicting a correct velocity profile. The function 
f(c) was therefore determined by leastrsquares analysis with the help of a 
computer program developed by Klein12 to fit the form 

10 

n-0 
j(t) = C Bntn. (4) 

Applying this empirical function to the energy eq. (2), an equation for the 
velocity profile during impact. of rate dependent materials can be developed 
as follows: 

10 

n=O 
1/2mv2 = 1/2mv02 - 1 Kv" [ BnP]  d, 

For the special case of rate-independent behavior (a = 0), these equations 
reduce to the previously reported ones.' 

EXPERIMENTAL 

Impact and constant-strain-rate loading tests were performed on com- 
mercially available reticulated polyurethane foams (10 pores per inch) 
supplied by Scott Paper Co. The foam was dipped into different liquids to 
coat the urethane interstices with materials of different bulk properties. 
Although the thickness of the interstices is changed by this process, the 
basic structure of the foam (open, large cells) is not greatly effected, i.e., 
the bulk properties are changed without introducing extraneous means 
of energy dissipation. 

Urethane foam disks (7.5-cm diameter, 2.0 cm thick) were immersed in a 
10% solution of polystyrene (Shell 303, T, = 100°C)18 in benzene for 2 
min. They were dried at, room temperature and were periodically rotated 
to assure a uniform polymer deposition-throughout 1 he snmplc. The drying 
was continued uiitil n constant sample weight was re:died. A dry film of 
approximately 0.1 n m  \vns deposited on the interstices. These minples 
were used to predict eiiergy absorption of a material in the glassy state (Figs. 
1 and 3). Furthermore, the urethane foam, pretreated with a coagulating 
agent (ammonium nitrate), w m  dipped into an SBR latex compound (Fire- 
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stone PR-S 151). The thickness of the SBR coating was approximately 0.3 
mm. The 59% styrene SBR (T ,  = 0°C)14 latex is a t  room temperature a 
strongIy rate-dependent, material (Figs. 2 and 4). These latex-dipped 
samples were cured at room temperature for one week. They were post- 
cured for 2 hr at 100°C. 

A table model Instron tester was used to obtain stress-strain curves at 
different constant deformation rates (0.5-20.0 cm/min). A Plasticon 
tester was used to obtain stress-strain data at higher rates of strain (up to 
lo000 in./min). 

Impact behavior was determined with the help of a modified Scott 
pendulum as reported previously.* The kinetic energy of the pendulum at  
impact is determined by 

All tests were performed at  room temperature. 

Ed = l/z mvin2 

where vin is the velocity of the center of gravity of the pendulum im- 
mediately before impact. Similarly one obtains the energy loss during im- 
pact Eh, 

Eh = '/z m(vin2 - vout2). 

The compression behavior of the styrene-dipped sample was analyzed in 
the same manner as the one of the untreated urethane foam. The impact 
data could be related directly to the deformation energy (area under the 
loading curve) and the hysteresis (area between the loading and unloading 
curves) of the Instron data.' The analysis of the SBR-coated sample is 
more complicated, since this material proved to be strongly rate dependent 
(Fig. 2). This rate dependence limits the direct comparison of data ob- 
tained at one strain rate with the impact data, since in this test the rate of 
the deformation decreases with penetration distance. 

RESULTS 
Stress-strain data obtained for constant rate of compression samples of 

polystyrene-coated foam are shown in Figure 3. These data were obtained 
up to a maximum strain at  different rates of compression between 0.5 and 
20.0 cm/min. The stress-strain curve is not affected by the rate of com- 
pression, indicating that the response of the matrix material is rate inde- 
pendent. 

Presented in Figure 4 are data describing the compression behavior of the 
SBR-coated foam deformed at constant rates of strain similar to the 
method used with the polystyrene-coated foam. There is an obvious 
effect of strain rate on the stress-strain curve with increasing rates-the 
stiffness of the foam increases. The recovery stress-strain curve h(c), how- 
ever, surprisingly appears to be independent of the rate of deformation. 

The impact data were calculated from the knowledge of the pendulum 
mass m and velocity v.  Distance-versus-time values were recorded on :I 

storage oscilloscope and corrected for nonlinearities of the LVDT. The 
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velocity is calculated as the slope of the distance-versus-time plot at any 
time. The maximum penetration of the hammer can easily be read from 
the oscilloscope curves. The energy to deform the styrene-dipped samples 
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Pig. 8. Hysteresis vs. straiii for styrene-coated urethane foam. 
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Fig. 9. Oscilloscope tracing (distance vs. time) of an impact test. 

to t.heir maximum strain, obtained by Instron data, is compared to Ed of im- 
pact in Figure 7. The hysteresis during constant strain rate tests is com- 
pared to the impact energy loss Ed in Figure 8. 

The behavior of a rate-dependent material cannot be illustrated in the 
same manner, since variations of the kinetic energy affects the material 
properties. It was most convenient to determine a velocity profile of the 
impact, since a velocity profile could be obtained from the oscilloscope 
data (Fig. 9) and the kinetic energy as well as the material properties are 
velocity dependent. 

If the function log E versus log v were linear over the entire range of 
velocities studied, eq. (5)  would be sufficient to describe the velocity profile 
of any impact. A linear relation wvas not found, however, for the SBR- 
coated materials. The velocity profile could be represented, however, by 
a series of straight lines over the total range of velocity (Fig. 2, Table I). 

TABLE I 
E(u) for SBR-Coated Foam 

u, cm/sec Eo, kg/cm* 

0 4 . 0  
4 . 0 4 4  
44.0440 

The velocity profile and maximum penetration can be predicted if the 
velocity and mass of the impacting object as well as the size, modulus func- 
tion, and strain function of the foam are known. 

The recovery velocity profile is obtained by integrating the recovery 
stress behavior which is seen, in Figure 4, to be rate independent, eq. (3). 
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The velocity profile of the impact test is obtained by plotting the slopes 
of the oscilloscope tracing (distance versus time) versus distance (Fig. 9). 

The predicted profile as well as the impact velocity profile are presented 
in Figures 10 and 11. Figure 10 shows the behavior of a hammer impact- 

Fig. 10. Velocity profile for impact of SBR-coated urethane foam; uo = 228 cm/sec, 
m = 2.93 kg. 

I Y 

Fig. 11. 

0 5 10 15 20 25 

STRAIN 1%) 

Velocity profile for impact of SBR-coated urethane foam; uo = 34 cm/sec, 
15.1 kg. 

m =  

ing at v = 228 cm/sec (E = 4 . 1 5 ~ O . ~ ~ ~  kg/cm2), and Figure 11, one at 34 
cm/sec (E = 0.86V0.66g). 

DISCUSSION OF RESULTS 

The Instron data in Figure 3 indicate that the modulus of the poly- 
styrene-coated foam i~ independent of rate at  room temperature for the 
velocity range covered. As was determined for the uncoated urethane 
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system,’ the stress-strain behavior of these foams will be the same for other 
loading histories, when the deformation rate varies throughout tbt: test. 

The data in Figure 4 indicate a rate-dependent, modulus for the SBR- 
contcd material. This indicates a complex function of modulus, :tiid strain 
is necessary to describe the impact behavior of these foams. 

The stored energy and the energy loss data from impact of the glassy 
material are compared to data calculated from Instron tracings in I”g ’1  ures 
7 and 8. The scatter in these data is due primarily to variations of the 
properties of different samples. The error in measuring the Instron data 
with a planimeter’ was eliminated by using the integrated function of f(e) 
as described by eqs. (1) and (4). 

These calculations were programmed to be computed at  strain incre- 
ments of 2%. The maximum strain, where v, = 0, of an impact test can be 
estimated by applying eq. (5 )  if the mass and the velocity are known. The 
return velocity profile cannot be predicted using the same equation. Since 
the return stress-strain behavior appeared to be independent of rate and 
only dependent on maximum strain, the return velocities were calculated 
graphically, in a manner similar to the calculation of return velocities for 
rate-independent materials using eq. (3). 

The function of the rate dependence is very critical in the analysis of the 
behavior of rate-dependent foams. It would be more accurate to apply 
a continuous function describing this dependence than the series of straight 
lines. 

A simplified approach would be to assume a rate-independent modulus 
which would give the same result as the modulus function. It can be seen 
from Figure 10 that if the maximum constant value of the expected modulus, 
E = 14.7 kg/cm2 (at 228 cm/sec), is used rather than the rate-dependent 
one, a close approximation of the velocity profile is obtained. It is possible 
that at these higher strain rates the material is approaching glassy behavior, 
so that such a large part of the energy is absorbed at  the high rates shortly 
after impact that the energy losses at low rates are insignificant. 

This approximation is not as successful for a lower velocity impact. 
In a test with an impact velocity of 34 cm/sec, the modulus at  the rate 
(6.63 kg/cm2) has been applied as a rate-independent modulus for the en- 
tire compression. The velocity profile, however, is not accurately pre- 
dicted. The greater slope of this rate region (Fig. 2) indicates a higher 
dependence of modulus on rate. A modulus assumed to be constant in this 
region leads to significant errors. The application of an appropriate aver- 
age modulus, on the other hand, would be as tedious as the solution of eq. 
(Ti) including the rate dependence. 

A continuous function of the entire modulus-rate behavior would increase 
the accuracy of the analysis. Values of modulus at high rates of strain are 
difficult to obtain, for high-rate testers are not readily available. Even if 
these data were easily obtained, the mathematical solution to the problem 
using a continuous functionof li=,would be complex and not easilyintegrated. 
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The experimentation was affected detrimentally by certain problems, as 
shown in Figure 1; materials whose properties are dependent are very tem- 
perature dependent. The rate-dependent samples should be tested at a 
constant temperatmr. The 1 cmperaturc could be controlled in the Instrori 
apparatus, but room lcmpcraturc~ had l o  br 1olt:ratrd in impact studies. 
Another problem u-as sample uniformity. I t  was possible to use the SBR- 
dipped foams repeatedly. If these samples are heated above the glass 
transition (ca. 100°C) after compression and cooled to room temperature 
for 1 hr, no change in stress-strain properties is found. On the other hand, 
the compression of glassy materials is a destructive process, and samples 
had to be discarded after each test. Since the dipping process is not easily 
controlled and the thickness of the polymer coating varies slightly, varia- 
tions in sample properties are unavoidable. 

CONCLUSIONS 

It has been shown that impact energy-absorbing characteristics can be 
predicted for open cell foams by using constant rate of compression data. 
For rate-independent materials, this behavior can be predicted directly 
from integrating Instron stress-strain curves. The behavior of rate-de- 
pendent materials must be characterized by a rather more complicated func- 
tion consisting of a rate-independent strain factor and a rate-dependent 
modulus factor. 

If the modulus factor is expressed as an exponential function of rate, the 
solution to the problem is simple and the predicted impact behavior is rea- 
sonable. A more precise description of modulus rate dependence would 
probably yield more accurate results, but the mathematical solution would 
be complex. 

This analysis has been restricted to materials \\hich loose energy by 
viscoelastic effects only of the polymer matrix. I t  is possible to dissipate 
energy by other rate-dependent, mechanisms such as pneumatic damping 
of small cell material and irreversible compression of closed cell foams. The 
application of the described method to commercially available energy- 
absorbing foams is presently being studied. 

The authors would like to thank Firestone Tire and Rubber Co. for the use of their 
Plasticon Tester, R. Sando and F. Weissert for their technical advice and cooperation. 
We should also like to thank E. Plale fQr his technical assistance. 

This work was supported in part by NSF Grant GK 17700. 

References 

1. E. A. Meinecke, and D. M. Schwaber, J. Appl. Polym. Sci., in press. 
2. J. D. Ferry, Viscoelastic Properties of Polymers, 2nd ed., Wiley, New York, 1961, 

3. A. N. Gent and K. C. Rusch, Rubber Chem. Technol., 39,389 (1966). 
4. D. R. Otis, Thermal Damping in Gas-Filled Composite Materials During Impact 

Chap. 2, p. 42. 

Loading, University of Wisconsin, Madison, 1968. 



EKERGY ABSORPTION IN POIAYMER FOAhlS 2393 

5. D. R. Otis, Impact Loading of a Closed-Cdl, Foamed Elastomer, University of Wis- 

6. J. F. Pisairusso, Scott Paper Co., personal communication. 
7. A. N. Gent and A. G. Thomas, J .  Appl. Polym. Sci., 1,107 (1959). 
S. A. N. Gent and A. G .  Thomas, J .  Appl. Polym. Sci., 2,354 ( 1  959). 
9. K. C. Rnsch, J .  Appl. Z’o/ym. Sci., 13, 2297 (1969). 

10. T. L. Smith, Trans. SOC. IZhcol., 6, 61 (1962). 
11. K. C. Rusch, J .  Appl. Polym. Sci., 14, 1433 (1970). 
12. M. Klein, PLYCVT (Polynominal Curve Fitting Program), University of Akron 

13. P. J. Flory, Principles of Polymer Chemistry, Cornell University Press, Itham, 

14. F. Rodriquez, Principles of Polpzer Systems, McGraw-Hill, New York, 1970, Chap. 

consin, Madison, 1968. 

Computer Science Center, Akron, 1969. 

New York, 1967, Chap. 2, p. 52. 

3, p. 45. 

Received April 23,1970 
Revised May 7,1971 


