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FOREWORD 

For continuing advances in the development of superior 
impact-resistant materials, such as lightweight armor, a more 
fundamental understanding of the dynamic properties and 
responses of materials is necessary.  This requires sophisti- 
cated scientific investigation into the details of the molecular 
and microstructural composition of existing candidate materials 
and subsequent correlation with their dynamic behavior under 
rapid mechanical loading. WJthin the Materials Research Branch 
of the Clothing and Organic Materials Division of the U.S. Army 
Natick Laboratories, a program has been conducted under Task 04, 
"Mechanical Properties of Organic Materials", of Project 
IL013001A91A, "In-House Laboratory Initiated Research and 
Development".  So far, the efforts of this task have been prima- 
rily concerned with the development of techniques for the obser- 
vation and characterization of dynamic material behavior. 

This report describes the work that has been accomplished 
to date and gives some results obtained with a standard material. 
It is planned to direct future efforts along the sane lines, with 
emphasis on improved experimental precision and on the study of 
a series of related polymers. 

The authors of this report wish to express appreciation 
to Dr. J. F. Oesterling and his Review Committee of the In-House 
Laboratory Research Program for the generous support given to 
this investigation. 
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ABSTRACT 

To obtain basic information about the mechanical and 
optical response of polymers, the stress-wave propagation in 
transparent plastics is being studied at the U.S. Army Natick 
Laboratories by observation of the dynamic strain and bire- 
fringence produced by mechanical impact.  Instrumentation and 
techniques have been developed to achieve the following: 
synchronization; projectile alignment; intense, monochromatic 
illumination; and approximate on^-dimensional wave propagation 
in the impacted specimen.  Observations were made of the 
comparative wave shapes and velocities in two dissimilar 
polymers (CR-39 and polyvinylbutyral),  Changes in wave char- 
acteristics were noted during crossing of an interface between 
these materials. 

In this initial study, the dynamic strain-fringe constant 
of CR-39 plastic was studied over a range of apparent strain 
rates between 2,300 and 30,600 percent strain per second by 
the simultaneous measurement of the strain and birefringence 
occurring during the nearly linear leading edge of the strain 
pulse. Over this dynamic range no distinct dependence on the 
strain rate could be discerned.  However, comparison of the 
average dynamic strain-fringe constant with the corresponding 
static value indicated a slight rate dependence over this larger 
total range of apparent strain rates. 

vi • • 



STUDY OF DYNAMIC BIREFRINGENCE AND STRAIN PRODUCED 
IN TRANSPARENT POLYMERS BY MECHANICAL IMPACT 

PART I.  INTRODUCTION 

1. Purpose and Scope 
— ■  ' '  '" o 

Studies of dynamic mechanical and optical properties of 
transparent materials are being conducted in order to obtain 
a better understanding of the mechanisms involved in deformation, 
penetration, and fracture during ballistic impact.  To under- 
stand these mechanisms in detail, dynamic behavior must be 
related to the molecular and structural make-up of the material. 
The phenomena exhibited by the material in response to impact 
can be used to determine certain of its dynamic properties and 
can provide the basis for correlating these with the material's 
molecular and microstructural features. 

2. Stress wave behavior 

This initial study has been concerned with the non-destructive 
low-speed impaction of transparent organic polymers. One of the 
phenomena chosen for investigation was stress-wave behavior. 
This choice was made for the following two reasons: 

1) The stress wave is the first disturbance propagated 
into the material by impact occurring at sub-sonic velocities; 
hence it may govern to a certain extent the subsequent deformation 
and fracturing processes. 

2) Stress-wave study can le&d to the determination of 
dynamic modulus, attenuation (energy dissipation), and dynamic 
stress distribution at high loading rates in impacted materials. 

3. U^e of birefringence 

Stress waves can bo detected by devices sensitive to the 
mechanical strain prodicad and, with certain transparent 
specimens, by observation of t::e dynamic birefringence accom- 
panying the disturb&ncs. Birefringence c&n be  used to observe 
stress-wave propagation, distribution, s.nd transmission or 
reflection at interfaces, all of which woild be of great interest 
in an engineering study of armor behavior during and after impact. 
In addition, birefringence dsta can provide information of a 
more basic nature because the birefringence results from orien- 
tation or deformation of molscilsr groups or structural entities 
that have different polarizabilitiss in different directions, i.e., 



they are optically anisotropic.  Identification of these • 
anisotropic groups and characterization of their response to 
mechanical deformation should ultimately lead to a better 
understanding of material behavior on a micro scale during 
mechanical impact. 

4.  Types of Studies Using Birefringence 

a. Engineering 

Brown and Selway (1) used an electromagnetic shaker to 
apply sinusoidal axial displacements to a low-modulus plastic 
material at strain rates up to 3400 percent strain per second.* 
They derived the stress, strain, and birefringence, the phase 
angles between them, and the stress-optic coefficients of the 
material.  Dally, Riley, and Durelli (2) observed z-±&  behavior 
of low-modulus plastic materials undergoing impact by dynamic 
pendulums and dropped weights.  They computed dynamic moduli, 
stress- and strain-optic coefficients, energy loss, an pulse 
degradation at strain rafcfee up to 6400 percent strain per second. 
Clark and Sanford (3,4) impacted high-modulus plastics with 
pointed projectiles to produce strain rates generally loss than 
10,000 percent strain per second* and, from these experiments, 
calculated dynamic moduli and stress- and strain-optic coef- 
ficients.  Flynn, Gilbert, and Roll (5,6) explosively loaded 
both low- and high-modul'is plastics by detonation of electric 
primers, producing considerably higher strain rates.* A dual- 
beam polariscope enabled them to separate the principal stresses 
and to observe the distribution of dynamic stresses. 

The above-mentioned investigaters developed experimental 
techniques involving photoelastieity and high-spued photography. 
They used the birefringence, stress, and strain ?.s tools to 
measure stress-wave propagation, attenuation, and distribution. 
The chemical and structural properties of the material were 
not considered in the interpretation of the results. 

* 

♦Strain rates wer^ not specifiad in thes* references; instead, 
for purposes of comparison, the ....tb^rs of this psp^r have 
estimated the values from th*~ data cited in these works. 



b. Chemical and Structural 

Andrews, Rudd, and Gurnee (7,8,9) investigated several 
glassy, amorphous polymers and obtained static moduli and 
stress-optic coefficients.  They made correlations with the 
nature and location of the optically anisotropic groups in 
the polymer molecules and observed and discussed the effects 
of temperature and molecular pre-orientation upon these photo- 
elastic properties.  Stein et al (10) measured the dynamic 
birefringence of partially crystalline polymer films during 
extension and also during sinusoidal vibration at low frequencies. 
They attributed the birefringence largely to the transient orien- 
tation of anisotropic crystals in the film. 

These last two groups of investigators attempted to explain 
the photoelastic mechanism in terms of the fundamental physical 
behavior of the molecular groups and structural entities com- 
prising the material. They used relatively low rates of strain 
or performed the tests statically, thus the experimental condi- 
tions were far different from those which simulate ballistic impact 

c. Approach Being Used in the NLABS Investigation 

It is reasonable to assume that a fundamental under- 
standing of material behavior during high-rate loading or 
ballistic impact requires a combination of both of the approaches 
outlined above.  The techniques of rapid loading and the 
accurate recording of transient phenomena should be applied to 
materials possessing known systematic variations in structure 
or composition.  Comparison of high-rate mechanical behavior 
with specific material structural properties can then be started, 
with the aim of providing correlations between the two for 
subsequent analysis and interpretation. 

The experimental objective involved in this study was the 
simultaneous measurement of the dynamic mechanical strain and 
birefringence experienced by transparent polymeric materials 
under various apparent rates of impact loading. 

The work described in this report covers the development 
of certain experimental techniqi-.es and some preliminary results; 
it does not include any correlations between impact behavior and 
the structural features cf the specimen material. 



PART II.  SPECIMENS, GENERAL METHODS AND INSTRUMENTATION 

Specimen dimensions and loading and strain measurement 
techniques were the same for all experiments.  Birefringence 
measurement techniques depended on the particular experiment, 
as indicated below. 

1. Specimens 

Two commercial polymers were chosen for study:  CR-39 plastic 
and a plasticized polyvinylbutyral material.  The transparent 
specimen strips were 1/4 inch thick, 1-1/2 inches wide, and 
approximately 18 inches long. 

2. Missiles and air gun 

The specimen strips were impacted symmetrically at one end 
by cylindrical steel missiles 1/2 inch in diameter and 1 inch 
long fired from an air gun in a velocity range of approximately 
100 to 150 feet/sec.  The air gun consisted of a steel pipe, 
1/2 inch internal diameter and 20 inches long, connected to a 
solenoid valve leading to a helium gas cylinder.  Before firing,1 

the gas cylinder reduction valve was opened to provide the desired 
pressure. The gun was fired by manual closure of an electrical 
circuit which opened the solenoid valve. A "break wire" circuit 
and a "make foil gap" circuit provided start and stop pulses to 
a 10-megacycle electronic counter (Systron-Donner, Model 1034) 
for the time-interval measurements used to calculate the missile 
velocities. 

3. Loading rate 

The loading rate was determined by various-shaped lead 
and steel anvils cemented to the end of the specimen that was 
to undergo impact.  The anvils modified the shape of the pulse 
propagated into the specimen and prevented fracture of the 
specimen at the impacted edge.  The two circuits and typical 
anvil geometries and their location on the specimen are shown 
in Figure 1. 
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Figure 1 - Missile Velocity Measurement 
Circuits and Typical Anvil Geometries 

*•  Strain Measurement Technique 

The strain records were obtained by a method similar to 
that used by Clark (3).  Two etched constantan foil strain 
gages (Baldwin-Lima-Hamilton Corp., Electronics Division, 
FA-03-12-L, 120 ohm, gage factor 2.00, 0.04 inch gage length) 
were cemented (EPY-150) on opposite sides of the plastic. 
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Figure 2 - Schematic Diagram of Apparatus for Loading, Strain 
Measurement, and Synchronization 
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specimen and then connected in series to cancel bending strains 
The strain gages were located 6 inches from the impacted end of 
the specimen and were oriented to respond to the longitudinal 
strain.  The strain gage potentiometer circuit consisted of these 
two gages connected in series with a 1000-ohm output resistor 
and 7-1/2 volt battery.  An oscilloscope was used to record the 

strain pulse. 

*•  Birefringence Measure- 
ment Techniques 

Two separate methods 
of observing dynamic bire- 
fringence were used: 
a) high-speed photography, 
b) photocell detection. 

a.  High-Speed 
Pfiotography 

The plastic specimen 
was placed within a dark 
field circular polariscope 
(Figs. 2 and 3) and 
impacted as described 
above.  The resultant 
optical disturbance that 
propagated tnrough the 
specimen was then photo- 

graphed with a BecVjnan & Whitley(BfcW) Model 326 Dynafax camera, 
which recorded two rows of 16 mm images on 35 mm film at 26,000 
frames per second, with 1 microsecond exposure time per frame. 
The framing rate was determined by means of the Systron-Donner 
10-megacycle electronic counter.  The Kodak Royal-X pan film used 
was developed in DK-50 at 68°F for 10 minutes with constant 
agitation.  The light source consisted of a xenon flash lamp 
(General Electric FT-506) used with a B&W electronic flash unit 
(Model 357) that had been modified to increase the intensity of 
the light pulse.  The approximate value of the new light pulse 
intensity was 107 peak beam candlepower as determined with a 
commercial light-measurement device.  This modified light pulse 
had a duration of 4 millisecondsj however, the light intensity 
decreased during this interval, as is shown in Figure 4.  The 
useful portion of the pulse occurred during the first millisecond 
following the peak.  A bandwidth of light from approximately 5000 
to 6000 angstroms was obtained with a Wratten 58B filter. 

Figure 4 - Oscilloscope Record of 
the Modified Light Pulse Intensity 
Note:  Each large horizontal unit 

equals 0.5 billisecond 



b.  Photocell Detection 

The photocell technique was an alternate method for 
observing dynamic birefringence, and was based on a procedure 
described by Clark(3).  The B&W flash system served as the 
light source. Left-handed circularly polarized light was 
projected through a slit 1/16-inch wide and 1/2-inch high 
that was masked off on the specimen.  The lijht emerging from 
the slit then passed through a left-handed circular polarizer, 
a combination of filters (Wratten 77A and 58B), and a lens 
which converged the light on a small area of the photocell 
cathode (RCA Type 935).  When the specimen was impacted, the 
fringes (seen as alternate light and dark areas) produced a 
modulation of light intensity on the photocell as this optical 
disturbance propagated past the slit, which was located a measured 
distance (1/2 inch or less) in front of the strain gage.  The 
outputs from the photocell circuit and the strain gage circuit 
were simultaneously recorded with a dual-beam oscilloscope 
(Tektronix, Type 551) fitted with a Polaroid camera. 

PART III.  PHOTOGRAPHIC DETECTION OF SHAPE AND CHANGES IN STRESS PULSES 

1• Purpose of experiments 

The preliminary experimental efforts were concerned with 
production and detection of stress waves in commercially available 
transparent polymers (CR-39 plastic and a plasticized poly- 
vinylbutyral material).  The purpose v/as to observe the performance 
of the apparatus, to determine if the wave propagation was 
essentially one-dimensional in the regions more than several 
inches from the impacted surface, and to make some comparisons 
between two dissimilar polymeric materials.  In one-dimensional 
wave propagation, where the component wavelengths are long 
compared to the transverse dimensions of the specimen, the elastic 
wave velocity (c) can be used to estimate the dynamic modulus 
of elasticity (E*) by the simple relationship 

E* -^>c2 (1) 
where p is the density of the material. 

2.  Method:  photographic 

For the initial tests, the photographic method was chosen 
for detection of the birefringence. 

8 ; • 



3. Results with CR-39:  approximately 1-dimensional propagation 
observecT~ 

Figure 5 is the photographic record of a propagating stress 
pulse produced in CR-39 plastic by an impact.  In frame 1, the 
fringes are moving to the right and are approaching the strain 
gage (dark spot in frame); in subsequent frames the fringes 
pass the strain gage.  In frame 5 a second group of fringes 
appears at the laXt end, moving to the right; this second 
group represents the trailing edge of the pulse.  The area 
between the two groups of fringes represents the peak of the 
pulse; here the fringe order is almost constant.  The fringes 
at the leading edge of the pulse are perpendicular to the 
longitudinal axis of the strain gage and have only a small 
degree of curviture, thus indicating that propagation is 
essentially one-dimensional in this region.  These optical 
data then, delineate the general shape of the pulse, 

4. Results with CR-39 and PVB: stress pulse crossing interface 

Birefringence can also be used to show a stress pulse 
crossing an interface between two unlike materials.  Figure 6 
illustrates a similar impact upon the CR-39 component of a 
composite specimen.  The photographic conditions were identical 
to those of Figure 5.  The arrow at the bottom of this figure 
points to the interface on each frame between CR-39 (a high- 
modulus, rigid plastic) and plasticized polyvinylbutyral (PVB, 
a low-modulus, flexible plastic).  In the first three frames, 
the fringes in the CR-39 are moving to the right toward the 
interface.  In the last five frames, the leading fringes are 
shown traveling in the PVB. 

a*  Differences between material behavior 

Several differences ca:? be not^d in the behavior of CR-39 
and PVB: 

1) The fringes move faster in the CR-39, owing to its 
greater E* value. 

7" 
2) Near the interface, the fringes in the PVB are 

spaced more closely tt*n in the CR-39, owing to 
different optical activity and PVB's lower E* 
value. 

3) The fringe spacing in the PVB rapidly increases with 
increasing distance from the interface, showing a 
marked attenuation of the stress pulse with a con- 
current decrease in steepness of the wave front. 

9 
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Figure 5 - CR-39 Specimen Impacted from the Left 
(Missile is not shown) 

(Optical wave is propagating to the r ght at approximately 
5000 feet per second.  Large dark spot in each frame is 
the strain gage.  Time interval between frames is 38.5 
microseconds; exposure time of each frame is 1 microsecond, 
Scale is marked in 1/2-inch divisions.) 

i 
2 
3 
4 
5 
6 
7 
8 

m^ÄWt. 

ÄlMMrtU 

Figure 6 - CR-39 (left) and PVB (right) Composite 
Specimen Impacted from the Left 

(Missile is not shown) 
(Optical wave is propagating to the right at approximately 
5000 feet per second in the CR-39 and 2300 feet per second 
in the PVB.  Time interval between frames is 38.5 micro- 
seconds; exposure time of each frame is 1 microsecond. 
Scale is marked in 1-inch divisions.) (Arrow points to 
the interface.) 

10 



b.  Use of these observations 

Observations of this type can be used in the study of 
stress-wave propagation, wave transmission at interfaces, and 
full-field stress distribution in a transparent material 
which has undergone mechanical impact. 

PART IV.  DYNAMIC STRAIN-FRINGE CONSTANTS OF CR-39 AND THEIR 
RATE DEPENDENCE 

1. Equation deriving strain-fringe constants from data 

Birefringence and mechanical response data are frequently 
expressed in terms of a strain-fringe constant (C) for the 
material,   p  <il ,0v 

where $| is the longitudinal strain,  n is the fringe order, 
and t is the thickness of the specimen.  Strain-fringe constants 
have been measured for many types of materials, but there is 
little published information concerning their rate dependences. 

2. Advantages of using CR-39 

The above-described experimental techniques were used to 
determine for CR-39 plastic the values of strain-fringe 
constants over a range of strain rates.  CR-39 was chosen 
because its degree of optical activity was conveniently large 
for the development and testing of the apparatus, and bire- 
fringence data were available (3) for the lower values of 
strain rates attainable by this technique. 

3•  Methods and calculations 

In order to specify a rate of strain, only the leading edge 
of the strain pulse was examined; the slope of the approximately 
linear portion of the edge was defined as the apparent strain 
rate and applies to all values of strain rate discussed in 
this report.  The slopes were determined from the strain gage 
records by fitting the experimental data to a straight line by 
a method of least squares.  The durations of these linear 
portions of the leading edge varied from about 15 to 200 micro- 
seconds, depending on the strain rate.  The length of this 
portion of the pulse, which corresponded to these time durations, 
was 1 inch or greater, thus the averaging effect of the 0.04- 
inch gage could be neglected. 

11 



A series of apparent strain rates was obtained by varying 
the type of anvil. To avoid any possible effect of amplitude 
upon the results, all measurements of apparent strain rate and 
strain-fringe constant were restricted to experimental data 
occurring between fringe orders 1.5 through 4.0, inclusive. 
There was no evidence that the series of impacts produced 
permanent deformations in th^ specimens. Their appearance in 
the polariscope was unchanged and the strain-fringe data 
showed no cumulative effects. 

At strain rates greater than 10,000 percent per second, 
the fringes were so closely spaced that they could not be 
resolved by the high-speed photographic system. Accordingly, 
in all dynamic tests of CR-39, the fringes were detected by 
a photocell, the typical output of which is shown in an 
oscilloscope record (Fig. 7). 

To determine the strain magnitude corresponding to each 
value of fringe order, the photocell record in Fig. 7 mast 
be displaced to the right along the time axis to compensate 
for the small distance on the specimen between the slit and 
the gage site.  The amount of this displacement is computed 
from the wave velocity ad the distance between the slit and 
the gage. For tne photograph shown in Fig. 7, the required 
displacement is 4.3 microseconds. 

When the integral and half-integral fringe orders for 
the leading edge were plotted against the corresponding strain 
magnitudes, a linear graph was obtained (Fig. 8). The slope 
of this line, which was determined by the method of least 
squares, was used along with t^ie specimen thickness to calcu- 
late the dynamic strain-fringe .^onstast by means of Eq.(2). 

The static valus Q:f the  stra.n-fringe constant was 
obtained by the following method:  Trie specimen was stretched 
in the polariscope by means cf an Xnstron Tetter, Model TT-C1, 
at a rate of 0.34 percent strain per minute. As each dark 
fringe appeared, the machine was stopped for a few seconds and 
the strain value was obtained from an extensometer mounted 
on the specimen (Riehle "clamp-o^matic", graduated in 0.0001- 
inch divisions, with a 2-inch g^.ge length). A plot similar 
to that of Figure 8 yielded the vs-Zue  of the static strain- 
fringe constant. 

The average value of static strain, indicated by the 
strain gages, when computed from the manufacturer's gage 
factor, was found to be about 96.5 percent of the true strain. 
This was determined by comparing the gage reading with that 
indicated by the extensometer during extension of the CR-39 
specimen by the Instron at a rate of 0.34 percent strain per 

12 
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Figure 7 - Typical Strain-Gage and Photocell Records 
Obtained Simultaneously with the Oscilloscope 
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FRINGE ORDER 

Figure 8 - Typical Relationship between Fringe Order and 
Longitudinal Strain Magnitude for the Leading Edge of 
the Pulse. 
Note:  Slope is used to calculate the dynamic longitudinal 

strain-fringe constant. 
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minute. This response factor, which is in good agreement 
with a published figure (4) for foil strain gages, was 
assumed to give the dynamic response factor also and «ras 
therefore used to correct all the strain gage measurements 
obtained dynamically. 

The static modulus of CR-39 was determined by stretching 
the specimen in the Instron at a rate of 2.8 percent strain 
per minute and taking readings from a load qell and the 
extensometer. The dynamic modulus, E*, of CR-39, was estimated 
by means of Eq (1), E* * pc2. 

The density (^), which was found to be 1.32 grams per 
cubic centimeter, was determined by the method of hydrostatic 
weighing, with water serving as the immersion fluid  The 
longitudinal wave velocity, c, was obtained from the time 
required for a longitudinal pulse, produced by impact, to 
travel from the strain gage siteto the end of the specimen 
and to return to the gage site as § reflected pulse. This 

105 centimeters per i velocity was found to be 1.56 x per second. 

4.  Relation of strain-fringe constants to apparent strain rate 

a. Table of strain rates and strain-fringe constants 

Twenty-two dynamic strain-fringe experiments were 
performed as described above at the U.S. Army Natick Labora- 
tories.  The apparent strain rate varied from 2,300 to 30,600 
percent strain per second; the longitudinal strain-fringe 
constants (C), computed from the experimental data, varied 
from 223 to 280 microstrain-inch per fringe.  The results are 
presented in Table 1 and in Figure 9. 
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Figure 9 - Dynamic Longitudinal Strain-Fringe Constant 
as a Function of Apparent Strain Rate for the Leading 
Edge of the Pulse. (Based on data in Table I) 
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TABLE I 

STRAIN RATE AND DYNAMIC STRAIN-FRINGE CONSTANT 
VALUES FOR CR-39 STRIP SPECIMENS 

Apparent 
Tost No. Strain Rate 

(in units of 1000% 
strain/second) 

1 13.5 
2 12.4 
3 10.3 
7 2.3 
8 2.7 
10 5.3 
11 7.4 
12 11.9 
13 23.5 
14 30.6 
15 30.3 
18 28.9 
19 23.4 
20 3.2 
21 23.7 
23 14.0 
24 11.8 
27 22.9 
28 22.7 
29 20.3 
30 14.3 
31 4.8 

Dynamic Longitudinal 
Strain-Fringe Constant(C) 
(Th i.nits of microstrain- 

inch/fringe) 

242 
249 
247 
272 
253 
257 
257 
257 
255 
275 
269 
280 
251 
267 
259 
241 
255 
261 
242 
239 
223 
254 

Average 15.4 255 
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b.  No trend indicated 
r" 

No distinct trend emerged.  Attempts to fit the data to 
a straight line by the method of least squares indicated a 
very low coefficient of correlation.  Although it might be r 
possible, empirically, to fit these data to higher-order non- 
linear equations, it was felt that the consequent implication 
of a transition in CR-39 due to an apparent minimum in the 
strain-fringe values was not warranted. 

5. Comparison of dynamic strain-fringe data with static values 

Accordingly, the dynamic strain-fringe data were averaged 
and then compared to the static values. 

a. Data from NLABS and Clark investigations tabulated 

Table II summarizes the results from both this investigation 
and that of Clare (3).  Clark did not characterize his dynamic 
values in terms of a strain rate but used, instead, an effective 
loading time.  He averaged his 10 dynamic values and made a 
linear interpolation between this average and his static values 
when all were plotted against the logarithm of loading time. 
The NLABS investigators treated their data in a similar fashion, 
i.3., by making a linear interpolation (Fig. 10) between the 
averaged dynamic and static points when they were all plotted 
against the logarithm of apparent strain rate. 

b. Slight t^end indicated 
i- *- 

Both treatments illustrate a similar trend, i.e., the 
longitudinal strain-fringe constant decreases with increasing 
apparent strain rate (decreasing loading time)y This trend is        •* 
small, only 6 or .7 strain-fringe units per order of magnitude 
in strain rate, hence is too slight to be detected by these 
types of dynamic experiments alone, even over the somewhat 
wider range of dynamic strain rates provided by the NLABS 
investigation. 

6. Discussion 

It is concluded that, at room temperature, the longitudinal 
strain-fringe constant of CR-39 plastic decreases slightly 
with increasing apparent strain rate in the range of 10~2 to 
3 x 104 percent strain per second. 
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TABLE II 
COMPARISON OF DYNAMIC AND STATIC VALUES OF 

STRAIN-FRINGE CONSTANTS AND MODULI FOR CR-39 

NLABS and Clark Investigations 

Apparent dynamic strain rate 
TPercentstrain/sec) 

Range 
Averag~ 

Strain-fringe constants 
~microstrain-inch/fringe) 

Dynamic: 
Range 
Average 

Static, average 

Modulus (psi) 
Static 
Dynamic 

--

NLABS 
Investigation 

2,300 to 30,600'l 
15,4ooa 

223 to 28()11 
2ssa 
299C 

d 278,000d 
468,000 

Clark 
Investigation(3) 

3,800 to 14,6oob 
7,4oob 

237 to·276b 
260 
280 

276,000 to 330,0CJ 
452,000 

a 22 values. Source: Table I 
b 10 values. Values for apparent dynamic strain rate were 

estimated by the authors of this report. See footnote 
in S0c. I-4 

c Val.·.es obtain~·,d as in Sec. IV-3 
d V? .... : _ t:ained as in Sec. IV-3 
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Figure 10 - Longitudinal Strain-Fringe Constant Plotted 
against Logarithm of Apparent Strain Rate for the Leading 
Edge of the Pulse 
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A preliminary molecular interpretation of these results 
must involve those groups of the molecule which are optically 
anisotropic.  A smaller stra?n-fringe constant means a smaller 
ratio of mechanical strain to optical retardation.  If there 
is only one optically active group in the CR-39 repeat unit, 
the data indicate that as the strain rate increases, this 
group would apparently undergo more orientation or deformation 
relative to the total strain.  If several types of optically 
active groups are present, each type may contribute different 
amounts and directions of retardation to the overall optical 
effect.  Unfortunately, with ClT-39, the latter is probably 
the case.  This thermosetting material, a polymer of allyl 
diglycol carbonate, contains a complex repeat unit with several 
probable sources of optical activity, namely:  two carbonate 
groups and an ether linkage.  Therefore interpretation of the 
observed time-dependent effect in terms of specific molecular 
group(s) is not now possible. 

From an engineering point of view, the observed rate 
dependency is an important factor to be considered in any 
dynamic study involving the photoelastic properties of CR-39. 
Measurements of stress or strain distribution or of wave 
transmission at interfaces with armor that contains CR-39 
components would have to be corrected accordingly.  These strain- 
optic data would also be necessary in studies of dynamic stresses 
in other mechanical structures where CR-39 models are used for 
photoelastic measurements and analysis. 
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