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I INTRODUCTION 

Shock damage In solids la caused by short-lived tensile pulses 

resulting from the Intersection of reflected shock waves. Dynamic 

loads of this type result from high velocity Impact, close proximity 

to detonating high explosive, and short term radiation deposition. The 

last case is of particular Interest for heat shield materials. Such 

materials often consist of strong fibers li. a polymer matrix and are 

more complex than monolithic materials. Thus, the task of characterizing 

their resistance to shock damage is correspondingly more formidable. 

The problems Involved can often be reduced by solving the lesser problems 

associated with the characterization of the component materials. 

During the last two years, a new approach to the shock damage problem 

1 2 
has been developed and fully documented at SRI. This approach utilizes 

flat-plate impact experiments similar to those of previous workers to 

produce shock damage, but the microscopic damage characterization and 

stress history determination are performed with much greater sophistication. 

Quantitative damage nucléation and growth rate functions N and R are 

obtained which are considered to be material properties that characterize 

susceptibility to shock damage. These functions are expected to be 

independent of the loading source and may thus describe damage resulting 

from impact, from radiation deposition, or from any other dynamic loading 

mechanism. This approach, hereafter referred to as the NAG ( nudo at 1 on 

and growth) approach, was used in the current project to obtain quanti¬ 

tative data for polycarbonate and polyimide polymers. 

Preceding page blank 
13 



II MATERIALS AND EXPERIMENTS 

Selection of Materials 

The variation of mechanical properties within the class of materials 

known as polymers is considerable and results from the seemingly count¬ 

less permutations of chemical and molecular structure, degree of crystal¬ 

linity, degree of crosslinking, macroscopic texture, and the influences of 

thermal-mechanical treatments and fabrication procedures. 

Of particular interest in this work is the wide range that exists in 

toughnesses and thermal properties. Since testing materials at opposite 

ends of the toughness spectrum provides the maximum opportunity to study 

the behavior of polymers as a class of materials, a tough and a brittle 

polymer under quasi-static loading at room temperature were chosen for 

investigation. 

For the tough polymer, a transparent polycarbonate resin developed 

by the General Electric Company and marketed under the trade name of Lexan 

was selected. Its high impact strength in small sections greatly exceeds 

that of other engineering grade thermoplastics and, coupled with its above 

average high-temperature prjperties, leads to its application in housings 

for power tools and electrical connectors, pressure vessels, gears, and 

shotgun shells. 

Results of the standard Izod toughness tests show that polycarbonate 

is up to 10 times tougher than other polymers in small sections. For 

sections greater than about 0.14 to 0.16 in. on a side, however, toughness 

drops to a minimal value and fracture occurs in a brittle fashion. Also a 

time-temperature-transition curve for a 1/8 in. Izod specimen shows a drop 

in impact strength from about 14 to 16 ft Ib/in. of notch to 2 to 3 at 

about 0°F (Figure 1). 

14 
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SPECIMEN TEMPERATURE — degrees F immediately prior to test 

MA 1033 16 

FIGURE 1 ITT CURVES FOR POLYCARBONATE 

Since polycarbonate exhibits a ductile-brittle transition both with 

specimen size and with temperature, it is to be expected that a ductile- 

brittle transition with respect to strain rate will also occur, and pre¬ 

dominantly brittle behavior would be observed in the present work at llu 

high strain rales imposed in the gas gun. 

For the brittle polymer, P13N polyimide was chosen. In contrast io 

polycarbonate, polyimide behaves in a brittle lashion even in thin section 

and under low strain rates. Its mechanical properties are compared with 

those of polycarbonate and polymethylmethacrylate (PMMA) in Table I. 

Polyimide is compatible with all of the commonly used reinforcing libers 

and has good thermal stability--proret|Uisites for its main application 

as composite matrix material for glass, boron, and carbon fibers at 

o 
temperatures up to 3()0 C. The material was supplied by Geigy Industrial 

Chemicals in the form ol molded disks in two thicknesses. 

IS 
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The velocities of longitudinal and transverse elastic waves in 

polycarbonate and polyimide were measured in perpendicular directions b\ 

the time-in-flight techniques. The results are shown in Table II. 

Table II 

MEASURED SOUND SPEEDS OF POLYCARBONATE 

AND POLYIMIDE IN TWO SPECIMEN DIRECTIONS 

Longitudinal (mm'tisec ) 

Shear (mm asee) 

Polycarbonate 

Axial Radial 

Polyimide 

Axial Radial 

2.35 

1 .B9 

2.27 

1.76 1 .60 

2 . ;>9 

I .75 

Thus the wave velocities were only slightly anisotropic in these polymer 

Thinner disks of polyimide were rrther more anisotropic, however. 

Experimental Procedure 

Short cylindrical specimens 1.3 in. in diameter and 0.25-in. in 

height were machined from in.jection-molded polycarbonate sheet stock and 

from pressed disk-shaped slugs of polyimide, and mounted in a circular 

holding arrangement at. the end of the barrel of * he gas gun. The specimer 

were slightly tapered (8 ) at the edges to allow them to pop out ea^ilv 

under impact and fly into the rags in the catcher tank. The arrangement 

is shown in Figure 2. 

Flat-plate Impact, was achieved by accelerating a flyer plate against 

a specimen of the same material. The 2.5-in. diameter by 0.125-in. 

thick flyer plate was mounted on the end of a 6-in.-long aluminum prop« u 

in which the projectile material immediately behind the flyer plate was 

removed. Thus the rear surface of the flyer plate was a free surface. T< 

achieve approximately simultaneous contact at all points on the specim'-r 

surface by the flyer plate upon impact, the impacting surfaces were grouru 

flat and parallel to at least 0.0005 in. 

17 



5/8 in STEEL PLATE 

TARGET PLATE 

VACUUM SEAL 

8 in. LUCITE PROJECTILE 

"0" RING 

szss: 

GAS GUN 

BARREL 
VACUUM 

PROJECTILE PLATE 

, CATCHER BOX 

LUCITE VACUUM JACKET ¡ 
TAPERED TARGET 

SPECIMEN 
TILT PINS RAGS 

OA-74M-2C 

FIGURE 2 EXPERIMENTAL SYSTEM FOR DYNAMIC FLYER PLATE EXPERIMENTS 

Compressed helium gas was used to drive the projectile down the 2-1/2- 

in.-diameter bore of the light gas gun. The gun. barrel and the cavity 

behind the flyer plate were evacuated to a pressure of about 50 to 75u 

to eliminate the decelerating effect of a layer of air between flyer plate 

and specimen prior to impact, 

o 
The 8 -taper of the specimen edges facilitated specimen ejection from 

the holder, and the recovery tank was filled with rags to provide a soft 

landing and thereby reduce subsequent, unmonitored loading of the 

specimen. The projectile was prevented from entering the recovery tank 

by the steel plates shown in the figure. In all cases the specimen and 

the flyer were recovered after the experiment for examination. 

The initial compressive pulse was calculated from the projectile 

velocity at impact and was used to estimate the tensile stress. Stress 

relief due to the developing damage was initially neglected. The consti¬ 

tutive relation of each material was obtained in highly instrumented shots, 

as described later, and the effect of developing damage on the stress 

histories was estimated in later calculations. 

18 



The recovered specimens were sectioned on a diameter, and the section 

surface was ground and polished to reveal the pattern of cracks. The 

flyer plates, which experience only compression and hence undergo no 

tensile damage, were also metallographically examined to determine whether 

the initial compressive pulse in the specimen alters the material in any 

observable way . 

Estimation of the Impact Velocity Required to Cause Incipient Damage 

Before carrying out any experiments with the light gas gun, it is 

helpful to calculate an approximate value for the projectile velocity 

sufficient to produce low level shock damage. In the case of polycarbonate, 

the impact velocity was estimated from stress-particle velocity curves 

experimentally obtained for PMMA by Barker and Hollenbach,3 since poly¬ 

carbonate and PMMA were expected to behave similarly. For the polyimide, 

no such data were available for comparison and so the impact velocity 

was estimated in the following way. 

The slope of the stress-volume curve is simply related to the 

density and the longitudinal sound speed C¿ m the elastic case. 

dg_ „ 2 
d(V/V ) " _P„ C; (1) 

O 

where V and VQ are the instantaneous and initial specific volumes, respectively. 

Using the values in Table II we find that 

dq_ , 3 5 ■> 
d(Y/V) = _'1-33 R'/cm )(2.5 X 10 cm sec)“ = -83 kbar (2) 

o 

Then, assuming that under dynamic loading conditions polyimide behaves 

elastically, we can write 

0 - (83 kbar)(l-V/V ) ,.,. 
o v ' 

19 



Now substituting this relation into the expression for the particle 

velocity u 

u * r-2<i-V/V )]1/2 
P o 
o 

(4) 

we obtain 

u = a(p X 83 kbar) 
o 

-1/2 

or 

-4 
0 = (3.3 X 10 )u (5) 

where a has units of kbar and u is in cm/sec. The static tensile strength 

of polylmlde is 11,000 psi or 0.76 kbar (Table I), and the Poisson ratio V 

may be calculated from the measured sound speeds 

è(c,/c ) -i 
Is 

(W -■ 

(6) 

to be about 

V = 
0.5(2.7/1.6) -1 

(2.7a.6)2-l 

0.23 (7) 

So the Hugoniot elastic limit is 

\-V 
HEL = - ^ 1.43 Y or about 1 kbar 

1-21/ 

where the static yield strength Y has been approximated by the tensile strength. 

This requires a particle velocity of about 33 m/sec according to Eq. (5) or 

an impact velocity of 60 m/sec, since the particle velocity is about half 

the impact velocity. 

Tapered Flyer Shots 

An expedient experimental method which yields a good estimate of the 

threshold stress entails Impacting the specimen with a tapered flyer 

plate. By this impact configuration, sketched in Figure 3, the time at 

stress varies across the diameter of the specimen as depicted in Figure 4. 

20 



TAPERED FLYER 

FIGURE 3 TAPERED FLYER IMPACT EXPERIMENT 
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FIGURE 4 STRESS DURATION IN SPECIMEN IMPACTED WITH A TAPERED FLYER 
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Hence the level of damage also varies across the specimen and the stress- 

stress duration point corresponding to threshold damage can be determined. 

This method allows a rapid survey of a new material, and identifies the 

experimental conditions necessary for the flat flyer shots to provide 

more detailed data. 

Impact Experiments 

Thirteen impact experiments were carried out in the 2-1/2-in. bore 

diameter light gas gun during the course of this work. These experiments 

included one gaged shot on each material to determine the stress-volume 

relations during dynamic loading and unloading, four tapered flyer shots 

on polycarbonate to expedite determination of the threshold stress, and 

seven uninstrumented recovery shots for quantitative damage analyses. A 

summary of the shots is given in Table III. 

When possible, the fracture damage produced by the stress waves was 

quantitatively assessed In the following manner. Impacted and recovered 

specimen disks were sectioned on a diameter and the section surface was 

ground and polished to reveal the crack pattern. Composite micrographs of 

this surface were made at nominal magnifications of about 200X, the number 

of cracks intersecting the surface of polish was recorded, and their lengths, 

widths, arid orientations were measured as a function of position in the 

2 
sample. The BABS2 computer code was used to transform the surface distri¬ 

butions into volume distributions, and NAG functions for fracture damage 

were then extracted from correlations of these distributions and the 

computed stress histories. 

23 



Table III 

SUMMARY OF FLAT-PLATE IMPACT EXPERIMENTS 

Shot No. 

Material 

(of flyer 

and target) 

Flyer Target Impact 

Thickness Thickness Velocity 

(mm)_(mm) (m/sec) 

1 

2 

3 

4 

5 

Polycarbonate 0.763 - 4.06 6.35 68.7 

Polycarbonate 0.763 -4.06 6.35 155 

Polycarbonate 0.763 - 4.06 6.35 117 

Polycarbonate 0.763 - 4,06 6.35 145 

Polycarbonate 3.18 6.35 152 

Polycarbonate 3.18 6.35 142 

Polycarbonate 3.18 6.35 137 

Polyimide 2.49 5.70 92.7 

Polyimide 2.49 5.70 69.5 

10 Polyimide 2.49 5.70 63.0 

11 Polyimide 2.49 5.70 68.0 

12 Polycarbonate 3.18 (See Fig.5 ) 06I 

13 Polyimide 3.18 (See Fig.8 )276 

Comments 

Tapered flyer shot. 

Tapered flyer shot. 

Tapered flyer shot. 

Tapered fl>er shot. 

Recovery shot for 

quantitative 

analysis. 

Recovery shot for 

quantitative 

analysis. 

Recovery shot i<»r 

quantitative 

analysis . 

Recovery shot for 

quantitative 

analysis . 

Recovery shot for 

quantitative 

analysis . 

Recovery shot for 

quantitative 

analysis• 

Recovery shot for 

quantitative 

analysis . 

Particle velocity 

gages to measure 

loading and 

unloading paths. 

Stress gages to 

measure loading and 

unloading paths. 
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Measurement of Constitutive Relations 

The NAG method for predicting shock damage requires that the stress 

histories in Impacted samples be known. We therefore need to know 

the constitutive relations for polycarbonate and polylmide. The scope 

of the present project did not allow a sufficient experimental program to 

determine precise constitutive relations; however, we obtained estimates 

by combining static uniaxial strain compression measurements with one 

Instrumented dynamic experiment for each material. In the static experi¬ 

ments the samples were subjected to uniaxial strain compression and 

release cycles in a large press. The experimental arrangement is 

2 
documented elsewhere. Samples of polycarbonate and polylmide were 

loaded statically and isothermally to compressive stress levels of about 

5 kbar, and then released. Control samples of PMMA were also tested 

in this way, since a large amount of static and dynamic data is available 

for this material. 

One instrumented impact experiment was performed on specimens of 

each material to determine the dynamic loading and unloading paths at 

compressive stresses to about 5 kbar. The instrumented polycarbonate 

experiment is illustrated in Figure 5. Three electromagnetic in-material 

particle velocity1 gages were used, and a laser interferometer monitored 

the particle velocity in the plane of the third electromagnetic gage. The 

first electromagnetic gage failed to record, but good records were obtained 

3 
from gages 2 and 3. The laser interferometer record had a high noise 

level,but was consistent with the record from the third electromagnetic 

gage. The oscilloscope records from gages 2 and 3 are shown in Figure €, 

and the laser interferometer record together with a comparison with the 

results from the velocity gage record are shown in Figure 7. A Lagranglan 

4 5 
analysis ' war used on these records to obtain the loading and unloading 

curves in both stress-particle velocity and stress-volume space. 

25 
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FIGURE 5 ARRANGEMENT FOR INSTRUMENTED IMPACT EXPERIMENT ON POLYCARBONATE
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The instrumented experiment performed on polyimide for which ytterbium 

stress gages were used is illustrated in Figure 8 and the oscilloscope 

records are shown in Figure 9. The second stress gage record in Figure 9 

shows unexpected structure on both the loading and release segments. This 

anomalous behavior of the second gage precluded application of Lagrangian 

methods to obtain the stress-volume loading and unloading paths in the 

material. However, the successful recording of the first gage makes it 

possible to check the consistency of an assumed constitutive relation, as 

is done in the next section. 

1/8 m POLYIMIDE 

FLYER PLATE PMMA HOLDER 

/ 1/4 in POLYIMIDE DISK 

1/8 in. POLYIMIDE DISK 

1/4 in POLYIMIDE DISK 

MA 1033-13 

FIGURES ARRANGEMENT FOR INSTRUMENTED IMPACT EXPERIMENT 
ON POLYIMIDE 
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Ill RESULTS 

Constitutive Relation for Pol>carbonate 

The results of the dynamic and static experiments on polycarbonate 

are summarized In Figure 10. The constitutive relation was constructed 

from these data In the following way. First, the Hugoniot curve was 

assumed to be Identical with the static loading curve. It is seen that 

the peak compressive stress reached In the dynamic experiment lies on a 

reasonable extrapolation of the static curve. The Hugoniot curve thus 

obtained can be described by the equation 

a = (4.72)(10 )u - (1.33)(1011)^2 ♦ (3.5)<1012)h3 
2 

cm 

(8) 

Next, the observed dynamic unloading curve was where u = — - 1. 
Pq 

assumed to be an isentrope. We further assume that the material has a 

negligible yield stress, so that the equilibrium stress tensor is almost 

hydrostatic and that the material can be described by a Mie-Grlineisen 

equation of state, 

a - crH = <v) (E-y (9) 

where E is the internal energy and T is the GrUneisen coefficient. The 

difference in the areas under the Rayleigh line and the dynamic unloading 

curves was used to evaluate E - Eh in the above equation, and the difference 

a - aH at V/Vq = 1 could be measured. In this way the value of GrUneisen*s 

ratio F was found to be 1.3, in good agreement with values reported for 
f) 

other polymers. 
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FIGURE 10 STATIC AND DYNAMIC UNIAXIAL STRAIN LOADING 

AND UNLOADING CURVES FOR POLYCARBONATE 
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Polymers often behave in a viscoelastic manner at stresses of a 

3 7-9 
lew kilobars. ’ The particle velocity and stress records of Figures 6 

and 9 are in fact typical of viscoelastic materials, consisting of a 

sharp rise followed by a slower approach to the maximum amplitude. 

Comparison of the records of Figure 6 reveals that the shape of the 

shock front has not changed between gages, thus indicating that a 

steady state has already been reached after the shock has traveled 3 mm. 

The constitutive relation used to describe polycarbonate was the hydro¬ 

dynamic equation of state given by Eqs. (8) and (9) plus a viscous stress 

given by the artificial viscosity normally used in the PUFF code. The 

viscoelastic behavior was not treated explicitly because of a lack of 

information on the rate-dependent mechanism of polycarbonate. 

Constitutive Helation for Polyimide 

The results of the dynamic and static experiments on polyimide are 

summarized in Figure 11. The anomalous record from the second stress 

gage in the gaged polyimide shot made it impossible to get the loading 

and unloading curves in the stress-volume plane. However, in view of 

the polycarbonate results, we assumed that the measured static loading 

curve is identical with the Hugoniot curve, and that a steady shock 

wave was attained before the shock reached the first gage. Thus, we 

assume that the dynamic loading curve to the peak stress of 1.2 kbar 

recorded by the first gage is given by the Rayleigh line, as shown in 

Figure 11. The static loading curve, now assumed to be the Hugoniot, 

is well represented by the equation 

10 11 2 12 3 2 
a = (6.30)(10 )g + (1.09)(10 )m. + (3.40)(10 )g dynes'em (10) 

For lack of better information, the unloading isentrope was assumed 

to be coincident with the assumed Hugoniot curve. This assumption holds 

reasonably well for relatively incompressible materials. Comparison of 

Figures 10 and 11 shows that the polyimide is appreciably stiffer than the 

polycarbonate, thus suggesting that the above approximation is more 

accurate for polyimide than it would have been for polycarbonate. 
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Ihus, insufticient dynamic data have made it necessary to postulate 

lor polylmide a constitutive relation which is based mainly on plausibility 

arguments. As was the case for polycarbonate, the material is assumed to 

have negligible strength, and to follow a Mie-GrUneisen equation of state. 

In view of the uncertainties in the above constitutive relation for 

polylmide, it is advisable to check the relation by testing its ability 

to predict the stress-time record from the first gage. This has been 

done, and the results are shown in Figure 12. 

FIGURE 12 COMPARISON OF COMPUTED AND MEASURED STRESS HISTORY IN 
POLYIMIDE 



As can be seen, the agreement is fair, but significant differences in 

both amplitude and arrival time exist. The computed stress history is 

typical for a material which loads along the Rayleigh line and unloads along 

an 1sentrope which is concave upward . The initial unloading velocity is 

much higher than that at low stress, and hence, the unloading wave is a 

long ramp. The stress gage record, on the other hand, shows an unloading 

path which is comparable in duration to the loading path; hence the actual 

unloading path must be nearly straight. The computed stress arrives earlier 

and attains a higher amplitude, suggesting that the computational model is 

too stiff. Several more experiments with multiple in-material stress or 

particle velocity gages would be required to obtain a better constitutive 

relation for this material. 

Comparison of Polycarbonate and Polyimide Constitutive Relations With 

Thoa> for PMMA 

It is of interest to compare the foregoing results for polycarbonate 

and polyimide with those of previous workers for PMMA. In Figure 13 we 

compare our measured static loading and unloading curves with a dynamic 

loading and unloading curve from Barker and Hollenbach. PMMA is apparently 

much more rate dependent than polycarbonate or polyimide, and its dynamic 

curves lie to the right of the zero pressure elastic curve, indicating 

that the PMMA Hugoniot is strongly concave upward. In fact, the dynamic 

unloading curve in Figure 13 follows very closely the Hugoniot curve 

measured by Barker and Hollenbach for PMMA in this stress region. The 

large difference between the Hugoniot curve (reached by adiabatic paths) 

and the static isothermal curve was unexpected. The validity of our 

static measurements is supported by the agreement with Bridgman’s data 

(one Bridgman point is shown in Figure 13), and we therefore believe 

that this large difference is real. 

It appears then that a basic difference exists in the dynamic response 

of PMMA and that of polycarbonate or polyimide. It would be of interest to 

investigate this question in more detail. 
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Damage Distributions irom Impact Experiments 

Micrographs of the fracture damage revealed by sectioning specimens 

5 and 6 are shown in Figures 14 and 15. The raw dala consisted of the 

number, length, and distance from the plane of maximum stress duration 

of these crack traces (Tables IV and V). The number of crack traces versus 

zone position for polycarbonate specimens impacted at velocities of 152 and 

142 m/sec (peak stresses of 1.76 and 1,66 kbar) is plotted in Figures 16 and 

17. These figures show that the number of crack traces lying in equislzed 

zones is a maximum near the plane of maximum stress duration and falls 

off rapidly with distance from this plane. Figures 18 and 19 show the 

size distribution of crack traces for the same two specimens. 

The surface distributions were transformed into volume distributions 

by means of the BABS2 computer code and the results are presented in 

Figures 20 and 21, for specimens 5 and 6. For convenience in extracting 

nucléation and growth rate parameters, the results are presented as 

cumulative number of cracks having a radius greater than some radius K 

for various stress durations (zone position). 

In the case of specimen 7 (Fig. 27), it was possible with the microscope 

to distinguish individual cracks and measure their radii and positions with 

respect to the plane of maximum stress duration without sectioning, thus 

determining the volume distributions directly. This was such a low damage 

level shot however, (48 cracks), that a statistical treatment of crack 

concentration per zone was impossible. 

As will be discussed later in Section IV, cracks in polycarbonate 

typically assumed a dish-shaped profile (Figure 38) and there was some 

question as to the length to be measured. The length segments AB, BC, and 

CD were all measured and the data were analyzed both in terms of the total 

length ABCD and the middle segment BC, No large differences in either 

the surface or volume distributions resulted. The results presented in 

this report were derived using the length ABCD as the crack length. 
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FIGURE 19 THE SIZE DISTRIBUTIONS OF CRACK TRACES MEASURED ON A DIAMETRICAL 

SECTION IN IMPACTED POLYCARBONATE SPECIMEN No. 6 
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The SRI PUFF10 one-dimensional wave propagation computer code 

was used to compute the damage levels for polycarbonate, and the 

results were compared with the observed damage. We describe in the 

next section the brittle fracture model in SRI PUFF and show the correlation 

between the computed and observed damage. 

The gas gun experiments on polyimide showed that this material 

cannot suffer significant shock damage and still remain intact. There 

exists a very small stress range between the stress necessary to cause 

damage to occur and that which will cause disintegration. An insufficient 

number of experiments were performed at stress levels within this range 

to do the detailed damage analysis done for polycarbonate. Instead the 

range is simply estimated from the measured impact velocities at which 

incipient damage and incipient disintegration occurred. 

Since the constitutive relation of polyimide is not well established, 

the Hugoniot jump condition 

(y = p U u 
o 

is used, where the shock velocity U is taken to be the measured elastic 

longitudinal wave velocity in the axial direction (Table II) and the 

particle velocity u is assumed to be half the impact velocity. Measured 

impact velocities of about 63 and 70 m sec indicate that the threshold 

stress at load durations of about a microsecond for polyimide is about 

1 kbar and that the stress at which disintegration begins is about 

10% higher. 

Model for Brittle Fracture 

The basic calculational model for brittle fracture was developed 

2 
during an earlier study of fracture in Armco iron. The model has been 

* 

recently modified to apply to fracture in beryllium. The results of 

the modified model correlated well with damage observed in the polycarbonate. 

* Monthly Progress Report No. 3, "Dynamic Fracture Criteria of Homogeneous 

Materials," Contract No. F26601-70-C-0070, By SRI to AFWL, November 

15, 1971. 
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The brittle fracture model accounts for three aspects of the 

fracture process not normally taken into account; namely, 

• Nucléation of cracks as a function of stress 

• Growth of cracks as a function of stress, fracture 

toughness,and current crack size 

• Decrease in strength and stress with increasing 

damage. 

The model is incorporated into the BFRACT subroutine of SRI PUFF^° This 

routine also acts as a constitutive relation subroutine for portions 

of the material that are undergoing brittle fracture. 

The nucléation rate was assumed to have the form 

/0-0 \ 

N = No eXP (TT2) <l1 

where 

0 is a threshold stress for nucléation 
no 

N , (j are constants, 
o 1 

This form of nucléation rate resembles the form given by Zhurkov ^ for 

the rate of breakage of atomic bonds. This same form has been found 

applicable to ductile fracture in 1115 aluminum and OFHC copper, and 

2 
to brittle fracture in Armco iron. The cracks are nucleated with a 

distribution of radii as follows: 

l.N(K) ¿N 
-R R 

e 1 
0 

(12) 

where 

3 
-N is the total number nucleated at a given time t per cm 

AN(R) is the number nucleated with radii greater than R 

3 
per cm in the time between t and t + At 

Rj is a constant. 
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The growth of cracks has been treated by two possible functions. 
12 

The first was the function of Dulaney and Brace for propagation of a 

planar crack in elastic material 

c n * 

~ = 1 - i R " « (13) 
t 

where 

V = growth velocity 
c 

Vt = terminal velocity 

R = crack radius 
* 

R = critical crack radius. 

The critical crack radius for a penny-shaped crack in a one-dimensional 

13 
elastic tensile field is 

R* .- - 

•kr2(iV) 

TO 2 
1c 

2 
4a 

(14) 

where 

E = elastic modulus 

y = surface energy 

a = one-directional tensile stress applied at infinity 

V = Poisson's ratio 

Rjc = plane strain fracture toughness. 

We note that Eq. (13) is for a planar crack in elastic material although 

our problem concerns a penny-shaped crack in plastic material. However, 

the expression was expected to give the correct orm. 

A second growth function was postulated to account for ductile 

behavior and viscosity-limited growth. This is the viscous grov.;h law: 
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a - a 
V = -T“2 R (15) 
ç 41] 

whe re 

O = critical stress for growth according to Eq. (14) for R = R 
go 

Tl = material viscosity. 

Calculations were mode with both growth laws, but only those with Eq. (15) 

are presented since they correlated better with the experimental results. 

This decision is discussed in more detail later. 

The constitutive relations for material with developing damage provide 

separate expressions for pressure and deviator stress. The expressions 

are continuous with those for undamaged material. The constitutive relations 

are based on treating the material as if it were composed of two components; 

solid and void. When a volume increase is applied to the material, there 

is some increase in crack volume by nucléation, growth, and elastic opening 

of the crack, and there is some change in specific volume of the solid 

14 
material. The volume of a penny-shaped crack is taken from Irwin 

V 

n 
itth g 

JE 
(16) 

Because plastic flow is not taken into account in this expression, the 

volume so obtained is a lower-bound estimate of the actual crack volume. 

Because the crack volume has been calculated according to elastic laws, 

it becomes zero when tensile stresses are removed. 

The nominal stresses are obtained from the stresses in the solid 

material. The pressure in the solid is computed as follows for an increment 

in time and density: 

PA_/ 

1 - OV P ' Po 
cr 

K 

V - V 
s_so 

V 
s 

1 

PO 

- OV P 
ero o 

K 

V - V 
s so 

V 

(17) 
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where 

p' and p' are the computed initial and final pressures in the solid 
o a 

material 

PO and PA are initial and final pressures on the gross section 

(values of interest for one-dimensional wave propagation) 

p and p are initial and final densities of the gross material 
o 

V and V are initial and final total specific crack volumes 
cro cr 

Of is a dimensionless factor relating volume of damage to area of damage 

K is the bulk modulus of the solid 

V and V are initial and final specific volumes of the solid material, 
so s 

The deviator stress is computed from 

. 4 AV ., 0, 
¿SD = - G — (18) 

3 V 

up to yielding. The gross specific volume V is used here. The shear 

modulus G is reduced according to 

V 

G = G (1 - S ) (19) 
o mV 

where G is the shear modulus of solid material. S is a factor (about 2) 
° 15 m 

from Mackenzie's elastic analysis of porous material. Yielding occurs 

when the deviator stress reaches 

V 

SD = § Y (1 - ) (20) 

The brittle fracture model in SRI PUFF requires six special parameters 

in an array labeled TSR ( , ). These are related to the parameters above 

as shown in Table VI, 
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With the brittle t raclure routine in SRI Pl'FF, stress histories and 

damage can be computed for every cell undergoing fracture. The normal 

printout Includes listings of stress histories at selected points, and 

histories of the number of cracks and the crack volume at those points. 

Periodically during the calculation, printouts are provided of the 

number of cracks of each size at each cell. 

Code Parameter 

Table VI 

FRACTURE PARAMETERS FOR POLYCARBONATE 

* 
Name Value Units 

TSR(M, 1 ) = - 1/4T] 

TSR(M,2) = K 
Ic 

TSR(M,3) = R 
1 

TSR(M,1) = N 

TSR(M,5) = o 
no 

TSR(M,6) = o 

Growth parameter .0005 

Fracture toughness 36 x 10 

Nucléation radius .002 

10 
Nucléation rate 

Nucléation 

threshold 

3.5x10 

9 
-1.67x10 

Nucléation parameter-1.41x10 
8 

cm /dyn 'sec 

3 2 
dyn/cm 

cm 

3 
No. sec cm 

2 
dyncm 

2 
dyn/cm 

* Stresses are chosen positive in compression. 

Wave Propagation and Damage Calculations for Polycarbonate 

To determine the fracture characteristics of any material, the 

following steps are taken: 

• Perform several Impact experiments to obtain different 

levels of damage. Quantify the damage and obtain damage 

distributions (number of cracks versus crack radius as a 

function of position in the sample). 

• Compute the stress histories that would have occurred if there 

had been no damage. The tensile wave will normally appear as 

an approximately square pulse. 
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• Estimate the values of all six fracturing parameters considering 

the observed damage and the computed stress histories, 

• Perform SRI PUFF calculations with the fracture model and 

obtain damage distributions. 

The crack size distributions for polycarbonate (Experiments 5 and 6) are 

exhibited in Figures 20 and 21. In Experiment 7 very few cracks formed 

at a stress level which was probably near the threshold level for damage. 

The wave propagation computation for undamaged material indicated a 

duration of the tensile stress of 1.65 usee and tensile stresses of 

1.76, 1.66, and 1.60 kbar for impacts 5, 6, and 7. From these data, 

fracture parameters were estimated, and several iterative SRI PUFF 

calculations were performed. The fracture parameters used in the final 

7 2 
calculations are given in Table VI The value of 36 x 10 dynes/cm 

for the plane strain fracture toughness used in these calculations seems to be 

an underestimate (see Section IV),but subsequent calculations with a value 

. 7 . 2 
of a8 x 10 dynes cm affected the results only slightly. The crack 

distributions computed for the impacts are shown in Figure 22 and 23, 

The cell numbers refer to the cells into which the target material was 

subdivided for the calculation. The peak damage occurred at PUFF calcu- 

lational cell 23 near the middle of the target with lessening damage on 

either side (PUFF cells were approximately 0.03 cm wide). 

These computed distributions may be directly compared with the 

experimental results in Figures 20 and 21, We note first that the slopes 

of the distributions in Figures 20 and 22 are similar, suggesting that 

the growtn function is approximately correct. The slopes in Figure 23 

are somewhat steeper than those in Figure 21. To compare the amplitudes 

and spatial distributions, intercepts at crack radii of 0.02 and 0.04 cm 

were plotted in Figures 24 and 25 as a function of depth within the target. 

These two figures show that the experimental damage is concentrated into 

a band between 0.32 and 0.10 cm from the impact plane and that there is 

some scatter in the data. The computed values have about the right 
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amplitude but have a wider and smoother distribution. While the computations 

appear to indicate the spall plane correctly in Figure 24, they are in 

error by about one cell width in Figure 25. Calculated results are not 

shown for Experiment 7, because of the low level of damage obtained there. 

Only one cell was undergoing fracture, but considerable damage occurred at 

that cell. This result compares at least qualitatively with the experimental 

observation that incipient damage is restricted to a very narrow band. 

The general agreement between computed resulta and observed damage 

is considered very good. The correlation is much better than we obtained 

2 
earlier with Armco iron. The correlation with the shape of the N vs R 

distributions (Figs. 20 va 22, and 21 vs 23) la especially intriguing, 

because it shows a viacoua-domlnated growth pattern. The conventional 

12 
elastic growth law of Dulaney and Brace which was used in the early 

fracture calculations indicated that all cracks achieved terminal velocity 

soon after nucléation. Therefore the computed distributions were nearly 

vertical lines at a radius corresponding to terminal velocity divided by 

tensile stress duration. From this comparlaon of results, it is clear 

that the viscous growth law ia more appropriate than the elastic and 

therefore a viscous mechanism probably governs growth. 

Isodamage Contours 

For use of the present damage data in other applications, it is 

instructive to construct Isodamage contours as a function of peak tensile 

stress and nominal stress duration (see Fig. 26), The ordinate in 

Figure 26 is the peak tensile stress from a calculation with damage and 

the abscissa is the duration of that peak tension. The contour lines 

indicate values of the damage parameter A, where 

ÏÏ _ 2 2 3 
A = - (cm /cm ) 

Thus A is the total crack area (i.e., one half the total internal surface 

area) per unit volume of material. For brittle fracture this is a much 

more sensitive damage parameter than crack volume. 
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FIGURE 26 ESTIMATE OF ISODAMAGE CURVES FOR POLYCARBONATE 
AS A FUNCTION OF LOADING PARAMETERS 
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The contours were determined by performing impact calculations for 

several specimen thicknesses and interpolating to obtain the damage levels 

noted. The stress required to initiate damage is about 1.6 kbar. The 

contours come down to 1.6 kbar very steeply, probably because of the 

form of the nucléation function which has a sharp cutoff and is a 

strong function of stress above that cutoff. These Isodamage curves 

should very gradually bend to the right to approach asymptotically the 

static strength (about 0.6 kbar) for long duration loadings. The present 

data points are also shown in Figure 26. This plot shows clearly that 

for an accurate construction of these isodamage curves experiments should 

be conducted at higher and lower stresses and with a range of stress 

durations (a range of flyer and target thicknesses). 

Metallographie Observations 

Flat-plate impact experiments subject specimens to a high 

amplitude compressive wave immediately before the tensile pulse occurs. 

It is conceivable that the passage of this compressive wave changes the 

material in some way so as to affect the fracture behavior. Therefore 

the flyer plates, which were manufactured from the specimen material and 

had seen only compression, were examined with an optical microscope and 

compared with virgin material to determine if the material had been 

changed in any way. In particular, evidence of crazing, incipient cracks 

or changes in texture or microstructure were sought. The absence of any 

such evidence leads us to assume that, at least at the low stress levels 

produced in this work, there is little effect on the fractme behavior 

of these materials from the initial compressive wave. 

Fractographical features of individual cracks in situ could be 

studied at magnifications to 200X by focusing into the transparent 

polycarbonate specimens. The low damage shot shown in Figure 27, in 

which crack interaction was at a minimum, was especially suited for micro¬ 

scopic investigations of the fracture process. 
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Individual cracks were circular and penny-shaped and lay on planes 

normal to the impact direction. Features common to all cracks were 

central "points" surrounded by a rather smooth area which in turn was 

encompassed by an annulus of rough surface. It is tempting to follow 

, 16,17 
common practice and associate the point at the center with the 

classical nucléation flaw, the mirror region with slow accelerating 

crack growth, and the rough hackle with crack growth at maximum velocity. 

The relative constancy of the diameters of the central point and the 

smooth annulus are in accord with this interpretation, since a nucleating 

heterogeneity is usually required to reach a certain critical size before 

crack growth can occur, and it is usually felt that a crack must accelerate 

for a certain distance before it attains maximum speed. 

There are, however, usually one or more additional concentric rings 

outside the hackle. These may be caused by one or more additional 

propagation phases of the cracks under damped reverberations of the 

original tensile pulse. Credence is given to this speculation by the 

fact that only the large cracks have additional rings; this is consistent 

with the concept of fracture mechanics that smaller flaws require larger 

stresses for propagation. That is, smaller flaws show no additional 

rings because the damped reverberated stresses are not large enough to 

cause propagation, whereas for larger flaws they are. 

A peculiar observation is that 5 cracks (and parts of 3 others) 

near the center of the specimen show marked roughness in an outer annulus. 

Since the roughness is confined to the outer rings, it is considered to 

occur during one of the stress reverberations, and the fact that the 

phenomenon affects cracks only near the specimen center suggests that 

a reverberation stress wave running radially is involved. 

18 
In light of the results of Sommer who produced a similar hackle 

in glass rods by fracturing them in tension with superimposed torsion, 

it is conceivable that the roughness results from repropagation under 
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mixed mode loading produced by the interaction of waves reflected from 

the flat sides and those running in from the periphery. 

A further observation perhaps reveals something of the fracture 

process in polycarbonate as well as in polymers generally. Tiny flaws 

very much reminiscent of conceivable fracture nuclei have been observed 

outside the crack tip periphery of small cracks, (Figure 28). This 

observation is in accord with several theories of the fracture process 

which maintain that propagation proceeds by continued nucléation of 

tiny flaws ahead of the dominant crack tip under the action of the 

19 
magni.ied stress field which exists there followed by the coalescence 

of these with the main crack. The second step is nicely illustrated 

by Figure 29 which shows a larger crack in the same specimen that has 

apparently engulfed several such nuclei as it expanded. The existence 

of characteristic hyperbolae resulting from this interaction is well 

documented in many plastics fractured in quasi-static tests. 

An additional microscopic feature of the fracture surfaces is the 

one-, two-, or three-pronged spikes which extend out from the nucleus 

»’adially through the mirror in many of the cracks. These probably are 

formed when nucleating heterogeneities lie on planes other than the 

plane normal to the maximum tension, for then the crack starts to grow 

on two or more planes intersecting the heterogeneity. The spikes are 

the lines of coalescence where the various sections of the crack merge. 

Metallographie observations of shock-damaged polyimide were made by 

the usual procedure used for opaque materials of examining the exposed 

fracture surfaces. The surfaces were much smoother and exhibited signifi¬ 

cantly less evidence ol tearing, but the overall fractographic features were 

much like those described above for polycarbonate. As in polycarbonate, 

circular, penny-shaped cracks normal to the impact direction were found 

which, having gone through the coalescence stage, ended up in dish-shaped 

configuration. \ distinguishing feature was that vivid colors were present 
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on the nominally dark brown polyimlde fracture surface Bright red and 

yellow thread-liko markings radiated outward frt>m the fracture centers, 

and patches of red often delineated the concentric ring pattern

FIGURE 28 TINY CRACK-LIKE FLAWS ABOUT THE 
PERIPHERY OF A SHOCK-INDUCED 
INTERNAL CRACK IN POLYCARBONATE
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FIGURE 29 TINY CRACK-LIKE FLAWS WHICH HAVE BEEN 
ENGULFED BY A GROWING CRACK RESULTING 
IN HYPERBOLIC MARKINGS ON THE FRACTURE 
SURFACE



TV THE MECHANISM OF FRACTURE IN POLYMERS 

The nucléation and growth rate functiona, as summarized in Table IV 

for polycarbonate, can be used to predict shock damage regardless of whether 

or not the microscopic processes that govern these functions are completely 

understood. Nevertheless meaningful fracture criteria should be based on the 

actual physical processes by which damage occurs. Thus it is important to 

study in detail the sequence of events which occurs in the polymers during 

the loading cycle to produce the damage. 

The fracture mechanism was studied mainly by post-mortem examination 

of the fracture damage using optical and scanning electron microscopy. 

These Investigations were greatly facilitated by the transparency of 

polycarbonate, which permitted almost casual observations of In situ 

internal cracks and thereby allowed us to draw some interesting 

and important conclusions. Examination of the fracture surfaces of 

opaque polylmlde specimens strongly Indicates that polylmlde, although 

considerably more brittle than polycarbonate, fractures in a manner very 

similar to polycarbonate, and that, therefore, the fracture mechanism 

which we propose in this report Is very probably the mechanism by which 

fracture occurs In the entire class of polymeric materials. 

On the basis of metallographic observations on Impacted and 

damaged polycarbonate specimens, it appears that the fracture process 

may be divided into four stages: crack nucléation, crack growth, crack 

coalescence, and separation Into two or more parts. To study crack 

nuclertlon effectively, we must first examine the as-recelved material, 

looking In particular for preexisting crack-like defects and other 

heterogeneities which could conceivably act as stress raisers or zones 

of weakness. A very short stress-pulse of sufficient intensity to 

activate several cracks but of such short duration that large amounts of 
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crack growth cannot occur is useful in revealing sites that are effective 

crack starters. Stress pulses of Increasing duration allow fracture to 

proceed to the next stages, and crack growth and coalescence can be 

studied by subsequent fractographic examination. 

Since fracture damage can be correlated with some function of stress 

and time-at-stress, progress of the fracture process can be controlled 

by controlling the stress level at constant stress duration, or alterna¬ 

tively by controlling stress duration at constant stress. Both methods 

were used in this work to study the fracture mechanism in detail. The 

stress duration at nominally constant load varied within individual 

specimens and the stress at constant stress duration was varied from 

specimen to specimen by varying the Impact velocity. 

Crack Nucléation 

We ascertained by focusing into polycarbonate specimens with an 

optical microscope at 200X that polycarbonate has internal preexisting 

defects of essentially two types; namely, a rather dense and homogeneous 

dispersion of roughly spherical bubble-like voids approximately one 

micron in diameter, and a much less dense, randomly dispersed population 

of sharper, crack-like defects having an average diameter of about 20 u 

(Figure 30), The shape of the former type suggests that they may have 

been caused by trapped moisture or gases originally dissolved in the 

fluid material before molding but which have come out of solution and 

precipitated during the cooling process. The latter type likely results 

from Inclusions of foreign material, such as dust particles or traces 

of thermally degraded material or other resins from the mold walls. 

Shock damage will initiate preferentially at the crack-like defects. 

Because of their larger size and sharper profile, the stress is con¬ 

centrated more effectively and the defects become unstable at lower 

nominal stresses than smaller spherical bubbles; hence, at stress levels 

of the order of the threshold level, they control the Initiation phase of 

the fracture process. 
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FIGURE 30 OPTICAL MICROGRAPH SHOWING THE TWO 

TYPES OF DEFECTS TO BE FOUND IN THE 
INTERIOR OF INJECTION-MOLDED 
POLYCARBONATE SHEET

However at sufficiently hinh stresses, the small bubbles will 

become important in crack initiation, for then both defect types can be 

activated with more or less c-cjual facility. Thc>n, bc’t ause of the larger 

number of bubbles, they would control the initiation phase of the 

fracture process.

Scanning electron microscope techniques were used to examine the 

nucleation sites on brittle fracture surfaces of polyimide (Figure 31). 

Measurements of a largo number of nuclei indicated that the maximum size 

of preexisting flaws was essentially the same as found in polycarbonate; 

namely, 20ti. Close-up views (to fj0,000X) of the centers of cracks failed 

to reveal any consistent tangible inclusion. In the majority of cases, 

a cavity or a roughened surface was found at the center of cracks in
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FIGURE 32 A CAVITY TYPE NUClEATION SITE IN 
POLYIMIDE
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FIGURE 33 A POROUS AREA IN POLYIMIDE THAT 
SERVED AS A CRACK NUCLEATION 
SITE
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FIGURE 34 ROUGH AREA IN POLYIMIDE WHERE 
AN INTERNAL CRACK WAS INITIATED 
UNDER SHOCK LOADING
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FIGURE 35 FIBROUS AREA IN POLYIMIOE WHERE 
AN INTERNAL CRACK WAS INITIATED 
UNDER SHOCK LOADING
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FIGURE 36 smooth-sided PARTICLE FOUND 
AT THE CENTER OF A CRACK 
IN POLYMIDE

can be used In design calculations and Is thus much like the yield 

strength.

It Is Interesting to estimate the critical stress Intensities of 

polycarbonate and polylmlde under the shock-uave loading and uniaxial 

strain conditions which existed In these experiments. Since the cracks 

form before unloading waves can run in from the sides, the specimen 

behaves as If it were Infinitely wide. The three-dimensional elastic 

solution for a penny-slui|)ed crack in an infinite me<llum is^^

20^^

Ic (21)



where (^, is the stress required to propagate a crack of half-length c. 

Substituting into this relation the measured threshold stresses and 

preexisting crock sizes, values of the critical stress intensity under 
, 3/2 

dynamic conditions in polycarbonate and polyimide are 60 and 30 kg/cm 

respectively. 

Because of the uncertainties in the value of the nucleating defect 

15 
sizes and the assumption that the static relation holds under shock 

conditions, these fracture toughness numbers cannot be considered accurate. 

Nevertheless, the comparative toughness of polycarbonate and polyimide 

under these shock-loaded conditions is approximately Indicated and 

20,21 3/2 
comparison with the measured K of PMMA of about 50 kg/cm 

Ic 
indicates that the values for polycarbonate and polyimide are of the 

right order of magnitude. 

The mirror regions on the fracture surfaces of both polymers investi¬ 

gated in this work were remarkably circular and well defined. Since 

they are so prominent and hence easily measured, the establishment of 

a relationship linking mirror size with some mechanical or physical 

property of the polymer would be most welcome. 

For example, in glass under uniaxial tension the breaking stress is 

22 23 
approximately proportional to the square root of the mirror radius. 

O 
-è 

m r (22) 

If a similar relationship holds for polymers under the present experimental 

conditions and the constant m can be determined, it may be possible to 

determine dynamic fracture toughness from straightforward fractographic 

measurements on the spalled surfaces. The critical stress intensity for 

a penny-shaped crack in an infinite solid is given by Eq.(21). Assuming 

this relation holds for dynamic loading conditions and combining with 

Eq.(22) we obtain 
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(23) K 
Is 

2m(-~) 
ïïr 

¿ 

whore is the fracture toughness under these speclcal conditions 

of uniaxial strain and shock loading. This expression would allow 

fracture toughness determinations, normally an expensive and time-consuming 

task, to be made by making simple measurements of features on the fracture 

surface. The size of the nucleating flaw 2c can be measured with a 

scanning electron microscope. 

In attempting to determine K^ values it was found that the pro¬ 

portionality coefficient was a function of the impact stress. A determina¬ 

tion of this function would be interesting but was not attempted in the 

present work. Order of magnitude values of m for polycarbonate and 

polyimide are 600 kg/cm and 300 kg/cm, respectively. These values 

yielded values of 150 kg/cm32 for polycarbonate and 90 kg/cm3/2 for 

polyimide and appear to overestimate the toughness by a factor of 2 or 3. 

Crack Growth 

Considerable information concerning the growth of cracks in polymers 

was obtained from a single impact experiment in polycarbonate in which 

the stress was only slightly greater than the threshold level. The 

low stress level activated only a limited number of microdefects (about 

48) which then could grow with minimal interference from neighboring 

cracks. Hence, the growth of individual cracks and also the coalescence 

of pairs or larger groups could be studied at various stages of develop¬ 

ment and, perhaps more importantly, in the absence of any influences of 

competing fracture processes in the immediate vicinity. 
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Figure 27 is a micrograph taken in the impact direction of this 

polycarbonate target specimen showing the incipient spall damage in 

the form of distinguishable, individual, penny-shaped cracks within 

the specimen. Crack growth took place on planes that were i-erpendiculai, 

with very little deviation, to the impact direction. Among the markings 

on the crack surface are several concentric rings, which are thought to 

be formed by changes in the growth velocity and thereby imply that the 

cracks grow radially outward. Several such rings are typically seen 

on any one crock surface, suggesting that the crack growth rate does 

not remain constant, but in fact accelerates and decelerates several 

times. The cracks may even arrest, and then repropagate under subsequent 

stress reverberations. Interpretation of the ring patterns on crack 

surfaces is an intriguing problem. The growth history of the crack 

pictured in Figure 37a, for example, might have been as follows: at 

the beginning of the first tensile pulse, a planar crack was 

initiated at the site of the irregular inclusion at the center of the 

photo. The crock expanded radially at a low velocity and very gradually 

accelerated until its size was such that the Griffith-Irwin condition“4 

was fulfilled, i.e., the crack radius was such that 

(2d) 

where O is the tensile stress in the pulse and K is the plane 
app Ic 

strain fracture toughness of polycarbonate for the strain rate of the 

experiment. At this size the crock accelerates very rapidly to run at 

a high velocity approaching that of Hayleigh waves in the material. But 

suddenly the stress falls to zero as unloading waves run in from the 

surfaces. The crock stops abruptly and is stationary as the material 

enters a compression cycle. But as the material experiences the first 

tensile reverberation, the crack may again accelerate rapidly and 
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FIGURE 37i INTERNAL PENNY SHAPED CRACK IN POLYCARBONATE 
PRODUCED UNDER SHOCK LOADING SHOWING 
CONCENTRIC GROWTH RINGS
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FIGURE 37b SCHEMATIC DEPICTION AND SUGGESTED VELOCITY 
HISTORY FOR THE CRACK SHOWN IN |j|
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propagate at near maximum velocity if the size of the crack and the 

amplitude of the second tensile wave satisfy Eq. (24). Continued 

ringing of the stress waves could in this way produce further intermittent 

growth of cracks. This proposed growth history of a crack is illustrated 

in Figure 37b. 

Crack Coalescence 

The sequence of events leading to crack coalescence is depicted 

schematically in Figure 38. Crack tips of two neighboring cracks, 

radially expanding on parallel planes, will eventually approach each 

other to the point where the concentrated stress fields associated with 

them overlap. Therefore, the material between the two cracks is subjected 

to magnified stresses, and because of the proximity of two free surfaces 

(on which the stress has fallen to zero) the direction of the maximum 

tensile stress is altered. Now since crack growth in an isotropic 

material usually occurs on planes normal to the maximum tensile stress 

direction, both cracks tend to leave the nominal spall plane and turn 

into one another. 'Ibis process, carried to completion so that the two 

cracks join up, is called crack coalescence, and is an important stage 

in the fracture process. 

Cracks which had reached the coalescence stage were no longer 

penny-shaped, but rather, dish-shaped. The crack profiles on sectioned 

surfaces are shown in Figures 14 and 15 and depicted schematically in 

Figure 38d. A basic difference was observed in the degree of coalescence 

of polycarbonate and polyimide; namely, a high percentage of neighboring 

cracks in polyimide coalesced completely whereas the crack tips in 

polycarbonate, while strongly interacting and turning toward each other, 

very seldom joined up. This behavior probably results from the greater 

ductility of polycarbonate and is reflected in the difference in dis¬ 

integration stress. Specifically, as the crack tips approach each other, 
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(bl CRACK TIPS HAVE MOVED INTO EACH OTHER'S STREU PIELOS. DIRECTION OP THE MAXIMUM 
TENSILE STREU HAS CHANCED. CRACK TIPS SEO IN TO TURN TOWARD EACH OTHER. 

(el STREU IS REMOVED AND CRACKS HAVE STOPPED. CRACKS WHICH WERE PENNY-SHAPED IN 
THEIR EARLY STAGES OP FORMATION ARE NOW DISH-SHAPED. 

Id) DAMAGE CONSISTS OP CRACKS HAVING ONE OP TWO SHAPES 
MA-1033-28 

FIGURE 38 SCHEMATIC DEPICTION OF THE SEQUENCE OF EVENTS LEADING 

TO CRACK COALESCENCE IN AMORPHOUS POLYMERS 
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the cross section of the mnterial supporting the stress becomes 

increasingly smaller. It is well known that deformability increases 

with decreasing size, and thus the intact material between the coalescing 

cracks can continue to deform, and thereby continue to relieve the 

stress. When the stresses fall below a certain level, the crack tips 

stop advancing, so that through the ability to relieve stresses by 

plastic flow, crack coalescence is inhibited, and separation of the 

specimen into pieces (the fourth and final stage of the fracture 

mechanism) is prevented. This is usually not the case for the brittle 

polyimide, whose ability to flow plastically is insufficient, even in 

small sections, to reduce the stresses to a point where fracture must 

arrest. Hence, the fracture process usually goes beyond the coalescence 

stage and proceeds to the final stage of specimen flisintegration. 

The micrograph of Figure 39 indicates qualitatively the magnitude 

of concentrated stresses in the material between two converging 

crack tips as well as the thin-section enhanced ductility of polycarbonate, 

fhe conditions are such that voids can nucleate and grow. 

Separation of the Specimen into Pieces 

The final stage of the fracture process, separation of the specimen 

into two or more parts, could only be studied in polyimide, since none 

of the polycarbonate specimens reached this stage. Even the gaged poly¬ 

carbonate shot, which was impacted at twice the stress necessary to 

initiate damage, although heavily damaged, (Figure 40) remained intact 

and retained considerable strength. Coalescence of spall cracks in 

polyimide, on the other hand, occurred with relative ease and usually 

resulted in a continuous pock-marked internal surface extending to 

about 1/4-in. of the specimen periphery, (Figure 41). Spall cracking 

never occurred within this outer annulus of the specimen because 

unloading waves running in from the sides prevented the tensile stresses 
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FIGURE 39 VOIDS THAT NUCLEATED AND GREW 
VISCOUSLY UNDER THE MAGNIFIED 
STRESS FIELD EXISTING BETWEEN 
TWO CONVERGING CRACK TIPS

from reaching critical valiKs there. Monet' spall cracks alone were not 

enough to disintegrate the specimen, since they iliti not reach the 

specimen surface. Disintegration did fx-cur, however, by means of 

transverse cracks which extended from the impact surface to the spall 

plane and formed a spoke-like pattern on the external impact surface of 

the specimen (Kigure 42). The pattern of these cracks implies that 

they formed under hoop stresses and the fact that cracks were not 

found in the free-surface half ol the specimen. Figure 43 suggests that 

these hoop stresses existed only in the impact half of the specimen.
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FIGURE 41 PARTIALLY RECONSTRUCTED
polvimide specimen showing
HOW FRAGMENTATION RESULTED 
FROM CRACK COALESCENCE
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RADIAL CRACKS ON THE IMPACTION SIDE OF A 
POLYIMIDE SPECIMEN CONTRIBUTING TO THE 
FRAGMENTATION PROCESS
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F.'GURE 42b SAME SPECIMEN WITH A LARGE SECTION 
REMOVED TO REVEAL INTERNAL DAMAGE
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V APPLICATION OF NAG METHOD TO HEAT SHIELD FRACTURE 

Shock damage is extremely Important in many heat shield applications 

25 
because it precedes the structural response. Experiments at SRI have 

shown that heat shields exposed to simulated radiation loads may appear 

undamaged under casual observation, but nonetheless have suffered signif¬ 

icant loss of structural strength due to the presence of shock damage. 

It would be most useful to develop a capability to predict the extent 

of shock damage to be expected from arbitrary dynamic loading histories, 

and to relate this damage to the loss of structural strength. For 

convenience, the results could be presented In graphs similar to that 

shown in Figure 44, where contour lines representing various levels of 

strength degradation are plotted in peak tensile stress-stress duration 

space. The degree of strength degradation produced by a given stress 

pulse is shown quantitatively as well ns ttíe fact that this strength loss 

can also occur, for example, at a lower peak stress of somewhat larger 

duration. The family of curves could represent different amounts of 

decrease in ultimate tensile strength, bending modulus, or yield strength. 

Such graphs can also be transformed by presently available computat¬ 

ional techniques to the form shown in Figure 45. In this figure, the 

same family of curves representing quantitative loss of structural 

strength is plotted in coordinates representing the fluence and spectral 

black body temperature of a nuclear device. (The shape of these curves 

may be more complicated than shown here.) Graphs like those of Figures 44 

and 45 could be used by designers and systems analysts to predict quanti¬ 

tatively the structural damage resulting from arbitrary loading histories. 

To construct such graphs, we must first be able to quantize damage 

at an appropriate level of detail. In Figure 46, we again uae the 

coordinates representing peak tensile stress and stress duration. In 

this case the family of curves represents quantitative levels of micro¬ 

scopic shock damage. Any of several parameters may be used to describe 
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FIGURE 46 QUANTITATIVE ISODAMAGE CURVES 

shock damage. In Figure 46 we allow each curve to represent a particular 

percentage of void volume formed by the microscopic voids or cracks. 

Another useful damage parameter is void concentration (number of voids 
3 

per cm of solid material). For a brittle material, crack area may be 

a more convenient parameter than void volume. Once graphs like Figure 46 

are constructed, it should be a straightforward matter to relate experi¬ 

mentally the quantitative damage level curves of Figure 46 to the desired 

graphs of Figures 44 and 45. Thus, it is clear that our objective must 

be to provide a capability to construct the curves shown in Figure 46, 

i.e., curves that will predict the quantitative shock damage distributions 

caused by arbitrary shock loads. 

There have been many previous attempts to characterize shock damage 

by performing flat-plate impact experiments, but until fairly recently 

the results were usually presented in the form shown in Figure 47.26’30 
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FLYER PLATE THICKNESS 
MA-1033-t 

FIGURE 47 QUALITATIVE ISODAMAGE CURVES 

In this graph, Impact velocity and flyer plate thickness are the coordinates 

and the Isodamage curves represent vague and qualitative levels of damage 

such as "cracks visible at 50X," "intermediate damage," and "complete 

separation." Since impact velocity and flyer plate thickness are related 

to peak tensile stress and stress duration, respectively, these graphs 

bear a resemblance to Figure 46. However, it is unclear how to proceed 

from this type of information to the desired graphs of Figures 44 or 45 for 

radiation deposition or explosive loading problems. This was the motivation 

for the development of the NAG method, which was applied In this report 

to polymers. 

92 



VI SUMMARY AND CONCLUSIONS 

The incipient fracture behavior of a ductile and a brittle high 

temperature polymer under shock loading was Investigated, Well-controlled 

flat-plate impact experiments on Lexan polycarbonate and P13N polyimide 

were carried out using a light gas gun, and a quantitative metallographic 

technique was used to analyze the damage in each impacted specimen. 

The dynamic stress-volume loading and unloading profile for poly¬ 

carbonate was determined by a gas gun experiment in which multiple 

electromagnetic particle velocity gages were emplaced in the specimen. 

Due to the failure of one gage in a similar experiment with polyimide 

only a rough estimate of these paths could be made for this material. 

The constitutive relation data of polycarbonate were used to 

calculate the approximate stress histories experienced by the specimens, 

and the damage was correlated with the stress histories to obtain the 

crack nucléation and growth parameters given in Table VI. The results 

are also presented in Figure 26 as isodamage contours in stress-stress 

duration space. Nucléation and growth parameters have lesser meaning 

for polyimide, which cannot suffer extensive fracture damage and still 

remain Intact. Isodamage contours for this material reduce to a narrow 

band. For a load duration of about one microsecond, the threshold 

stresses were determined to be 1.6 kbar for polycarbonate and about 

1 kbar for polyimide, and the fracture toughnesses under these dynamic 

uniaxial strain conditions were estimated to be roughly 60 and 

3/2 
30 kg/cm , respectively. 

Examination of the virgin material, the compaction heads, and the 

fracture surfaces of damaged specimens by optical and scanning electron 

microscopy yielded valuable information about the fracture process, and 
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a fracture mechanism based on these observations was proposed. Essen¬ 

tially two types of microscopic defects were present in the as-received 

polycarbonate; namely, (1) irregular, two-dimensional flaws and inclus¬ 

ions having an average diameter of about 20 4 and (2) small, spherical, 

bubble-like voids roughly one micron in diameter. The initial defect 

structure of polyimide, although not so easily determined, is thought 

to be similar. Precompression resulting from the passage of the initial 

compressive wave appeared to have no significant effect on the micro¬ 

structure and was thus assumed to have no influence on the fracture 

behavior. Based on observations of the fracture surfaces, fracture 

in polymers under shock loading is thought to occur by the following 

mechanism: 

1. Activation of a large number of preexisting defects—The 

larger type of defect, because of its size and sharper edges, can be 

activated at lower stresses than can the bubble-like flaws, and hence 

is expected to control this phase of the fracture process at low stresses. 

At much higher stresses, where the bubble-like defects can also be 

activated, the bubbles, by reason of their higher density, should be 

controlling. 

2. Radial growth of the activated flaws on planes normal to the 

Impact direction—Propagation occurs slowly at first but, upon reaching 

a certain size, the crack accelerates more rapidly to constant maximum 

velocity approaching the speed of Rayleigh waves. The cracks stop abruptly 

when the stress falls to zero, but may repropagate under subsequent 

tensile reverberations. 

3. Coalescence of expanding cracks—Cracks expanding on parallel 

planes and approaching one another tend to turn into each other because 

of the change in stress state at the crack tips when the stress fields 

interact. The damage at this stage consists of a population of dish¬ 

shaped cracks instead of the penny-shaped cracks of stage two. 
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Coalescence occurs when converging crack tips actually unite with the 

fracture surfaces of neighboring cracks. 

<1. Separation of the specimen Into two or more parts—This final 

stage of fracture is reached when Individual coalescence events produce 

one or more continuous fracture paths through the specimen. The large 

difference between polycarbonate and polylmlde in ability to remain in¬ 

tact while suffering damage reflects their relative resistance to crack 

coalescence. In polylmlde, cracks grow together in a brittle manner with 

very little stress relaxation, whereas the ligaments of material between 

neighboring cracks in polycarbonate undergo enormous amounts of plastic 

deformation, thus arresting crack motion, inhibiting coalescence, and 

preventing separation. 
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