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Phenomenological Aspects of Viscoelastic 
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synopsis 
The strain rate dependence on dynamic crack propagation in viscoelastic solids was 

experimentally verified for PMMA by the velocity gauge method and fracture surface 
observation. It was found that the dependence was mainly due to  the viscous term 
effect, and this was supported by the observation of deviation of the stress-strain curve 
from an elastic case. The elastic brittle crack propagation can be realized only in the 
high-strain rate case for PMMA. 

INTRODUCTION 

So far, viscoeleastic materials with high modulus, such as poly(methy1 
methacrylate) (PMMA), have been treated as brittle solids so that the elas- 
tic brittle fracture phenomena which are strain rate-independent, such as 
dynamic crack propagation, have been expected. However, the present 
authors believe the effects of viscoelasticity may be important a t  low applied 
strain rates. Such strain rate dependence on dynamic crack propagation in 
a viscoelastic solid such as PMMA is little investigated. In this explora- 
tory experimental study using PRIMA, the phenomenologic aspects con- 
cerning the strain rate dependence on dynamic crack propagation in visco- 
elastic solids are discussed. 

EXPERIMENTAL 

Measurement of Crack Velocity 

The measurement of crack propagation velocity through a specimen was 
done by the velocity gauge method.' Velocity gauges consist of a series 
of conducting wires, du Pont No. 4817 conductive silver coating material, 
placed a t  certain intervals on the projected path of the crack and perpendic- 
ular to the direction of crack propagation, as shown in Figure 1. These 
wires form one leg of a bridge, shown in Figure 2,  which is connected to a 
Synchroscope DS-5305B, made by Iwatsu Electric Co., Ltd., Japan. The 
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Fig. 1. Velocity gauge arrangement. 

Fig. 2. Electronic circuit. 

times at which these wires break owing to the propagating crack are obtained 
from the trace on the Synchroscope. Thus, the average crack propagation 
velocity between wires can be obtained. 

Tensile Testers 

Two Instron-type tensile testers were used to  give a constant strain rate 
ranging from i = 2.6 X 10-?/sec to i = 4S/sec, as shown in Table I. For 
i = 48/sec, the UTM-5 tensile tester, specially designed for higher strain 
rate tension loading, was used. In  this case, an initial inherent transient 
strain rate range, that is, an inherent transient cross-head speed range, is 
inevitable, since this UTM-5 tester is originally designed to fit elastomers 
showing large deformations. Therefore, a “slack grip” was installed to 
eliminate the transient effects, of which details were described in the earlier 
paper,2. For i = 2.6 X 
10-2/sec, i = 2.6 X 10-5/sec, and i = 2.6 X lO-?/sec, the conventional- 

The breaking load was measured by a load cell. 

TABLE I 
Tensile Testers 

Tensile tester Strain rate 6, sec-1 Make 

UTM-1 2.6  x 10-7 Toyo-Baldwin, Japan 
2 .6  X 
2 .6  x lo-* 

UTM-58 48 

a A “slack grip” was attached. 
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Fig. 3. Test specimen for low strain rate. 
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Fig. 4. Test specimen for high strain rate. 

type tensile tester UTM-1 was used. 
cases. 

No “slack grip” was used in these 
Both UTM tensile testers are of Toyo-Baldwin (Japan) make. 

Test Specimens 
Figure 3 shows for both quasi-static and slow strain rates, say, from i = 

2.6 X lO-’/sec to i = 2.6 X lO-*/sec, and also shown in Figure 4 is for a 
high strain rate of i = 4S/sec. These PXIR’IA specimens were made from 
Sumipex virgin sheet manufactured by Sumitomo Chemical Co., Ltd. 
Japan. 
was 0.01 mm. One or two strain gauges, I<I;C-2-500-Cl-11, manufactured 
by Kyon-a Electronic Instruments Co., Ltd. Japan, \wre placed on t.hc 
specimen as shown in the figures, and were measured or1 the Synchroscopc 
DS-5305B. The velocity gauge installation was applied to all the spcci- 
mens as mentioned above, however, the number of conducting wires wcrc 
reduced by half for those shown in Figure 4 because of shorter width. 

The initial crack length co was 5 mm, and the crack tip radius 

EXPERIMENTAL RESULTS 

The experimental results of crack propagation velocity in PAIRIA by the 
velocity gauge method are shown in Vigures 5 to S, where c = crack length 
and C = crack velocity. In  Figure 5, the strain rate is very low, i = 2.6 X 
lO-’/sec, and the asymptotic value is near 400 m/sec. In Figures 6 and 7, 
for t  = 2.6 X 10-5/sec and i = 2.6 X 10-2/sec, respectively, the asymp- 
totic values are being raised ; and finally in Figurr S, for e = 4S/scc, the esti- 
mated terminal crack velocity becomes about 6SO m/sec, which is almost 
the theoretical crack propagation velocity in brittle elastic solids, as dis- 
cussed later. An arrangement of these data, shown in Figure 9, denotes a 
distinct strain rate-dependent crack propagation velocity profile in PJINA. 
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Fig. 6. Crack propagation velocity profile (& = 2.6 X lO-‘/sec). 

Another experimental result, shown in Figure 10, also supports the strain 
rate-dependent crack propagation in PRIMA. Figurc 10 show thc topo- 
logic change of fracture surfaces takcn in micrographs with a magnifica- 
tion of 177x, of which details are presented separately in parts A to N. 
These micrographs display a gradual increase of roughness in the fracturc 
surface with increase in crack velocity, as was already known, e.g., see 
C ~ t t e r e l l . ~  In  Figure 10, comparing the upper curve (i = 48/sec) with the 
lower one (6  = 2.6 X 10-7/scc), i t  can bc observed that the lower strain rate 
case displays a smoother fracturc surface in contrast to thc higher strain 
rate. The rough fracturc surface indicates a higher crack velocity for 
higher strain rates. 
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Fig. 7. Crack propagation velocity profile ( A  = 2.6 X lO-l/sec). 
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Fig. 7. Crack propagation velocity profile ( A  = 2.6 X lO-l/sec). 
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Fig. 8. Crack propagation velocity profile (i = 48/sec). 
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Fig. 10 (contirLued) 
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Fig. 10 (continued) 

1633 



1634 KOBAYASHI, OHTANI, AND SAT0 

(N 1 
Fig. 10. 
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THEORETICAL INTERPRETATION AND ASSOCIATED 
EXPERIMENTAL VERIFICATION 

A linear viscoelastic solid such as PMMA may be expressed in terms of a 
four-parameter model, as shown in Figure 11, in which the elastic moduli El 
and E2 and the viscosity coefficients gl and g2 can be determined by a creep 
test or a relaxation test. In  the present report, the creep test was used, 
and El = 418 kg/mm2, Ez = 1640 kg/mm2, g1 = 5.84 X kg sec/mm2, 
and 72 = 1.18 X kg sec/mm2 were obtained. For high strain rate 
loading, only El will be expected to operate instantaneously as soon as a 
load is applied, since the viscosity terms show the delayed behavior in 
response to  such dynamic loading. 

If only El is in operation, the model should exhibit elastic behavior, thus 
showing the elastic brittle fracture which obeys Berry’s formula for dynamic 
crack pr~pagat ion .~  Berry’s formula is expressed as 

u- 
Fig. 11. Four-parameter model. 
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Fig. 12. Crack propagation velocity profile at i: = 48/sec compared with Berry’s 
formula. 

where C = a crack velocity; c = crack length; E = Young’s modulus; 
p = thedensity; co = initialcracklength; u0 = 1/2yE/(aco) = Griffith’s 
fracture stress a t  c = cot where y = the surface energy; and cY = fracture 
stress. 

Equation (1) has both an upper and a lower boundary, i.e., for the upper 
boundary, uy = co, 

and for the lower boundary, uy = C T ~ ,  

C = 0.38 d! (1 - :)a (3) 

Putting E = El = 418 kg/mm2 in eqs. (2) and (3), and comparing with the 
experimental data obtained for 2: = 48/sec shown in Figure 8, good agree- 
ment is seen with Berry’s formula as shown in Figure 12. 

Since the dynamic crack propagation velocity is governed by the energy 
criterion, i t  is not unreasonable that the dissipation energy due to  the 
viscous flow essential to viscoelastic solids like PMMA is likely to exert a 
predominant role in the above-mentioned experimental results. In  the 
present test results, for i = 48/sec, the crack velocity agrees well with that 
of the elastic case as shown in Figure 12. Therefore, i t  may be concluded 
that there is insufficient time for viscous deformation under such high 
strain rate, and only the eleastic component El operates, as can be easily 
understood from Figure 11. 
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Fig. 13. Stress u vs. strain E a t  three different strain rates. 

However, for the low strain rates, there is always enough time for the 
elastic strain to relax, and viscous flow emerges. If such viscous flow 
existed, first, the stress a-versus-strain E curve would appreciably deviate 
from a straight line of purely elastic gradient due to the creep phenomenon. 
By using a UTM-1 tensile tester, the stress a-versus-strain c curves for 
three different strain rates were obtained, as shown in Figure 13, which ex- 
hibits more deviation from the initial elastic gradient El with decrease in 
strain rates. Thus, the existence of viscous flow due to the viscous term 
in PMMA in the low strain rates is experimentally verified. Therefore, it 
might be concluded that the strain rate dependence of the dynamic crack 
propagation in PRIMA is mainly due to the viscous term, which appears as 
the strain rate becomes lower, and that the elastic brittle crack propagation 
can only be realized a t  very high strain rates where only the elastic term 
can be in operation. 

CONCLUSIONS 

The strain rate dependence on viscoelastic crack propagation was experi- 
mentally verified for PMMA by using the velocity gauge method and 
observations of the fracture surface. The viscous term becomes important 
as the strain rate decreases. The experimental investigation of how the 
strain rate causes deviation of the stress-strain curve from the perfectly 
elastic case is consistent with the effect of strain rate on crack propagation. 
The elastic brittle crack propagation after Berry’s formula was only real- 
ized in the high strain rate case for such a viscoelastic solid as PMMA. 
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in the present investigation. 
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