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Synopsis 

Heat generated during dynamic crack propagation in viscoelastic solids was investigated by visible 
liquid crystal film technique to observe the thermal boundary front emanating from a running crack 
tip. The crack propagation velocity was also measured by the velocity gauge method. The heat 
so estimated is correlated with the crack propagation velocity. 

INTRODUCTION 

When a high-velocity crack runs in a viscoelastic solid, strong energy con- 
centration is observed a t  the very running crack tip, as seen from previous re- 
su1ts.l Naturally, heat evolution and subsequent heat conduction resulting in 
a temperature rise leading toward thermal boundary front formation are ex- 
pected. Theoretically, Kambour and Barker,2 Rice and Levy,3 and Parvin4 in- 
vestigated this problem mainly on the temperature rise. However, their results 
showed large discrepancies in the quantitative evaluation, and further experi- 
mental verification should be required, in addition to the work by Fuller, Fox, 
and Field5 of the Cavendish Laboratory, England, in 1975. 

In the present study, the thermal boundary front emanating from the running 
crack tip is traced by visual liquid crystal film technique to estimate the heat 
evolution during dynamic crack propagation in a viscoelastic solid. The corre- 
lation between the heat evolved and the crack propagation velocity is also in- 
vestigated. The crack propagation velocity is measured by the conventional 
velocity gauge method. 

EXPERIMENTAL 

Specimen and Experimental Procedure 

A poly(methy1 methacrylate) (PMMA) specimen, shown in Figure 1, is pre- 
pared from the virgin Sumipex sheet product of Sumitomo Chemical Co., Japan, 
and is subjected to mode I tension loading to initiate the crack propagation by 
an Instron-type tensile tester a t  room temperature. During dynamic crack 
propagation, the crack proptgation velocity is measured by the velocity gauge 
method as described later, and the thermal boundary front is also photographed 
by the visual liquid crystal fiilm technique (see below) leading toward the heat 
evolution calculation during fracture. The load is measured by a load cell. 
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Velocity Gauges 

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 propagation and perpendicular to the direction of crack 
propagation, as shown in Figure 2. The average crack propagation velocity be- 
tween wires can be obtained from the times a t  which these wires break owing to 
the propagating crack. Further detail is given in an early report.6 

Liquid Crystal Visualization Technique 
Liquid crystal was discovered by Friedrich Reinitzer in 1888. It is of opti- 

cal-anisotropy liquid generating birefringence, viz., showing mesophase. Since 
Fergason of Westinghouse Research Laboratory proposed thermography by 
liquid crystal in 1963, this technique has often been employed as an experimental 
tool. More than 3000 kinds of liquid crystals now exist. 

In the present investigation, cholesteric liquid crystal is employed, as this has 
a color sensitivity to changes in temperature and so is good for visualization of 
the thermal boundary front emanating from a running crack front. Actually, 
a mixture of 60 wt % cholesteryl oleyl carbonate and 40 wt % cholesteryl nona- 
noate was used. A layer about 100 pm thick was spread over a specimen surface 
which was painted matt black, reverse to the velocity gauge surface. The cali- 
bration was made by using ice, water, and boiling water. The present liquid 
crystal film changes from red through blue as the temperature rises are shown 
in Figure 3. In the evolved heat calculation shown later, the thermal capacity 
of the film and the time taken to respond to changes in temperature were both 
regarded as small enough to be neglected. 

initial crack - 
conductive silver 
coating material 

lead wire 

propagating crack 

5 5 5 5 5 5 5 5 5  

(unit :mm) 

Fig. 2. Velocity gauge arrangement. 
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Fig. 3. Color sensitivity to changes in temperature. 

Measurement System 

Figure 4 shows the block diagram employed in the present study. The colored 
thermal boundary front emanating from a running crack front was photographed 
after fracture on Fuji ASA 400 color film by keeping the camera shutter open 
in the dark. The propagating crack broke the triggering conducting wires and 
fired an electronic flash for photographing. 
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Fig. 4. Measurement system block diagram. 
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HEAT EVOLUTION CALCULATION 
The heat evolved during crack propagation, Q, was calculated by the heat 

conduction equation combined with the thermal boundary front obtained from 
the color change in liquid crystal film during fracture. In performing the cal- 
culation, the following assumptions were employed: 

(1) The thermal capacity of the liquid crystal film is small enough to  be ne- 
glected. 

(2) The time taken to respond to  changes of temperature is small enough 
to  be neglected. 

( 3 )  Heat conduction is assumed to  be one-dimensional heat flow. 
(4) Heat loss from the crack surface is small enough to  be neglected. 
Thus, the heat evolved, Q, can be expressed as7 

Q = p c J m T e x p  ~ (:k:) 
In performing the calculation, the following equation was used: 

A T  
Q = pc- (-&)-(A) 4kt 4k t  
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Fig. 5. Crack propagation velocity profile: C = crack length; W = specimen width. 

where Q is heat evolved on both cracked surfaces per unit area of crack advance, 
h is thermal diffusivity = 1.08 X m2/s, c is specific heat = 0.35 cal/g-"C, p 
is density = 1.19 X 106 g/m3, t is time after fracture, AT is temperature difference 
between greenlblue and redlgreen thermal boundaries = 0.4"C, y1 is distance 
between greenblue thermal boundary and the cracked surface, and y2 is distance 
between redlgreen thermal boundary and the cracked surface. 

RESULTS AND DISCUSSIONS 

The crack propagation velocity curves obtained are shown in Figure 5. Al- 
though there is scatter in the data, the same tendency is observed as in the pre- 
vious results.6 In the present result, the crack propagation is initiated by 
quasistatic tension loading in mode I. 

Figure 6 shows an example of thermal boundary front obtained 1.44 s after 
fracture by the visible liquid crystal film technique. Macroscopically, the 
thermal boundary front forms a straight line gradually separating from the 
cracked surface. 

Temperature =27 "c 
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Fig. 6. Thermal boundary front obtained 1.44 s after fracture by liquid crystal film technique. 
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Fig. 7. Heat evolution vs. crack propagation velocity. For samples 1 , 2  and 4 (0, 0 ,  A); samples 

The evolved heat calculated by using the previous equation is shown in Figure 
7 as a function of crack propagation velocity. The strong energy concentration 
was already observed at the running crack front in a viscoelastic solid' and also 
predicted theoretically by several  investigator^^-^ as already mentioned in the 

6 through 10 (A, 0, m, a),€)). 
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Fig. 8. Local strain rate measured as a function of distance ahead of a running crack tip. Ca (s-l) 
samples 1 through 3 (0, A, 0); C A  (s-l) 3.03 X lop2: samples 5 through 10 (0 ,  A, m, 3.03 X 

*, A, I). 
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“Introduction.” For instance, Figure 8 shows that the local strain rate i obtained 
a t  the running crack tip is much greater than the average strain rate i ~ ,  where 
i A  is the crosshead speedlspecimen gauge length ratio and Y is the distance from 
the running crack tip.l 

Fuller et al.5 performed the experiment on PMMA; however, their results 
covered a higher crack propagation velocity range of more than 400 mls and a 
small-size specimen, 20 mm X 5 mm X 1.5 mm. 

The obtained heat Q-vs.-crack propagation velocity C relation in Figure 7 
exhibits a result similar to that of Fuller et al., but the absolute Q value is greater 
in the present case. It is also apparent that Q rapidly increases when the crack 
propagation velocity exceeds about 600 mls. 

Mr. Hitoshi Yamada is thanked for his contribution to the present study. 
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