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Heat evolution investigated by a liquid
crystal film technique during fracture

in metals

AKIRA KOBAYASHI*, HIROSHI SUEMASU*
Faculty of Engineering, Institute of Interdisciplinary Research, University of Tokyo,
Komaba-4-Chome-6-1, Meguro-Ku, Tokyo 153, Japan

Heat evolution caused from a running crack front during dynamic fracture in steels,
aluminium alloys and titanium alloys was investigated through liguid crystal film
visualization, and a correlation between the generated heat and the crack propagation
velocity was found. The heat evolution increased with an increase in the crack velocity

for an individual metal. The magnitude of heat evolution was largest for steels having the
lowest crack velocity, while the titanium alloy produced the smallest heat evolution, but
showed the highest crack velocity. In comparison the aluminium alloy gave intermediate

values of heat evolution and crack velocity.

1. Introduction

During dynamic crack propagation in solids, high
energy concentration at the running crack tip
gives rise to a phenomenon in which the heat
generated from this running crack tip can be
observed as the thermal boundary front move-
ment indicated by the changes in colour through
the liquid crystal film technique [1—4]. Already
the present authors have investigated this topic
with carbon-fibre composites [5] and polymers
[6]. Fuller ez al. [7] have also studied polymers in
this respect. In the present report, heat evolution
during dynamic crack propagation in metals, i.e.
steels, aluminium alloys and titanium alloys, will
be presented through the visible liquid crystal
film technique.

2. Experimental procedures

2.1. Loading apparatus

The experiment was performed under mode I
crack propagation conditions at room tempera-
ture, and the applied crosshead speeds were 100
and 500mm min~. An Instron-type tensile tester
UTM-1 of Toyo-Baldwin make was employed.
The applied load was measured by a load cell and
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stored in a transient memory, and simultaneously
monitored on an oscilloscope during the test.

2.2. Specimens

The test specimens were prepared for steel
SAE 4130, aluminium alloy 2024-T3 and titanium
alloy Ti—6A1-4V, the size of which is shown in
Fig. 1.

2.3. Velocity gauges

Du-Pont conductive silver coating material
no. 4817, the conducting wires in short, were
placed at certain intervals on the projected path of
the crack, and perpendicuilar to the direction of
crack propagation as shown in Fig. 1. These wires
formed one leg of a bridge in the electronic circuit,
connected to a transient memory. Since the metal
specimens are electrically conductive, a thin epoxy
layer was first applied to the specimen surface and
then the velocity gauges were applied. The time at
which these wires broke owing to the running
crack was obtained afterwards from the trace on
the pen recorder. Thus the average crack propa-
gation velocity between the wires could be obtained
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Figure 1 Specimen configuration with the velocity gauge
and thermocouples (liquid crystal film is on the reverse
side).

from the wire interval and the time required for a
crack to pass between the wires. The electrical
signal due to the wire breaking was stored in a
transient memory, which was reproduced after-
wards on the pen recorder, and was also monitored
on an oscilloscope. For further details see
Kobayashi et al. [8].

2.4, Thermocouples

Copper—constantan thermocouples with 0.1 mm
diameter were attached at two locations on the
specimen surface as shown in Fig. 1. The output
obtained was recorded by the pen recorder.

2.5. Liquid crystal film

As is known, liquid crystal film is optically aniso-
tropic and has a colour sensitivity to changes in
temperature [9].

A thin liquid crystal layer, about 100 um thick,
was spread over the specimen surface painted matt
black, on the surface opposite to the velocity
gauge side, across the surface where the crack
advance was anticipated. The liquid crystal used
was a mixture of about 50wt% cholesteryl oleyl
carbonate and 50wt% cholesteryl nonanoate,
changing from colourless to red at 29.05° C and
from green to blue at 29.70° C as shown in Fig. 2.
As shown in Fig. 3, a video camera system was
used to take colour photographs of moving
thermal boundary fronts emanating from the
running crack front observed on the liquid crystal
film. The video camera was operated by a trigger
gauge as soon as the crack propagation started.

2.6. Block diagram

The block diagram of measurement is shown in
Fig. 3.
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3. Calculation of heat evolution
The heat evolved at the running crack tip can be
estimated from the thermal boundary fronts
obtained by the changes in colour through liquid
crystal film visualization, by using several assump-
tions as stated below.

1. One-dimensional heat flow.

2. No heat loss from the specimen surface,

3. The specimen length is infinite.

4. The heat origin is very small with no volume.

5.The crack propagation velocity, C, is far
greater compared with the heat conduction velocity.

6. The colour thermal boundary fronts obtained
are isothermal: 7 is blue/green at 29.70° C, and
T, is colourless/red at 29.05° C (Fig. 4).

7.(Q1— Q,)* be minimized, where Q; is the
heat evolution at y =y, and Q, is the heat evolu-
tion at y = y,, as indicated in Fig. 4.

From the conventional heat
equation [10] we have

Q = pc(4nkr)V2AT e 14kt

conduction

(1)

with the associated coordinates shown in Fig. 4,
where Q is the heat evolved on both crack faces
per unit area of crack advance, k is the thermal
diffusivity = K/pc, K is thermal conductivity, ¢
the specific heat, p the density, ¢ the time elapsed
after fracture, T is the temperature, and p is the
distance from the cracked plane.
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Figure 2 (a) Colour sensitivity to changes of temperature
in liguid crystal film. (b) The attached colour picture is
for steel subjected to a crosshead speed of 500 mm min~*
for 20 sec after fracture.
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We have the following equation to calculate the
heat evolution obtained from the liquid crystal
film visualization technique:

g
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where b(=50mm) is the specimen width, and
k is obtained from K, ¢ and p given in Table 1.

4. Experimental results and discussions

In the present experiment, the 4130 steels and
the 2024-T3 aluminium alloys were both tested
under mode I crack propagation loading in tension
subject to both 100 and 500 mmmin™!, while
only S00mmmin~! tension loading in mode I
propagation was applied to the Ti—6Al1—-4V
alloys. In calculating the crack propagation
velocity, C, the velocity gauge values were cali-

Q=Qlx

Figure 4 Coordinates and heat evolution.

brated by the video camera recording data for the
steel specimen case, since the steel specimens
showed very ductile breaking so that the velocity
gauges could not show a sharp signal on the
electronic recording data.

For the heat evolution calculation, the heat
evolution Q was calculated from Equation 2, as
described previously, by using the thermal bound-
ary fronts, T’y and T, which were observed through
liquid crystal film visualization,

Among the load against displacement curves
monitored during loading, those for the titanium
alloys showed a typical brittle load against dis-
placement curves, although no curves presented
here.

Figs. 5 to 7 show the heat evolution Q and the
crack propagation velocity, C, as a function of a
running crack front position, C/C,, where C is the
arbitrary crack length, and Cy(=5mm) is the
initial crack length. In view of the experimental
results shown in Figs. 5 to 7, the heat increases
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Figure 5 Heat evolution and crack velocity (steel).
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TABLE I Physical properties of metals

Specific heat, ¢ Thermal conductivity, K Density, p Young’s modulus, £
(X102 Jkg'°C™) Om'sec'°C?) (X 10*kgm™?) {GNm"2)
Aluminium alloy 9.6 120 2.8 70
2024-T3
Titanium alloy 5.0 6.7 4.7 120
Ti-6A1-4V
Steel 4.6 52 7.8 210

with the increase in the crack velocity for all
cases, though there exist some wavy crack velocity
profiles especially for steels and aluminium alloys.
The magnitude of heat evolution is, roughly speak-
ing, rather an inversely increasing function of the
crack propagation velocity, in comparison with
these three metals. That is, the steel shows the
largest heat evolution, while its crack velocity is
the lowest. The titanium alloy produces the highest
crack velocity but has the smallest heat evolution.
The aluminium alloy gave intermediate values of
both heat and crack velocity.

The crosshead speed effects on the heat evolu-
tion are hardly observed for both the steel and the
aluminium alloy cases, far from that, the apparent
inversion is even observed in the steel case: greater
heat evolution can be obtained almost all the way
for the 100 mm min™* case, as seen in Fig. 5.

The heat evolution, @, plotted against crack
propagation velocity, C, is summarized in Fig. 8
and gives a comparison of the three metals tested.

61 Al alloy

(2024-73) /

crosshead speed j
500mm min!

\/ < Mos
. \\_/<
/
&

——g——

n

&~

7

c4;/
f,/“

LA
\

N
T

'IOOmm min!

Heat Evolution, Q (10%J m?)
(V3 )

Crack Velocity, ¢ ( m sec!)

—
T

0
8 C/C,10

01 2 4 6

The temperature rise was obtained from the
thermocouple recording, and the heat evolution
could also be calculated from the following
equation:

tmax
.(0 To(t)/(4nkt)"? e ¥ rakt) gy
Q = pc tmax ) (3)
J.o 1/(4nkt) e©¥ 72kD gy

where T, is the temperature measured by the
thermocouples.

Using this heat evolution the theoretical tem-
perature profile can be obtained. We can then
compare this calculated temperature profile with
the experimental temperature profile measured by
the thermocouple. Such a comparison is shown in
Fig. 9 and the two profiles show good agreement.

5. Conclusions

The heat evolved emanating from a running crack
front in steels, aluminium alloys and titanium
alloys has been experimentally calculated using
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Figure 6 Heat evolution and crack velocity (aluminium  Figure 7 Heat evolution and crack velocity (titanium

alloy).
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appropriate assumptions and by observing the References

thermal boundary front as the coloured isothermal
front through liquid crystal film visualization. It
was found that heat evolution increased with the
increase in the crack propagation velocity, in
general, for the individual metal case. The magni-
tude of heat evolution is greatest for steel and
smallest for the titanium alloy, while the aluminium
alloy gives an intermediate value, The magnitude
of the crack propagation velocities obtained for
the three metals is in the reverse order of that for
heat evolution.
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