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Abstract

The temperature of rubber rises as it 1s stretched, 1ts temperature comes back again while it restores
to 1ts original length. It 1s known that the rubber 1s consisted of long-chain molecules, the long-chain
molecules strangle each other at normal state, however, they become more order when the rubber is
stretched. Based on the 1st law of thermodynamics dU=dQ+dW, The deformation caused by applied
force supplies energy to the rubber and reduce its entropy, the heat dQ (=TAS) released by the reduction
of entropy causes the temperature rise of rubber as dU=0. We report the study on the correlation of
thermal properties and the molecular network in rubber, from the measurements of temperature change,
the changes of entropy and the changes of states’ number were estimated.
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Correlation between Thermal Behavior

and Molecular Network In Rubber
Yun-Chu Wang

I. Introduction
When playing a balloon, | found some interesting things which | have

never expected. For examples, the temperature of balloon will change if it
under stress; the temperature change is dependent on the structural
deformation and material; temperature rise and fall are different when
stretched and releases respectively. With the help of delicate measuring
electronic tools and automatic data acquisition |1 confirmed some problems
which are debatable in the past and had better insights for these phenomena.

I. Objects

1. Confirm the molecular structure of rubber.

2. Try to find an universal equation to describe the relationship between
temperature change and stretch ratio.

3. Understand the physical mechanism to explain the time-lag effect and

asymmetric temperature change.

Fig. 1 The rubber structure array (left) before and (right) after stretching.

[1l. Materials and methods p—

Background To

d

| Contacts
/ : ‘ Meter

Fig. 2 A pair of thermocouple inserted into the rubber (left); the differential method for

temperature measurement AT with precision ~0.001°C.



Fig. 3 (i)'l:hick-wall acrylic tube (2) Stepping motor (3) Circuit board (4) Ammeter and

thermocouple (5) Vacuum gauges and (6) Vacuum pump

Experimental procedures

Fix one end of the specimen and tie the other end to a stepping motor (Fig.
3), and then start the stepping motor with a fixed speed to stretch the
specimen. By reversing the direction of stepping motor, the specimen is
released. The temperature change versus time is monitored by thermocouples
and infrared detector.

IV. Results
Experiment 1. Reduce the thermal link of specimen from environment.
(a).With air in the acrylic tube, a rubber band is stretched to twice of its length
(L = 2Ly), i.e. A = 2. The temperature of the rubber increases from its initial
temperature (Tp) to a final temperature (Ty). After stretching the temperature
of rubber starts to decrease exponentially to Ty with a time constant 7= 25.8 s.
This indicates there is heat transfer between the specimen and the
environment.
(b). Then pumped the acrylic tube to vacuum, repeat the experiment, the
temperature of rubber still decreased exponentially to Tp but with 7 =29 s.
Since the rubber was suspended in vacuum, the thermal contact is concluded
to be due to the thermocouple. Vacuum did improve the thermal isolation but
the thermal link of thermal couple cannot be avoided.
Remark: The thermal relaxation of a specimen can be described by the
formula
AT(t) =AT(0)e*’"

Where AT(0) is the peak temperature change, 7 is the time constant. K is
thermal conductivity of thermal link between specimen and environment.

Take In AT(t) = InAT (0) — (1/ 1) t, the value of T can be calculated from
the slope of linear fit in Fig. 4.
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Fig. 4 The temperature change versus time for stretching and releasing the rubber
(left); the log (AT) vs. t for in air and in vacuum (right).
t; - t,: before stretch, t; - t3: temperature rise during stretch, t; - t; and ts - ts : thermal relaxation

region, t; - ts: temperature cools down during relaxation.

Experiment 2. Explore the relation of temperature change AT with
stretch ratio (A) by fitting to equation AT = a (1 - 1)*, where a is a
constant and x is the exponent.

A rubber band with Lp= 13 cm is stretched to stretch ratio 4 = 2, 3, and 4
respectively (Fig. 5). Fit the data to above Equation, the fit gives a = 0.13 and
x =1.63.

1.0 L Soft Rubber 0 Soft Ru(bbe)r =4
: — [AT=a(®1)"
¢ A=2 ‘ i 5 Q log AT :Alog a+x(r1)
08F « =3 1] § i < |aT=01430.)
—~ o =4 d it I Z log AT = -0.84474 + 1.65 (1-1)
— ] 1 i 8
0.4} AR R S
= S RY R
0.2} | i i
2
0.0} ‘-
0 50 100 150 200 250 10 _0'5 OiO 0j5
Time(sec) Log (A-1)

Fig. 5 AT(t) for stretch and release with 2 =2, 3, and 4 (the left) . Fitting the data to log
AT=log a+xlog (A-1)

Experiment 3. Study the hardness dependence of the functional AT(A)
for soft rubber and hard rubber.

Repeat the experiment 2 with a stronger rubber band. We found the
temperature change for hard rubber is larger than the soft one. The fitting
values a and x are listed in Table below.
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Fig. 6 AT vs. time for hard rubber with A =2, 3 and 4
Average AT a X
Soft rubber 0.96 0.143 1.65
Hard rubber 1.132 0.0545 2.43
Balloon 1.89 0.142 2.32

Table 1. The values of a and x for different specimens by fitting AT=a (A-1)*

Experiment 4. The unusual behaviors observed in balloon specimen.
Repeat experiment 2 with a thinner wall balloon with thickness ~ 0.3 mm.
Three characteristics were observed. (1) A time lag for the temperature rise
(red curve in Fig 7 left). (2) Temperature rise and fall are unequal. (3)
Temperature change of balloon is much larger than that in rubber (Table 1).

s T(t) real time temperature
* T(t) during stretch or release

l Bhlloon Balloon =4
AT=a(x-1)"

I-log AT = log a + x (r-1)
AT =0.142 (1) **
log AT =-0.84776 + 2.32 (x-1)

H EF10.0cm
3 =0.46 cm
t+0.31cm

o

/
1 [

'
-

AT (K)

log A T (K)

'
N

3000

3300
time(sec)

3600

]
-0.8

0.4 0.0
log (A1)

0.4

Fig. 7 AT versus time, the red data taken during stretching and restoration (left); Log
(AT) versus log (A - 1) (right).

Experiment 5. Using a non-contact method to measure AT and confirm
the time lag and the asymmetric temperature change.

In order to confirm the results above, a non-contact temperature change
is measured with an infrared detector. The time lag and asymmetry of
temperature change are observed as well, confirming these results.
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Fig. 8 Data taken by infrared detector. The black line is the data from thermal couple,
blue dots and green dots are the temperature difference measured at positions 1 and 2

refer to reference position 3 (background) respectively.

V. Data Analyses and Discussions
1. The thermal conductivity K of the thermal link between specimen and
environment

The relation of heat capacity (C), thermal conductivity (K), and the time
constant (7)) can be formulated as C =K7. Assuming the rubber mass (m) is
145.9 g, the specific heat of rubber ¢ is 1.46 J/g K, with C = mc and 7= 29 sec,
the K is estimated to be 1.49x 107 J/s K.

2. Estimate the released heat (dQ) and the reduction of entropy change
(dS) inrubber after stretched.

The released heat dQ can be calculated from dQ = cmAT. With
c =1.46 J/g K and m = 145.9 g, the heat dQ is calculated to be ~204.5 J.
Since the heat is released from the reduction of entropy change dQ = T dS.
The entropy change dS =dQ/T=2.78 x10° J/K. From Eq. (2) dS = 13(m /
M)NR In(Q¢/ Q;), where M is the molecular weight, N is the Avogadro constant,
and R is the gas constant, the ratio of number of states before and after
stretching (Q¢/ Q) to be ~0.993.
3. The relation of temperature change AT and stretch ratio (A)
represented by formula AT = a (1-1)*

The three specimens (soft rubber, hard rubber and balloon) are well fitted
to the empirical formula AT = a (1-1)*. a is the proportionality constant
between AT and entropy change. The exponent x relate to the number of
states change (or entropy) under the stretch deformation. We found balloon
has the largest value of a and x in three samples (Table 1), a and x are



correlated to the characteristics of the structure of the polymer network in the
specimen. The specimen has smaller mesh size will have larger temperature
change (discussed below).

4. The mesh size of the polymer network (& through the elastic
free-energy density (fy)

Based on Eq. (3), fo=Ks T In(Q:;/ Q) / V, and Eq. (4), fo=(1/2) Ke T/ &
(A% + 2/ 2), the mesh size can be obtained from dS and functional f, (4). From
Fig. 9, the mesh size of balloon and soft rubber are estimated to be 2 nm and 3
nm respectively. It is known that the classical theory does not work well for
experiment data . Its failure can be observed in the Mooney-Rivlin plot of
the stress-strain relation, taking the derivate df/dA=Kg T / 53 (A - 2% and plot
mesh size versus (4 - 2%). For the case of balloon, our data shows the mesh
size decreases as stretch ratio 4 increase, the result is opposite previous
report by Xing et al.”).  The inconsistency may be due to the difference in the
materials.

-6
1.5x10°f . + Balloon
,é. G' Soft Rubber
31.2)-:10 - -.
Q 4 .
N9 0x10
n
B 6.0x10”
g .0x .
e ‘\“
o . e o o ot o ey o
3.0x107 F e
1 2 3 4 5
A

Fig. 9 Estimated mesh size versus A.

5. The explanation for time-lag effect and the asymmetry in temperature
rise and fall

The time-lag could be explained by the formation of localized crystalline
structure within small regions of the rubber band &, It is known that stretching
reduces the entropy of the polymer and increases its melting temperature.
This could lead the free polymers to align and freeze within the rubber band.
Freezing would release further heat and lead to a further increase in
temperature after the specimen is stretched. Similarly, a melting transition to
lead to a further decrease in the temperature after the specimen is restored to
its native length. The asymmetry is also due to some change in the polymer
network structure, it disappears after the rubber band is stretched after
approximately 3 times, as shown in Fig. 10.
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Fig. 10 Temperature change of soft rubber
VI. Conclusions

1. Comparison of anomaly on different materials:
(1) Time-lag effect and asymmetric temperature change are observed in
all specimens after stretching.
(2) These effects are more obvious in balloons than in rubbers.
2. An universal equation to describe the temperature change with stretch
ratio:

X
AT =a(1-1)
3. Mathematical validation of rubber molecular structure:
(1) The number of states after stretching is confirmed via experiment.
(2) The mesh size isn’t a constant when stretched.
(3) The mesh size of rubber is larger than that of balloon. This result

may indicate the different effects on time-lag and asymmetry in
temperature change.
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