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The temperature dependence of stress and birefringence for natural rubber vulcanizates under medium
and large deformation was measured for the processes of cooling, heating and re-cooling. In order to
investigate the relation between the stress and crystal phase, the observed birefringence, At, was
converted into the crystallinity, X,, by the following equation:

X = At— AN,
= 2
Y Ancfc_Anafa

where An{, An’, f, and £, are the intrinsic birefringence of the crystal, that of the amorphous phase, the
orientation factor of crystallites, and that of amorphous phase, respectively. The fusion of crystallites

induced by the thermal crystallization resulted in the increasing contractile force, while the fusion of

strain-induced crystallites induced the reduction of contractile force.

(Keywords: natural rubber vulcanizates: birefringence; stress; crystallinity; fusion and

recrystallization)

INTRODUCTION

In the previous paper' the authors have reported the
temperature dependence of birefringence for natural
rubber vulcanizates under uniaxial deformation. Since the
birefringence varies sensitively for the growth or melting
of oriented crystallites, the crystallization and the fusion
process for stretched natural rubber vulcanizates could be
investigated from the dependence of birefringence on
temperature.

In the present article, the stress and the birefringence for
specimen at extended state during cooling, heating and re-
cooling process were measured simultaneously. The ex-
tent of effect of crystallites on the stress for stretched
specimen will be discussed.

EXPERIMENTAL

Specimens

The material used in this study was natural rubber (Pale
crepe No. 1), cured with 4 wt%] of dicumene peroxide
(DCP). The preparation details and the method of
determining crosslink density for specimen were carried
out as described elsewhere’.

Measurements and analyses

The apparatus for simultaneously measuring the bire-
fringence and stress is shown in Figure 1. It consists of a
stretcher and a chamber in which the temperature is able
to vary continuously over the range 223-353 K, and the
apparatus is attached to a polarizing microscope.

In Figure 1 the specimen G (25 mm in length, 5 mm in
width and 0.5 mm in thickness) is mounted between two
stainless steel clamps, E;, and E,. The clamp E, is
connected to the strain gauge C which is fixed on the
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Figure 1 The sketch of the stretcher and the sample chamber.
A:flame; B:cross head; C:strain gauge; D, and D,:fine rod; E; and
E;:clamp; F:sample chamber; G:specimen; H:cross head; |;:left-
handed screw; ly:right-handed screw; J:window of chamber;
K:rod with screw; L:thermocouple
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Figure 2 The temperature dependence of birefringence for
specimen at various extension ratios. (a) Cooling process; (b)
heating process; (c) re-cooling process. (A)=3.0, (l)=3.5, (O)
=40, (@)=4.5, (0)=5.0, (¥)=5.5

crosshead B with a fine stainless steel rod D,. The clamp
E, is joined to crosshead H with the rod D,. The
crossheads B and H slide smoothly in opposite directions
because of a left-handed screw I, and a right-handed
screw I, on both sides of rod K. Thus, the centre of the
specimen can be maintained on the window J of sample
chamber F at any extension ratio and the birefringence
was measured through the window J. The temperature in
the chamber is controlled by the changing flow rate of the
nitrogen gas cooled in liquid nitrogen or heated in the
electric furnace, and is measured by a thermocouple L.
The change of temperature in the chamber was at a
cooling (or heating) rate of ca. 0.8-1.0 K min~!. The
specimen was uniaxially deformed at any extension ratio
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at room temperature, and then fixed in the sample
chamber. The temperature in the chamber was first
lowered from 293 to 223 K, subsequently raised to 353 K
and then lowered to 223 K.

The weight fraction of crystallites, X, and the orien-
tation factor of crystallites, f;, for stretched specimens were
measured by X-ray diffraction. X,, was calculated by
Hermans and Weidinger’s method as defined by the
following equation?:

KBAG > !

X, =[1+-22
”(*KCAC

1
where A, and A, are an integrated intensity of the crystal
and the amorphous phase, respectively, K, and K, are the
respective proportionality factors. X,, can be converted
into the volume fraction of crystallites, X, by:

X,d,

Xy=— e
" d,—X,(d,—d,)

@

where d, and d, are the crystal density (1.00 x 10* kg m 3)
and the amorphous density (0.91x 10° kg m™3),
respectively?.

However, f. is defined as the following equation:

fe=3Xcos?¢.,.) 1) 3

where {cos?¢, ,» represents the mean-square cosine of the
angle between the C axis of the unit cell of the crystallites
and the stretching direction, Z axis. The value of
{cos’@, .y can be calculated by*:

<cos2¢c,z> =1- 2<Cosz¢120,z> (4)

where the value of {cos’d,,,,» was graphically de-
termined from the azimuthal intensity distribution of X-
ray diffraction for (120) plane.

RESULTS AND DISCUSSION

Figure 2 shows the temperature dependence of bire-
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fringence during (a) cooling, (b) heating and (c) re-cooling
process, respectively. The temperature dependence of
birefringence was mentioned in the previous paper’.

In order to consider the relation between stress and
crystallinity during crystallization or fusion, the change in
crystallinity during these processes was obtained from the
temperature dependence of birefringence by the pro-
cedure described below.

In general, the observed birefringence, At, for crystal-
line polymers mainly consists of the sum of the bire-
fringence of the crystal phase, At,, and the amorphous
phase, At,, which are given by:

At =AnfX, 5)

At,=Ang f(1-X,) (6)

where An?, An? and f, are the intrinsic birefringence for
crystal phase, that for amorphous phase and the orien-
tation factor of amorphous phase, respectively.

Thus, At is expressed by’:

At=At, +At, +AF =ArS £.X, +AnS fi(l — X,)+AF  (7)

where AF indicates the form birefringence. The value of

AF is usually so small, compared with the other terms,

that the third term can be neglected in equation (7).
Therefore, one can obtain:

At=At,+At,=An £.X, +An2f(1-X,)  (8)

In order to estimate X, from At, equation (8) can be
rewritten as follows:

At—-An, f,
0= —;-—Lo )
An? f.— Ang f,
The values for An? and An; £, need to be evaluated X, from
equation (9).

The values of An f, were determined experimentally by
the method reported in the previous paper’, and are
shown in Table 1.

Equation (8) can be rewritten in order to estimate the
value of An_:

At—At, A,
fe fe

Figure 3 indicates the plots of At /f, vs. X,. The values off,
and X, used were determined by X-ray diffraction,
respectively, and are given in Table 2. The value of An?
determined from the slope of the straight line in Figure 3
was 0.140, and agrees well with the theoretical value
(0.163)° within experimental error.

=An’X, (10)

Table 1 The birefringence contributions of the pure amorphous
phase at various extension ratio

a Ang°fy x 10%
4.0 108
45 145
5.0 159
5.5 185
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Figure 3 Changes of birefringence attributed to oriented
crystallinity estimated by X-ray diffraction

Table 2 The crystallinity and the orientation factor of crystallites
determined from X-ray defraction

« Xv* fc

4.0 0.038 0.979
45 0.096 0.980
5.0 0.154 0.983
55 0.212 0.985

*The values of Xw were converted into Xy by equation (2)

Table 3 The apparent melting temperature, Tm, at various
extension ratio

« Tm (K)
3.0 298
3.5 303
4.0 319
45 328
5.0 339
5.5 350

Consequently, the conversion of Ar into X, can be
carried out by using the following equation:

= At—An, f, 1)

0.14f,— An f,

The change of f, with temperature was so small that the
values of f, could be regarded as constant.

Figure 4 shows the temperature dependence of crystal-
linity, X, estimated by equation (11) for specimens at
extension ratios > 4.0 on cooling, heating and re-cooling.
The crystal growth proceeded rapidly during cooling. X,
became constant in the range of temperature below
230 K, and the values of X, was significantly dependent
on the extension ratio, « (Figure 4a).

As shown in Figure 4b, the decreasing of X, on heating
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Figure 5 shows the temperature dependence of stress for
strained specimen. The stress on cooling as shown in

Temperature (K)

Figure 5 The temperature dependence of stress for specimen at
various extension ratios. (a) Cooling process; (b) heating
process; (c) re-cooling process. Symbols as in Figure 2
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Figure 5a decreased gradually with decreasing tempera-
ture. In particular, the degree of stress decrease under
large deformation (x=>5.0 and x=5.5) was much larger
than that under medium deformation (« =4.0 and «=4.5).
The reduction of stress during cooling is primarily
attributed to the decreasing number of network chains in
the amorphous phase with the development of the crystal,
rather than the reduction of the thermo-mobility of
amorphous network chains at low temperature.

On the heating (Figure 5b) the stress increased rapidly
in the temperature range 240-310 K because of the partial
melting of the crystallites, and enhanced slightly at
temperatures > 310 K, which approximately corresponds
to T,.

The stress for specimens at fixed strain during sub-
sequent re-cooling diminished in the temperature range
300-250 K as shown in Figure 4c.

Figure 6 indicates the relation between F/T and X,
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Figure 6 Variations in stress divided by absolute temperature
with crystallinity for each process. (Q) Cooling process over the
temperature range 293-223K; (@) heating process over the
temperature range 223-353 K; (A) re-cooling process over the
temperature range 353-223K

during cooling, heating and re-cooling. The plot of F/T
against X, at «=4.0 was linear in all cases. However, the
plot of F/T vs. X, at extension ratio of more than 4.5 was
different from that at «=4.0. That is the values of F/T
decreased linearly on the cooling process. On the other
hand, after the values of F/T increased on the same path
as the cooling process, they decreased gradually through
the maximum value at a certain X, during subsequent
heating. Further, on re-cooling the value of F/T dimin-
ished linearly with increasing X, (or decreasing tempera-
ture) on a different path from the heating process.

The melting process of crystallites in the network under
large deformation was divided into two steps from the
degree of F/T: (1) the fusion process (I) due to partial
melting of the crystal phase, corresponds to increasing
F/T with decreasing X,; (2) the fusion process (II) based
upon the disappearance of the crystallites as crosslink
points, corresponds to the decreasing F/T with X,.

On the basis of the above experimental results de-
scribed, the dependence of the relation between the stress
and network structure, under large deformation, on
temperature may be explained by using the model
illustrated in Figure 7 as mentioned below.

It is well known that the crystallites are formed in the
network when natural rubber vulcanizate is stretched at
room temperature, and the crystallites can be regarded as
crosslink points. Consequently, the network structure
under large deformation is composed of the chemical
crosslink points and secondary crosslinkages such as the
strain-induced crystallites and the intermolecular en-
tanglements as shown in Figure 7b. When the stretched
natural rubber vulcanizate is cooled, the crystallites may
grow further along the deformation direction than along
the lateral direction (Figure 7c)®. The contractile force
reduced gradually with development of the crystal due to
the decreasing of the amorphous network chains®.

On subsequent fusion, the crystallites partially melt, the
contractile force then increases'® until the crystallites
which act as crosslink points exist in the stretched
network (Figure 7d).

The strain-induced crystallites at room temperature
begin to melt at temperatures > 300 K, which induces
intermolecular slipping and results in the reduction of the
contractile force (Figure 7e).

After complete melting of the crystal phase, the con-
tractile force reduces and the crystals again develop on re-
cooling (Figure 7f).

CONCLUSION

The crystallinity of natural rubber vulcanizates under
deformation can be calculated from the temperature
dependence of birefringence.

Intrinsic birefringence for the crystal phase, AnS, was
obtained experimentally from X-ray diffraction and the
temperature dependence of birefringence, and the value of
An; was 0.140. The experimental value was in fair
agreement with the theoretical value (0.163).

The stretched natural rubber vulcanizates at lower
temperature included the crystallites which developed by
both strain-induced and thermal crystallization. The
melting of the crystal phase induced by thermal crystalli-
zation caused F/T to increase, while the fusion of the
strain-induced crystallites resulted in reduction of F/T.
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S’rroin-ipdu;ed Thermal Fusion(I)  Fusion(l) Re-crystallization
crystallization  crystallization |

Figure 7 The crystallization and the fusion for stretched specimen during cooling, heating and re-cooling. (O) Chemical crosslink point;
(@) intermolecular entanglement; (ll) crystal phase
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