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Abstract The dynamic mechanical properties of Eucommia ulmoides (EU) gum with
different degree of cross-linking are studied systematically in this article. EU gum
displays five dynamic mechanical behaviors with increasing degree of cross-linking.
Before elastic critical turning point, EU gum shows two active dynamic mechanical
temperature zones with rising of temperature, one is T, zone, controlled by glass tran-
sition mechanism, the other is 7}, zone, controlled by crystalline melting mechanism, its
tan 6 values at T, zone and T,, zone during the process of cross-linking obey the
dynamic reverse transition law: at the T, zone, the peak value of its tan J is proportional
to cross-linking degree inversely proportional to crystallinity degree; at T}, zone, its
tan 0 value is proportional to crystallinity degree and inversely proportional to cross-
linking degree. In addition, the T, T},,, and X, of the EU gum with different degrees of
cross-linking are obtained as well.

Keywords Eucommia ulmoides gum - Gutta percha - tan § -
Dynamic mechanical property - DMTA

Introduction

EU gum is a natural crystalline polymer extracted from the tissues of Eucommia
ulmoides Oliver which is the same polymer called as gutta percha extracted form
Palaquium gutta grown in Southeast Asia [1, 2]. Its chemical formula is trans-1,4-
polyisoprene which is an isomer of natural rubber with characteristics of both rubber
and plastic [3-5], as shown in Fig. 1. To date, most studies on EU gum have focused
only on its crystalline characteristics [6-9]. Few studies about its dynamic
mechanical properties have been reported [10]. Actually, the dynamic mechanical

Sarina - J. Zhang (P<) - L. Zhang

The Key Laboratory of Beijing City on Preparation and Processing of Novel Polymer Materials,
Beijing University of Chemical Technology, Beijing 100029, People’s Republic of China
e-mail: zhjc75@126.com

@ Springer



2022 Polym. Bull. (2012) 68:2021-2032

N N
/C C\ /C= C
s CH, CH;, s CH, CHyv ™
EU gum (trans-1,4-polyisoprene) NR (cis-1,4-polyisoprene)

Fig. 1 Macromolecular structure of EU gum and NR

properties of EU gum are very complicated. First, it is easy to crystallize because of
its regular macromolecular chain. Second, EU gum can be cross-linked into a
network structure because of its double bonds [1], and no melt flow occurs although
the temperature exceeds melting point. So the dynamic mechanical properties of
EU gum are controlled by both glass transition and crystalline melting mechanisms.
In turn, these two mechanisms are simultaneously controlled by the degree of
cross-linking and degree of crystallinity.

Dynamic mechanical thermal analysis (DMTA) is usually used to study the
modulus and damping of polymeric materials in strained states caused by periodic
alternating stress. The damping of polymer materials is defined as the tangent of the
phase differences in stress and strain, and it is designated as mechanical loss.
Mechanical loss is equal to the ratio of loss modulus and storage modulus of
polymer materials [11], namely:

tand = E" /E’' (1)

tan 6, E”, and E' are the characteristic quantity related to the mechanical
relaxation of polymeric materials. They are very sensitive to glass transition,
crystallization, cross-linking, phase separation, and other subrelaxation processes
[12, 13]. In this article, tan 6, E”, and E' are used to characterize the dynamic
mechanical properties of EU gum. In addition, the changes in the dynamic
mechanical properties of EU gum are studied by controlling the temperature and the
cross-linking degree of EU gum.

Experimental
Materials

EU gum was extracted from the seeds of E. ulmoides Oliver. Further details
concerning the extraction can be found elsewhere [14, 15]. Dicumyl peroxide (DCP)
was bought from Shanghai Jiachen chemical Co., Ltd.

The two-roll mill (XK-160) was used to introduce DCP into the EU gum, and the
roller temperature was 85 + 5 °C. First, the EU gum was placed on two-roll mill,
and mixed for 5 min until the rubber fully covered from the roll. DCP was added
into the EU gum and was evenly mixed. The two-roll mill was then stopped, the
mixed EU gum was left to stand for 24 h, and was cross-linked by a plate
vulcanizing machine at 150 °C for 30 min. Finally, the cross-linked sheet of
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EU gum, 1.5 mm thick, which was mixed with different DCP, was died to suitable
test-piece for testing.

Rectangular samples, 25 x 5 x 1.5 mm3, were cut from the cross-linked sheet
with different cross-linking degrees for DMTA testing.

Rectangular samples, 15 x 15 x 1.5 mm?®, were cut from the cross-linked sheet
with different cross-linking degrees for WAXD testing.

Dynamic mechanical thermal analyses (DMTA)

All tan 0-T and modulus-T7 curves of the EU gum with different degrees of cross-
linking were tested by DMTA (DMTA-V Rheometric Scientific). The heating rate
was 3 °C/min at a frequency was 10 Hz and the testing temperature ranged from
—100 to 100 °C.

Differential scanning calorimetry (DSC)

The melting points of EU gum with different degrees of cross-linking were tested by
DSC (DSC1 Mettler-Toledo). The testing temperature ranged from —10 to 100 °C
at a heating rate of 10 °C/min.

Wide angle X-ray diffraction (WAXD)

The crystalline structures of EU gum with different degrees of cross-linking were
tested via WAXD (WAXD-D/max2500 Rigaku). Cu (Kal), 4 = 1.54056 A,
5° < 260 < 30°, and scan rate 3°/min.

Results and discussion

The dynamic mechanical property of EU gum is very sensitive to two factors:
temperature and cross-linking. These two factors are also the key means to control
the crystalline behavior of EU gum [14]. With rising of cross-linking degree, EU
gum displays five dynamic mechanical behaviors. With rising of temperature, EU
gum shows two active dynamic mechanical temperature zones: T, and T,
respectively.

Dynamic mechanical properties of EU gum in different degree of cross-linking
Dynamic mechanical properties of EU gum without cross-linking

EU gum is a semi-crystalline polymer [16, 17], its aggregate structure is chiefly
composed of crystalline and amorphous zones [18, 19], and melting flow can occur
when temperature exceeds Ty, if EU gum is not cross-linked. The modulus—T7 curves
and tan 0-T curve of EU gum without cross-linking (DCP = 0 phr) are plotted in
Fig. 2. As shown in Fig. 2, at the T, zone, the movement of the molecular segments
of EU gum in the crystalline zones is greatly restricted, only a small parts of the
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Fig. 2 Modulus-T curves and tan J-T curve of EU gum without cross-linking

molecular segments of EU gum in amorphous zone can move freely, so the
E'-T curve decreases very little, and the E’-T curve only shows a small bump with
rising of temperature, as a result, the rubber plateau is not very obviously, and the
peak shape of the tan J—T curve of EU gum at T, zone is very small. At the T, zone,
the crystals melt and there are some physical entanglements in EU gum, the sample
changes into viscous liquid, so E'-T curve and the E’-T curve decrease rapidly and
tend to 0 Pa with rising of temperature, but storage modulus decrease more sharply
than loss modulus, as a result, the phase difference between strain and stress is close
to 90°, tand = % = s>l 5o the tan 6-T curve of EU gum at T, zone tends to
infinity.

Dynamic mechanical properties of EU gum with slight cross-linking

If EU gum is cross-linked by a small amount of DCP, the cross-linking points
formed are not enough to form a whole cross-linked network structure, only some
local cross-linked network structures are formed which greatly increase the
viscosity of EU gum, so plastic flow can no longer occur when temperature exceeds
T, and EU gum is in a viscous slip state under the external force.

The modulus—7 curves and tan J-T curves of EU gum with slight cross-linking
(DCP = 0.2-0.8 phr) are plotted in Fig. 3. As shown in Fig. 3, at the T, zone,
because the crystallization is still dominant, the modulus—T7 curves is similar to that
of EU gum without cross-linking, the tan 6-T curves of EU gum still show small
peaks, but the peak values slightly increase with increasing degree of cross-linking.
In addition, its T, temperatures also slightly move toward higher temperature with
increasing degree of cross-linking. At the T, zone, the modulus-T curves first
decrease rapidly, then take a turn at 53 °C, and then decrease slowly with rising of
temperature. When 7' < 53 °C, the storage modulus decrease more sharply than loss
modulus, when 7 > 53 °C, the storage modulus still decrease more quickly than
loss modulus. As a result, the tan 6—T curves first increase rapidly, then slowly tend
to infinity with rising of temperature, and the inflection points are also observed at
53 °C. The more DCP added, the lower the inflection point, and the slower the
tan 0-T curves after the inflection points move to infinity.
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Fig. 3 Modulus-T curves and tan 6-T curves of EU gum with slight cross-linking

When DCP = 0.8 phr, the tan §-T curve after the inflection point is flat, which
indicates that EU gum forms a whole cross-linked network structure, and its
tan 0-T curve at Ty, zone gradually changes into a peak shape.

Dynamic mechanical properties of EU gum with medium cross-linking

If EU gum is cross-linked by sufficient DCP, a whole cross-linked network structure
is formed, and the EU gum is in an elastic state when temperature exceeds 7,
[20, 21]. The modulus—T curves and tan -7 curves of EU gum with medium cross-
linking (DCP = 1-2 phr) are plotted in Fig. 4. As shown in Fig. 4, at the T, zone,
the E'-T curve decreases continuously and the peak of the E”-T curve increase
further with increasing degree of cross-linking, as a result, the rubber plateau is
clear, and the peak value of tan 6-T curves further increases with increasing degree
of cross-linking. At the T, zone, the modulus-T curves first decrease sharply, then
show the inflection points at 50 °C, and then decrease slowly with rising of
temperature. Before the inflection points, the E'~T curve decreases more sharply
than the E”-T curve, after the inflection points, the E”"-T curve decrease more
quickly than the E'-T curve. As a result, the shape of the tan J—T curves shows the
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Fig. 4 Modulus-T curves and tan 6-T curves of EU gum with medium cross-linking
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tan 0 peak value at 50 °C, which gradually decreases with increasing degree of
cross-linking.

In addition, when DCP = 1 phr, the peak value of EU gum at 7, zone is smaller
than that of T,, zone. However, when DCP = 2 phr, the peak value of EU gum in
the T, zone is larger than that of T}, zone. It indicates that cross-linking can greatly
break the crystallization of EU gum.

Dynamic mechanical properties of EU gum with high cross-linking

The crystallization of EU gum is greatly destroyed if EU gum has a very high
degree of cross-linking. The modulus—7 curves and tan 6—T curves of EU gum with
high cross-linking (DCP = 4-8 phr) are plotted in Fig. 5. As shown in Fig. 5, at the
T, zone, the E'-T curve decreases further and the peak of the E'-T curve increase
further with increasing degree of cross-linking, as a result, the peak values in the
tan 0—T curve significantly increase with the degree of cross-linking. At the T,
zone, the modulus—T curves first decrease sharply, then show the inflection points at
47 °C, and then decrease slowly with rising of temperature. Before the inflection
points, the E'-T curve decrease more sharply than the E”-T curve, after the
inflection points, the E'~T curve decrease more slowly than the E”-T curve. As a
result, the tan 6—T curves of EU gum do not show the T, peak but the degressive
step instead with rising of temperature. The more DCP added, the deeper the step
decreased, and the lower the temperature that shows the degressive step.

Dynamic mechanical properties of EU gum with elastic cross-linking

If the cross-linking degree reaches the elastic critical turning point [14], the
crystallization of EU gum disappears completely, and EU gum changes into an
elastomer at ambient temperature. And its dynamic mechanical behaviors are
similar to that of conventional vulcanized rubber, such as NR. The modulus—
T curves and tan 0-T curves of EU gum with elastic cross-linking (DCP > 10 phr)
are plotted in Fig. 6. As shown in Fig. 6, at the T, zone, the E'-T curve first decrease
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Fig. 5 Modulus-T curves and tan 6-T curves of EU gum with high cross-linking
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Fig. 6 Modulus-T curves and tan J-T curves of EU gum with elastic cross-linking

sharply, then show an inflection point at —55 °C, and then decrease very slowly
with rising of temperature, the E'-T curve enters into the rubber plateau zone after
the inflection point; however, the E'-T curve first decrease rapidly, then decrease
slowly with rising of temperature, and no longer show inflection point. As a result,
the peak value of the tan §—T curve tremendously increases to maximum. Similar to
traditional rubber, the tan ¢ peak values of EU gum gradually decrease with further
increases in the degree of cross-linking. Under the condition of elastic cross-linking,
both the modulus-7T curves and the tan 6—T curves of EU gum don’t show the
T zone any longer.

Discussion of the relationship between DSC and tan 6-T curve of EU gum

Figure 7 shows the DSC curves of EU gum at different DCP dosages. At DCP = 1
phr, the DSC curve of EU gum has two melting peaks, but its tan 6—7 curve has only
one damping peak. This phenomenon can be explained by the overlap of the two Ty,
melting peak. At DCP = 4-6 phr, the DSC curves of EU gum still have a melting
peak, but the T,, peak of the tan -7 curve disappears and is replaced by a

Fig. 7 DSC curves of EU gum
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Fig. 8 WAXD spectra
of EU gum with different
degrees of cross-linking
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degressive step, as shown in Fig. 5. This is because that EU gum is vulcanized at
150 °C for 30 min, its macromolecules are in the amorphous state at such high
temperature. After vulcanization, the macromolecules tend to crystallize with
gradual temperature decrease. However, because the degree of cross-linking of
EU gum is very high, many cross-linkages hinder EU gum macromolecules from
reentering the crystalline lattice. As a result, the macromolecules have to keep in a
stressed state to crystallize, this is so called cross-linked internal stress. So its
crystalline structure is very loose. When temperature increases to Ty, the EU gum
macromolecules immediately change into an elastic disordered state under cross-
linked internal stress. The internal friction is very small and the tan ¢ values are
even smaller than that of EU gum before melting. Therefore, the tan -7 curves of
EU gum show degressive steps and no longer show a peak shape. However, at
DCP = 8 phr, the DSC curve has no melting peak, but its tan 6—T curve still shows
a small degressive step (Fig. 5). This indicates that microscopic domains still
remain in the EU gum.

The results of DSC can be verified by the WAXD spectra of EU gum. As shown
in Fig. 8, there are two main sharp peaks in the WAXD spectra of EU gum, which
are 20 = 18.7 and 20 = 22.7, respectively. With increasing degree of cross-linking,
the two peaks gradually become smaller, which indicates that the degree of
crystallinity of EU gum gradually decreases. At DCP = 8 phr, the two main peaks
basically disappear and only a flat amorphous peak remains, indicating that
crystallization of EU gum has almost disappeared.

Ty, Ty, and X, of the EU gum at different DCP

Wu and co-workers [14] determined the degree of cross-linking (M.) of EU gum at
different DCP by equilibrium swelling. The results show that the degree of cross-
linking gradually decreases with increasing DCP content. EU gum changes into an
elastomer when the degree of cross-linking reaches the critical elastic turning point
(M. = 2,900).
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Table 1 T,, Ty, and X,

. . Content of T,/°C Tw/°C X /%
gi gF;Ee fi’;cggﬁfszzm DCP (phr) (DMTA) (DSC) (WAXD)
o B

0 ~579 60.2 52.1 37.6
1 ~559 503 43.7 -
2 ~532 43.76 - 313
4 ~50.8 38.4 - 23.7
6 —487 28.6 - 152
8 —46.8 - - 0.42
10 454 - - 0
12 —40.11 - - 0
14 277 - - 0

The glass transitional temperature 7, (determined by DMTA), melting temper-
ature T, (determined by DSC), and degree of crystallinity X. (calculated by peak
area of WAXD spectra) of EU gum with different degrees of cross-linking are listed
in Table 1. As shown in the Table, the T, temperature of EU gum increases with
degree of cross-linking. The T}, temperature decreases with increase in the degree of
cross-linking degree. At DCP = 0-1 phr, EU gum has two melting points,
corresponding to the alpha and beta forms. At DCP = 2-6 phr, EU gum has only
one melting point. At DCP > 8 phr, the melting point of EU gum completely
disappears. Its X, decreases with increasing degrees of cross-linking, at DCP = 8
phr, X. = 0.42%, which indicates it is close to the critical points, from the
crystalline cross-linking network to the amorphous cross-linking network. This is
consistent with the result of the tan 6T curve (DCP = 0.8 phr) which has a small
degressive step at Ty, zone.

Two active dynamic mechanical temperature zones

As shown in Fig. 9, as analyzed above, before elastic critical turning point [14], EU
gum with different degree of cross-linking show two active dynamic mechanical
temperature zones with rising of temperature: the 7, zone controlled by glass
transition and the T,, zone controlled by melting of crystals. In addition, a
transitional temperature zone (0 °C < T < 40 °C) is in between T, and T, zones
which is controlled by crystallization and cross-linking. As shown at the top right
corner of Fig. 9, when the degree of cross-linking is small (DCP < 2 phr), the
crystallization is dominant, and the tan -7 curves of EU gum increase with
increasing temperature, when the degree of cross-linking is medium (DCP = 2 phr),
the effect of crystallization is equal to that of cross-linking and the tan 6T curve of
EU gum is very stable and does not change with temperature increase, when the
degrees of cross-linking is high (DCP > 2 phr), the cross-linking is dominant and
the tan 0T curves of EU gum decrease with increasing temperature.
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Fig. 10 Relationship of tan ¢ value of EU gum at T, zone and T}, zone with different degree of cross-
linking

The change of the tan 6 values of EU gum at T, and Ty, is reversed with
increasing degree of cross-linking. As shown in Fig. 10, if the tan J value of EU
gum at T, zone increases, then the tan ¢ value of EU gum at T},, zone decreases, and
vice versa. At the T, zone, the tan ¢ value of EU gum increases with increasing
degree of cross-linking, and decreases with increasing degree of crystallinity. At the
T, zone, the tan ¢ value of EU gum decreases with increasing degree of cross-
linking, and increases with increasing degree of crystallinity. Therefore, the tan 6
value of EU gum in the T, and T, zones during cross-linking obeys the dynamic
reverse transition law, see below:

tand < V/X.(=70°C<T<0°C) (2)
tan & x X./V(40°C <T <80°C) (3)

where V is the degree of cross-linking and X, is the degree of crystallinity.
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Conclusions

Traditional view shows that the damping properties of polymeric materials can only
be evaluated by their tan J values in the 7, zone. The results of this article indicate
that the damping properties of polymer materials can be evaluated using their tan
values at both the 7, and T}, zones if the polymer materials can crystallize. This is a
supplement to the theory of damping of polymer materials. Most of the damping
polymer materials, such as rubber, only possess good damping properties at lower
temperatures. However, polymeric damping materials are required to have good
damping properties at ambient or even higher temperatures. The melting point of
EU gum is at a medium temperature, which may provide it with a wider range of
applications.
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