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ABSTRACT: Fine regulation of the microstructure of rubber/polypropylene (PP) alloys could remarkably reduce the coefficient of lin-
ear thermal expansion (CLTE) while retaining the mechanical properties similar to those of thermoplastic elastomers. Rubber/PP elas-
tomers with different morphologies were successfully prepared by controlling the appropriate rubber type, viscosity ratio, and
processing method. The CLTE of the polymer alloy parallel to the microlayer directions was considerably reduced when the rubber
domains were deformed into microlayers and co-continuous with plastic domains. The thickness of the PP layers played a crucial
role on CLTE reduction. The CLTE considerably decreased with reduced thickness of the PP layer. The sample with a co-continuous
microlayer structure exhibited good flexibility, high elongation, low hardness, and permanent deformation. Thus, low-thermal-
expansion elastomer materials may have wide applications. Stress relaxation and strain recovery of the ethylene—propylene—diene ter-
polymer/PP (70/30 wt %) blend were investigated to further clarify the influence of co-continuous microlayer structure on mechani-
cal properties. Anisotropic mechanical properties were consistent with the morphology. Results of the stress relaxation behavior test
would provide further support to the mechanism of the low thermal expansion of blends with co-continuous microlayer structure.
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INTRODUCTION

Heat expansion and cold contraction are basic attributes of
materials. Atoms and molecules of materials maintain greater
thermal average separation as temperature
increases, thereby increasing geometric dimension. The thermal
expansion coefficient is inversely proportional to interatomic or
intermolecular mutual action. Van der Waals force is consider-
ably weaker than metal and covalent bonds. Hence, the coeffi-

motion and

cient of linear thermal expansion (CLTE) of polymers is 5-10
times higher than that of metals and 10-50 times higher than
that of ceramics.' Stiffness generally increases with increasing
bonding strength, so the thermal expansion coefficient of mate-
rials decreases with increasing strength or stiffness.”> Hence, soft
materials, such as rubber, exhibit high thermal expansion.

Reducing the CLTE of materials for engineering applications is
important to achieve dimensional stability. CLTE is reduced tra-
ditionally by adding inorganic fillers with low thermal expan-
sion, such as calcium carbonate, talc, and glass fiber.>” Dalton
et al.® showed that incorporating carbon nanotube ropes in a

colloidal polymer film yielded a belt-like polymer. The nanotube
network hindered the expansion in the plane of the film and
forced an increased expansion in the out-of-plane direction. Motoc
et al.’ fabricated hybrid composites with zero thermal expansion.
The composites were formed from various layers of glass mat and/
or glass woven embedded along with layers of unidirectional car-
bon fibers into a polymeric matrix. However, traditional low-
thermal-expansion composites have significantly high stiffness,
which results in loss of rubber property. Rao et al’ studied the
mechanical properties and thermal expansion behaviors of PEO-
Clay composites. Though the addition of 12.5% clay reduced the
thermal expansion from 11.7 X 10 °/°C to 12X 107 °/°C, the
break elongation reduced from 60% to 1% and Youngs modulus
increased from 0.8 GPa to 6.2 GPa. Thus, the use of fillers to
reduce thermal expansion remains significantly limited.

Rubbers can be used as additives to tune the thermal expansion
behavior of semi-crystalline polymers to fabricate polymer
blends with very low CLTE.'”!" Deformation of rubber and
plastic domains into microlayers considerably reduce the CLTEs
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of polymer blends parallel to the direction of the microlayers.
Ono et al.'>" and Kim et al.'* observed a similar phenomenon
in polypropylene (PP)/elastomer systems. Consequently, con-
trolling the morphology of rubber-toughened plastics may be
used to design polymer blends with desirable dimensional sta-
bility. However, the rubber contents in these studies were less
than 50 wt %. The Hence, the plastic/rubber blends showed no
rubber property. In the current study, a remarkable approach is
proposed to design thermoplastic elastomers with very low
CLTE. An immiscible plastic/rubber blend co-continuously
structured with rubber content up to 70 wt % or 80 wt % was
fabricated. A relatively low viscosity of plastic with strong non-
linear viscoelasticity should be beneficial for co-continuous
deformation.'”'>™"® Another key factor is compatibility. Good
compatibility helps control, coalescence, and improves adhesion
between the two phases.'”™' It was reported that a high viscos-
ity of dispersed phase'’ and poor compatibility between rubber
and plastic®® led to high phase size and low co-continuity.

Material deformation is significantly relevant to practical engi-
neering application. Numerous studies’ ™ have investigated the
relationship between the three-dimensional anisotropy of a
microstructure and mechanical properties. Mechanical proper-
ties can significantly differ in the various testing directions for
tensile, compressive, and bending loading conditions.”>™ Lesser
et al®® investigated the correlation between orientation and
stress relaxation time of pre-stressed competitive double-
network elastomeric systems. The time constant corresponding
to the oriented structure decreased with increase in degree of
orientation. However, very few studies have reported on the
compressive behavior of polymer blends with co-continuous
microlayer structure. Thus, this article addresses some issues on
these polymers.

The effect of compatibility and viscosity ratio on the structure of
rubber/plastic blends was investigated. Moreover, the correlation
between the structure and thermal expansion behavior was ana-
lyzed. Poly(ethylene-co-octene) (EOR), ethylene-propylene-diene
monomer (EPDM), and ethylene—propylene rubber (EPR) were
each compounded with PP using a two-screw extruder and then
subjected to injection molding. The correlation between mor-
phologies and mechanical properties of EPDM/PP blends with
co-continuous microlayer structure was also investigated.

EXPERIMENTAL

Raw Materials and Sample Preparation

Table I summarizes the materials used in this study. Binary blends
were mixed with a twin-screw extruder (KS-2, L/D = 44; Kunshan,
China). The extrudate was continuously cooled in a water trough,
air dried, and then pelletized prior to injection molding. Then, the
mixture was subjected to injection molding (HTF86/T], China)
and hot-pressed at 240°C. The schematic diagram of injection-
molded sample is shown in Figure 1. Prior to the tests, the speci-
mens were placed in vacuum desiccators for 4-6 days at 23°C
immediately after molding. EPDM/PP thermoplastic vulcanizate
was prepared as previously described.?* The specimens were
annealed at 120°C for 4 h before the test to eliminate thermal his-
tory and residual stress.
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Table 1. Materials Used

Grade Viscosity?®
Reference name (Pa s) Supplier
PP-L H39S-2 280 Dalian
Petrochemical Co.
PP-H 51003 650 SECCO
EOR-L Engage8407 200 Dow
EOR-H Engage8130 420 Dow
EPDM V5601 3400 ExxonMobil
EPR EPO2P 2000 JSR

@The shear rate was 50 rad/s at 240°C.

Morphological Observations

The injection-molded specimens for morphological observations
were cut from the area with grids shown in Figure 1. Transmis-
sion electron microscopy (HT7700, Hitachi) was conducted.
Ultra-thin sections approximately 60 nm thick were cryogenically
cut by a diamond knife. Sections were collected on holey grids
and then stained with OsO,4 vapor to enhance the phase contrast
between PP and rubbers. Specimens for scanning electron
microscopy (S-4800, Hitachi) were etched with n-heptane to
remove EPDM and then fractured in liquid nitrogen. The frac-
tured surface was coated with gold and then morphologically
observed at an accelerating voltage of 5 kV. Quantitative image
analysis was performed by a digital file in Adobe Photoshop.

Thermal Expansion Measurements

CLTE was measured in accordance with ASTM E831 standards
using a thermomechanical analyzer (DMA2980, TA instrument,
USA) in penetration mode. Rectangular specimens were pre-
pared from the grid region with the following dimensions:
8 mm length [flow direction (FD)] X 6 mm width [transverse
direction (TD)] X 3 mm thickness [normal direction (ND)]
(Figure 1). The specimens were annealed at 120°C for 4 h
before the test to eliminate thermal history and residual stress.
The average value of CLTE from —35°C to 45°C was
calculated.

Mechanical Properties
The stress—strain properties of the specimens were measured
using a universal material testing machine in tensile mode

(SANS CMT-4000, New Sansi Group) and a dynamic
e e R B e ccinnsszarna »  FD
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Figure 1. Schematic diagram of injection-molded sample and cut speci-
mens (thickness =3 mm).
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Figure 2. Morphology of PP mixtures with different rubber concentrations. (a) Transmission electron micrograph of the press-molded EPDM-70-0.19

sheet; (b) scanning electron micrograph of the injection-molded EPDM-70-0.19 sheet in the flow direction (FD); and transmission electron micrographs

of the injection-molded (c) EPR-60-0.14 and (d) EPR-80-0.14 sheets in FD.

mechanical analyzer (DMA2980) in compression mode. The
specimens were subjected to tensile test at a head displacement
rate of 50 mm/min at room temperature. The specimens for
compressive test were cut into cubes with 3 mm sides in the
same region for the thermal expansion test (Figure 1). The
specimens for stress relaxation were held at 80°C, 100°C, and
120°C for 30 min. Then, the specimens sustained an instantly
imposed 10% relative strain (strain rate >500%/min) for
10,000 s, followed by a strain recovery period of 10,000 s with a
contact force of 0.001 N. Hardness was tested on five black
points as shown in Figure 1. The hardness listed was the average
value from five specimens.

RESULTS AND DISCUSSION

Morphology of PP/Rubber Blends

In this article, X-Y-Z denotes the following: X, rubber type; Y, rub-
ber concentration; and Z, viscosity ratio of PP to rubber. Thus,
EPDM-70-0.19 means that PP is mixed with 70 wt % EPDM and
their viscosity ratio is 0.19. EPDM-70-V is a dynamic vulcanized
sample containing 70 wt % EPDM. Figure 2 shows the morpholo-
gies of the rubber/PP blends. The dark areas in the transmission
electron micrographs represent the rubber domains. An incomplete
co-continuous structure was found in the press-molded EPDM-
70-0.19 blend [Figure 2(a)].>° Both plastic and rubber phases were
elongated and oriented along the FD in the injection-molded
EPDM/PP and EPR/PP blends [Figures 2(b—d)]. The scanning
electron micrograph shows the co-continuous microlayer structure
of injection-molded EPDM-70-0.19 blend. A similar structure was
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observed in EOR/PP blends with different viscosity ratios as shown
in Supporting Information Figure S1. A fine co-continuous micro-
layer structure was observed in EPR-60-0.14 blend. However, the
oriented PP domains in EPR-80-0.14 blend were separated and
dispersed in EPDM domains. According to the theory of Paul and
Barlow, the low content component in blends tends to disperse in
the high content component.”® The microscopic images indicate
that the critical rubber content of rubber/PP blends with co-
continuous microlayer structure was 70 wt %. When the rubber
content was higher than 70 wt %, the co-continuous PP domains
evolved to disperse phase in the continuous rubber phase.

The compatibility between rubber and plastic®® and their viscosity
ratio'" considerably influence the domain size and thickness of
microlayers. The compatibility with PP varies in the following
order: EOR >EPDM ~ EPR.**» However, in this study, the
domain size in EOR/PP blends was larger than those in other
blends, which may be ascribed to viscosity. In general, the rheology
foundation to produce polymer blend with microlayer structure is
the flow of binary phase, in which melt viscosity and elasticity
ratio are the most important parameters.* Higher viscosity of the
matrix phase can delay the break-up time after shear deformation,
thereby favoring lamellar orientation.'™"> Our results are consistent
with the conclusion of the published articles.

Thermal Expansion Behavior

Figure 3(a) shows a typical plot of the normalized linear expan-
sion dL/L as a function of temperature for EPDM, PP-H, press-
molded, and injection-molded EPDM-70-0.19 blends in

J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.43902

Applied Polymer -


http://onlinelibrary.wiley.com/
http://www.materialsviews.com/

ARTICLE

WILEYONLINELIBRARY.COM/APP Applied Polymer
20
(b)
EPDM-70-V
154 EOR-70-3.2
EOR-60-1.4 \g, ’
2 EOR-70-1 5%
% 10d EPR-80-0.14 s
= 7
= o~ ™———FOR-70-0.67
H /M EPDM-70-0.08
— 4
O 5] ﬂ( A EPDM-70-0.19
k_ EPR-60-0.14
EPR-70-0.14
0 y .
-30 0 30 60 90 120 0.0 0.1 1 10

Temperature (°C)

Thickness of PP layer (um)

Figure 3. (a) Temperature dependence of linear expansion for injection-molded EPDM-70-0.19 mixtures in different directions (FD, TD, and ND noted

as flow direction, transverse direction, and normal direction, respectively). Data for press-molded PP, EPDM, and EPDM-70-0.19 are also shown for

comparison; (b) CLTE in the FD as a function of thickness of the PP layer for various injection-molded rubber/PP elastomers. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]

different directions. The press-molded sample exhibited iso-
tropic thermal expansion.’® Nevertheless, the injection-molded
sample showed an anisotropic thermal expansion, and the ther-
mal expansions in FD and TD were similar to that of neat PP.
These results indicate that adding 30 wt % PP significantly
reduced the CLTE of rubber to a value near that of PP. Further-
more, the thermal expansion in ND is higher than that of neat
EPDM, which breaks the top limitation of thermal expansion
for polymeric materials. The average CLTE over a temperature
range from —30°C to 45°C was calculated by (x:ﬁx TE:I%I’
where [} is the length at T} (T} = —30°C) and I, is the length
at T, (T, =45°C). The average CLTEs of the injection-molded
EPDM/PP blend in FD, TD, and ND were calculated to be 6.7
X 107°/°C, 6.9 X 107°/°C, and 46.3 X 10>/ °C, respectively.
The thermal expansions for neat PP-H, neat EPDM, and press-
molded EPDM-70-0.19 (denoted as Press) were isotropic, and
their CLTEs were 5.2 X 10~ %/°C, 30.0 X 107°/°C, and 21.0 X
107%/°C, respectively. The bulk expansion coefficient was 59.9
X 107°/°C for the press-molded sample and 63.0 X 107°/°C
for the injection-molded one. This coefficient was calculated by
adding the linear coefficients in the three directions. Injection
molding did not significantly change the bulk expansion coeffi-
cient. Moreover, the great reduction in the CLTE in FD and TD
for the injection-molded blend occurred because of the high
expansion in the ND.

An image analysis software was used to determine the average
thickness of the layers. Figure 3(b) presents the CLTE in FD as
a function of the thickness of PP microlayers which was deter-
mined from the micrographs. Figure 3(b) clearly shows that the
CLTE of the injection-molded PP/rubber blends decreased line-
arly with decreasing thickness of PP layers. The CLTE was
reduced from 13.9 X 10~/°C (EOR-70-3.2) to 4.3 X 10~ 7/°C
(EPR-70-0.14) with PP thickness reduction from 1.35 pm
(EOR-70-3.2) to 0.02 pm (EPR-70-0.14). The injection-molded
EPR-70-0.14 exhibited an extremely low CLTE.

The PP thickness plays a crucial role in CLTE reduction. The
large reduction in CLTE should originate from the high-order
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microstructure in two aspects: (1) the rubber-deformation-
induced orientation of PP crystalline in which the c-axis with
the lowest CLTE orients along FD, and (2) the co-continuous
orientation of the rubber and plastic nanolayers, the thermal
expansion of which favors the ND.'>"> Yamada et al.>® reported
that the CLTE of PP crystalline along the b-axis was 2.6-fold
greater than that along the a-axis, and the CLTE along the
c-axis was about 10% of the a-axis. Reducing the PP microlayer
thickness helped enhance the aspect ratio of domains and the
orientation of PP crystalline,'**® which is beneficial in reducing
the CLTE. The orientation states and co-continuity are complex
in the injection-molded system, which may lead to fluctuant
values of CLTE. Interfacial compatibility plays a significant role
in lowering the phase size because adequate interfacial force is
beneficial for the deformation of the dispersed phase.”***”® The
effects of viscosity ratio and compatibility between rubber and
plastic could be represented by the microlayer thickness. Con-
trolling the viscosity ratio and compatibility is necessary to
reduce CLTE.

Figure 3(b) also shows two exceptions. First case is the
injection-molded EPR-80-0.14, in which only 20 wt % PP is
loaded. Compared with EPR-70-0.14, the CLTE of EPR-80-0.14
increased from 4.3 X 107°/°C to 12.0 X 10 °/°C despite the
reduction in the PP thickness from 0.02 pm to 0.016 um. The
transmission electron micrographs in Figure 2(d) show that the
PP microlayers were very fine but were discontinuous because
of the low concentration of PP. This exception implies that for-
mation of a continuous PP microlayer is essential to reduce the
CLTE. Another exception is the injection-molded EPDM-70-V.
This polymer was prepared by a dynamic vulcanizing process in
which the rubber cross-linked during complexation with PP,
and the EPDM domains were dispersed in the PP matrix
although the blend contained 70 wt % EPDM. During injection
molding, the PP matrix was formed with low thickness. How-
ever, the cross-linked EPDM domain was slightly oriented along
the FD and separated by the PP layer as shown in Supporting
Information Figures S1(g,h). The injection-molded EPDM-70-V
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Press-molded

Injection-molded

Figure 4. Sample flexibility of press-molded EPDM-70-V and EPDM-70-
0.19 as well as injection-molded EPDM-70-0.19. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

had a CLTE of 19.8 X 107 °/°C, which was near that of the
press-molded EPDM-70-0.19. These results clearly demonstrate
the key role of co-continuous microlayer structure on lowering
thermal expansion.

Rubber Characteristics of EPDM-70-0.19

Figure 4 shows the flexibility of the press-molded EPDM-70-V
and EPDM-70-0.19 as well as the injection-molded EPDM-70-
0.19 in different directions. These materials were prepared by
the same PP and EPDM with weight ratio of 30:70. However,
their microstructures are completely different. EPDM was dis-
persed in the PP matrix for EPDM-70-V, whereas PP was dis-
persed in EPDM for the press-molded EPDM-70-0.19, and a
co-continuous microlayer structure for the injection-molded
EPDM-70-0.19. Figure 4 shows that all samples prepared with
dumbbell shape could be tied into a knot, which indicates their
flexibility as elastomers.

Figure 5 shows the mechanical characteristics of the specimens.
The stress—strain tension curves [Figure 5(a)] show that EPDM-
70-V exhibited low elongation, and the stress almost increased
linearly with the increase in strain. The press-molded and
injection-molded EPDM-70-0.19 blends displayed extremely
high elongation (>900%) and were not broken within the
instrumental testing range. The hardness of EPDM/PP compo-
sites in ND was within the range of soft rubber (<90) according
to the standard ASTM D2240. EPDM-70-V showed higher yield
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stress because of dynamic vulcanization.” Low continuity of PP
domains resulted in low hardness and yield stress of press-
molded EPDM-70-0.19 compared with injection-molded
EPDM-70-0.19. The injection-molded EPDM-70-0.19 exhibited
higher elongation and lower yield stress compared with EPDM-
70-V, which should be ascribed to the lower domain size and
higher continuity of EPDM.*

The compressibility and rebound resilience are important
mechanical performance indices for elastomer materials. Figure
5(c) shows that EPDM-70-V had the highest relaxation stress
under compressive test because the PP acted as the matrix and
EPDM was vulcanized. Figure 5(d) shows the strain recovery
following stress relaxation. Though the stress of injection-
molded EPDM-70-0.19 in ND at end of the experiment time
was lower than that of EPDM-70-V, the strain recovery of
injection-molded EPDM-70-0.19 in ND was similar to that of
EPDM-70-V. Both PP and EPDM did not show such great
strain recovery. The co-continuous structure played a predomi-
nant role on the macroscopic elasticity.*' The strain recovery of
press-molded EPDM-70-0.19 was lowest because of the low co-
continuity. EPDM-70-0.19 showed similar strain recovery
behavior at different temperatures (80°C, 100°C, and 120 °C).
The injection-molded sample with co-continuous microlayer
structure exhibited good flexibility, high elongation, low hard-
ness, and permanent deformation. The results provided a scien-
tific basis for the preparation of new elastomer materials with
extremely low thermal expansion. Hence, injection-molded sam-
ples treated through radiation crosslinking would exhibit low
thermal expansion and high elasticity.

Anisotropic Stress Relaxation in Injection-Molded EPDM-70-0.19
Stress relaxation and strain recovery of the injection-molded
and press-molded EPDM-70-0.19 were studied at different tem-
peratures to further clarify the connection of the co-continuous
microlayer structure on the mechanical properties. Figure 6
shows the stress relaxation behavior of press-molded and
injection-molded EPDM-70-0.19 in different directions at 80 °C,
100°C, and 120 °C. The injection-molded EPDM-70-0.19 exhib-
ited an anisotropic stress relaxation. The relaxation stress shows
the following trend: ND >FD >TD. The relaxation stress was
reduced with increase in temperature. Anisotropic mechanical
properties could also be observed in the composites with lay-
ered”” and oriented structures."” The co-continuous microlayer
structure is a more complex system.

The stress relaxation data were analyzed using the procedure X
reported by Tobolsky et al.*’ The stress relaxation of EPDM-70-
0.19 could be expressed as a discrete distribution, as follows:

o(t) =§;G,~(O)exp<—‘:i) (1)

where t is time, and o(f) and (0) are the stresses at t= t and
t=0, respectively. # is the number of relaxation process. T, are
time constants for relaxation processes. The plot of In[c(#)] versus
t should approach a straight line for t> 1, if a maximum relaxa-
tion time truly exists. The intercept of the line is In[c,(0)], and
the slope is —1/t,. Equation (1) can be written as follows:
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Figure 5. Mechanical characteristics of EPDM-70-V (denoted as TPV) and EPDM-70-0.19 (denoted as press molding) as well as injection-molded
EPDM-70-0.19 in FD, TD, and ND directions. (a) Stress—strain tension curves; (b) Shore A hardness in ND; press stress (c) relaxation and (d) recovery
curves in ND at 80 °C. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

n—1

o<t>on<o>exp(%)=;"f(°)e"p<%>

A slope of In(o(t) =5, (0)exp(— £)) versus ¢ should also lead to a
straight line for ¢>1,_;, if a discrete relaxation time exists for
T,—1 < t<1,. The process can be repeated for i= n—2, etc., fol-
lowing the determination of the slope and the intercept discussed
above for EPDM/PP blends # = 3. This system is referred to as sty-
rene-butadiene—styrene (SBS) triblock system.”® Hence, the time
constants Tj, T,, and 15 correspond to three processes causing stress
relaxation. Additionally, 1,< 1, <13.2% The typical procedure for
press-molded and injection-molded EPDM-70-0.19 in different
directions at 80 °C is shown in Supporting Information Figure S3.
The time constants t; and t5 in different directions for press-
molded and injection-molded EPDM-70-0.19, as well as the relax-
ation time of PP and EPDM, are listed in Table II. The time con-
stants t; and 15 were a good fit for the data of EPDM and PP,
respectively. The time constants t; and 75 are attributed to the
relaxation of EPDM and PP, respectively, and they are independent
of the structure of the blends.

2

The time constants T, were plotted with respect to temperature
as shown in Figure 7. The relaxation time of press-molded and
injection-molded EPDM-70-0.19 decreased with increased tem-
perature. The relaxation time of press-molded EPDM-70-0.19

M"h\.‘;lfuﬁ WWW.MATERIALSVIEWS.COM 43902
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was larger than that of injection-molded EPDM-70-0.19. The
injection-molded EPDM-70-0.19 in different directions showed
different relaxation times at the same strain as follows:
T,-NnD<To—pp<To—1p. At high temperature, the EPDM phase
lost mechanical strength, and the mechanical properties of
blends were mainly provided by the PP phase, which decreased
the effect of structure on the performance. Thus, the variations
in relaxation time in the different directions decreased with
increased temperature.

The orientation state in FD [Figure 2(b) and Supporting Informa-
tion Figure S2] was higher than that in TD leading to lower relaxa-
tion stress in TD.*? Comparison of the time constants T, of press-
molded and injection-molded samples in FD and TD showed a
decrease in T, with an increase in the orientation of morphology.
Lesser et al.”® reported similar results in an SBS triblock copolymer
system with a double network of elastomers and associated the
time constant T, with the oriented network structure. Carbon
nanotube composites** ¢ show similar mechanical properties.
The compressive behavior shows that deformation in FD was more
difficult than that in TD. The deformation in ND was more uni-
form.?”*? Thus, the lowest time constant T, was found in ND. The
results are in accordance with the thermal expansion behavior of
injection-molded sample, that is, the CLTE in FD is lower than
thatin TD.
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Figure 6. Stress relaxations of press-molded and injection-molded EPDM-70-0.19 during the 10,000 s of compression in different directions: (a) 100°C

and (b) 120°C. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Semi-crystalline polymer/rubber blends with a co-continuous
microlayer structure was previously found to exhibit an aniso-
tropic thermal expansion behavior and the CLTE decreased with
increase in orientation state of morphology.®® The anisotropic
thermal expansion behavior and mechanical properties were
both caused by the co-continuous microlayer structure. Investi-

Table II. Time Constants t; and 13 in Different Directions for Press-
Molded and Injection-Molded EPDM-70-0.19 and Relaxation Time of PP
and EPDM

Relaxation time (s)

Sample 80°C 100°C 120°C
+-EPDM 321 30.4 30.2
11-FD 26.9 23.4 20.4
74-TD 26.9 25.8 24.0
11-ND 251 21.0 19.8
141-Press 27.0 25.7 23.4
PP 10.1 x 10* 9.5 x 10* 9.2 x 10*
15-FD 7.3 x 10* 6.9 x 10* 6.5 x 10*
15-TD 7.4 x 10* 6.9 x 10* 6.4 x 10*
15-ND 7.3 x 10* 6.9 x 10* 6.5 x 10*
15-Press 7.2 x 10* 6.9 x 10* 6.5 x 10*
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gating the mechanical properties would provide further support
to the mechanism of the low thermal expansion of blends with
co-continuous microlayer structure.

900

800 - Press

700+

)
+ 600+
TD

FD
SOO-I
ND

400 T T T T
80 90 100 110

Temperature (°C)

Figure 7. Temperature dependence of the time constant T, in different
directions for the press-molded and injection-molded EPDM-70-0.19.
[Color figure can be viewed in the online issue, which is available at

120

wileyonlinelibrary.com.]
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CONCLUSIONS

A novel rubber/PP elastomer with extremely low thermal expan-
sion is developed. The large reduction in CLTE is attributed to
the fine control of the micro-morphology of polymer alloy such
that the expansion is preferentially toward the thickness direction.
The CLTEs of blends with co-continuous microlayer structure in
FD and TD are similar to that of aluminum. The thickness of
the PP layers plays a crucial role on CLTE reduction. The CLTEs
decrease with reduced thickness of the PP layers. The sample
with co-continuous microlayer structure exhibits low thermal
expansion, good flexibility, high elongation, low hardness, and
permanent deformation. The stress relaxation experimental
results show that the co-continuous microlayer structure leads to
a difference in relaxation time corresponding to the structure in
diverse directions. The results provided a scientific basis for the
preparation of new low-thermal-expansion elastomer materials.
The remarkable expansion along the ND could ultimately be uti-
lized for a range of applications, such as manufacturing of sen-
sors, switches, and actuators from macro to micro dimensions.
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