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A B S T R A C T

High-performance thermoplastic vulcanizates (TPVs) are a class of specialty polymers with exceptional me-
chanical properties, rubber-like elasticity, excellent processability and recyclability, and an excellent price-
performance ratio that make them ideal for a variety of industrial applications. In this work, a successful
method of creating high-performance TPV using a ternary blend of poly(methyl methacrylate) modified natural
rubber (MGNR), poly(vinylidene fluoride) (PVDF), and fluorocarbon elastomer (FKM) was employed. Combining
NR known for its exceptional rubber elasticity and resilience, with fluoropolymers, known for their exceptional
chemical resistance and thermal stability, resulted in materials with a synergistic blend of properties. The
developed PVDF/FKM/MGNR blend showed higher elasticity, tensile strength, and elongation at break than
PVDF/FKM and PVDF/MGNR blends because the ternary blend had greatly improved phase morphology and
compatibility between the three phases. The domain size in the ternary blend was smaller than 150 nm. The
ternary blends also exhibited excellent thermal properties, where melting and crystallization temperatures were
reduced significantly with MGNR due to possible dipole-dipole interactions. At the same time, the oil resistance
and shape memory behavior of PVDF/FKM/MGNR were improved at an appropriate blend ratio. The ternary
TPVs demonstrated good shape fixities (90–100 %) and shape recoveries (70–80 %). This research offers valuable
insights into the design of high-performance thermoplastic elastomers based on natural rubber, which have
excellent mechanical properties, solvent resistance, and potential for intelligent and lightweight application.

1. Introduction

Natural rubber (NR) is a renewable bio-elastomer consisting of 99 %
of cis-1,4-polyisoprene. This renewable rubber is extracted as latex from
the rubber tree Hevea Brasiliensis. The high cis configuration of NR
makes it extraordinarily elastic and has excellent mechanical properties.
So, the unfilled NR vulcanizate exhibits high tensile strength, tear
strength, and elongation at break without reinforcing fillers. However,
unmodified NR has critical limitations in functional and advanced ap-
plications due to the hydrocarbon structure and unsaturated C=C
groups. These cause it to have poor oil resistance and low thermal sta-
bility, with poor resistance also to degradation induced by oxygen and
ozone [1,2]. Therefore, many chemical modification techniques have

been investigated to improve the polarity, oil resistance, thermal sta-
bility, and degradation resistance of NR, such as epoxidation [3–5], graft
copolymerization [6–8], and hydrogenation [9]. These techniques
reduced unsaturation in the structure and introduced new functional
groups to the NR backbone. However, a single strategy may not achieve
the properties desired in a particular application. Blending chemically
modified natural rubber with thermoplastic can boost the mechanical,
chemical, and thermal properties of natural rubber [10–12].

Thermoplastic elastomers (TPEs) have received a significantly
growing interest in the field of elastomeric-like materials and offer
excellent processability and recyclability. TPEs mainly consist of hard
and soft domains to offer exceptional mechanical strength and elasticity.
Thus, various methods for designing the hard and soft segments for TPEs
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have been reported in the literature. In fact, two main groups of TPEs
have been studied to combine thermoplastic character with rubber
elasticity: i) block copolymers such as styrene block copolymer, poly-
amide block copolymer, polyurethane multiblock copolymer, and
polyester block copolymer, ii) the blending of thermoplastic and rubber
to make thermoplastic elastomer (TPE) or thermoplastic vulcanizate
(TPV). In TPVs, the rubber phase is vulcanized, and the resulting ma-
terials generally show excellent elasticity, mechanical strength, chemi-
cal resistance, processability, and recyclability [13,14]. The first
commercial TPV based on PP/EPDM was first launched in 1981 by
Monsanto under the trade name Santoprene®. Further on, many ex-
plorations have shown the possibility of preparing TPV from various
types of rubbers and plastics to achieve optimum properties for specific
practical applications. Natural rubber (NR) and modified NR are
extensively used to prepare TPV by blending with various types of
thermoplastic, such as polypropylene (PP) [10,15,16], polyethylene
(PE) [17,18], polystyrene (PS) [19], polylactic acid (PLA) [20,21], etc.

Recent developments in TPVs focus on high performance, 3D print-
ing, shape memory and smart applications [22–24]. Oil and solvent
resistance remain the main challenges in making high-performance
TPVs. Particularly, thermoplastics like polyamide and rubber, that is,
acrylonitrile butadiene rubber (NBR) and hydrogenated acrylonitrile
butadiene rubber (HNBR), have been selected to develop oil and
heat-resistant TPVs [13,25–27]. To further increase oil resistance and
smart characteristics of TPV, fluorine-containing polymers, such as
polyvinylidene fluoride (PVDF) and fluorocarbon elastomer (FKM),
have also been used to develop advanced functional TPEs and TPVs.
Interestingly, PVDF is a kind of polymer containing vinylidene fluoride
homopolymers having excellent weather resistance, chemical resis-
tance, and strong mechanical properties. At the same time, PVDF is
well-known for its smart electro-active polymer and piezoelectric
properties. FKM, a fluorocarbon copolymer based on vinylidene fluoride
(VDF), hexafluoropropylene (HFP), tetrafluoroethylene (TFE), and
chlorotrifluoroethylene (CTFE), is a specialty synthetic elastomer with
outstanding weather, oil, hydrocarbon solvent, and heat resistances
[28]. Owing to the fluorine atoms in the main chains of PVDF and FKM,
they are good candidates for the preparation of oil and heat-resistant
TPVs [29–31]. For example, Guo et al. prepared fluorocarbon elas-
tomer (FKM)/fluoro-thermoplastic (EFEP) TPV with rubber phase
domain diameter in the range of 370–880 nm, depending on the vis-
cosity ratio of blend components. The FKM/EFEP TPV also showed good
mechanical properties, elasticity, recyclability, oil resistance, and gas
barrier properties [29].

The developments of high-performance, shape memory, heat-
resistant, and oil-resistant TPVs based on NR are rarely studied
because NR exhibits poor oil resistance and shape fixity. Meanwhile,
NR’s high degree of unsaturation offers less resistance to thermal
oxidation and decomposition. Improving those properties by blending
with fluorinated polymers and elastomers (i.e., PVDF and FKM) is
severely challenged due to the non-polar hydrocarbon structure of NR,
resulting in poor compatibility and inferior physical and chemical
properties. However, compatibility of PVDF with NR can be improved
by using modified NRs such as, epoxidized natural rubber (ENR) [32,33]
and poly(methyl methacrylate) modified natural rubber (MGNR) [12].
Recently, ENR has been proven to have structural compatibility for

fluorinated thermoplastic because it offered improved compatibility
with PVDF as compared to unmodified NR, and interfacial adhesion was
significantly enhanced by the epoxide groups in ENR [33,34]. In our
previous works, high dielectric constant TPVs were successfully fabri-
cated based on PVDF/ENR50 blends filled with barium titanate. The
TPV/barium titanate composite with higher PVDF proportion showed
higher permittivity because PVDF has a strong dipole moment of the CF2
segments [35]. Moreover, we also found that NR-grafted-PMMA
(MGNR) showed good compatibility with PVDF due to dipole-dipole
interactions between grafted PMMA and fluorine groups in PVDF
[12]. Therefore, PVDF/MGNR TPV showed improved mechanical and
morphological properties.

In this work, an effective strategy was implemented to fabricate a
high-performance thermoplastic vulcanizate from ternary blends of poly
(methyl methacrylate) modified natural rubber (MGNR), poly(vinyli-
dene fluoride) (PVDF), and fluorocarbon elastomer (FKM). These three
components in the TPV can provide different specific properties. For
example, PVDF provides strength, recyclability, heat resistance, and oil
resistance. Blending FKM in the blend allows for improving dynamic
vulcanization and resistance to heat and solvents. At the same time,
MGNR is known for good dipole-dipole interactions with PVDF, as
described in our previous report [12]. The MGNR can improve
morphology and shape fixity. The blending of these three components
can be a new strategy for producing a multifunctional TPV with excel-
lent oil resistance, heat resistance, and shape memory behavior. Poly
(methyl methacrylate) modified natural rubber (MGNR) was first syn-
thesized via emulsion polymerization to improve compatibility with
FKM and PVDF. Melt mixing of MGNR with PVDF and FKM was per-
formed without curative to prepare TPE. TPV was prepared through
dynamic vulcanization using a diamine for curing to establish a chem-
ical cross-link between FKM and MGNR. Phase morphology and
compatibility between phase components of TPE and TPV were
accessed. Subsequently, dynamic mechanical analysis, crystallinity, heat
resistance, and shape memory performance were systematically studied.
This work provides a promising method to advance the understanding of
high-performance TPV design and its multifaceted applicability in in-
dustrial sectors.

2. Experimental procedure

2.1. Materials

Polyvinylidene fluoride (PVDF) (KYNAR® 740) was manufactured
by Arkema, France. Fluorocarbon elastomer (FKM) by the trade name of
MLF 2–11 [fluorine content: 66 % andML(1+ 10) at 121 ◦C: 25 Mooney
unit] was manufactured by Jiangsu Meilan Chemical Co., Ltd. (China).
Hexamethylenediamine carbamate (Rhonocure® HMDC) was manu-
factured by LANXESS AG (Germany). Magnesium oxide (MgO) was
purchased from Acros Organics. Antioxidant 1010 (JYANOX-1010) was
manufactured by Jiyi Chemical Co., Ltd (China).

2.2. Preparation of MGNR

MGNR used in this work was prepared by graft copolymerization
between NR latex and 40 wt% of methyl methacrylate (MMA)monomer.
This was done by emulsion polymerization technique following our
previous work [12]. The free NR, free PMMA, and grafting efficiency
(GE) investigated by Soxhlet extraction were about 5.0 %, 11.7 %, and
83.8 %, respectively.

2.3. Preparation of ternary blend and thermoplastic vulcanizate

The PVDF/FKM/MGNR40 blends with different proportions by
weight were melt-mixed using Brabender plasticorder at 180 ◦C and 60
rpm. The thermoplastic elastomers (TPEs) were prepared without a
curing agent, whereas thermoplastic vulcanizates (TPVs) were prepared

Table 1
Compositions of thermoplastic elastomers derived from PVDF/FKM/MGNR.

Ingredient Quantity (parts per hundred of polymer, php)

PVDF/FKM/MGNR TPE PVDF/FKM/MGNR TPV

PVDF/FKM/MGNRa 100 100
Antioxidant 1.5 1.5
MgO – 3.0
HMDC – 5.0

a The blends were prepared with different proportions.
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using dynamic vulcanization with a curing agent, as shown in Table 1.
After blending, TPE and TPV sheets (120 x 120 × 1.5 mm3) were pre-
pared by compressionmolding. The samples were preheated and pressed
at a temperature of 200 ◦C for 40 min, and the sheets were then cooled
down for 20 min to room temperature by circulating water.

In this work, the PVDF to rubbers ratio was varied among 50/50, 40/
60, and 30/70 wt%. In the rubber proportion, the FKM:MGNR ratio was
varied among 0:4, 1:3, 2:2, 3:1, and 4:0. The code labels for all these
blends are described next.

1. At a blend ratio of 50 wt% of PVDF (5P) and 50 wt% rubber, the mass
ratio PVDF/FKM/MGNR was varied among 50/0/50, 50/12.5/37.5,
50/25/25, 50/37.5/12.5, and 50/50/0 wt%, which are denoted by
5P0F4M, 5P1F3M, 5P2F2M, 5P3F1M, and 5P4F0M, respectively.

2. At a blend ratio of 40 wt% of PVDF (4P) to 60 wt% rubber, the mass
ratio PVDF/FKM/MGNR was varied among 40/0/60, 40/15/45, 40/
30/30, 40/45/15, and 40/60/0 wt%, which are denoted by
4P0F4M, 4P1F3M, 4P2F2M, 4P3F1M, and 4P4F0M, respectively.

3. At a blend ratio of 30 wt% of PVDF (3P) to 70 wt% rubber, the mass
ratio PVDF/FKM/MGNR was varied among 30/0/70, 30/17.5/52.5,

Fig. 1. The mixing torques for (a, b, c) PVDF/FKM/MGNR TPE and (d, e, f) PVDF/FKM/MGNR TPV with different blend ratios at 200 ◦C and 60 rpm. The numbers
(1), (2), (3), and (4) indicate the additions of PVDF, FKM, MGNR, and curative respectively.
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30/35/35, 30/52.5/17.5, and 30/70/0 wt%, which are denoted by
3P0F4M, 3P1F3M, 3P2F2M, 3P3F1M, and 3P4F0M, respectively.

2.4. Characterizations

Mechanical properties. The stress-strain behavior was studied for all
the blends using a universal tensile testing machine (Hounsfield Tens-
ometer, model H 10 KS, Hounsfield Test Equipment Co., Surrey, UK)
according to ISO37. All cases were measured with a 5 kN load cell and a

strain rate of 200 mm/min.
Morphological analysis. The phase morphology of unetched PVDF/

FKM/MGNR blends was assessed using a scanning electron microscope
(SEM) (Quanta 400, Thermo Fisher Scientific, Czech Republic) at an
acceleration voltage of 20 kV. The cryo-fractured surface was stained
with osmium tetroxide (OsO4) and coated with a thin layer of gold. The
morphology of PVDF/FKM/MGNR ternary blends was also evaluated
using a transmission electron microscope (TEM) (Talos F200i, Thermo
Fisher Scientific, Czech Republic) at an acceleration voltage of 200 kV.

Fig. 2. Stress-stain curves of (a–c) PVDF/FKM/MGNR TPE, and (d–f) TPV with different blend ratios of PVDF/Rubber: (a and d) 50 wt% PVDF (5P), (b and e) 40 wt%
PVDF (4P), and (c and f) 30 wt% PVDF (3P).
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The cryosectioned samples with a thickness of about 60 nm used for
TEM observation were prepared using an ultramicrotome (MT-XL, RMC
Boeckeler, USA). The TEM observation was performed without strain-
ing. The domain diameter was determined from three independent SEM
images using ImageJ software, where number-average domain size (Dn)
and weight-average domain size (Dw) were calculated using the
following Equations 1 and 2, respectively [36,37].

Dn =

∑
iniDi

∑
ini

(1)

Dw =

∑
iniD2

i∑
iniDi

(2)

Where ni is the number of particles that have the particle diameter Di.
Morphology of TPVs was also observed using an atomic force mi-

croscope (AFM). Before AFM measurement, the smooth surface of the
blends was cryogenically cut by ultramicrotome (MT-XL, RMC Boeck-
eler, USA) with a glass knife at − 100 ◦C. The AFM images were captured
at room temperature in the tapping mode with phase imaging using
FlexAFM (Nanosurf, Switzerland).

Dynamic mechanical analysis. The storage modulus (E′) and tan δ of
TPE and TPV were analyzed by a dynamic mechanical analyzer (DMA)
(DMA850, TA Instrument, USA). The measurement was performed in
tension mode within the temperature range from − 80 to 180 ◦C at a
heating rate of 2 K/min and a frequency of 10 Hz.

Rheological behavior. The measurements of rheological properties of
the mixtures were performed with a Rubber Process Analyzer (RPA
2000, Alpha Technologies, USA) at a temperature of 200 ◦C, to make

sure that the sample will be completely melted during analysis. The tests
were carried out over a frequency range of 0.1–100 Hz at a constant
amplitude of 5 %.

Differential scanning calorimetry. Melting temperature (Tm) and crys-
tallization temperature (Tc) were measured using a differential scanning
calorimeter (Discovery DSC25, TA Instrument, USA) under the N2 at-
mosphere. The samples were heated from room temperature to 200 ◦C to
remove their thermal history. Then, the samples were cooled to − 80 ◦C,
followed by a second heating step from − 80 ◦C to 200 ◦C. The cooling
and heating speeds were kept constant at 10 ◦C/min. The degree of
crystallinity (Xc) of PVDF in the blends was determined, assuming a 100
% crystalline PVDF enthalpy of 104.6 J/g [38,39].

Xc (%)=100×
ΔHm

ΔH◦

m(100%) × wPVDF
(3)

Thermogravimetric analysis. The thermal stability of PVDF/FKM/
MGNR40 blends was determined by a thermogravimetric analyzer
(TGA8000, PerkinElmer) set at a heating rate of 10 ◦C/min, from 25 ◦C
to 600 ◦C under an N2 atmosphere. The thermal characteristics of the
samples are analyzed from thermogravimetric (TG) and thermogravi-
metric derivative (DTG) curves, depicted in Fig. S1 (Supporting
information).

Oil resistance. TPV samples with dimensions of 5 x 5 × 1.5 mm3 were
immersed into different types of oil and solvent (i.e., toluene/isooctane
mixture, diesel oil, and engine oil) for 72 h at room temperature. The oil
resistance at high temperature of TPV in engine oil was also investigated
at 125 ◦C for 22 h. The % change in mass of TPV was calculated by
Equation (4) [40].

Fig. 3. Mechanical properties of PVDF/FKM/MGNR40 blends: (a, c) thermoplastic elastomers (TPEs), and (b, d) thermoplastic vulcanizates (TPVs).
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% Change in mass=
W2 − W1

W1
× 100 (4)

The volume swelling (q-1) was calculated using the following
equation [41]:

q − 1=
(
W2

W1
− 1

)

×
ρ2
ρ1

(5)

where W1 is the initial weight of the sample, W2 is the weight of the
swollen sample, and ρ1 and ρ2 are specific gravities or densities of sol-
vent and sample, respectively.

Shape memory capability. The shape memory performance indicator
measured in this work was the same as in our previous work [7]. The
sample strips (40 mm× 6 mm x 1.5 mm) were first thermally bent into a
U-shape by applying force and kept in hot water (~95 ◦C) for 10 min.
The bent samples were moved into an ice bath (~5 ◦C). After 10 min, the
temporary force was released, and the samples were maintained in the
ice bath to obtain a temporary shape, which shows the fixity angle (θf).
In the final step, the temporary shape was placed in a hot water bath
(~95 ◦C) for 10 min to obtain the original shape, which shows a re-
covery angle (θr). The shape fixity ratio (Rf) and shape recovery ratio
(Rr) were calculated using Equations 6 and 7, respectively [42].

Rf =
180◦ − θf
180◦

× 100 (6)

Rr =
θr − θf

180◦ − θf
× 100 (7)

Reprocessability of TPV. The TPV scraps were cut into small pieces and
molded at similar conditions as for preparing TPV sheets (about 2 mm
thick) using compression molding. Then dumbbell-shaped specimens
were cut off from the recycled TPV sheets using ISO37 type II cutting die

before assessing their mechanical properties by tensile testing machine.

3. Results and discussion

3.1. Mixing torque behavior

To evaluate the effects of blend composition and dynamic vulcani-
zation of PVDF/FKM/MGNR blends, the mixing torque during the
blending process was monitored and recorded. Torque-time evolution of
the TPE and the TPV is shown in Fig. 1. The first peak was due to the
melting of PVDF pellets. The mixing torque significantly increased again
with the addition of FKM andMGNR into the mixing chamber. For TPEs,
the torque gradually decreased to a plateau when all the polymers
became homogenously blended. At the same time, the final mixing
torque strongly depended on MGNR content in the TPE, where all
P0F4Ms showed the highest mixing torque and torque curves became
relatively lower for the blends with higher FKM content. This is due to
the higher viscosity of MGNR as compared to FKM (Fig. S2). The
incorporation of curative (TPV) led to a remarkable increase in the
mixing torque of the blend. This behavior confirmed that dynamic
vulcanization occurred during the shearing action and blending of
PVDF/FKM/MGNR TPVs. The dynamic vulcanization occurred through
diamine cross-linking in rubber phases. The torque increment induced
by dynamic vulcanization was evident for the TPV containing FKM
because HMDC preferentially reacts with the FKM phase [43].

Fig. S3 shows the curing behaviors of FKM, FKM/MGNR, and MGNR
with HMDC. The rheometer revealed that FKM can be fully vulcanized
with a diamine curative [43,44]. According to our previous work [7],
MGNR can be cross-linked with HMDC through ester groups of grafted
PMMA and diamine, a so-called amidation reaction. However, the
curing curve of MGNR with the diamine system was slightly increased
(Fig. S3), indicating a slow cure rate of diamine-curedMGNR. Therefore,
P0F4M TPVs showed a slight torque increment after dynamic vulcani-
zation, indicating partly cross-linked MGNR with HMDC. Although the
cure rate of MGNR with diamine was slow compared with FKM, the heat
and shearing action generated during mixing can induce an amidation
reaction between the diamine and ester group of MGNR. Interestingly,
the final torques of ternary TPVs were higher than those of binary TPVs,
indicating a possible cross-linking between FKM and MGNR (Fig. S4)
and a synergistic effect boosted by three components.

3.2. Mechanical properties

To study the effects of blend ratio and blending procedure, the tensile
responses of PVDF/FKM/MGNR40 blends with (TPV) and without
diamine (TPE) were investigated, as shown in Fig. 2. As expected, the
stress-strain behaviors of the blends varied according to the blend ratio
and blending procedure. The TPE and TPV with a high PVDF proportion
(5P) showed higher Young’s moduli than the blend with a low PVDF
fraction (i.e., 4P and 3P), which is a general trend for thermoplastic-
elastomer blends. Also, in blends derived with the same PVDF/rubber
ratio, Young’s modulus, tensile strength, and elongation at break varied
by FKM/MGNR ratios, indicating that grafted PMMA in MGNR and
interfacial interactions play a role in the mechanical properties of the
PVDF/FKM/MGNR based TPEs and TPVs. However, some compositions
may not exhibit sufficient elongation at break (<50 %) to serve as
thermoplastic elastomers.

The tensile properties of TPEs and TPVs are summarized in Fig. 3. It
is evident that the tensile strength of both TPE and TPV decreased with
rubber content, which was attributed to the higher amount of soft rubber
in the blends. This is typical behavior for all TPEs and TPVs made from
thermoplastic-rubber blends, as reported in the literature [21,45]. In
addition, the blends with high rubber content exhibited higher elonga-
tions at break. This indicates that the mechanical properties of the
PVDF/FKM/MGNR blends strongly depend on the blend proportions
and morphology, which will be discussed later. Moreover, the binary

Fig. 4. Possible interfacial compatibilization and interactions between PVDF,
FKM, and MGNR.
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PVDF/MGNR (P0F4M) blends without curative exhibited high tensile
strength and low elongation at break because these blends contain glassy
grafted PMMA domains fromMGNR and crystalline regions of PVDF and
could not be classified as TPEs. Hence, these blends exhibited higher
tensile strength but were less flexible compared to the binary
PVDF/FKM (P4F0M) blends without curative. At a given PVDF content,
the tensile strength and elongation at break were improved for the TPE
based on ternary PVDF/FKM/MGNR TPEs. This suggests that the glassy
domain of MGNR could be diluted with FKM. It also suggests the pos-
sibility of interactions between blend components. As reported in our
previous work, the improved mechanical properties are also due to the
interfacial interactions between the grafted PMMA and PVDF [12].
Interestingly, after dynamic vulcanization, tensile strength improved
significantly, whereas no significant change in elongation at break was
observed (Fig. S5). This was attributed to the cross-linking of rubber
phases in PVDF/FKM/MGNR blends, resulting in improved mechanical
properties. Importantly, the tensile strength of P4F0M TPVs was
significantly higher than that of P4F0M TPEs because FKM domains
were partially cross-linked by dynamic vulcanization. For example, the

tensile strength increased from 6.5 MPa for 5P4F0M TPE to 19.8 MPa
for 5P4F0M TPV, which is a 3-fold increase induced by dynamic
vulcanization.

Interestingly, the mechanical properties of both the TPEs and the
TPVs made from ternary blends were significantly higher than those of
the binary blends. This indicates a synergistic effect of the three com-
ponents in these ternary blends. The PVDF and FKM are fluorine-
containing polymers. PVDF is a VDF homopolymer, and FKM is a
VDF-HFP copolymer. The fluorinated polymer is compatible with the
acrylate polymer due to dipole-dipole interactions between carbonyl
(C=O) and fluorine groups [46–48]. It was found that the PVDF is
partially compatible with poly(methyl methacrylate)-grafted-natural
rubber (MGNR), and the mechanical properties of PVDF/MGNR
blends were significantly better than those of PVDF/NR blends [12]. As
a result, carbonyl groups in MGNR are also expected to promote strong
interactions with PVDF and FKM. A schematic illustration of possible
dipole-dipole interactions in PVDF-MGNR-FKM is shown in Fig. 4.
Furthermore, Fig. 3 also shows that ternary TPEs with high MGNR
proportion (i.e., P1F3M and P2F2M) exhibited better mechanical

Fig. 5. SEM micrographs of PVDF/FKM/MGNR TPEs: (a) 5P0F4M, (b) 5P2F2M, (c) 5P4F0M, (d) 4P0F4M, (e) 4P2F2M (f) 4P4F0M, (g) 3P0F4M, (h) 3P2F2M and
(i) 3P4F0M.
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properties than TPEs with high FKM proportion (i.e., P3F1M). In
contrast, the ternary TPVs with high FKM proportion (i.e., P2F2M and
P3F1M) exhibited better mechanical properties than TPVs with high
MGNR proportion (i.e., P1F3M). This can be explained by the fact that
FKM rubber is preferentially cured by HMDC due to reactive VDF/HFP

dyads in FKM backbones [49]. At the same time, grafted PMMA in
MGNR domains can provide cross-linking sites for diamine through an
amidation reaction between the ester group on MGNR and diamine [7].
Consequently, the MGNR phase was partly vulcanized with FKM rubber
in the ternary blends (Fig. S4), as discussed earlier. As a result,

Fig. 6. Domain size distribution of the PVDF/FKM/MGNR TPEs: (a) 5P0F4M, (b) 5P2F2M, (c) 5P4F0M, (d) 4P0F4M, (e) 4P2F2M (f) 4P4F0M, (g) 3P0F4M, (h)
3P2F2M and (i) 3P4F0M. The smooth red line may illustrate the overall shape of the distribution more clearly than the histogram. (For interpretation of the ref-
erences to color in this figure legend, the reader is referred to the Web version of this article.)
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dipole-dipole interactions and co-crosslinking between FKM and MGNR
phases can boost the physical properties of ternary TPV based on
PVDF/FKM/MGNR blends.

3.3. Morphology

Morphology plays a critical role in determining the properties and
performance of thermoplastic elastomeric materials (TPE and TPV)
made from thermoplastic-rubber blends. In the context of blending
modified NR with PVDF and FKM, a fundamental understanding of
phase morphological structures of TPE and TPV made from binary and
ternary blends is essential to tailor the final material properties for a
specific application. In order to assess the evolution of phase
morphology of the binary and ternary blends, the bright spots in SEM
were measured and analyzed, and these are referred to as “domains” in
the blends. As shown in Fig. 5, SEM micrographs clearly show that the
continuous-dispersed phase morphology and domain sizes are strongly
dominated by blend ratio and blend components. Fine dispersions were
observed for P0F4M (Fig. 5(a), (d), and (g)) and P2F2M TPEs (Fig. 5(b),
(e), and (h)), while P4F0M TPEs showed coarse domains in the blend
(Fig. 5(c), (f), and (i)). SEM micrographs of TPEs at a lower magnifica-
tion are shown in Fig. S6. The broad domain size distribution of P4F0M
TPEs varied in the range of 1.5–20.0 μm. In contrast, the size of a domain
diameter in P0F4M and P2F2M TPEs is consistently smaller than 1.5
μm, as summarized in Fig. 6. For binary PVDF/FKM (P4F0M) blends
without curative, the large bright phases (domains) with a number-
average diameter size of 4.0–6.0 μm are clearly dispersed in the dark
phase.

The morphology in a polymer blend can be influenced by various
factors, including the viscosities of blend components, blend

composition, processing techniques, compatibilization technique, and
interfacial interactions between the components [50–52]. The absolute
value of complex viscosity (η*) of each blend component at 200 ◦C is
shown in Fig. S7, and the viscosity ratio is summarized in Table S1. By
varying the viscosity ratio of blend components, the influences on phase
morphology, domain dispersion, and interfacial interactions in binary
and ternary blends were investigated. It was found that the η* of PVDF
and MGNR were higher than that of FKM, and the viscosity ratio varied
between 0.21 and 1.47, which certainly plays a role in phase
morphology. For example, the binary FKM/PVDF TPEs made with 50 wt
% (5P4F0M), 60 wt% (4P4F0M), and 70 wt% (3P4F0M) of FKM had a
large volume of FKM and low viscosity ratio (ηFKM/ηPVDF = 0.31). Thus,
high-viscosity PVDF can be broken up by shear forces during melt
mixing and could be encapsulated by the FKM phase [50,51]. However,
with the low viscosity of FKM and the large difference in viscosity of
FKM and PVDF, the FKMmatrix phase cannot break up PVDF effectively.
However, PVDF and FKM are both fluorinated polymers with similar
chemical structures. According to this viscosity ratio and mixing
parameter, the PVDF phase was less deformed, and large dispersed PVDF
domains (Dn = 4.0–6.0 μm) were observed in the FKM matrix, as shown
in Fig. 6(c), (f), and (i). Therefore, the brighter and darker regions in
binary FKM/PVDF blends are likely to correspond to PVDF and FKM
phases, respectively.

In contrast, the binary MGNR/PVDF (P0F4M) TPEs showed an
abrupt reduction in dispersed domain size as compared to P4F0M TPEs.
For example, the domain size was significantly reduced from 4.9 μm for
4P4F0M TPEs to 0.53 μm for 4P0F4M TPEs, which is ten times smaller
than in binary FKM/MGNR blends. This can be explained by the fact that
the viscosity ratio of the MGNR/PVDF system (ηMGNR/ηPVDF= 1.47) was
almost 5-fold higher than in the FKM/PVDF system (ηFKM/ηPVDF= 0.31).

Fig. 7. SEM micrographs of etched PVDF/FKM/MGNR TPEs: (a) 5P0F4M, (b) 5P2F2M, (c) 5P4F0M, (d) 4P0F4M, (e) 4P2F2M (f) 4P4F0M, (g) 3P0F4M, (h)
3P2F2M, and (i) 3P4F0M. These SEM images were taken at a magnification of 15,000x.
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Therefore, the viscosity ratio is critical for achieving a smaller domain
size [50]. On the other hand, C=O groups of MGNR also facilitate
dipole-dipole interactions with C-F groups in PVDF. In this blend system,
PVDF exhibited lower viscosity than MGNR. As a result, the PVDF phase
tends to form a continuous phase and break up the MGNR phase.
However, the bright and dark regions in SEM micrographs of
MGNR/PVDF TPEs are likely due to MGNR and PVDF. This differs from
SEM micrographs of FKM/PVDF TPEs, where PVDF is the bright phase.
The difference can be correlated with the electron density of each
component, which can influence phase morphology. Polymers with
similar electron densities tend to have stronger interactions between the
blend phases, resulting in better miscibility and compatibility, whereas
blend components with very different electron densities may have weak
interactions, resulting in poor miscibility and compatibility. The
morphology observation was also confirmed by SEM micrographs of
etched samples, as shown in Fig. 7. The MGNR phase was selectively
extracted with toluene for 3 days. It can be observed that P0F4M TPEs
showedmatrix-droplet morphology. The holes displayed in P0F4M TPEs
represent the MGNR phase after solvent treatment, indicating the
dispersion of MGNR in the continuous PVDF matrix. In contrast, the

hole-like structures are absent in P4F0M TPEs (Fig. 7(c), (f), and (i))
because toluene cannot remove FKM and PVDF regions. Meanwhile, the
rough surfaces in SEM represent the PVDF phase, and the smooth sur-
faces represent the FKM phase due to the crystalline component in PVDF
and the amorphous nature of FKM. This confirms that PVDF in P4F0M
TPEs was dispersed in FKM, as discussed earlier. Interestingly, the
addition of third components alters the phase structure and distribution
in the blend system. The phase morphology seems to be improved for
ternary TPE (P2F2M), as indicated by the smaller bright spots and the
smaller holes in (Fig. 5b, e, 5h, 7b, 7e, and 7h). The improved phase
morphology observed in ternary blends is attributed to possible syner-
gistic interactions between the three components, resulting in finer
domain dispersion and improved mechanical properties. Surprisingly,
P0F4M blends showed a smaller domain size than P4F0M blends,
whereas ternary P2F2M blends showed the smallest domain size. For
example, the domain size was significantly reduced from 4.9 μm for
4P4F0M to 0.53 μm for 4P0F4M and to 0.31 μm for 4P2F2M, as shown
in Fig. 6. The finer phase morphology of the ternary blend can be
correlated with compatibility, intramolecular interactions, and overall
thermodynamic behavior. The strong dipole-dipole interactions

Fig. 8. TEM micrographs of PVDF/FKM/MGNR blends: (a) 4P0F4M TPV, (b) 4P4F0M TPV, (c) 4P2F2M TPE, and (d) 4P2F2M TPV. All micrographs were taken at a
magnification of 11,000x.
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between the C=O group of MGNR and the C-F group of both PVDF and
FKM contributed to a reduction in the interfacial tension in the ternary
blend system. This tends to stabilize the domains, which can lead to
improved microstructure and mechanical performance of the blends.

The SEM micrographs of TPVs also showed improved morphology
for ternary TPV (Fig. S8). Although the phase boundary observed by
SEM was blurred due to compatibility between the three phases, all SEM
micrographs showed a similar tendency for morphology improvement.
Subsequently, the phase morphology of the TPVs was further evaluated
by TEM imaging, as shown in Figs. 8 and S9. The morphologies of the

ternary blends were significantly better than those in the binary blends.
At the same time, the binary 4P0F4M TPV showed finer phase disper-
sion than 4P4F0M TPV, correlating well with SEM results. In literature,
TEM imaging revealed that PVDF and FKM usually exhibited as dark and
bright regions, respectively [36,53,54]. Also, according to our previous
work, PVDF also showed darker regions than MGNR regions [12] and
ENR [32]. Nevertheless, it is worth noting that color appearance also
depends on component pairs in the blend. Consequently, it is assumed
that the dark, gray, and bright regions in the TEM micrographs corre-
spond to PVDF, MGNR, and FKM, respectively. The binary 4P0F4M TPV

Fig. 9. (a, c, e) Storage modulus (E′), and (b, d, f) tan δ versus temperature of PVDF/FKM/MGNR40 blends with different PVDF/rubber ratios: (a, b) 50/50 wt% (5P),
(c, d) 40/60 wt% (4P), and (e, f) 30/70 wt% (3P).
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(Figs. 8a and S9a) exhibited small phase sizes, and gray regions were
partially located in dark regions because of the dipole-dipole interaction
between grafted PMMA and PVDF. This is correlated well with our
previous work [12] in which carbonyl groups in MGNR improved
interfacial interaction between PVDF and MGNR. Notably, the phase
morphology of diamine-cured TPV was different from phenolic-cured
TPV, indicating that the choice of the cross-linking system affects the
microstructure of TPV. In contrast, the binary TPV based on the
PVDF/FKM blend (4P4F0M) showed large FKM particles dispersed in
PVDF (Figs. 8b and S9b). The blend ratio of 40/60/0 wt% led to an
incomplete phase inversion during mixing, resulting in a disruption of
the droplet-island structure of TPV. Therefore, the rubber-rich cases of
TPV could have large cross-linked rubber particles and partly
co-continuous morphology [12,55].

As shown in Figs. 8c and S9c, a fine morphology was observed in
4P2F2M TPE. In this case, it seems that there was no particular matrix
phase, and the three phases were co-dispersed in the blends. Particle size
distribution was in the range of 70–300 nm, with most particles smaller
than 150 nm. As this blend ratio is dynamically cured with diamine
(4P2F2M TPV), in Figs. 8d and S9d, it is likely to exhibit improved
morphology due to cross-linking of rubber phases during melt mixing.
The bright regions (FKM) were reduced after dynamic vulcanization,
which might be due to the compatibilization and co-vulcanization of
FKM with MGNR. At the same time, some MGNR phases (gray regions)
were located at the boundary of FKM and PVDF, as shown in a TEM
image at higher magnification (Fig. S9d). Combining strong dipole-
dipole interactions between PVDF-MGNR-FKM (Fig. 4) and dynamic
vulcanization between FKM and MGNR contributed notably improved
mechanical properties and phase morphology.

AFM was also used to characterize phase structure in PVDF/FKM/
MGNR TPVs, as shown in Fig. S10. 4P4F0M TPV (Fig. S10c) clearly
showed phase separation with coarse co-continuous morphology where
the light regions represent high modulus PVDF phase and dark regions
represent low modulus FKM phase. The coarse morphology of 4P4F0M
TPV was similar in the TEM micrograph (Fig. 8(d)), demonstrating
incomplete phase inversion at this blend ratio. In contrast, the phase
separation in the AFM images of 4P0F4M and 4P2F2M TPVs (Figs. S10a
and S10b) was not clear, and those blends are likely homogenous and
have improved interfacial interaction through dipole-dipole interactions
(TPE and TPV) and dynamic vulcanization (TPV). It is worth noting that
the unclear phase separation in AFM might be due to a very small
domain size (<500 nm) in 4P0F4M and 4P2F2M TPVs, as observed in
Figs. 8 and S9.

3.4. Dynamic mechanical analysis (DMA) and rheological behavior

The compatibility in the blends regulates phase dispersion by

physical and chemical interactions, and significantly impacts the me-
chanical performance, viscoelastic properties, and thermal properties.
Therefore, dynamic mechanical analysis (DMA) and rheological de-
terminations were run to assess the improvement of compatibility and
viscous flow of the PVDF/FKM/MGNR40 blends. The DMA analysis of
pure PVDF, FKM, andMGNR40 is shown in Fig. S11, whereas the storage
modulus (E′) and tan δ curves of the PVDF/FKM/MGNR40 TPVs are
shown in Fig. 9. The dynamic mechanical parameters are summarized in
Table 2. The abrupt decrease of storage modulus and the presence of tan
δ peak are associated with glass transition temperature (Tg) or molecular
relaxation of the materials. The tan δ curve shows a strong peak at
− 32 ◦C for neat PVDF. This relaxation at a lower temperature (− 32 ◦C)
of neat PVDF is known as β or αa relaxation, and it corresponds to
segmental motions in the amorphous regions or Tg of PVDF. The PVDF
also showed an additional peak at the higher 75 ◦C temperature, which
is related to α relaxation. This is because of segmental motions in the
crystalline region of PVDF [56,57]. The DMA curve of FKM showed only
a single relaxation at 2.7 ◦C due to Tg of FKM rubber. Meanwhile,
MGNR40 showed two strong tan δ peaks at temperatures of − 50 ◦C and
117.8 ◦C. The lower temperature is due to Tg of the NR main chains,
whereas the higher temperature is mainly attributed to the Tg of the
grafted PMMA domain and PMMA homopolymer in MGNR.

Interestingly, the reduction in magnitude of E′ was most dependent
on the blend ratio of components. The decline in E′ at different regions is
associated with the molecular relaxation of each component. This
relaxation shows in the tan δ peaks, as described earlier. As shown in
Fig. 9, the binary blends with 100 % MGNR fraction (i.e., P0F4M TPV)
and ternary blends (i.e., P2F2M TPV) exhibited a clear abrupt drop of E′
in the first region (− 80 to − 30 ◦C) due to the glass transition of the NR
backbone and low-temperature flexibility of the blends. Above − 30 ◦C,
E′ of binary P4F0M TPV significantly dropped due to the relaxation of
PVDF and FKM phases. Importantly, P2F2M TPV showed the highest E′
compared to P0F4M and P4F0M TPVs, as summarized in Table 2. This
indicates the synergistic effect in a ternary blend of PVDF, FKM, and
MGNR40. At the same time, the three components improved viscoelastic
properties and compatibility in the blends due to physical and chemical
interactions between the three phases. Above 60 ◦C, the dramatic
decrease in E′ was noticeable again for P0F4M and P2F2M TPVs due to
softening of grafted PMMA and crystalline PVDF. Hence, E′ was
remarkably reduced for those blends.

All P0F4M blends display two noticeable drops of E′ at − 60 ◦C and
70 ◦C, corresponding to the glass transition temperatures (Tgs) of natural
rubber and NR-g-PMMA domains. At the same time, it is seen that all
P4F0M also displays two Tgs, which correspond to Tg of PVDF (− 35 ◦C)
and of FKM (0 ◦C). However, the Tg of PVDF cannot be observed in
P0F4M blends because of small β-relaxation and low PVDF proportion in
the blends. Also, β -relaxation of PVDF overlapped with the Tg of NR. The
ternary blends (i.e., P2F2M) are expected to show four tan δ peaks
associated with NR, grafted PMMA, PVDF, and FKM. However, all
P2F2M samples displayed only tan δ peaks of NR, FKM, and grafted
PMMA because the Tg of PVDF was merged entirely with the Tg of NR, as
mentioned earlier. The maximum peaks of tan δ of each component had
shifted toward each other, as summarized in Table 2. It can be observed
that the maximum peak of tan δ (Tg) of grafted PMMA shifted to a lower
temperature, and Tg of FKM shifted to a higher temperature, as
compared to neat NR-g-PMMA and FKM, respectively. This phenomenon
was attributed to improved interfacial interaction and miscibility be-
tween these blend components [12]. A plausible interaction in this
system is proposed in Fig. 4. Fig. S12 shows the DMA curves of ternary
TPEs, and TPVs based on PVDF/FKM/MGNR blends. It is seen that E′ of
TPV was slightly higher than that of TPE. Meanwhile, Tgs of each region
in TPV were shifted toward each other. This result indicates the effect of
reactive blend induced by dynamic vulcanization and synergism in the
ternary TPV, which led to improved compatibility, viscoelastic proper-
ties and phase morphology, as discussed earlier.

To study viscoelastic behavior at elevated temperatures of the

Table 2
Storage modulus and Tg obtained from DMA analysis.

Sample E′@30 ◦C (MPa) Tg (◦C)

NR PVDF FKM Grafted PMMA

PVDF 1800 ​ − 32.3 ​ ​
FKM 3.0 ​ ​ 2.7 ​
MGNR 215 − 51.0 ​ ​ 117.8

5P0F4M TPV 600 − 51.5 (–) ​ 81.8
5P2F2M TPV 860 − 53.4 (–) 5.5 70.7
5P4F0M TPV 526 ​ − 31.0 − 1.0 ​

4P0F4M TPV 325 − 51.0 (–) ​ 87.6
4P2F2M TPV 578 − 51.1 (–) 9.9 78.0
4P4F0M TPV 260 ​ − 31.0 0.1 ​

3P0F4M TPV 72 − 46.3 (–) ​ 79.2
3P2F2M TPV 290 − 49.8 (–) 11.2 81.3
3P4F0M TPV 115 ​ − 30.0 2.9 ​

Dash (− ) means that the Tg could not able to be determined from DMA curves.
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blends, the shear modulus, complex viscosity, and tan δ were evaluated
to assess the influence of dynamic vulcanization and blend proportions
on the viscous flow. Fig. 10 shows the frequency dependence of storage
modulus (G′), complex viscosity (η*), and loss tangent (tan δ) of PVDF/
FKM/MGNR blends. At the given blend ratio, P4F0M TPE exhibited
lower G′ and η* than P0F4M TPE because FKM rubber has lower G′ and

η* than MGNR and PVDF, as shown in Fig. S7. Therefore, the melt
rheology of PVDF/FKM TPE was significantly improved for ternary
blend PVDF/FKM/MGNR TPEs. After dynamic vulcanization, the G′ and
η* of all TPVs were significantly increased, whereas tan δ was reduced.
This suggests that dynamic vulcanization during melt mixing could
enhance molecular chain restriction and improve elasticity, confirming

Fig. 10. Rheological properties of PVDF/FKM/MGNR TPEs and TPVs with different blend ratios: (a–c) 50 wt% PVDF (5P), (d–f) 40 wt% PVDF (4P), and (g–i) 30 wt%
PVDF (3P).
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the diamine cure of rubber phases. Interestingly, P4F0M blends display
exceptionally improved viscoelastic parameters after dynamic vulcani-
zation, as G′ and η* reached their highest values, and a significant
reduction of tan δ was observed. This can be explained by the fact that
FKM domains in PVDF/FKM TPVs were fully cross-linked by diamine.
However, G′ and η* of TPVs were reduced by the MGNR proportion
because diamine-cured FKM was partly replaced with diamine-cured
MGNR in which diamine curative (HMDC) vulcanization rate and effi-
ciency were lower than in FKM. Therefore, the melt strength and
viscoelastic behavior of P2F2M and P0F4M TPVs were lower than those
of P4F0M TPVs. This correlated well with the E′ trends from DMA
analysis at elevated temperatures (Fig. 9). In addition, the results in
Fig. 10 also confirm that MGNR in P0F4M TPVs was partly crosslinked
with diamine curative, as G′ and η* of P0F4M TPVs were higher and tan
δ lower than P0F4M TPEs. According to the rheological behavior result,
the flow characteristics were compromised and can be manipulated with
three components of the blend and cross-linking network in the rubber
phase.

3.5. Differential scanning calorimetry (DSC)

PVDF is a semi-crystalline polymer, while FKM and MGNR are
amorphous polymers. The crystallinity of PVDF phase is strongly
dependent on miscibility and interfacial interactions. Fig. 11(a) and (b)
presents the cooling and melting behavior of PVDF/FKM/MGNR TPV,
respectively. Pure PVDF showed an exothermic peak at 137.6 ◦C, which
is the crystallization temperature (Tc). During the second heating, the
endothermic event (168.5 ◦C) can be assigned to melting temperature
(Tm). The PVDF binary blends with FKM (P4F0M), MGNR (P0F4M), or
ternary blend (P2F2M) caused changes in both crystalline and melting
temperatures. The details of DSC results are summarized in Fig. 11(c)
and (d). All P4F0M TPVs exhibited slightly higher Tc than neat PVDF,
while Tcs of P2F2M and P0F4M TPVs were significantly reduced
compared to PVDF. Meanwhile, Tm tended to be reduced for all TPVs. As
shown in Fig. 11(c) and (d), the Tc and Tm of PVDF in P0F4M TPVs were
significantly lower than P4F0M and P2F2M TPVs, and both exothermic
and endothermic peaks became broadened with increasing MGNR

Fig. 11. (a) DSC cooling curves and (b) DSC heating curves for PVDF/FKM/MGNR TPV with different blend proportions. (c) Crystallization temperature and melting
temperature of PVDF in PVDF/FKM/MGNR TPV. (d) Crystallinity percentage of PVDF and FWHM based on the crystalline peak.
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content due to the interphase compatibility. Decreases in Tc and Tm of
PVDF were also observed by other researchers [58,59]. According to our
previous work [12], the PVDF and MGNR are more compatible when
grafted PMMA content and blend ratio are increased, resulting in a
reduction in Tc and Tm of PVDF. According to the DSC results, the grafted
PMMA chains enhance intermolecular interactions with PVDF through
dipole-dipole interactions [12,60]. In addition, as shown in Fig. 11(d),
the full width at half-maximum (FWHM) of the exothermic peak
increased with MGNR content, indicating that MGNR domains and
interfacial interactions impede the growth of PVDF crystals [59].

Based on the melting peaks, the crystallinity can be estimated from
the enthalpy of melting by using Equation (3). As shown in Fig. 11(d),
the crystallinity (Xc) in TPV was remarkably reduced with increasing
MGNR proportion and with decreasing PVDF content, especially in the
PVDF/MGNR blends (P0F4M) and 3P series. For example, the melting
peak in 3P0F4M TPV almost disappeared. This was attributed to the
inhibition of crystallization in the PVDF phase by strong interactions and
good miscibility between PVDF and MGNR [12,61]. The low crystal-
linity of PVDF/acrylate polymer blend has been widely discussed in the
literature [62,63]. Although FKM is a fluorinated elastomer containing
VDF copolymer, which is similar to PVDF, the incorporation of FKM
could not reduce Xc as much as MGNR. This reveals that the interactions
between carbonyl groups (C=O) of grafted PMMA in MGNR and CF2
groups of PVDF are stronger than the interaction between PVDF and
FKM. Hence, the crystallization ability of the thermoplastic domain was
dramatically reduced by the presence of a well-compatible polymer pair
[12,64]. Meanwhile, the large domains of the FKM phase in the blends
and FKM chains do not dilute the amorphous phase of PVDF, so they
cannot be involved in the crystallization process of PVDF.

3.6. Thermogravimetric analysis (TGA)

The thermal stability of neat polymers and PVDF/FKM/MGNR
blends has also been investigated by thermogravimetric analyses, as
shown in Figs. S13 and 12, respectively. The thermal characteristics of
the samples are reported in Table 3. All neat polymers showed a single
main decomposition step associated with their main chain degradation.
It is obvious that the initial degradation temperature (T5%) and
decomposition temperature of the PVDF and FKM were much better
than those of MGNR, occurring at the temperatures 478 ◦C, 476 ◦C, and
392 ◦C, respectively. The PVDF and FKM are fluorine-containing poly-
mers, which can provide much better thermostability and chemical

resistance than polyolefin because bond energy and strength of the C-F
bond are higher than those of C-C and C-H bonds [65]. As shown in
Fig. 12, it is evident fromweight loss and DTG curves that all P0F4M and
P4F0M TPVs display single-step degradation behavior. In contrast, all
P2F2M TPVs exhibited double-step degradation behavior. The two DTG
peaks of P2F2M TPV are mainly attributed to crosslinked networks in
TPV. In comparison to the blend without diamine cross-linker (P2F2M
TPE), the P2F2M TPV displayed two DTG peaks (Fig. S14) because the
rubber phases in P2F2M TPV were cross-linked with HMDC during the
dynamic vulcanization. Therefore, the first DTG peak (Tmax1) corre-
sponded to thermal decomposition at a lower temperature (i.e., NR), and
the second DTG peak (Tmax2) corresponded to thermal decomposition at
a higher temperature (i.e., PVDF, FKM, or FKM-MGNR). Also, it is
believed that FKM is crosslinked with MGNR with diamine (as discussed
earlier), resulting in improved thermal stability of the rubber phase.
Interestingly, the initial decomposition temperatures (T5%), T30 %, and
T50 % of all TPVs increased with FKM and PVDF. As a result, the heat
resistance indexes (THRI) were enhanced for the blends with PVDF and
FKM, indicating that the incorporation of fluorinated polymer and dy-
namic vulcanization significantly improved the thermal stability and
heat resistance of TPVs.

Furthermore, the thermostability improvement can be observed from
Tmax and Tf. It can be seen that the first (Tmax1) and second (Tmax2)
temperatures at maximum decomposition rate, and Tf shifted to a higher
temperature, and those parameters are higher than for the neat poly-
mers. For example, Tmax1 and Tf of P0F4M TPV were higher than those
of neat MGNR. At the same time, Tmax2s and Tfs of P2F2M and P4F0M
blends were higher than those of neat PVDF and FKM. The improved
thermal properties of the TPVs result from fluorine-containing polymers
and diamine cross-linking. Importantly, 5P2F2M and 4P2F2M showed
higher Tmax2s and Tfs than those of 5P4F0M and 4P4F0M TPVs, indi-
cating a synergistic effect from the three blend components and cross-
linked rubber phases.

3.7. Shape memory behavior

The shape memory behavior of this ternary blend was analyzed by U-
shape bending, as shown in Figs. S15, S16, and S17. The TPV strip was
bent while hot, and a temporary shape was obtained by cooling it in the
ice bath. Then, the temporary shape returned almost to the original
shape when heated again in the hot stage. It is observed that the original
shape (strip shape) of PVDF/FKM/MGNR TPV can be well fixed to a

Table 3
Thermal characteristics of PVDF, FKM, MGNR, and the PVDF/FKM/MGNR TPV with different blend ratios.

Sample T5% a (◦C) T30 %
b (◦C) T50 %

c (◦C) THRI d (◦C) Tmax1 e (◦C) Tmax2 f (◦C) Tf g (◦C) Rwh (%)

PVDF 459.4 477.9 488.1 230.5 - 477.7 493.1 35.02
FKM 453.6 469.5 475.0 226.9 - 476.2 486.3 0.64
MGNR 294.4 380.3 390.4 169.5 392.5 – 412.9 1.36

5P0F4M 308.7 391.0 420.2 175.5 398.8 – 453.8 24.9
5P2F2M 337.4 437.8 494.2 194.8 395.0 498.9 515.9 32.4
5P4F0M 401.8 481.3 500.1 220.3 – 491.3 513.4 30.2

4P0F4M 296.0 382.1 409.9 170.4 394.5 – 451.3 31.0
4P2F2M 333.8 424.1 491.7 190.1 400.4 500.3 523.8 28.4
4P4F0M 399.5 482.7 499.5 220.2 – 494.4 513.4 20.8

3P0F4M 299.7 380.2 404.5 170.5 390.7 – 449.8 17.9
3P2F2M 332.5 408.4 468.6 185.2 394.5 483.8 510.5 29.9
3P4F0M 403.5 486.0 504.7 222.0 – 498.5 526.1 26.7

a Temperature at 5% weight loss.
b Temperature at 30% weight loss.
c Temperature at 50% weight loss.
d The heat-resistance index; THRI = 0.49× [T5% +0.6×(T30% − T5%)] [66].
e Temperature at the maximum decomposition rate of MGNR phase.
f TTemperature at the maximum decomposition rate of PVDF or FKM phases.
g Final decomposition temperature.
h Residual weight retention at 600 ◦C.
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temporary shape (U-bent shape). After heating in the water bath, the
temporary shape recovered to a permanent shape due to the elasticity
provided by the rubber domains in TPV.

Shape memory characteristics of PVDF/FKM/MGNR blend are
summarized in Fig. 13(a) and (b). It is clearly seen that the Rf of the
blends is almost 100 %, especially for MGNR-rich blends (i.e., P0F4M,
P1F3M, and P2F2M) because of the stiffness of PVDF and grafted PMMA
domains. When the sample is cooled down, the crystallinity of PVDF and
vitrification of grafted PMMA favor hardening and help maintain tem-
porary shape, resulting in excellent shape-fixing ability. However, the Rf
of P4F0M TPVs is slightly reduced to 90 % (Table S2). The difference in

Rf between P0F4M and P4F0M TPVs is ascribed to glassy PMMA
copolymer. The blend with high MGNR (P0F4M) results in vitrification
at low temperatures. The P0F4M contains both crystalline segments in
PVDF and glassy PMMA hard phases for shape fixation and program-
ming process. Both regions in TPV are important for “locking”. Hence,
P0F4M TPV can be fixed very well by quenching at 5 ◦C. In contrast,
P4F0M TPV displayed lower Rf than P0F4M TPV due to an insufficient
shape fixation provided only by the PVDF hard phase. According to this,
the ternary blends exhibit relatively good shape fixity and
programmability.

Similarly, the recovery ratio (Rr) also was blend ratio dependent, as

Fig. 12. TGA and DTG curves of PVDF/FKM/MGNR TPV with different blend ratios (a, b) 50%wt PVDF (5P), (c, d) 40%wt PVDF (4P), and (e, f) 30%wt PVDF (3P).
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shown in Fig. 13(b). It can be observed that Rr increased with FKM
content in the blend. For example, the recovery rate of P4F0M TPV was
70–80 %, whereas P0F4M TPV offered Rr of only ~60 %. As mentioned
earlier, grafted PMMA domains can act as switch domains and prevent
shape recovery due to their vitrification in the glassy state. Therefore,
the recovery of P0F4M was impeded by grafted PMMA domains. The Rr
was significantly improved by the FKM domain because the cross-linked
network in FKM provides the driving force for recovery [7,23,67]. Fan
et al. also found that the shape recovery of TPV-containing FKM was

significantly better than that of TPV without FKM, and the shape re-
covery ratio at 100 ◦C was also in the range of 60–80 % [36]. As ex-
pected, the Rr for ternary blends (i.e., 1F3M, 2F2M, and 3F1M) was
between those of PVDF/MGNR and PVDF/FKM TPVs. Although these
ternary blends demonstrated shape recovery lower than 90 %, their
excellent programmability and temporary shape can be maintained for a
long time. At the same time, the optimized shape memory performance
from these ternary TPVs was at a similar level as that of other binary
TPVs [47,68] and other PVDF blends [48,69,70].

Fig. 13. (a) Fixity and (b) recovery ratio of PVDF/FKM/MGNR TPVs with different blend ratios. (c and d) Shape-memory photographs of 4P3F1M sample.

Fig. 14. An expected mechanism for the thermo-responsive SMP based on PVDF/FKM/MGNR ternary TPV.
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As an amusement, the strips of ternary 4P3F1M TPV were deformed
into various shapes (i.e., bending or twisting) to demonstrate the shape
memory performance (Fig. 13(c) and (d)). The TPV strips certainly
remained in the programmed shape, and they can extensively recover
the original shape quickly from diverse deformations. Hence, these
features are sufficient to make them cases of smart elastomeric mate-
rials. A schematic illustration of the programming and recovery ability
of the PVDF/FKM/MGNR ternary TPV is presented in Fig. 14. Generally,
the shape memory behavior of a thermoplastic elastomer is mainly
contributed by soft (i.e., rubber-like networks and chemical crosslinks)
and hard (i.e., crystalline and glassy states) domains. In this system, the
crystalline domains of PVDF, glassy regions of MGNR, and crosslinked
FKM-MGNR are fully responsible for the shape memory effect. In the
beginning, crystalline PVDF was partly melted, and grafted PMMA
softened when reaching ~100 ◦C (Ttrans). The sample can be deformed
and stretched to fix the shape. Freezing the deformed shape below Ttrans,
the solidification temperature of crystalline PVDF, and vitrification of
grafted PMMA allow stored elastic force for fixation of deformed sam-
ples. By further reheating to Ttrans, the thermolabile crystalline and
glassy segments in the system induce recovery of the permanent shape,
owing to stress release in soft rubber networks as well as cross-linked
FKM, cross-linked MGNR, and cross-linked FKM-MGNR networks.

3.8. Swelling resistance and recyclability

PVDF and FKM exhibit excellent oil resistance because of their polar
chemical structure and fluorine atoms in the backbone. Therefore, the
effects of the ternary blend on solvent and oil resistances were investi-
gated. The weight changes and volume swelling of the samples after
immersion in different solvents and oils are summarized in Figs. 15 and
S15 respectively. Also, the oil resistance of TPV depends not only on the
blend components but also on the type of solvent and temperature. Large
weight changes were observed for low-viscosity solvents (i.e., toluene
and isooctane) because of their low molecular weight. However, engine
oil exhibits higher viscosity than toluene and isooctane. Thus, the weight
changes of the TPV immersed in engine oil were lower than those with
toluene and isooctane. With increasing temperature, the weight changes
in engine oil increased due to molecular mobility. Regarding the influ-
ence of blend ratio, blending only PVDF with MGNR40 (i.e., P0F4M)
showed poor oil resistance due to the non-polar and hydrocarbon
structure of NR, which preferably absorbs hydrocarbon solvents and
oils. In contrast, it is clear that a high PVDF content (i.e., 50 wt% PVDF

Fig. 15. Weight change of the ternary PVDF/FKM/MGNR blend in different liquids.

Fig. 16. Recyclability of ternary TPV based on PVDF/FKM/MGNR
blend (4F2F2M).
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or 5P) in TPV resulted in a lower % change in mass and volume swelling
because PVDF is a semi-crystalline fluorinated thermoplastic. Hence, the
crystalline structure and fluorine atoms can prevent the penetration of
hydrocarbon molecules. At the same time, the incorporation of FKM into
the ternary blend (i.e., P1F3M, P2F2M, and P3F1M) or binary blend
(P4F0M) caused reduced swelling of the samples (low weight change
and volume swelling). The ternary TPV based on PVDF/FKM/MGNR
blend (P2F2M) in this work demonstrated low mass change (<20 %)
and volume swelling (<40 %), which are comparable in oil resistance to
other TPVs reported in the literature [40,71,72]. The solvent and oil
resistance results indicate that the combination of PVDF and FKM in
ternary blend TPV provides excellent solvent and oil resistance, appro-
priate for automobile fuel hose application [73].

The advantageous properties of TPV are recyclability and reproc-
essing, which cannot be obtained from conventional rubber vulcani-
zates. Therefore, TPV materials and scraps can be reprocessed by
thermoplastic machinery such as extruder, thermoforming, blow
molding, and injection molding machines. In this study, TPV scraps were
cut into small pieces and pressed by compression molding at 200 ◦C. As
shown in Fig. 16(a), this ternary TPV (4F2F2M) can be recycled as
thermoplastic material and is in this respect eco-friendly and sustain-
able. Typically, the recyclability originates from thermoplastic compo-
nent in TPV. The stress-strain curves of recycled ternary and binary TPV
are depicted in Figs. 16b and S16, respectively. It is clear that the
recycled PVDF/FKM TPV (4F4F0M) exhibited better recyclability with
negligible change in mechanical properties after recycling. This was
mainly attributed to the heat and aging resistance of PVDF and FKM
components in TPV. The mechanical properties of ternary TPVs
(4F2F2M) were slightly reduced after recycling (Fig. 16(b)). Meanwhile,
TPV based on PVDF/MGNR (40F4M) exhibited poor reprocessing
response because tensile strength and elongation at break of recycled
40F4M TPV were significantly deteriorated. This can be explained by
the thermal degradation of NR segments in MGNR at reprocessing
temperature.

4. Conclusion

In summary, high-performance TPVs with excellent mechanical
properties, phase morphology, and heat and oil resistances, have been
developed from ternary blends of modified NR with PVDF and FKM. The
study demonstrated that the phases in the blend had significant effects
on its overall performance. The PVDF/FKM/MGNR blends containing
50/50 wt% of FKM and MGNR (P2F2M) showed a significant
improvement in tensile strength and elongation at break, which con-
firms good compatibility in the blend. The PVDF/FKM/MGNR presented
smaller dispersed domain size than the binary PVDF/FKM and PVDF/
MGNR blends. The addition of a third component in the blends facili-
tates achieving a finer domain size and more homogenous blends. As a
result, improvedmechanical properties of the ternary blend were mainly
attributed to the small domains and strong interfacial adhesion. The
dynamic mechanical properties also demonstrated that the incorpora-
tion of three polymers enhanced the storage modulus, whereas the loss
tangent (tan δ) peak of each component obviously shifted toward each
other, indicating the synergistic effects in the ternary blend and good
compatibility. Moreover, the dipole-dipole interactions provided by the
introduction of MGNR into the ternary blend caused reduced crystalli-
zation and melting temperatures of PVDF due to imperfect crystalliza-
tion. The PVDF/FKM/MGNR TPV can also exhibit shape memory
behavior with good shape fixity and recovery because grafted PMMA in
MGNR acts as a switch domain, and FKM and NR backbones act as net
points. In addition, heat and oil resistances of the PVDF/FKM/MGNR
TPV improved with FKM and PVDF contents due to the polar fluorine
atoms in the main chains. Notably, our studies revealed that the
extraordinary performance with smart properties, heat, and solvent
resistance of ternary PVDF/FKM/MGNR TPV can be appropriate for
applications in the automotive sector and advanced elastomeric

materials.
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