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This paper attempted to achieve the purpose of increasing the tensile strength and toughness of polyurethane rubber (PUR)
simultaneously by introducing polyethylene glycol (PEG) onto the surface of graphene oxide (GO) to introduce hydrogen
bond interactions into the PUR-GO system. GO was grafted with PEG and added to PUR by mechanical blending. The
polyethylene glycol-g-graphene oxide (MGO) was characterized by infrared spectroscopy, Raman spectroscopy, X-ray diffraction,
and thermogravimetric analysis. The PUR/MGO composites were tested by tensile testing machine, thermogravimetric analysis,
dynamic thermal analysis, and scanning electron microscopy.The results demonstrated that PEG was successfully grafted onto the
surface of GO and the grafting rate was about 37%. The grated PEG did not affect the crystalline structure of GO. The addition of
MGO could improve the thermal stability of PUR vulcanizate. After the addition of GO, the glass transition temperature (Tg) of
vulcanizate was shifted to higher temperature.However, theTg of vulcanizate reinforced byMGOwas shifted to lower temperature.
The strength and toughness of vulcanizate were significantly improved by adding MGO. The reason was that the hydrogen bond
interactions between MGO and PUR were destroyed and the hidden length was released during the strain process. A lot of energy
was consumed, and thus the strength and toughness of PUR vulcanizate were improved.

1. Introduction

Generally, raw rubber without reinforcer has poor mechan-
ical properties. For most practical applications, the rubber
should be reinforced with some additives. Carbon black and
silica are the commonly used reinforcing agents. In recent
years, graphene has been studied as a new type of reinforc-
ing agent for rubber. The Young's modulus of monolayer
graphene is about 1.1 TPa and the fracture strength is 125
GPa [1]. Hence, graphene should have promising prospect
in the field of rubber reinforcement [2–4]. However, it was
reported that graphene could increase the strength of rubber
matrix but will damnify the toughness and ductility [5–7].
How to optimize the strength and toughness of graphene
reinforced rubber is still an important issue in the field of
material science.

Natural biomaterials such as spider silk and animal bone
always exhibit an amazing balance among the strength,

toughness, and ductility. Studies have revealed that it is due
to the sacrificial bonds and hidden length at the soft-hard
interface, so these natural biomaterials can achieve both high
strength and ductility [8–10]. Inspired by the structure of
these natural biomaterials, some reports about constructing
sacrificial bonds at the interface between inorganic filler and
elastomer to increase the strength and toughness of materials
have emerged recently.The strength of noncovalent sacrificial
bonds, such as hydrogen bond [11, 12], 𝜋-𝜋 conjugate interac-
tions [13],𝜋-cation interactions [14], and ionic bonds [15], are
weak, however, through the breaking of reasonable sacrificial
bonds and sliding of some chain segments the interfacial load
could be transferred and the strength could be enhanced.

Tang [16] constructed a network of sacrificial metal-
ligand bonds in pyridyl styrene-butadiene rubber (VPR)
and achieved 27.8 MPa tensile strength of the vulcanizate,
which was higher than that of VPR reinforced by carbon
black and silica. Huang [17] modified solution polymerized
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Figure 1: Preparation of polyethylene glycol graft modified graphene oxide.

styrene butadiene rubber (SSBR) with triazolidinedione by
click chemistry and introduced the urezo groups to SSBR
to provide hydrogen bonds; thereby, the sacrificial bonds
were constructed in the system. The tensile strength of the
modified SSBR had been significantly enhanced to 7.64 MPa,
which was higher than that of the pure SSBR. Wu [18]
used themaleic anhydride-modified polyisoprene rubber and
aminomodified carbon nanodots to construct the network
of sacrificial bonds and used unsaturated bonds to construct
the chemically cross-linked network. The tensile strength
approached 30.5 MPa when the dosage of carbon nanodots
was only 3 phr, which was stronger than that of the poly-
isoprene rubber reinforced by 40 phr N330 carbon black.
Mao [19] added a kind of VPR into GO/styrene butadiene
rubber (SBR) system and constructed ionic bond interaction
between pyridine group (positive) in the vinyl pyridine unit
of VPR and oxygen-containing functional group (negative)
on the surface of GO. Wu [20] characterized the interfacial
interaction of VPR/GO composites by the dielectric relax-
ation spectra of the vulcanizates with different interactions
(ionic bond, hydrogen bond). The results revealed that the
velocity of segmental relaxation and interfacial relaxation of
VPR/GO composite bonded by ionic bond was higher than
that of composites bonded by hydrogen bond, indicating that
the internal interaction of GO/VPR composites bonded by
ionic bond was stronger. Li [21] found that the dissociation
energy of hydrogen bond in polyurethane was about 16.7
kJ/mol. In general, the bonding energy of C-C covalent is
over 300 kJ/mol. It means that the hydrogen bond is likely to
be destroyed during the strain process and additional strain
energy will be consumed, so the strength and toughness of
material are guaranteed.

In the present paper, graphene oxide was grafted with
polyethylene glycol 600 by means of the reaction between
the carboxyl groups on the surface of graphene oxide and
the hydroxyl groups at the end of polyethylene glycol and
then added to PUR. The grafted graphene oxide reinforced
the PUR significantly through hydrogen bonds on the filler-
rubber interfaces. Additional strain energy was dissipated
by destructing the hydrogen bond sacrificial unit during
the strain process, thereby the strength and toughness were
improved simultaneously.

2. Experiment

2.1. Materials. Polyurethane rubber (PUR, type of HA-5)
was purchased from Shanxi Institute of Chemistry Indus-
try, China. Graphene oxide (GO, lamellar size of 10-50
𝜇m, layers of 6∼10) was purchased from SuZhou Tanfeng
Co., Ltd., China. Polyethylene glycol (PEG, AR, number-
average molecular weight of 600), 4-dimethylaminopyridine
(DMAP, AR), N, N'-dicyclohexylcarbodiimide (DCC, AR),
and dicumyl peroxide (DCP, AR)were purchased from Sigma
Aldrich Company, USA. All materials were used directly
without further treatment.

2.2. Sample Preparation

2.2.1. Preparation ofGra�edGrapheneOxidewith Polyethylene
Glycol. 600 mg GO and 350 ml toluene were added to a 500
ml single-neck flask at room temperature and dispersed by
ultrasound for 30minutes.Then 2.0 g PEG, 0.58 gDMAP, and
1.19 g DCCwere added to the flask successively and dispersed
by ultrasound for 30 minutes; thereafter, the content was
stirred by magnetic force for 24 h at temperature 75∘C. The
reaction product was filtered by polytetrafluoroethylene filter
paper with 0.2 𝜇m aperture. Filter cake was washed with 50
ml of toluene and 700ml of deionized water in turn and then
was dried in vacuum oven at 60∘C.The product was denoted
as MGO.The preparation process was depictured in Figure 1.

2.2.2. Preparation of PUR/MGO. A mill (type of XK-150,
Zhanjiang Machinery Factory, China) was used to mix the
raw materials. The roller gap of mill was adjusted to about
0.1 mm, then PUR, GO (or MGO), and DCP were added in
turn. After each addition, the PUR compounds were side-cut
both sides in turn 5 times and then triangle-packed 5 times
and thin-passing 5 times; finally, the rubber compounds were
rolled into 2 mm sheet. After being parked for 24 h, the sheet
was vulcanized on a press (type of KSH-R100, Dongguan
Kesheng Industrial Co., Ltd., China) with 16 MPa for t

90
+2

min at 175∘C. The mass ratio of PUR: DCP was 100: 2. The
amount of GO or MGO was variable. For example, if the
amount of MGO was 0.5 phr, the sample was marked as
PUR/MGO-0.5%.
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2.3. Characterizations. The chemical structure of samples
was characterized by an 8400S FTIR spectrometer (Shi-
madzu, Japan). The scanning range was 4000∼400 cm−1,
the scanning time was 32, and the sample was produced by
pressing potassium bromide troche.

Raman spectrum was determined by a LabRAM Aramis
Raman microscope (HORIBA Jobin Yvon, France). The exci-
tation source was He-Ne laser and the excitation wavelength
was 532.0 nm.

The crystalline structure was analyzed using a D8 X-ray
diffractometer (Bruker, Germany). The radiographic source
was Cu-K𝛼, the accelerated voltage was 40 kV, the emission
current was 40mA, the scanning speed was 0.1 s/step, and the
scanning range was 2𝜃=5∼60∘.

The thermal stability was characterized by a 209 F3
thermogravimetric analyzer (Netzsch, Germany). The exam-
ination range was 50∼900∘C for GO and MGO fillers, and
the examination range was 50∼800∘C for PUR rubber. The
heating rate was 30 K/min and the nitrogen stream was 20
ml/min.

The GO/PEG samples for FTIR, Raman spectra, X-ray
diffraction test (XRD), and thermogravimetric test (TGA)
were purified by reflux condensation with toluene for 2 h,
then washed with 50 ml toluene and dried.

The dynamic mechanical properties were performed on
a 214E dynamic mechanical analyzer (Netzsch, Germany) at
stretching mode with a heating rate of 3 K/min from -80∼
60∘C.The exciting frequency was 5 Hz and the amplitude was
60 𝜇m.

The tensile properties were measured with a 2080 tensile
testing machine (UC, Taiwan) according to the GB/T 528-
2009, the thickness of specimens was 1.0 mm, the tensile
speed of cyclic tension-recovery test was 50mm/min, and the
tensile speed of tensile strength test was 200 mm/min. The
sample shape was a dumbbell-shaped strip.

The structure and morphology were recorded by a
TM3030 scanning electron microscopy (Hitachi, Japan).
The acceleration voltage was 15 kV and the samples were
first sputtered with platinum film before measurement. The
investigated surface was the tensile fracture surface.

3. Results and Discussion

3.1. Interface Structures of GO/PEG. The FTIR analyses were
used to detect the molecular bonds' details of the GO, MGO,
and PEG. MGO, GO, and PEG were analyzed with FTIR
and the obtained spectra were shown in Figures 2(a) and
2(b). Compared with GO, the peak intensity of MGO at 3440
cm−1, 2921 cm−1 and 1105 cm−1 was bigger. These three peaks
correspond to the stretching vibration of the O-H bond, C-H
bond, and C-O-C bond, respectively [22]. At 1257 cm−1 and
831 cm−1, two new peaks appeared in MGO, which resulted
from the stretching vibration of the C-O bond and the out-of-
plane bending of O-H bond. All of these changes came from
the grafting of PEG, which indicated that the PEG interacted
with GO and successfully grafted on the surface of GO.

Raman spectroscopy can effectively characterize the crys-
tal structure and charge transfer of GO. The Raman spectra

of GO and MGO were shown in Figure 2(c). It can be seen
from the figure that GO had two distinct characteristic peaks
at 1580 cm−1 and 1342 cm−1, which correspond to G-band
and D-band of GO, respectively [23]. MGO also exhibited
the G-band and D-band peaks, but the peak position of these
two peaks shifted to 1589 cm−1 and 1334 cm−1, respectively.
This is because the interaction between PEG and GO leads to
electron transfer [24]. In addition, theD-band is related to the
vibration of sp3 hybridized carbon and defects on the edges of
GO formed during the oxidation.TheG-band is caused by the
vibration of sp2 hybridized carbon in the graphite lattice. The
intensity ratio of D-band and G-band (ID/IG) is commonly
used to characterize the defects of graphene and monitor the
functionalization of graphene [23].The larger the ID/IG is, the
more the C atomic lattice surface's defects exist. The smaller
the ID/IG is, the less the C atomic lattice surface's defects exist.
The ID/IG of GOwas 0.23, while that ofMGOwas 0.83, which
was significantly higher than that of GO.This is because PEG
was randomly grafted on the GO surface by covalent bonds,
resulting in the increase of the surface defects.

Figure 2(d) showed the TGA analysis curves of GO and
MGO. The weight loss rate of GO at 200∼900∘C was only
2.01%, which was caused by the decomposition of oxygen-
containing functional groups in the sample, while the weight
loss rate of MGO at 50∼200∘C was 12.5%, which was caused
by the loss of adsorbed water in the sample. The weight
loss rate at 200∼900∘C was 38.9%, which was mainly due
to the ablation of polyethylene glycol molecules grafted
on the surface of the sample. Secondly, it also includes
the decomposition of oxygen-containing functional groups
on the surface of the sample. Therefore, the graft ratio of
polyethylene glycol on the surface of GO was about 37%.

XRD can characterize the crystalline structure before and
after GO modification. The XRD diagrams of GO and MGO
were shown in Figure 2(e). A narrow and strong diffraction
peak appeared at 26.4∘ in the diagram of GO, corresponding
to the interlayer spacing of 0.337 nm. In addition, two weaker
diffraction peaks appeared at 44.6∘ and 54.6∘, which were
the typical peaks of the multilayer grapheme [25]. Compared
with GO, MGO also showed diffraction peaks at these three
places, which indicated that the addition of PEG on the
surface of GO did not affect the crystalline structure of GO,
nor did it affect the interlayer spacing of GO sheets. What is
more, MGO had a diffuse peak near 22∘, which could ascribe
to the addition of PEG. PEG was an amorphous substance,
which was grafted to the surface of GO by the covalent bond
and led to the appearance of diffuse peak [26].

3.2. �ermal Stability of PUR/MGO Composites. The ther-
mogravimetric analyses of PUR, PUR/GO, and PUR/MGO
vulcanizates were shown in Figure 3 and Table 1. Compared
with the pure PUR vulcanizate, the initial decomposition
temperature (Ti), maximum decomposition temperature
(Tmax), and termination decomposition temperature (Tt) of
the vulcanizate added with 0.5% GOwere increased by 1.9∘C,
16.8∘C, and 17.8∘C, respectively. Meanwhile, the Ti, Tmax, and
Tt of the vulcanizate added with 0.5% MGO were increased
by 2.7∘C, 18.9∘C, and 22.9∘C, respectively. When the addition
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Figure 2: Structural characterizations of GO,MGO, and PEG. (a) FTIR characterization of GO andMGO; (b) FTIR characterization of PEG.
(c) Raman spectra characterization of GO andMGO; (d) TGA characterization of GO andMGO; (e) XRD characterization of GO andMGO.

of GO or MGO were increased to 1%, the Ti, Tmax, and
Tt of the vulcanizates were increased again. This indicated
that the addition of GO or MGO was helpful for improving
the thermal stability of the vulcanizates. This improvement
phenomenon was the same as the addition of a filler such as

carbon black to the rubber matrix to improve the thermal
stability of the vulcanizate [27]. In addition, the thermal
stability of MGO-added compounds was better than that of
GO-added compounds at the same dosage, because MGO
was dispersed better in the rubber matrix after the graft
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Figure 3: Thermogravimetric analyses of PUR, PUR/GO, and PUR/MGO composites.

Table 1: The key data of thermogravimetric analyses of PUR, PUR/GO, and PUR/MGO composites.

Sample Ti(∘C) Tmax (∘C) Tt(∘C)
PUR/GO-0% 388.8 395.7 404.4
PUR/GO-0.5% 390.7 412.5 422.2
PUR/GO-1.0% 402.4 418.9 439.5
PUR/MGO-0.5% 391.5 414.6 427.3
PUR/MGO-1.0% 411.0 420.3 442.8

modification and formed stronger interaction with rubber
molecular chains through molecular hydrogen bond [28].
What is more, after adding GO orMGO, the increasing range
of theTmax andTt of the vulcanizatewas larger than that of the
Ti. This is because GO or MGO is a lamellar structure, which
would form a physical fire barrier layer in the rubber matrix
after high-temperature combustion. The escape of decompo-
sition products was slowed down and the further degradation
was delayed because of the existence of this fire barrier [29].

3.3. Dynamic Mechanical Property of PUR/MGO Composites.
The dynamic mechanical properties of PUR, PUR/GO, and
PUR/MGO vulcanizates were shown in Figure 4. As can
be seen from Figure 4(a), compared with the pure PUR
vulcanizate, the initial storage modulus of the vulcanizate
with GO or MGO was significantly increased. This is because
the rigidity of the filler phase is much larger than that of the
rubber phase, and the addition of a rigid filler phase to the
flexible rubber phase produces a significant reinforcing effect
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Figure 4: Dynamic mechanical properties of PUR, PUR/GO, and PUR/MGO composites.

[28].This effect caused the initial storage modulus of vulcan-
izate to continue to increase when the filler phase content was
increased from0.5% to 1.0%. In addition, the storagemodulus
of PUR/MGOwas larger than that of PUR/GOwith the same
filler content. This is due to the stronger interaction between
MGO and PUR molecular chains [28].

The glass transition temperature (Tg) of elastomer can
generally be obtained from the peak of the tan 𝛿-temperature
curve. It can be seen from Figure 4(b) that the Tg of the
pure PUR vulcanizate was -30.8∘C, and after adding 0.5% and
1.0% of GO, the Tg rose to -29.2∘C and -25.5∘C, respectively.
It was shown that the addition of GO caused the Tg of
vulcanizate to shift to higher temperature. This indicated
that the low temperature resistance of vulcanizate decreased
when GO was added. This is because the glass transition
temperature is the reflection of the transition of the chain
segments and the molecular chains motion form, and it is the
lowest temperature for the molecular chain segments to have
the motion ability in polymer. GO had a strong interaction
with the rubber molecular chains, limiting the ability of the
molecular chain tomove, resulting in the increase ofTg. After
the addition of MGO, the peak shape of the vulcanizate near
the glass transition temperature had changed significantly,
from the original high and sharp peak shape to a low and
wide peak shape. In general, crystalline polymers exhibit a
wide temperature range during the melting process. This
temperature range is called the melting range, which is
related to the melting of crystals with different crystallinity
at different temperatures. Similarly, PUR/MGO composites
also exhibit a wide temperature range during the glass
transition process. This temperature range can be called
the glass transition range of the polymer, which should be
related to the multiple motion mechanisms of the molecular
chains in PUR/MGO composites. During the dynamic strain
process of PUR/MGO, besides the movement of microrubber

molecular chain segments, the destruction and recombina-
tion of hydrogen bonds between rubber molecular chains
and MGO surfaces were also included. This destruction and
recombination of hydrogen bonds will dissipate a portion of
the energy, resulting in the change of the tan 𝛿 peak shape. In
addition, the glass transition range of PUR/MGO-0.5% was
-30.4∼-40.3∘C, and the glass transition range of PUR/MGO-
1.0% was -31.6∼-42.7∘C. Unlike the movement rule of the
glass transition temperature of the vulcanizate with GO, the
glass transition temperature of the vulcanizate was shifted
to lower temperature, and the low temperature resistance of
the material was increased after the addition of MGO. This
is because the movement of hydrogen bonds is a kind of
secondary transformation and can take place at lower temper-
ature. This also explains why the glass transition temperature
of PUR/MGO-1.0% was lower than that of PUR/MGO-0.5%
because more hydrogen bonds were formed.

3.4. Tensile Properties of PUR/MGO Composites. The intro-
duction of sacrificial hydrogen bonds in PUR matrix could
improve the toughness of thematerial, which could be proved
by the cyclic tension-recovery curve of vulcanizate. When the
PUR, PUR/MGO-0.5%, and PUR/MGO-1.0% samples were
respectively stretched to a preset strain of 100%, the values of
the hysteresis loops were 33.03, 38.66, and 42.99, respectively
(Figure 5(a)). It can be seen that the obvious hysteresis loss
occurred after adding MGO, and the value of hysteresis loss
was increased with the increase of MGO content. This is
because the hydrogen bonds will be produced when MGO
was added to the PUR matrix, and the hydrogen bonds in
the PURmatrix were destroyed during the stretching process
and a large amount of energy was dissipated, which led to the
increase of hysteresis loss.

However, hydrogen bond is reversible, and it can be
regenerated during the storage or heat treatment of material
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Figure 5: Tensile properties of PUR, PUR/GO, and PUR/MGO composites.

to achieve dynamic reversibility. In general, the recovery of
hydrogen bond is dependent on the time and temperature.
Taking PUR/MGO-1.0% as an example, the cyclic tension-
recovery curves of PUR/MGO-1.0% vulcanizate with differ-
ent recovery time at 60∘C were discussed (Figure 5(b)). It
can be found that hydrogen bonds can spontaneously recover
during high-temperature storage, which leaded to a gradual
increase of hysteresis loss.

The hysteresis loss recovery of PUR/GO-1.0% and
PUR/MGO-1.0% under different conditions was quantita-
tively compared in Figure 5(c). W

1st was the initial tension-
recovery hysteresis loss of the sample, and the W

2nd was
the tension-recovery hysteresis loss of the samples after it
had recovered for a certain time at a certain temperature.
Firstly, with the prolongation of storage time, the hysteresis
loss of PUR/GO-1.0% gradually recovered, which was related
to the recrimping, reentanglement of microrubbermolecular

chains and the interaction recovery of filler-rubbermolecular
chains. Under the same storage time, the recovery rate of
hysteresis loss of PUR/MGO-1.0% was higher than that of
PUR/GO-1.0%. This was because, for PUR/MGO-1.0% sam-
ple, besides the recrimping, reentanglement of microrubber
molecular chains and the interaction recovery of filler-rubber
molecular chains, the regeneration of hydrogen bonds also
led to an increase of recovery rate. Secondly, the recovery rate
was increased with the increase of the storage temperature.
The recovery rate of PUR/GO-1.0% was 87.58% after storage
at 25∘C for 120 min, and the recovery rate was increased to
94.53% after storage at 60∘C for 120 min. The recovery rate
of PUR/MGO-1.0% was 90.74% after storage at 25∘C for 120
min, and the recovery rate was increased to 98.88% after
storage at 60∘C for 120 min. In addition, under the same
storage temperature, the recovery rate of the samples with
MGO was higher than that of samples with GO. This is not
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only related to the recrimping, reentanglement of microrub-
ber molecular chains and the recovery of the interaction
between fillers and rubber molecular chains, but also to the
faster spontaneous recovery of dissociated hydrogen bonds
at higher temperature.

The stress-strain curves of PUR, PUR/GO, and PUR/
MGO vulcanizates were shown in Figure 5(d). The tensile
strength and elongation at break of pure PUR vulcanizate
were 8.65 MPa and 431%. After adding 0.5% GO, the tensile
strength of the vulcanizate was increased to 13.64 MPa and
the increase rate was 57.7%, but the elongation at break was
decreased to 417%, and the decrease rate was 3.2%.When the
amount of GO was increased by 1%, the tensile strength of
the vulcanizate continued to rise to 24.75 MPa, the rate of
increase was 186.1%, the elongation at break was decreased to
395%, and the decrease rate was 8.4%. It was shown that the
tensile strength of vulcanizatewas improvedwith the increase
of GO content, but the elongation at break was decreased.
That is, the strength of vulcanizate was increased and the
toughnesswas decreasedwhenGOwas added.However, after
adding 0.5%MGO, the tensile strength of the vulcanizate was
increased to 20.65 MPa, the increase rate was 138.7%, the
elongation at break was increased to 570% at the same time,
and the increase rate was 32.2%. When the amount of MGO
was increased by 1%, the tensile strength of the vulcanizate
continued to rise to 26.44 MPa, the increase rate was 205.7%,
the elongation at break continued to rise to 645%, and the
increase rate was 49.6%. It can be seen that the addition of
MGO is helpful for improving the strength and toughness of
vulcanizate simultaneously.

3.5. SEM Analyses of PUR/MGO Composites. SEM can be
used to analyze the dispersion of fillers in rubber matrix and
the interactions between the filler and rubber matrix. The
tensile fracture surface of PUR, PUR/GO, and PUR/MGO
vulcanizates were shown in Figure 6. As can be seen from
the figures, the pure PUR vulcanizate had a relatively simple
cross-section structure and the fracture surfaces were smooth
in each fault (Figure 6(a)). After adding 0.5% GO or MGO,
the fracture surfaces of the vulcanizates were rough, and
the height difference between the cross-section layers was
reduced. Moreover, the cross-section layers were parallel-
peeled (Figures 6(b) and 6(c)). This indicated that there
should be a kind of force perpendicular to the direction of
tensile stress during the fracture of vulcanizate. This force
should originate from the sheet exfoliation of graphene oxide
lamellae from rubber matrix by the tensile force (as shown
in the red circle in Figure 6(c)). When the amount of GO
or MGO was added to 1%, the sense of layering of the
cross-section tented to be more obvious (Figures 6(d) and
6(e)), because the filler and rubber matrix produced more
sheet exfoliation. Comparing PUR/GO and PUR/MGO with
1% fillers (comparing Figure 6(d) with Figure 6(e)), it can
be found that the sense of layering of the cross-section of
the PUR/MGO was stronger than that of PUR/GO and the
section of the PUR/MGO vulcanizate was rich and scattered.
The reason was that the compatibility between the rubber
matrix and GO was improved when GO was modified with

PEG, and the dispersibility of MGO in the rubber matrix was
also improved. Therefore, the interaction points between the
fillers and the rubber molecular chains were increased, and
the interaction force was improved.

3.6. Mechanism on Strengthening and Toughening PUR/MGO
Composites. The strengthening and toughening mechanism
of PUR/MGO composites was shown in Figure 7. In
PUR/MGO system, continuous hydrogen bonds were formed
between the PUR molecular chains and the PEG molec-
ular chains which was grafted on the surface of GO by
covalent bonds (𝜆=𝜆

0
). During the stretching process, the

PUR molecular chains were firstly oriented along the stress
direction (𝜆=𝜆

1
). If the strain was increased continuously

(𝜆=𝜆
2
, 𝜆
3
), the hydrogen bonds between PUR and PEG

would be gradually dissociated, and the hydrogen bond
interactions would be destroyed gradually with the increase
of strain. A large amount of strain energy was consumed
and the hidden length hid between the PUR molecular
chains and the PEG molecular chains was released during
the strain process. Thus, the tensile strength and toughness
of the rubber material could be improved simultaneously.
In PUR/MGO system, the PUR molecular chains had been
cross-linked because of the presence of DCP vulcanizing
agent. If the vulcanizate was not broken at the macroscopic
level during the strain process, it will show macrorecovery
under the action of the DCP permanent cross-linking bonds
when the stress was removed.Meanwhile, the PEGmolecular
chains and the PURmolecular chainswere close to each other
at the microscopic level, whichmade it possible to regenerate
hydrogen bonds between the PEG molecular chains and the
PUR molecular chains during the storage or heat treatment
process, and thereby the reversible recovery of hydrogen
bonds was realized (𝜆=𝜆

0
).

4. Conclusions

The hydrogen bond sacrificial units were introduced into the
PUR-MGO system by grafting PEG onto the surface of GO.
The FTIR analysis showed the PEG was successfully grafted
onto the surface of GO. The TGA analysis indicated the
grafting rate was about 37%. The XRD analysis determined
the addition of PEG did not affect the crystalline structure of
GO.The hydrogen bond sacrificial units of PUR/MGO com-
posites were destroyed and the hidden length was released
during the stretching process, thereby the tensile strength
and elongation at break were improved simultaneously. Com-
pared with pure PUR vulcanizate, the tensile strength and
elongation at break of PUR/MGO-1.0% were increased by
205.7% and 49.6%, respectively, while the tensile strength of
PUR/GO-1.0% was increased by 186.1%, but the elongation
at break was decreased by 8.4%. In addition, the addition of
GO or MGO can improve the thermal stability of PUR, and
the improvement of MGO was better. The Tg of PUR/GO-
1.0% was increased by 5.3∘C. However, the Tg of PUR/MGO-
1.0% was shifted to lower temperature. What is interesting
was that a kind of glass transition range appeared due to
the introducing of hydrogen bonds. What is more, increasing
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Figure 6: SEM analyses of PUR, PUR/GO, and PUR/MGO composites. (a) PUR/GO-0%; (b) PUR/GO-0.5%; (c) PUR/MGO-0.5%; (d)
PUR/GO-1.0%; (e) PUR/MGO-1.0%; (f) PUR/MGO-1.0%.

the heat treatment temperature and prolonging the heat
treatment time were helpful for the reversible recovery of
hydrogen bonds.
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