
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
A

pr
il 

20
21

. D
ow

nl
oa

de
d 

on
 8

/2
1/

20
25

 1
0:

00
:4

7 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Hyperbranched p
aShijiazhuang Campus of Army Engineering

E-mail: zhengj2020@163.com
bEngineering University of PAP, Xi'an 71008
cCollege of Naval Architecture and Ocean Eng

Wuhan 430033, China

Cite this: RSC Adv., 2021, 11, 14484

Received 25th January 2021
Accepted 6th April 2021

DOI: 10.1039/d1ra00654a

rsc.li/rsc-advances

14484 | RSC Adv., 2021, 11, 14484–14
olyamide modified graphene
oxide-reinforced polyurethane nanocomposites
with enhanced mechanical properties

Yahao Liu,a Jian Zheng,*a Xiao Zhang, *b Yongqiang Du,a Guibo Yu,a Ke Li,c

Yunfei Jiaa and Yu Zhanga

As is well known, it is difficult to simultaneously improve both the strength and elongation at break of

polymers filled with nanomaterials. This work obtained high-performance composites with enhanced

strength and elongation at break via cross-linking hydroxyl-terminated polybutadiene (HTPB) chains with

hyperbranched-polyamide-modified graphene oxide (HGO), and the preparation, characterization, and

mechanical properties of the composites serving as a composite solid-propellant binder have been

described in detail. Compared with pure HTPB polyurethane (P-HTPB), the tensile strength and elastic

modulus of the composite containing 0.1 wt% HGO (H-0.1/HTPB) increase by 57.8% and 65.3%,

respectively. Notably, the elongation at break of the H-0.1/HTPB composite can reach up to 1292.6%,

which is even higher than that of P-HTPB. Moreover, the capabilities of the composites to resist

deformation have also been enhanced significantly. The glass transition temperatures of the composites

are still extremely low (��73 �C), which is beneficial for their applications. It can be expected that this

study can provide an effective fabrication approach and strategy for preparing high-performance

polyurethane composites.
1. Introduction

Many studies have determined that the strength and elongation
of a polymer lled with nanomaterials are a pair of contra-
dicting mechanical properties.1,2 In other words, it is difficult to
simultaneously improve both the strength and elongation of
a polymer lled with nanomaterials. This contradiction has
aroused widespread concern in the polymer eld.

HTPB-based polyurethane (PU) is an important kind of
polymeric material that has been widely applied in numerous
areas, such as adhesives, coatings, and composite solid-
propellants.3–6 Owing to its outstanding elasticity, toughness,
and chemical resistance, and its sub-ambient glass transition
temperature (Tg),3,7–11 HTPB-based PU has been regarded as one
of the most suitable binders for composite solid-propellants.12

It connects the oxidant and other fuel additives dispersed in
composite solid-propellants via forming a PU network upon
reacting with diisocyanate.13 Consequently, the mechanical
properties of HTPB-based propellants are largely determined
based on the properties of HTPB-based PU. Therefore, one
viable avenue for enhancing the properties of propellants is to
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improve the mechanical properties of HTPB-based PU. To date,
numerous strategies for improving the mechanical perfor-
mance of PU have been adopted, such as chemical modica-
tion,3 nanoparticle addition,1,14 and cross-linking network
reinforcement,15 in which carbon-based nanomaterials have
been deemed as considerably promising reinforcing materials.2

Graphene oxide (GO), as a specic derivative of graphene,
has been considered as a promising reinforcer for helping
polymer nanocomposites to achieve high strength because of its
remarkable properties,16–18 including unique electrical, thermal and
mechanical properties.19–22 However, it has been reported that GO
tends to aggregate in the polymeric matrix, which is ascribed to its
large specic surface area and the strong van der Waals forces
between carbon layers.1,23 Current thinking suggests that a key route
to effectively enhancing the properties of GO-based polymer
composites is achieving the uniform dispersion of GO and strong
interfacial interactions between GO and the polymeric matrix.24

Compared with other nanollers like carbon nanotubes,25,26

graphite nanoplates,27–29 montmorillonite,30 and graphene,31–33 there
are abundant oxygen-containing groups (e.g., carboxyl, hydroxyl, and
epoxide groups) on the surface of GO,34 which possess the potential
to undergo chemical reactions with the matrix. Currently, covalent
crosslinking between these active groups and the polymer matrix,
with specic modiers as connectors, has been proved to be an
effective strategy for addressing the above-mentioned issues.1,35

Recently, hyperbranched polymers with three-dimensional
branching structures, abundant reactive terminal groups, and
© 2021 The Author(s). Published by the Royal Society of Chemistry
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nonentangled architectures36–38 have aroused increasing attention
in relation to reinforcing polymer matrices.39–41 Meanwhile, as
a result of their low solution viscosity and ultrahigh solubility,42,43 it
is expected that hyperbranched polymers could be graed onto the
surface of GO as modiers to improve the compatibility and
interfacial interactions of GO with the polymer matrix;44 this may
provide a promising reinforcer for propellant binder.

Herein, we successfully synthesized amine-terminated
hyperbranched-polyamide-modied GO (HGO) via a facile
“graed to” method. HGO-reinforced polyurethane composites
were fabricated through a cross-linking reaction between HGO
and a polyurethane curing agent. To verify the effectiveness of
surface modication, various characterization methods were
used on HGO. Furthermore, the mechanical properties of the
obtained composites were investigated through different
approaches. Meanwhile, the reinforcing mechanism was
studied to better understand the effects of HBPA graed on GO.
2. Materials and experiments
2.1. Materials

Monolayer GO with a purity of >99%was obtained from Nanjing
XFNANO Material Technology Co., Ltd, China. Hydroxyl-
terminated polybutadiene (HTPB, 99.9%, hydroxyl value:
1.42 mmol g�1) was purchased from Liming Research & Design
Institute of Chemical Industry Co., Ltd, Luoyang, China. Iso-
phorone diisocyanate (IPDI, 99%) and triphenylbismuthine (TPB)
were obtained from Macklin Biochemical Technology Co., Ltd,
Shanghai, China. Dibutyl phthalate (DBP, 99.5%), N,N-dime-
thylformamide (DMF, $99.8%), and ethanol (EA, $99.7%) were
obtained from Damao Chemical Reagent Factory, Tianjin, China
and were used directly. O-(7-Azabenzotriazole-1-yl)-N,N,N,N0-tetra-
methyluronium hexauorophosphate (HATU, 99%) was
purchased from Aladdin Co., Shanghai, China. Amino-terminated
Fig. 1 A schematic illustration of the preparation of the composites.

© 2021 The Author(s). Published by the Royal Society of Chemistry
hyperbranched polyamide (HBPA) was supplied by Wuhan
Hyperbranched Polymers Science & Technology Co., Ltd, China.
2.2. Preparation of HGO

In a typical procedure, 100 mg of GO was rstly suspended in
30 mL of DMF, followed by stirring and sonication for 1 h to
obtain a well-exfoliated GO suspension. Meanwhile, HBPA (1.0
g) was dissolved in 20 mL of DMF under sonication for 10 min.
Subsequently, the GO suspension was added to HBPA solution
and sonicated for 30 min. Aer that, 10 mg of HATU was
dispersed in the obtained mixture, which was then continu-
ously sonicated for 3 h at room temperature. Aerwards, the
modied GO was separated via centrifuging and washed with
excess ethanol at least four times in order to remove other
molecules. Finally, the obtained product was dried under
vacuum at 60 �C for 24 h and referred to as HGO.
2.3. Fabrication of HGO/HTPB composites

HGO/HTPB composites was fabricated using a typical solution
blending method. There are four steps, as follows. (1) 3 mg
(0.1 wt%) of HGO was dispersed in DMF through sonication for
1 h to obtain a uniform HGO suspension. Note that all wt%
values in this paper refer to the weight of HTPB. (2) The HTPB
prepolymer was mixed with the obtained HGO suspension
under mechanical stirring at 50 �C for 12 h. (3) 13 wt% DBP,
11.5 wt% IPDI, and 0.1 wt% TPB were introduced, followed by
mechanical stirring and vacuum degassing. (4) The prepared
mixture was injected into PTEF molds and put into an oven for
curing for 36 h at 60 �C; aer that, the HGO/HTPB composite
was obtained, and it was denoted as H-0.1/HTPB. In addition,
pure HTPB-based polyurethane and HTPB-based composites
with different mass fractions of GO and HGO were also fabri-
cated via an identical route. Fig. 1 shows a schematic illustra-
tion of the preparation of composites, and it is clear that the
RSC Adv., 2021, 11, 14484–14494 | 14485
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color of the HGO/HTPB composites becomes darker and much
deeper than the GO/HTPB composite due to the disappearance
of carboxyl from GO surface. For convenience, pure HTPB-based
polyurethane is denoted as P-HTPB, the GO-lled HTPB
composites are denoted as G-x/HTPB, and the HGO-lled HTPB
composites are denoted as H-x/HTPB, where x (0.05, 0.1, 0.15,
0.2, or 0.3) is the mass fraction of GO or HGO.
2.4. Characterization

Fourier transform infrared spectroscopy (FTIR) measurements
were conducted using an infrared spectrometer (Tensor II,
Bruker) in the wavenumber range of 500–4000 cm�1. X-ray
diffraction (XRD) studies were performed using a Persée XD6
diffractometer with a scanning speed of 10� min�1 from 5� to
60�. The interlayer spacings of GO and HGO were obtained
using Bragg's Law (2d sin q ¼ nl).45 The chemical composition
was determined via X-ray photoelectron spectroscopy (XPS,
ThermoFischer, ESCALAB 250XI) using Al Ka radiation. The
binding energies in XPS measurements are corrected via refer-
encing the C 1s peak to 284.5 eV. The Raman spectra were ob-
tained using a Raman spectrometer (inVia, Renishaw) with laser
excitation at 532 nm. The microstructures and morphologies of
GO and HGO were observed via transmission electron micros-
copy (TEM, JSM-2100F, JEOL), scanning electron microscopy
(SEM, JSM-7800F, JEOL), and atomic force microscopy (AFM,
Nano Man VS, Bruker). Scanning transmission electron
microscopy (STEM) images and the elemental mapping of HGO
were obtained using JSM-2100F apparatus (JEOL). Thermogra-
vimetric analysis (TGA, SDT Q600, TA Instrument) was per-
formed at a heating rate of 10 �C min�1 under a nitrogen
atmosphere. Mechanical tests were carried out using Instron
5982 apparatus at a rate of 100 mm min�1. Creep experiments
were performed using DMA Q800 apparatus at 30 �C with
a creep stress of 0.02 MPa. The creep stress of 0.02 MPa was
Fig. 2 (a) Images of GO and HGO powder. (b) FTIR spectra of GO, HGO

14486 | RSC Adv., 2021, 11, 14484–14494
loaded during the creep period and maintained for 10 minutes,
followed by recovery for 10 minutes; this process was repeated 3
times. The thermal properties of the composites were studied
using a differential scanning calorimeter (DSC Q20, TA Instru-
ments) under a nitrogen atmosphere, and the heating rate was
set at 10 �C min�1 in the temperature range of �90 �C to 40 �C.
3. Results and discussion
3.1. Morphological characterization of HGO

In the modication procedure, the –NH2 groups of HBPA can
react with the carboxyl groups of GO and gra onto its surface.
Aer modication, the color of GO changed from brown to
black in the case of HGO (Fig. 2(a)). We speculate that the
reason for this phenomenon is mainly due to the consumption
of carboxyl group and epoxy groups, agreeing with previous
work.44,46 The effectiveness of the functionalization of GO with
HBPA was determined based on FTIR spectra. As shown in
Fig. 2(b), the characteristic absorption peaks of GO at
1728 cm�1, 1628 cm�1, and 1053 cm�1 correspond to the
stretching vibrations of C]O from carboxylic groups,47 C]C,
and C–O–C, respectively, and the wide absorption peak at 3300–
3000 cm�1 can be ascribed to the stretching vibrations of O–H
from hydroxyl and carboxylic acid groups.35,48 In the case of
HGO, both carboxyl and epoxy groups can react with –NH2,
leading to the peaks at 1728 cm�1 and 1053 cm�1 decreasing
signicantly. Meanwhile, some new absorption peaks appeared
at 3250 cm�1, 2959–2850 cm�1, 1640 cm�1, and 1555 cm�1. It is
noteworthy that the features of the HGO spectrum are similar to
those of the HBPA spectrum aer modication. In addition,
these new peaks are assigned to the stretching vibrations of
N–H groups, the stretching vibrations of –CH3 and –CH2

groups, amide C]O stretching (amide I), and amide N–H
bending and C–N stretching (amide II), respectively, implying
, and HBPA. (c) XRD spectra and (d) Raman spectra of GO and HGO.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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that GO was successfully modied with HBPA via reactions
between the terminal amine groups of HBPA and the carboxylic
acid groups of GO.46,49

The XRD spectra of GO and HGO are shown in Fig. 2(c). Due
to the existence of functional groups, the XRD spectrum of GO
displays a broad diffraction peak at 2q ¼ 10.46�, corresponding
to an interlayer spacing of approximately 0.85 nm. Due to the
incorporation of HBPA onto the surface of GO, the 2q peak of
HGO was shied down to 9.05�, indicating a larger interlayer
spacing of 0.97 nm. The graing of HBPA onto the GO surface
allows HBPA to be inserted between the GO layers, thus
increasing the interlayer spacing. Moreover, a new broad peak
appears at 2q ¼ 18.57�, which suggests that the HGO sheets are
loosely stacked during the modication process.44,50 This result
further proves the successful functionalization of GO.

Raman spectroscopy was employed to further investigate the
structural characteristics, and the obtained results are shown in
Fig. 2(d). As we can see, the Raman spectrum of GO exhibits two
peaks at around 1352 cm�1 (D band) and 1588 cm�1 (G band),
which are associated with sp3-hybridized carbon or structural
defects and the vibration of sp2-hybridized graphitic domains,
respectively.51 Additionally, the HGO spectrum displays a G
band with a lower Raman shi (1582 cm�1) than that of GO,
suggesting strong interactions between HPBA and GO sheets.52

It is known that the peak intensity ratio of the D and G bands
(ID/IG) is related to the disordered structures of carbon, and
a lower ID/IG ratio corresponds to fewer defects.53 Aer func-
tionalization, the ID/IG value of HGO slightly increases from
0.926 for GO to 1.007. Graphene is made up of one-atom thick
and two-dimensional (2D) sheets of honeycomb-arrayed sp2-
bonded carbon.35 Aer being oxidized to GO, the surface defects
and sp3 domains increase, increasing the D peak intensity. The
Fig. 3 (a) XPS survey spectra of GO and HGO. (b) The high-resolution C
HGO. (d) The high-resolution N 1s XPS spectrum of HGO.

© 2021 The Author(s). Published by the Royal Society of Chemistry
functionalization of GO introduces more structural defects onto
its surface, further leading to an increase in the intensity of the
D peak and thereby increasing the ID/IG value.51,52 Obviously,
more sp3 domains and defects are formed, reecting successful
modication with HBPA.

The surface compositions of GO and HGO were further
evaluated via XPS. As shown in Fig. 3(a), the XPS spectrum of GO
shows a C 1s peak at 284.5 eV and an O 1s peak at 533 eV. Aer
modication, a clear N 1s peak appears at 399.3 eV in the
spectrum of HGO, implying a reaction between GO and HBPA.
In addition, it is apparent that the C 1s/O 1s intensity ratio of
HGO is relatively higher than that of GO. The C 1s spectra of GO
andHGO are displayed in Fig. 3(b) and (c), respectively. The C 1s
spectrum of GO exhibits ve chemical components: C]C/C–C
(284.5 eV), C–OH (285.1 eV), C]O (286.6 eV), C–O–C (287.1 eV),
and C(]O)–O (288.6 eV). As for HGO, the C(]O)–O and C–O–C
peak intensities decreased signicantly due to the reaction of
–COOH and C–O–C groups with –NH2 groups. It is indicated
that the C–O–C and –COOH groups only partially reacted with
–NH2, and some of these groups are still present in HGO, which
is consistent with the FTIR results. In addition, a new peak,
which can be ascribed to C–N groups, appears at 285.9 eV,
indicating the successful covalent graing of HBPA. Further-
more, the N 1s spectrum of HGO presents three chemical
components, as seen in Fig. 3(d): –NH2 (398.9 eV), C(]O)–NH
(399.6 eV), and NH3

+–C (400.9 eV).46 These results demonstrate
that HBPA has been successfully graed onto GO, and HGO
possesses the ability to react with IPDI due to the existence of
–NH2; this is in good agreement with the FTIR results.

The morphological structures were also investigated via
SEM, TEM, and AFM. As shown in Fig. 4(a), the surface of GO
looks so with some wrinkled structures. On the contrary, the
1s XPS spectrum of GO. (c) The high-resolution C 1s XPS spectrum of

RSC Adv., 2021, 11, 14484–14494 | 14487
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Fig. 4 SEM images of (a) GO and (b) HGO. AFM images of (c) GO and (d) HGO.
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surface of HGO seems to be covered with a layer of additional
material, which could be attributed to the graing of HPBA.
Moreover, HGO sheets modied with HBPA with a hyper-
branched structure and abundant active groups tend to stick
together because of strong hydrogen bonding between the
Fig. 5 TEM images of (a, d) GO and (b, e) HGO. (c) A STEM image of HG
arrows indicate the layer thickness.

14488 | RSC Adv., 2021, 11, 14484–14494
abundant reactive terminal groups of HBPA (Fig. 4(b)). Fig. 4(c)
and (d) exhibits AFM images of GO and HGO; it is clear that the
thickness of HGO is appropriately 4.35 nm, which is thicker
thanmonolayer GO (�0.8 nm). Furthermore, as we can see from
TEM images (Fig. 5), GO sheets display better transparency than
O and (f) the corresponding elemental mapping of nitrogen. The white

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 TGA spectra of GO, HGO, and HBPA.
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HGO, and the obvious increase in the thickness of the nano-
sheets can also be observed, which is similar to images reported
in previous related studies.44,54,55 In addition, the elemental
mapping of HGO can further demonstrate its successful
modication with HBPA, as presented via STEM images
(Fig. 5(c) and (f)). It can be found that nitrogen elements,
originating from HBPA, are evenly distributed on its surface.

In addition to the above measurements, TGA was also con-
ducted to conrm the success of the functionalization of GO,
from which we can obtain the amount of HPBA graed on HGO
Fig. 7 SEM images of the composites: (a) P-HTPB, (b) G-0.1/HTPB, (c) H
and HGO sheets, and aggregates, respectively.

© 2021 The Author(s). Published by the Royal Society of Chemistry
(Fig. 6). It can be seen that there are two main loss stages in the
TGA curve of GO. Firstly, the weight loss from 30 �C to 120 �C
can be ascribed to the loss of absorbed water. Then, the main
weight loss of 40 wt% between 120 �C and 270 �C is due to the
decomposition of labile oxygen-containing groups on the
surface of GO.56 As for HBPA, there is only one sharp decom-
position stage from 200 �C to 460 �C, and the residual weight is
only 0.54 wt%. In the case of HGO, the weight loss in the second
decomposition stage is signicantly reduced compared with
that of GO. It can be suggested that in the modication proce-
dure HBPA replaced some oxygen-containing groups via reac-
tions between –COOH of GO and –NH2 of HBPA. Notably, a new
decomposition stage for HGO from 200 �C to 450 �C can be
observed, which corresponds to the decomposition of graed
HBPA. Combining the results from the abovementioned various
data, we conrm that HBPA was successfully graed onto the
surface of GO.
3.2. Morphology characterization of the HGO/HTPB
composites

To study the dispersion and interfaces of the nanoller in the
HTPB matrix, cryo-fractured surfaces of these samples were
observed using SEM (Fig. 7). As seen in Fig. 7(a), the fracture
surface of P-HTPB is quite smooth and at. For the G-0.1/HTPB
composite, some obvious aggregates can be observed, and there
are many apparent gaps appearing at the interface, suggesting
weak interactions between the GO sheets and the matrix
(Fig. 7(b)). Comparatively, the H/HTPB composites exhibit
-0.1/HTPB, and (d) H-0.2/HTPB. The red box and arrows indicate GO

RSC Adv., 2021, 11, 14484–14494 | 14489
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relatively rough cryo-fractured surfaces, and almost no bare
HGO sheets were observed. As seen in Fig. 7(c), the HGO sheets
are well covered by the matrix and cannot be clearly found on
the surface, and the interface between the HGO sheets and
HTPB matrix is almost invisible, implying considerable
compatibility and strong interfacial bonding between HGO and
the matrix. The abundant –NH2 active groups on the surface of
HGO can participate in the processes of curing and crosslinking
via reacting with the –NCO groups of IPDI molecules, which can
promote the formation of strong covalent bonds between the
HGO sheets and the matrix. Meanwhile, GO sheets can only
form weak physical interactions with the matrix through
intermolecular forces, which ultimately leads to differences in
their mechanical properties. However, when the HGO content
increases to 0.2 wt%, HGO aggregates begin to emerge
(Fig. 7(d)). We can deduce that the closer distance between HGO
sheets at a higher HGO content can lead to HGO sheets easily
reacting with –NCO at both ends of IPDI molecules, which
results in aggregates.
Fig. 8 Tensile results for the composites. (a) Stress versus strain curves
values.
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3.3. Mechanical properties of the composites

The mechanical properties of pure HTPB and its composites
were investigated. Fig. 8 shows the tensile results. A gradual
increase in the elastic modulus values of all composites with
respect to nanoller loading can be observed in Fig. 8(a) and (b).
Tensile strength and elongation at break values show a trend of
increasing with nanoller loading, and then decreasing rapidly
when the loading is higher than 0.1 wt%. Obviously, the H/
HTPB composites display better reinforcement in strength
and elongation than the G/HTPB composites. Specically, when
0.05 wt% nanoller was added, G-0.05/HTPB and H-0.05/HTPB
exhibit tensile strength increases of 31.9% and 33.9%, respec-
tively, relative to P-HTPB. Moreover, the elongation at break of
H-0.05/HTPB can reach approximately 1158%, 170% higher
than G-0.05/HTPB. In addition, compared to GO, the rein-
forcement effect of HGO became more remarkable at the same
content of 0.1 wt%. The tensile strength of H-0.1/HTPB is near
0.4 MPa, which is 57.8% higher than that of P-HTPB. Mean-
while, it is noteworthy that the elongation at break of H-0.1/
HTPB is enhanced simultaneously to 1292.6%, which is 33.4%
higher than that of P-HTPB. This is signicant and different
from the regular phenomenon reported in previous works,
. (b) Elastic modulus data. (c) Tensile strength and elongation at break

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 (a) Creep curves of the composites over 3 cycles. (b) Creep curves of the composites from the first cycle. (c) The creep compliance of the
composites.
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which suggests that adding nanoller into a polymer will
decrease the elongation at break.1,57 From SEM images, we infer
that this excellent reinforcement effect greatly depends on three
aspects: (1) relatively strong interfacial interactions between
HGO sheets and the matrix; (2) abundant active groups (–NH2)
on the surface, leading to low crosslinking densities in the
matrices of the H/HTPB composites; and (3) the unique
molecular structure of HBPA.

Specically, in our case, abundant active –NH2 groups can
react with IPDI molecules to form a strong interface to avoid
interfacial debonding. Meanwhile, this reaction will consume
some IPDI molecules, and relatively few IPDI molecules remain
in the matrix to participate in the curing process, resulting in
a low crosslinking density in the matrix. During the tensile
process, the strong interface favours stress transfer from the
matrix to HGO sheets, improving the strength of the composite,
and the relatively low crosslinking density leads to a soer
matrix, allowing higher elongation at the same time. Addi-
tionally, owing to the hyperbranched structure of HBPA, the
HTPB chains can interpenetrate or become entangled with
HBPA molecules to form strong interfacial interactions (Fig. 1),
and the intramolecular cavities can also blunt the crack
front.44,58–60 Therefore, H-0.1/HTPB exhibits a remarkable rein-
forcement effect. However, both G-0.2/HTPB and H-0.2/HTPB
composites display signicant decreases in tensile strength
and elongation at break values when the loading was 0.2 wt%,
© 2021 The Author(s). Published by the Royal Society of Chemistry
as seen in Fig. 8(a) and (c). For the G-0.2/HTPB composite, the
aggregation of GO sheets and weak interfacial interactions may
be responsible for this result. In the case of the H-0.2/HTPB
composite, this can be attributed to the presence of abundant
–NH2 active groups, which show high reactivity with IPDI; the
reason that the micromolecular cross-linking agent is easily
absorbed at the ller surface61 is that HGO sheets are more
likely to react with –NCO at the terminations of IPDI molecules,
which can form aggregates, leading to stress concentration in
the tensile process and resulting in decreases in the ultimate
tensile strength and elongation at break values. Consequently,
combining the above analysis and SEM images, the H-0.1/HTPB
composite is seen to possess the best tensile properties.

Furthermore, creep experiments are conducted to charac-
terize the creep properties of the composites. Fig. 9 displays
typical creep curves of pure HTPB and its composites. Obvi-
ously, P-HTPB exhibits large creep strain and residual strain,
which also increases with the cycle number. Comparatively, for
the H/HTPB composites, their creep strains and residual strains
are lower than those of P-HTPB, and they barely change aer
three cycles, indicating notable resistance to deformation and
recovery capabilities. However, neither the G-0.2/HTPB nor H-
0.3/HTPB composite presents the same excellent creep perfor-
mances as the H/HTPB composites at loading below 0.2 wt%.
This can be attributed to the following reasons. (1) Nanollers
can inhibit the movement of polymer molecules, thereby
RSC Adv., 2021, 11, 14484–14494 | 14491
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Fig. 10 (a and b) DSC heating curves of the composites. (c) Tg values of the composites.
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reducing the creep deformation of the composites.62 (2) The
interaction between the nanoller and the polymer matrix is
one of the key factors signicantly affecting the creep proper-
ties.63 The strong interfacial interactions between HGO and the
matrix, and the hyperbranched structure of HBPA play signi-
cant roles in limiting the movement of HTPB molecules and its
deformation in response to external loading and environmental
factors. (3) Owing to the agglomeration of HGO, composites
with high HGO content levels exhibit relatively weak abilities to
resist the movement of molecules, leading to increasing creep
deformation.

Creep compliance (Jcr) is an important parameter for char-
acterizing the creep performance of a material.1 From Fig. 9(c),
it is clear that the H-x/HTPB composites exhibit quite low Jcr
values compared with P-HTPB, reecting the excellent rein-
forcing effect of HGO.
3.4. Thermal properties of the composites

The glass transition temperature (Tg) is one of the most
important polymer parameters since it determines the
temperature range for utilizing a material, which is of vital
importance for solid propellants.64 The DSC curves of the
composites are presented in Fig. 10(a) and (b), and the Tg values
14492 | RSC Adv., 2021, 11, 14484–14494
from DSC analysis are listed in Fig. 10(c). From Fig. 10(a), the Tg
values of the G/HTPB composites are seen to rst increase and
then decrease as the GO content increases. Due to the limited
movement of polymer chains upon the existence of GO, the Tg
values of the G/HTPB composites increase continuously, and
when the GO content is higher than 0.15 wt%, the Tg values tend
to decrease. The good dispersion of nanoller in the matrix and
good interfacial interactions between the nanoller and the
matrix can promote heat transfer.65 As can be seen from SEM
images, aggregates of GO can be responsible for these results.
But for the H/HTPB composites, their Tg values increase
continuously. This phenomenon is in good agreement with
previous reports,44,46,48 and it further conrms the effectiveness
of HBPA modication. More importantly, it is clear that the Tg
values of the composites are all in the range of�72 �C to�74 �C
based on Fig. 10(c), slightly higher than P-HTPB and much
lower than room temperature, which ensures that the polymers
have a wide range of service temperatures and excellent elas-
ticity at low temperatures, which is of great signicance for their
applications.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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4. Conclusions

In summary, we successfully modied GO with HBPA via a facile
“graed to” method. The successful graing of HBPA onto the
GO surface is carefully demonstrated. SEM images of cryo-
fractured surfaces of composite samples indicate that the GO
dispersion and compatibility in the HTPB matrix can be
remarkably improved upon functionalizing with HBPA. In
addition, the effects of HGO on themechanical properties of the
composites were investigated. The results demonstrate that
modication can dramatically enhance the interfacial interac-
tions of GO with the matrix, resulting in the tensile strength of
H-0.1/HTPB increasing by 57.8% compared with P-HTPB. It is
especially worth noting that its elongation at break has also
been improved, which is an ideal and signicant result for
improving the mechanical properties of HTPB-based composite
solid-propellants. Moreover, creep experiments show the
notable deformation resistance and recovery capabilities of H/
HTPB composites when the HGO content is lower than
0.2 wt%. More importantly, the Tg values of the composites are
all in the range of �72 �C to �74 �C; this is conducive to their
application in solid propellants. Furthermore, this nano-
material (HGO) can also be applied in the fabrication of other
nanocomposites with strong interface and mechanical proper-
ties for wider applications.
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