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Abstract
Series of poly(butylene terephthalate) (PBT) nanocomposites are fabricated with polyethylene glycol methacrylate 
(PEGMA)-functionalized graphene oxide (GO) nanofillers (G-P) as the interfacial modifiers. PBT/G-P nanocomposites 
demonstrate good compatibility and interfacial interaction based on the uniform dispersed G-P nanofillers influenced 
by the grafted PEGMA chains. Crystallization behavior and nucleation density of PBT matrix get an increase and show a 
maximum at 1.5 wt% G-P nanofillers. Tensile strength and modulus of PBT/G-P nanocomposites first increase and then 
decrease with the varied G-P contents from 0.1 to 3.0 wt%, indicating the overloaded nanofillers impact the stress transfer. 
Against PBT/GO nanocomposites, PBT/G-P ones present 58% enhancement for the tensile strength, which is ascribed to 
the different interfacial compatibility afforded by the GO and G-P nanofillers. The present study demonstrates that it is a 
possible way to prepare high-performance PBT nanocomposites through the enhanced interfacial layer and nucleation 
behavior of polymer matrix.
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1 Introduction

Poly(butylene terephthalate) (PBT) is an important sem-
icrystalline material, presenting very good dimensional 
stability, high heat resistance and chemical resistance [1], 
and so it has been used as engineering thermoplastics [2, 
3], automobile [4], textile and composites [5, 6]. However, 
its low impact strength and mechanical property limit 
the further exploration of high-performance products [7, 
8]. So, developing an improved performance with stable 
structure for PBT nanocomposites is highly desirable and 
interesting issue.

Typically, lots of studies are focused on the crystal-
lization, thermal stability and mechanical property of 
PBT matrix, and some modifications have been done by 
blending organic polymers [9, 10] or incorporating inor-
ganic nanofillers [11, 12]. Incorporating various inorganic 

nanofillers such as clay [13], halloysite [14] and carbon 
nanotubes [15, 16] into PBT matrix, the crystallization and 
nucleation behavior is greatly improved in light of the 
heterogeneous nucleation effect. Espinoza-Martinez [17] 
compared the nucleation mechanism of poly(ethylene 
terephthalate) (PET), poly(butylene terephthalate) (PBT) 
and poly(ethylene naphthalate) (PEN) influenced by 
single-wall carbon nanotubes (SWNTs), and they found 
a helical morphology for PET/SWNTs, PEN/SWNTs and a 
lobular one for PBT/SWNTs, which is ascribed to the π-π 
interactions and the chirality of nanotubes. Meanwhile, 
Tallury and Pasquinelli [18] also simulated the interface 
between SWCNTs and polymer chains with semiflexible 
and stiff backbones, and polymers with stiff and semi-
flexible backbones tended to wrap around the SWCNT. 
Although the nanofillers show a contribution to the nucle-
ation and crystallization process of polymer matrix, the 
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worse dispersion and compatibility limits the preparation 
of high-performance composites [7, 19–21]. Therefore, the 
nanofillers functionalized or grafted by polymer chains are 
beneficial to enhance the compatibility and the orienta-
tion state through the formed interfacial molecular layer 
with polymer matrix [22–24].

Through improving the dispersion state of nanofill-
ers, the thermal stability and mechanical properties of 
polymer matrix greatly are enhanced. Chisholm et al. [25] 
prepared a highly exfoliated montmorillonite/PBT nano-
composites, giving 27% increased Young’s modulus, which 
is contributed from the electrostatic interaction between 
clay particles and matrix. By changing the dispersion of 
CNT, PBT composites exhibit a nano-enhancement effect 
[7], and 35.1% increased tensile strength and 21.7% ten-
sile modulus at 2.0 wt% loading of CNT are realized. Broza 
[6] reported a 29% increased tensile strength at 0.1 wt% 
SWNTs; however, at 0.2  wt% loading both the tensile 
strength and the crystallinity show a decrement. Li et al. 
[26] reported an 88% increased tensile modulus for PBT/
graphene composites, followed by an improved thermal 
stability influenced by graphene nanosheets. In addition, 
by introducing 4.0 wt% graphene oxide (GO), Bian et al. 
[20] found a serious aggregation of GO nanosheets, indi-
cating an overloading content will decrease the disper-
sion state into composites. Meanwhile, by incorporation 
of a highly reduced graphene oxide (RGO) into cyclic PBT 
matrix [27], a supernucleation role of RGO nanoflakes 
to PBT matrix is demonstrated. Additionally, the serious 
aggregation of bulky carbon-based nanofillers at high 
content also is a major problem to limit the development 
of polymer nanocomposites. Thus, improving the interfa-
cial compatibility between nanofillers and polymer matrix 
demonstrates a good choice to explore the high-perfor-
mance polymer nanocomposites. In our previous study 
[28], by introducing (3-aminopropyl) trimethoxysilane 
functionalized RGO nanofillers into polyimide matrix, a 
good reinforced mechanical and thermal property is 
shown, which is ascribed to the enhanced interfacial inter-
action and the good dispersion behavior RGO nanosheets. 
Similarly, Zhang and co-workers [29] also reported the 
improved mechanical behavior and thermal stability of 
polyurethane/epoxy resin composites after incorpora-
tion of (3-aminopropyl) trimethoxysilane-modified rGO 
nanosheets. That is to say, the functionalized nanofillers 
are helpful to increase the interfacial compatibility with 
the host matrix, and the stress-transfer process is greatly 
enhanced in light of the molecular chain entanglement 
and the interfacial action. Herein, in this paper, poly (eth-
ylene glycol) methacrylate (PEGMA) monomer, a similar 
chain structure with PBT matrix, is grafted onto GO sur-
face by redox polymerization process under the catalysis 
of ceric ammonium nitrate (CAN). Obvious nucleation and 

mechanical enhancement in PBT nanocomposites are 
demonstrated by the incorporated PEGMA-functionalized 
GO nanofillers (G-P), and the formed interfacial interaction 
between G-P nanofillers and PBT host promotes the dis-
persion and compatibility of nanofillers with PBT matrix.

Thereby, a series of PEGMA-functionalized GO nanofill-
ers (G-P) are prepared through the surface polymerization 
of PEGMA monomer with the catalysis of CAN. By introduc-
ing various G-P nanofillers into PBT matrix, thermal stabil-
ity and mechanical properties of PBT nanocomposites are 
deeply characterized. Furthermore, the enhancement for 
thermal stability and mechanical properties of nanocom-
posites also is analyzed from the aspect of nucleation and 
crystallization process of PBT matrix influenced by the G-P 
nanofillers. The effect of anchored PEGMA chains onto GO 
nanofillers on the PBT matrix is studied in detail from the 
viewpoint of molecular interaction.

2  Experimental

2.1  Materials

Poly(butylene terephthalate) (PBT, LUPOX-HV1010) used 
in this study is a commercial product of LG Chem, Korea. 
Natural graphite powder (NGP) (325 mesh, natural micro-
crystalline grade, 99%) was purchased from Qingdao 
Laixi Graphite Co., Ltd. Concentrated sulfuric acid  (H2SO4, 
98%), potassium permanganate  (KMnO4), sodium nitrate 
 (NaNO3), hydrochloric acid (HCl, 37%), concentrated nitric 
acid  (HNO3, 68%) and hydrogen peroxide  (H2O2, 30%) 
were provided by Tianjin Guangfu Fine Chemical Indus-
try Institute, and used as received. Polyethylene glycol 
methacrylate (PEGMA, Mn = 950) and ceric ammonium 
nitrate (CAN) were purchased from Sigma-Aldrich Co. Ltd 
(Shanghai).

2.2  Preparation of G‑P nanofillers

GO was prepared through natural graphite powers accord-
ing to our previous study [30]. The preparation of PEGMA-
functionalized GO nanofillers (G-P) was described as fol-
lows. 10 mmol of PEGMA monomer was dropped into GO 
dispersion (1 mg/mL) under stirring, and subsequently, the 
CAN solution of nitric acid (1 mol/mL) was slowly dropped. 
After that, the polymerization process began at 60 °C for 
8 h under  N2. The raw suspension was firstly centrifuged, 
and then washed five times to remove the unreacted 
monomer or homopolymer. G-P nanofillers were further 
vacuum-dried at 50 °C before use. Scheme 1 gives the 
preparation process of G-P nanofillers.
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2.3  Preparation of PBT/G‑P nanocomposites

The preparation of PBT/G-P nanocomposites was 
described as follows. G-P nanofillers were firstly dispersed 
in a mixed solvent of dichloromethane and trifluoroacetic 
acid (1:3) via ultrasonication for 3 h to obtain a homoge-
neous suspension. Then, PBT was slowly dropped into G-P 
solution under stirring. Subsequently, PBT/G-P mixtures 
were scratched onto a clean glass plate and then were 
vacuum-dried at 40 °C until constant mass. The mass frac-
tion, m, of G-P in PBT/G-P-m composites varied from 0.1 to 
3 wt%. Similarly, PBT/GO composites also were fabricated 
through the same procedure for a comparison.

2.4  Characterization

Fourier transform infrared spectroscopy (FTIR) (Nicolet 
IS5) at a resolution of 4 cm−1 in a wavenumber range from 
4000 to 500 cm−1, X-ray powder diffraction (XRD, Bruker 
D8 DISCOVER) at 40 kV and 150 mA under CuKa radiation 
(λ = 1.54 nm), field-emission scanning electron microscopy 
(FE-SEM, Hitachi S4800, Japan) with an accelerating volt-
age of 10 kV and X-ray photoelectron spectroscopy (XPS) 
(GENESIS EDAX, US) with Al Kα radiation (hν = 1486.4 eV) 
are used to analyze the chemical structure and morphol-
ogy. The tensile testing was carried out on SSANS-20 kN 
(Shanghai) with a crosshead speed of 5 mm/min at room 
temperature. Samples were cut into a rectangular sheet, 
and the tensile properties were obtained by five times 
average for each sample.

DSC measurements were performed with NETZSCH 
DSC 200 F3 under  N2 condition. Samples (ca.10.0 mg) 
were heated to 250 °C and held for 3 min to remove the 
thermal history. Subsequently, the thermal cycle between 
0 and 250 °C was performed at scanning rate of 10 °C/min. 
The second cycle was used. The isothermal crystallization 
experiment was performed at 190  °C, and the Avrami 
equation is used to analyze the crystallization kinetic 
parameters.

Polarized light microscopy (PLM) (Olympus, BX-51) 
equipped with a hot-stage (Linkam, THMS600) and digital 
camera (Micropublisher) was used to analyze the crystal 

morphology of composites. Specimens were firstly heated 
to 300 °C and kept for 10 min to remove the thermal his-
tory. Temperature was quickly cooled down to 220 °C at a 
rate of 150 °C/min, and then, the isothermal crystallization 
experiment was performed.

3  Results and discussion

3.1  Structure identification of G‑P nanofillers

FTIR spectra of GO and G-P nanofillers are presented in 
Fig. 1a. The bands at 3432 cm−1, 1734 cm−1, 1632 cm−1, 
1226 cm−1 and 1077 cm−1, characteristic of –OH, C=O, 
–C=C–, C–OH and C–O–C groups, are clearly seen for 
GO flakes [31, 32]. For G-P nanofillers, similar bands with 
P(PEGMA) appear at 1453 cm−1, 1265 cm−1 and 1100 cm−1, 
which corresponds to –CH3, C–O–C, C=O groups, respec-
tively [33]. The enhanced 2919 cm−1 band (–CH2–) and 
1719  cm−1 (C=O), as well as the weakened 1625  cm−1 
(–C=C–) demonstrate the successfully grafting of PEGMA 
chains onto GO surface. XRD patterns for GO, P(PEGMA) 
and G-P are shown in Fig. 1b. Clearly, a characteristic dif-
fraction peak at 10.5° for GO flakes appears [34]. Bulk 
P(PEGMA) shows three crystal diffraction peaks at 19.3, 
23.5 and 26.5°, which is ascribed to the crystalline PEG 
chains. After polymerization of PEGMA onto GO sheets, 
G-P nanofillers give a down-shifted diffraction peak at 7.2°, 
illustrating an enhanced d-spacing of 1.547 nm against the 
original 0.842 nm of GO flakes, which is mainly attributed 
to the incorporated polymer chains. Also, the residual 
peak at ca. 19.3° further indicates the grafted PEGMA 
chains onto GO sheets. Meanwhile, from the presented 
XPS results in Fig. 1c, d, the C/O ratio for G-P nanofillers is 
1.86, which is higher than that of GO (1.55). After the curve 
fitting of C1s spectrum, the proportion of C–O bond from 
GO and G-P is calculated. A remarkable increased C–O 
concentration from 23% of GO to 36% of G-P nanofillers 
further proves that PEGMA has been successfully grafted 
on GO surface.

3.2  Nucleation influence of G‑P nanofillers onto PBT 
matrix

Typically, the incorporated organic or inorganic nanofill-
ers into polymer matrix show a big effect on the crys-
tallization behavior of polymers. And, a heterogeneous 
nucleation growth is realized by the incorporated nano-
fillers [35, 36]. Figure 2 presents the DSC thermograms 
for PBT/G-P-m composites with different contents of G-P 
nanofillers, where x changes from 0 to 3 wt%, respec-
tively. During the heating and cooling process, the incor-
porated G-P nanofillers show a great influence on the 

Scheme 1  The redox polymerization of PEGMA onto GO flakes
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crystallization temperature for PBT/G-P-m nanocompos-
ites. The calorimetric data such as the first melting tem-
perature (Tm1), the second melting peak (Tm2), the onset 
crystallization temperature (Tco), the crystallization peak 

(Tcp) and the endset crystallization temperature (Tce), as 
well as the melting (ΔHm) and the cooling enthalpy (ΔHc) 
of PBT/G-P-m composites are summarized in Table 1. 
Interestingly, the incorporated G-P nanofillers show a 
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certain effect on Tm1, but no effect on Tm2, as seen in 
Fig. 2a and Table 1. Tm1 presents an increased tendency 
as compared with the bulk PBT matrix, and with the con-
tents of G-P nanofillers increasing, Tm1 of composites 
is 2 °C higher than that of the neat one. The explana-
tions could be ascribed to the melting–recrystallization 
behavior of PBT lamellae [37]. During the heating–cool-
ing process, the imperfect crystallites composed by PBT 
chains show a continuous melting–recrystallization pro-
cess, and then, the crystal size gives a thickened behav-
ior. Note that, however, Tm2 does not present an obvious 
change with the increased G-P nanofillers. This prelimi-
nary implies that the introduced G-P nanofillers do not 
alter the crystal structure of PBT matrix.  

A different variation for the crystallization process from 
the melting process is well shown, as illustrated in Fig. 2b. 
The incorporated G-P nanofillers contribute higher Tcp, 
Tco and Tce of PBT/G-P-m nanocomposites than that of the 
neat one. Almost, an increment for Tcp, Tco and Tce is seen as 
the G-P nanofillers increase from 0.1 to 3.0 wt%, showing 
a good nucleation ability. Accordingly, a maximum 5.5 °C 
for Tcp and 6.2 °C for Tce is found at 1.5 wt% G-P nanofill-
ers. This is mainly attributed to the heterogeneous nuclea-
tion role of G-P nanofillers to PBT matrix. Considering the 
large aspect ratio of GO sheets and the similar PEGMA 
chains with PBT matrix, the molecular interaction and the 
crystallization ability of PBT matrix are greatly enhanced. 
Moreover, the anchored PEGMA chains also improve the 
interfacial compatibility between GO nanosheets and 
PBT matrix, offering a good dispersion behavior. To give 
a description to the crystallization of PBT influenced by 
G-P nanofillers, crystallinity (X) is calculated through the 
following Eq. (1) [38].

where ΔHm is the experimental melting enthalpy of PBT 
nanocomposites, ΔH0

m
 = 140 J/g [39] represents the neat 

PBT, and W is the mass fraction of PBT.
It can be seen that the crystallinity, X, increases first 

to 33.2% at 1.5 wt% G-P nanofillers and then decreases 

(1)x =
ΔH

m

wΔH0

m

× 100%

to 30.6% at 3.0 wt% loadings. As compared with neat 
PBT, the introduced G-P nanofillers effectively promote 
the crystallization behavior of PBT nanocomposites. In 
addition, if the overloaded G-P nanofillers are used, their 
aggregation state is seen, which leads to the decreased 
ordered stacking state of PBT chains. So, the introduced 
G-P nanofillers into PBT matrix should below 1.5 wt% to 
obtain a good dispersion according to DSC results. In 
general, the incorporated G-P nanofillers play a hetero-
geneous nucleation role and also promote the crystal-
lization behavior of PBT matrix at low content, as com-
pared with the neat one.

X-ray diffraction technique is used to probe the crys-
tal structure of PBT/G-P-m nanocomposites at room 
temperature. As shown in Fig. 3, neat PBT presents the 
obvious diffraction peaks at 16.2°, 17.3°, 20.7°, 23.4° and 
25.3°, corresponding to [011], [010], [110], [100] and 
[111] plane, which characterizes α-crystal structure. 
Clearly, PBT/G-P nanocomposites also exhibit a similar 
one with that of neat PBT, and these diffraction peaks 
basically keep constant regardless of the varied contents 
of G-P nanofillers. This indicates that the incorporated 
G-P nanofillers do not alter the crystal structure of PBT 

Table 1  Calorimetric data for 
PBT/G-P nanocomposites with 
the varied contents of G-P 
nanofillers

Samples G-P (wt%) ΔHc (J/g) Tcp (°C) Tco (°C) Tce (°C) ΔHm (J/g) Tm1 (°C) Tm2 (°C) Χ (%)

PBT/G-P 0.0 47.7 189.4 194.7 184.7 41.7 213.2 222.7 29.8
0.1 49.1 194.1 197.9 190.2 42.5 215.3 222.8 30.3
0.5 49.4 194.3 198.3 189.7 43.3 215.8 222.9 31.1
1.0 49.9 194.2 198.0 188.8 45.3 215.8 223.1 32.7
1.5 50.2 194.9 198.4 190.9 45.8 215.5 222.5 33.2
2.0 48.4 194.2 197.4 190.2 44.1 215.1 222.6 32.1
3.0 45.3 193.7 197.4 188.2 41.6 216.2 222.7 30.6
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Fig. 3  XRD patterns of PBT and PBT/G-P-m nanocomposites
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matrix. Through Scherrer equation (Eq. 2), the crystal-
lite size of PBT is calculated, and they are summarized 
in Table 2.

where Lhkl is the crystallite size, characterizing [hkl] plane; K 
is the Scherrer constant and K = 0.9 is used. βhkl is the width 
at half height; λ is X-ray wavelength; θ is the Bragg angle.

From the compared results shown in Table  2, the 
crystallite dimensions of PBT/G-P-m nanocomposites 

(2)L
hkl

=
K�

�
hkl

cos �
hkl

are smaller than those of neat PBT. In contrast to the 
slight decrease in the [011] and [100] planes, a remark-
able decreased Lhkl corresponding to the [010], indicat-
ing the preferred growth plane of a lamellae growth 
direction, is observed on the PBT/G-P nanocomposites. 
It indicates that the incorporated G-P nanofillers have 
a strong nucleation effect on the crystallization of PBT 
matrix. The increased heterogeneous nucleation sites 
from G-P nanofillers affect the growth of PBT crystal, and 
thus, the adjacent spherulitic morphology is destroyed 
during the growth process.

Table 2  Crystallite size of 
PBT/G-P-m nanocomposites 
with varied contents of G-P 
nanofillers

Samples G-P (wt%) Lhkl (nm)

[011] [010] [110] [100] [111]

PBT/G-P 0 7.9 20.8 4.1 10.6 10.3
0.1 7.7 18.1 3.3 9.7 10.0
0.5 7.5 17.3 3.5 9.5 9.5
1.0 7.2 16.1 4.2 9.1 8.7
1.5 6.7 15.4 3.5 8.8 8.3
2.0 6.8 15.1 3.3 8.7 8.3
3.0 6.7 14.8 3.1 8.8 8.1

Fig. 4  PLM picture of PBT/G-P-m nanocomposites with varied G-P nanofillers
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In light of the heterogeneous nucleation role of G-P 
nanofillers to PBT matrix, the crystal morphology observed 
by PLM is illustrated in Fig. 4. After isothermal crystalli-
zation at 220 °C for the different time, PBT and its nano-
composite give the different crystal morphology owing 
to the influence of G-P nanofillers. Generally, spheru-
litic crystal morphology is not well seen for PBT matrix 
regardless of the existence of G-P nanofillers or not [15]. 
It can be seen that PBT gives the lower crystal number 
than that of PBT/G-P nanocomposites. For PBT matrix, 
the crystal morphology appears up to 10 min, and with 
the isothermal crystallization time further increasing to 
30 min, the crystal number shows an increase followed 
by an unchanged crystal size. On the contrary, PBT/G-P-
m nanocomposites give a different picture based on the 
incorporated amount of G-P nanofillers. With the content 
of G-P nanofillers changing from 0.5 to 3.0 wt%, the crys-
tal number shows first an increasing tendency. This is due 
to the nucleation contribution of G-P nanofillers, and the 
enhanced nucleation sites of PBT chain [40]. However, an 
overloaded content could block the crystallization ability 
of PBT matrix and limit the packing manner of molecular 
chains. This is well supported from the DSC results, and the 
crystallinity presents a decreased behavior at 3.0 wt% as 
compared with at 1.5 wt%. Therefore, it is highly suggested 
that the incorporated G-P nanofillers effectively promote 
the crystallization of PBT matrix with the content below 
1.5 wt%. In the meantime, PBT/G-P-1.5 shows a maximum 
crystal growth rate and crystallinity, and the nucleation 
density rapidly increases against the others. In addition, 
it is worthy to note that the crystallinity of PBT is very low 
although the G-P nanofillers are helpful to promote the 
crystallization behavior of PBT matrix based on PLM and 
DSC results. Then, spherulites sizes are too small to be 
clearly distinguished by PLM. This phenomenon is similar 
to the study of Wu et al. [15], who also does not observe 
the nucleation of PBT influenced by CNTs through PLM. 
However, the incorporated CNTs give a higher crystallinity 
than that of the G-P nanofillers. Probably, the nanofillers’ 
size and morphology, and the molecular weight of PBT 
show the different contribution to the crystallinity of PBT 
chains.

In order to understand the crystallization behavior and 
the morphology obtained by PLM, the isothermal crys-
tallization experiment of PBT/G-P-m nanocomposites is 
performed, and the isothermal crystallization data are 
summarized in Table 3. Clearly, PBT/G-P nanocomposites 
exhibit a decreased Avrami exponent (n) than that of neat 
PBT, indicating that the incorporated G-P nanofillers influ-
ence the crystallization behavior of PBT matrix. From the 
varied crystallization rate constant (K) and t1/2, it can be 
concluded that the G-P nanofillers effectively promote 
the crystallization process of PBT matrix, illustrating a 

heterogeneous nucleation role. t1/2 reaches a minimum 
one, and the crystallinity (Xc) gets a maximum one at 
1.5 wt% of G-P nanofillers. Further increasing G-P nano-
fillers to 3.0 wt%, Xc begins to decrease, followed by an 
increased t1/2 value, confirming the overloaded G-P nano-
fillers play a negative influence on the crystallization pro-
cess of PBT matrix. This result is good agreement with that 
of PLM, demonstrating the heterogeneous nucleation role 
of G-P nanofillers to PBT matrix.

3.3  Mechanical properties of PBT/G‑P 
nanocomposites

Tensile measurements are performed for PBT and PBT/G-P 
nanocomposites to clarify the effect of G-P nanofillers on 
the mechanical property of PBT matrix. Figure 5 presents 
the typical stress–strain curves for these nanocomposites. 
Clearly, neat PBT exhibits the lowest stress value than that 
of PBT/G-P nanocomposites, showing an extensive defor-
mation with a yield strength region. For PBT/G-P nanocom-
posites, the mechanical performance strongly depends 
on the content of nanofillers [41]. With the loading of 

Table 3  Isothermal crystallization parameters for PBT and PBT/G-P 
nanocomposites

*K is the crystallization rate constant; n is the Avrami exponent; t1/2 
is the half-time to reach 50% crystallinity; Xc is the crystallinity

Samples n K t1/2/s Xc/%

PBT 2.7 3.6 26.3 28.9
PBT/G-P-0.5 1.8 11.0 15.0 30.9
PBT/G-P-1.5 1.6 14.9 12.9 32.7
PBT/G-P-3.0 1.9 3.9 18.1 29.7
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with the different contents of G-P nanofillers
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G-P nanofillers increasing from 0.1 to 1.5 wt%, the yield 
stress increases accompanied by a decreased yield strain. 
At 1.5  wt% G-P nanofillers, the yield strength reaches 
the maximum one among PBT/G-P-m nanocomposites. 
The high yield strength of PBT nanocomposites is origi-
nated from the incorporated G-P nanofillers, increasing 
the interfacial stress-transfer process of PBT matrix. In the 
meantime, the grafted PEGMA chains onto GO surface also 
promote the interfacial compatibility between PBT and GO 
flakes, contributing an increase in the yield strength of 
PBT matrix. However, further increasing G-P nanofillers to 
3.0 wt%, the yield strength decreases, which is also higher 
than that of neat PBT. This indicates that the overloaded 
nanofillers present an aggregated behavior, and then, the 
dispersion into PBT matrix is greatly decreased.

To give an understanding of the interfacial interaction 
between nanofillers and PBT matrix, a comparison for 
the tensile strength and modulus is presented in Fig. 6. 
Clearly, neat PBT gives a lower tensile strength (13.5 MPa) 
and modulus (378 MPa) as compared with PBT/G-P and 
PBT/GO nanocomposites. From the compared results, 
tensile strength and tensile modulus exhibit an increased 
tendency with the incorporated amount of G-P and GO 
nanofillers. And, at the low contents, this enhancement is 
very sensitive, and a quick increase is found below 0.5 wt% 
regardless of the type of nanofillers. Interestingly, PBT/
GO nanocomposites give a tensile modulus (609 MPa) 
and strength (17.2 MPa) at 0.5 wt% GO; however, PBT/G-P 
nanocomposites reach to 626 MPa (tensile modulus) and 
17.4 MPa (tensile strength), respectively. Slightly improved 
tensile properties are seen for PBT/G-P nanocomposites 
when the G-P nanofillers grafted by PEGMA chains are 
incorporated as compared with GO nanofillers. This further 
demonstrates that the interfacial compatibility gets strong 
after the GO surface is modified. Accordingly, further up 

increasing GO contents to 1.5 wt%, PBT/GO nanocom-
posites give a decreased tensile strength (13.7 MPa) and 
modulus (468 MPa). On the contrary, PBT/G-P nanocom-
posites reach the maximum (820 MPa for modulus and 
21.2 MPa for strength) at 1.5 wt% G-P nanofillers. Such a 
comparison demonstrates that the surface-modified GO 
by PEGMA chains is beneficial to enhance the mechanical 
properties of PBT matrix. And, the incorporated amount 
for the surface-modified GO is far above the untreated 
one because of the enhanced compatibility with PBT 
matrix [23, 42]. However, when the content of G-P nano-
fillers increases to 3.0 wt%, tensile strength and modulus 
decrease to 18.4 MPa and 601 MPa, respectively. This could 
be attributed to the overloaded G-P nanofillers, leading 
to an aggregation in PBT matrix. Although the decreased 
mechanical properties at high content of G-P nanofillers 
are demonstrated in Fig. 5, the enhanced amplitude of 
tensile strength and modulus is much higher than that 
of neat PBT and PBT/GO nanocomposites. This illustrates 
that the compatibility and the interfacial interaction are 
helpful to promote the stress transfer from the nanofill-
ers to the matrix [43, 44]. Therefore, this enhanced per-
formance for PBT/G-P nanocomposites also supports the 
nucleation behavior of G-P nanofillers, as illustrated in 
Fig. 4 and Table 3. The enhanced crystallization behav-
ior of PBT matrix contributes the stress-transfer process 
in light of the increased heterogeneous nucleation sites 
and the thickened interfacial layers influenced from the 
G-P nanofillers [8]. Although the overloaded G-P nanofill-
ers (3.0 wt%) provide much more nucleation sites to PBT 
matrix, they exhibit an aggregated phenomenon, which 
results in a decreased tensile property. Given that the 
nucleation density is beyond a critical concentration, the 
structural unity and the chain rearrangement of PBT nano-
composites are destroyed, and then, the enhanced tensile 
properties are prohibited [7]. So, the nucleation density of 
PBT matrix originated from G-P nanofillers demonstrates 
an important influence on the mechanical properties of 
nanocomposites.

Table 4 summarizes the varied tensile modulus and 
strength for PBT nanocomposites with different nanofill-
ers. From the presented results, it can be seen that the 
incorporated nanofillers show an enhanced mechanical 
property for PBT matrix. And, the increased tensile modu-
lus and strength is highly depended upon the nanofillers’ 
contents, as compared with neat PBT. Interestingly, for 
the untreated nanofillers, a smaller increment in tensile 
modulus and strength is indicated under a higher loading 
of CNT-based nanofillers [7]. Moreover, the high content 
of CNT-based nanofillers inevitable blocks the formation 
of stress-transfer network for PBT matrix. After introducing 
the surface-modified CNT nanofillers (PBT-g-MWCNT), the 
higher tensile modulus and strength than the untreated 
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one is demonstrated [42]. This explains that the surface-
functionalized nanofillers bring an enhanced interfacial 
transfer behavior. And, our present results also support 
this finding. Note that, the PEGMA-modified GO (G-P) 
nanofillers give an obvious increment in tensile modulus 
and strength against the pristine GO, and the maximum 
loadings for these two nanofillers are different because of 
their varied dispersion ability in PBT matrix. In addition, 
CNT- and GO-based nanofillers show the different influ-
ence on the mechanical properties of PBT matrix, and this 
influence from the morphology and the aspect ratio need 
to be analyzed including the interfacial state, the disper-
sion and the compatibility, as well as the orientation for 
nanofillers.

Figure 7 gives the compared elongation at break of PBT 
nanocomposites under the influence of GO and G-P nano-
fillers. Clearly, the influence of GO and G-P nanofillers is dif-
ferent for PBT nanocomposites. Both PBT/GO and PBT/G-P 
nanocomposites give the smallest elongation at break at 
the maximum tensile modulus and strength. This indicates 
that the incorporated nanofillers decrease the ductility 
of PBT matrix and increase the matrix stiffness [20]. The 

elongation at break for PBT shows first a decrement with 
the content increasing to 0.5 and 1.5 wt% for GO and G-P 
nanofillers, respectively, and then continues to increase 
beyond this concentration. Such an increased elongation 
indicates that the interfacial compatibility and dispersion 
of nanofillers in PBT matrix decreases, resulting in a limited 
stress-transfer network. Note that, the incorporated G-P 
nanofillers offer an increased mechanical property, but 
the ductility shows a decrement, as compared with GO 
nanofillers. Therefore, the balance between stiffness and 
ductility should be considered, and an optimal content 
is important for the formation of interfacial layer and the 
stress-transfer network.

3.4  Morphology of PBT/G‑P nanocomposites

The good dispersion of nanofillers into polymer matrix is 
important to realize high-performance nanocomposites 
[45, 46]. Figure 8 illustrates the morphology of PBT/G-P-m 
nanocomposites with different contents of G-P nanofill-
ers. A uniform and smooth fracture is found for neat PBT, 
while for PBT/G-P nanocomposites, a rough and wrinkled 
image can be seen. With the G-P nanofillers increasing, 
the roughness of fracture shows more and more obvious, 
and some aggregated nanofillers are found. Note that, no 
aggregation appears when the 1.5 wt% G-P nanofillers are 
introduced. This demonstrates that the surface-modified 
GO nanofillers effectively improve the interfacial compat-
ibility with PBT matrix [47]. And so, the dispersion is greatly 
enhanced due to the interaction between the PEGMA 
chain and PBT matrix. Further increasing G-P nanofillers 
to 3 wt%, an obvious aggregated state is shown, and then, 
the dispersion decreases. Such a varied morphology also 
supports the findings of mechanical properties of PBT/G-P 
nanocomposites. That is to say, the incorporated nanofill-
ers into PBT matrix exist a critical content, and the stress-
transfer network composed of G-P nanofillers and PBT 
matrix shows good advantage over the neat one. Thus, the 
chain entanglement between PEGMA and PBT promotes 
the nucleation, crystallization behavior and the mechani-
cal properties based on the good dispersion and interfacial 
interaction. The present study preliminary demonstrates 

Table 4  Compared tensile 
modulus and strength for PBT 
nanocomposites influenced by 
the varied nanofillers

Nanofillers Increased tensile 
modulus, %

Increased tensile 
strength, %

Method Reference

1.0 wt% oSWCNT 14 29 In situ polymerization [6]
2.0 wt% CNT 22 35 Melt blending [7]
3.0 wt% MWCNT 38 25 [42]
3.0 wt% PBT-g-MWCNT 46 42
0.5 wt% GO 61 28 Solution blending This work
1.5 wt% G-P 117 58
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that the enhanced interfacial layer and nucleation behav-
ior is helpful to PBT nanocomposites offering an increased 
mechanical performance.

4  Conclusion

In this paper, a series of PBT/G-P nanocomposites with 
varied contents of G-P nanofillers, prepared from the 
surface-initiated polymerization of polyethylene glycol 
methacrylate onto GO surface under the catalysis of ceric 
ammonium nitrate, are fabricated through a solution-
blending technique. The incorporated G-P nanofillers 

induce the enhanced nucleation sites and crystallinity 
for PBT matrix based on their heterogeneous nucleation 
role. The interfacial interaction between G-P nanofillers 
and PBT matrix contributes a good dispersion, and the 
enhanced mechanical properties are originated from the 
formed stress-transfer network. At 1.5 wt% loading, PBT/G-
P nanocomposites give a maximum mechanical property, 
followed by 58% and 117% increase in the tensile strength 
and modulus, respectively, as compared with neat one. 
Good dispersion and strong interfacial interaction from 
G-P nanofillers and PBT matrix are important for the prep-
aration of high-performance nanocomposites. There-
fore, the present study demonstrates that the enhanced 

Fig. 8  SEM images of PBT/G-
P-m nanocomposites with 
various G-P contents. a PBT, b 
0.1, c 0.5, d 1.0, e 1.5, f 2.0, g 
3.0 wt%
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interfacial layer and nucleation behavior is helpful to 
PBT nanocomposites showing an increased mechanical 
performance.
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