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In this work, we creatively obtained reinforced and toughened PC/PMMA/GNs composites by tuning the

migration and selective location of graphene nanosheets (GNs) during melt blending. TEM results

revealed that the migration of GNs in PC/PMMA blends during melt blending always existed no matter

how the GNs were introduced, and most of them exclusively localized at the interface of PC and PMMA

phase due to interfacial effects. The migration of GNs could refine the size of the dispersed phase, and

the exclusive localization of GNs at the interface show obvious interfacial compatibilizing effects, leading

to improved mechanical properties of the composites. It was found that the composite prepared by

one-step compounding showed significant enhanced strength and toughness with addition of mere

0.05 wt% GNs and the tensile strength and elongation of the composite increased by about 62.96% and

94.54%, respectively as compared to the PC/PMMA blends. Moreover, the composite prepared by one-

step compounding also showed improved thermal conductivity at the same time, indicating excellent

comprehensive properties. It is believed that tuning the migration and selective localization of GNs open

perspectives for the development of high-performance polymer composites.
1 Introduction

The migration and selective location of layered nanoparticles in
polymer blends during melt blending have been widely studied
in recent two decades as they offer opportunities to obtain
materials with excellent properties.1–6 In general, layered
nanoparticles could selectively distribute in dispersed phase,
matrix phase or an interface of polymer blends under proper
thermodynamic and kinetic factors;2 this selective distribution
determine the ultimate properties of blends by affecting the
microstructure. If the distribution of layered nanoparticles can
be tuned in a controlled manner, a polymer blend with tailored
performance can be prepared.6,7 In fact, the controlled prepa-
ration of locally distributed layered nanoparticle/polymer
composites with tailored properties is always one of the ambi-
tions that researchers focus on.

Graphene nanosheets (GNs) have been one of the most
widely concerned layered nanoparticles in recent years due to
their excellent electrical, thermal, mechanical properties and
large aspect ratios.8–10 Similarly, GNs also show migration and
selective location during melting process, and this selective
distribution shows signicant effect on the nal properties of
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the blend. Sharif et al. showed that PE/HIPS/GO composites
exhibit remarkably enhanced strength because GO nanosheets
localize at the interface of the blend and minimize the interfa-
cial tension of PE and HIPS.11 Zhu et al. also found that the
thermal conductivity of polymer blends could be greatly
enhanced when GNs are trapped at the interface of the blend,
and the blend achieved an extremely low thermal percolation
threshold.5,12 Differently, Ray et al.3 reported that enhanced
mechanical and thermal properties of biodegradable polylac-
tide/poly(3-caprolactone) (PLA/PCL) blends could also be ach-
ieved by selectively distributing functionalized GNs in the
dispersion PCL phase, as the functionalized GNs improve the
crystallization property of PCL. Obviously, still there is no
consistent cognition regarding the effect of selective distribu-
tion of GNs on the performance of the polymer blend. In fact,
the migration and selective location of layered nanoparticles
during the melting process and its effect on microstructure and
nal property of the polymer blend are very complicated,
dependent on the specic thermodynamic and kinetic condi-
tions such as components, surface property of the nano-
particles, melt-compounding sequences and mixing times of
the polymer blend, and shear rates.4,11,12 Despite the above-
mentioned attempts, the migration mechanism and effect of
selective location of GNs on the property of polymer blends are
still insufficient, which need to be supplemented and summa-
rized. Therefore, numerous further specic studies are still
needed.
RSC Adv., 2020, 10, 28527–28535 | 28527

http://crossmark.crossref.org/dialog/?doi=10.1039/d0ra04790b&domain=pdf&date_stamp=2020-08-01
http://orcid.org/0000-0001-8992-9809
http://orcid.org/0000-0003-4241-807X
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0ra04790b
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA010048


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
A

ug
us

t 2
02

0.
 D

ow
nl

oa
de

d 
on

 2
/1

3/
20

26
 4

:5
2:

16
 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 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
In addition, it is known from the above analysis that most of
the current studies focus on the effect of selective location of
GNs on electrical and thermal properties, and few research
studies report the fabrication of reinforced and toughened
polymer blends by selective location of GNs. In this study, we
amazingly found that a reinforced and toughened
polycarbonate/polymethyl methacrylate (PC/PMMA) blends
could be prepared by selectively localizing GNs in the interface
of the blends. The PC/PMMA blends was taken as the research
object because the blend is of interest in the eld of 5 G
communication equipment due to good thermal stability,
scratch resistance and toughness. Three different blending
sequences were employed to tune the migration and distribu-
tion of GNs, and our effort focuses on studying the effect of
distribution of GNs on their mechanical and heat-conducting
properties and the relevant mechanism. It is believed that this
study should provide a method for fabricating a tailored
mechanical and heat-conducting performance polymer blend
by tuning the selective location of layered nanoparticles on an
industrial scale.
2 Experimental materials and
procedures
2.1 Materials

PC (PC-122) with a density of 1.2 g cm�3 and a melt ow rate of
22 g/10 min was purchased from Taiwan Qimei Chemical Co.
Ltd. PMMA (PMMA-v040) with a density of 1.19 g cm�3 and
a melt ow rate of 16 g/10 min was purchased from French
Akoma Chemical Co. Ltd. GNs with a diameter of 1 mm�3 and
a sheet number of 3–5 layers were purchased from Qingdao
Huagaomolene Technology Co. Ltd.
2.2 Sample preparation

Before the melting process, PC and PMMA were respectively
dried at 120 �C for 10 h and 80 �C for 10 h, and GNs were dried at
50 �C for 10 h to reduce the moisture-induced thermal degra-
dation during compounding. Then, three different blending
sequences were employed to prepare PC/PMMA/GNs (70/30/
0.05) composites: a one-step compounding sequence that all
of the components were melt-blended in one processing, and
two-step compounding sequence that pre-mixed PC/GNs or pre-
mixed PMMA/GNs were rst prepared and then were respec-
tively blended with PMMA or PC in a second step. In the one-
step compounding sequence, PC, PMMA and GNs were melt-
blended together using a twin-screw co-rotating extruder
(LHFD1-130718, Lab Tech Engineering Company Ltd.) with
a temperature program of 240 �C, 245 �C, 250 �C, and 245 �C,
and a screw speed of 200 rpm. In the two-step compounding
sequence by two-step compounding sequence with pre-mixed
PC/GNs, PC and GNs were rst melt-blended together using
an extruder, then the prepared PC/GNs pellets were melt-
blended with PMMA using the extruder in a second step with
the above-mentioned temperature program and screw speed.
Similarly, in the two-step compounding sequence by two-step
compounding sequence with pre-mixed PMMA/GNs, PMMA
28528 | RSC Adv., 2020, 10, 28527–28535
and GNs were rst melt-blended together using an extruder,
then the prepared PMMA/GNs pellets were melt-blended with
PC using the extruder in a second step with the above-
mentioned temperature program and screw speed. In compar-
ison, PC/PMMA (70/30) blends pellets were also prepared using
an extruder in one-step processing with the above-mentioned
temperature program and screw speed. Then the blend and
composites were all injection-molded (SZS-20, Wuhan Ruiming
Experimental Instrument Co., Ltd., China) into standard
dumbbell-shaped mechanical splines for morphological
observation and characterization. The injection temperature
and injection pressure were 250 �C and 0.51 MPa respectively;
the closing time, rst injection time and second injection time
were 3 s, 3 s and 9 s respectively.
2.3 Characterization

A transmission electron microscope (JEM-200 CX, JEOL, Japan)
was employed to study the distribution of GNs in the PC/PMMA
blends and the phase morphology of the prepared samples at an
accelerating voltage of 120 kV. Ultrathin sections with a thickness
of 60–80 nm are cut from Izod bars perpendicular to the ow
direction under cryogenic conditions using a LKB-5 microtome
(LKB Co, Switzerland), and PC phase was dyed with RuO4.

A scanning electron microscope (FEI Instrument-QUANTU
250 FEG) was used to observe the phase morphology of the
prepared samples at an accelerating voltage of 10 kV. The
observed samples were placed in liquid nitrogen for 3 h and
were brittle-fractured quickly; then, the PMMA dispersed phase
on the fractured surface was etched with formic acid at 50 �C for
1 h and the sample surface was repeatedly washed 4–5 times
with deionized water and then ultrasonicated in an ethanol
solution for 10min. Finally, the observed samples were vacuum-
dried at 50 �C for 12 h and the etched surface of the specimens
was gold sputtered for observation.

To quantitatively analyze the morphology of the fractured
surface of the sample, the number-average domain diameters
(Dn) were obtained using the following equation:

Dn ¼
XDi

N
(1)

where N is the total number of dispersed domains and Di is the
particle diameter of a domain. More than 100 particles were
analyzed for the accuracy of statistical samplings using the
Nano Measurer soware (Image-Pro, Media Cybernetics Inc.).

Contact angles between PC or PMMA or GNs and H2O were
measured using a contact angle tester (DSA25, Germany Klux
Company) at room temperature, and the contact angles between
PC, PMMA, GNs and diiodomethane solution were measured
under the same conditions. Based on the contact angle data
obtained from the test, the surface tension of the polymers was
calculated using Young's equation:

gSL + gLV cos q ¼ gSV (2)

where gSL, gLV, and gSV represent the interfacial energy of the
solid/liquid, liquid/air, and solid/air interface respectively, and
q is the contact angle between the liquid and the solid surface.
This journal is © The Royal Society of Chemistry 2020
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Fig. 1 TEM micrographs of composites prepared by different melt
blending sequences: (a) and (a1) PC/PMMA/GNs by two-step com-
pounding with pre-mixed PMMA/GNs, (b) and (b1) PC/PMMA/GNs by
two-step compounding with pre-mixed PC/GNs, (c) and (c1) PC/
PMMA/GNs by one-step compounding.
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Rheological properties of PC, PMMA, PC/GNs, PMMA/GNs
and the composites prepared by different sequences were
tested using a MARS rheometer (ARES, TA Instrument, New
Castle, DE, USA) at 250 �C with parallel plates 25.4 mm in
diameter. The frequency sweep range is 0.01–100 Hz, and the
xed strain is 1%.

The thermal conductivity of PC/PMMA blends and the PC/
PMMA/GNs composites prepared by different sequences were
tested using laser scattering thermal conductivity analyzer
(LFA467, Geranys Natch Company). Preparation of the thermal
conductivity test sample: the injection molded sample is
pressed into a disc with a thickness of 1.2–1.3 mm and
a diameter of 25.4 mm using a at vulcanizer at 250 �C, and the
test temperature is 25 �C.

Tensile tests of PC/PMMA blends and the composites
prepared by different sequences were performed in a universal
Table 1 Surface energy data of materials

Material

Surface tension at 25 �C (mJ m�2)
Temper
(mJ m�g gd gp

PC 47.48 47.3 0.18 0.04a

PMMA 50.11 49.9 0.21 0.077b

GNs 48.07 46.21 1.86 0c

a Value for PC reported in ref. 14. b Value for PMMA reported in ref. 13. c

This journal is © The Royal Society of Chemistry 2020
testing machine (CMT6104, Meters Industrial (China) Co., Ltd.)
according to ISO 178 standard with a tensile rate of 5 mmmin�1

and a clamp spacing of 58 mm. For each specimen, the data
reported was the average of ve specimens.

The samples were characterized by Raman spectroscopy
(Renishaw). The Raman spectrometer uses 50 times lens, the
excitation wavelength is 532 nm, the laser power is 1%, and the
exposure time is 10 s.

The samples were characterized using an X-ray diffractom-
eter (X'Pert PRO). The X-ray diffraction patterns were recorded
using an X-ray power diffractometer with Cu Ka radiation
(0.15406 nm) operating at a voltage of 45 kV and a current of 40
mA. Scans were performed over a 2q range between 5� and 90� at
a scan rate of 1� min�1.
3 Results and discussions
3.1 Migration and distribution of GNs in PC/PMMA blends

Fig. 1 shows the TEMmicrographs of PC/PMMA/GNs composites
prepared by different blending sequences. As shown in Fig. 1, the
PMMA dispersion phase and the PC matrix phase can be
distinguished easily and PC and PMMA showed the typical sea-
island morphology. From the TEM micrographs of composites
prepared by two-step compounding with pre-mixed PMMA/GNs
and PC/GNs (Fig. 1(a), (a1), (b) and (b1)), it is amazing to see
that most GNs (dark line or platelets) localized in the interface of
the PC/PMMA blends, signifying the migration of GNs from the
PMMA phase to the interface or from the PC phase to the inter-
face during melt blending. While for the composite prepared by
one-step compounding (as seen in Fig. 1(c) and (c1)), majority of
GNs (dark line or platelets) distributed in the interface of the PC/
PMMA blends and slight GNs distributed in the PC phase, indi-
cating that GNs also migrate during the melting process. Based
on TEM observations, it is realized that the migration of GNs
always existed in PC/PMMA/GNs composites during melt
blending no matter how the GNs were introduced.

To study the migration mechanism of GNs, the wetting
coefficient (ua) was employed to predict the selective distribu-
tion of GNs in PC/PMMA blends. It can be calculated using eqn
(3):7

ua ¼ gGNs�PC � gGNs�PMMA

gPC�PMMA

(3)

where gGNs–PC, gGNs–PMMA, and gPC–PMMA are the interfacial
tension between GNs and PC components, between GNs and
ature coefficient �dg/dT
2 �C)

Surface tension at 250 �C (mJ m�2)

g gd gp

38.48 38.33 0.15
32.79 32.65 0.14
48.07 46.21 1.86

Value for GNs reported in ref. 15.

RSC Adv., 2020, 10, 28527–28535 | 28529
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Table 2 Interfacial tensions and wetting coefficients according to the harmonic mean equation

Material

Interfacial tension (mJ m�2) Wetting coefficient, ua

GNs location predictionHarmonic mean equation Harmonic mean equation

GNs–PC 2.189 �3.565 PC
GNs–PMMA 3.811
PC–PMMA 0.455
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PMMA components, and between PC and PMMA components.
If ua > 1, GNs are preferentially localized in the PMMA phase. If
ua <�1, GNs are preferentially localized in the PC phase. If�1 <
ua < 1, GNs are localized in the interface of PC and PMMA.

The interfacial tensions among GNs and polymers were
calculated using a harmonic-mean equation as the equation is
more suitable to the interfacial energy between low-energy
materials, such as polymers, organic liquids, and water,13 and
the ultimate interfacial tensions calculated by surface tensions
of the components (as shown in Table 1) are summarized in
Table 2.13–15 Based on the interfacial tensions, ua was calculated
according to eqn (3) and the result is �3.565 in this study,
implying that GNs are preferentially localized in the phase of PC
as ua < �1, demonstrating that the migration of GNs during
melt blending was attributed to the thermodynamic reason of
interfacial effects.
Fig. 2 SEM images of composites etched by glacial formic acid. (a) and
(a1) PC/PMMA blends; (b) and (b1) PC/PMMA/GNs by two-step com-
pounding with pre-mixed PMMA/GNs; (c) and (c1) PC/PMMA/GNs by
two-step compounding with pre-mixed PC/GNs; (d) and (d1) PC/
PMMA/GNs by one-step compounding.

28530 | RSC Adv., 2020, 10, 28527–28535
3.2 Effect of migration and selective distribution of GNs on
the phase morphology of composites

It is known that migration and selective distribution of layered
nanoparticles showed great effects on the phase morphology of
polymer composites. Fig. 2 exhibits the SEM micrographs and
particle size distribution curve of PC/PMMA blends and PC/
PMMA/GNs composites prepared by different sequences. As
expected, all of the prepared samples showed the typical sea-
island morphology (shown in Fig. 2(a)–(d)), where the hole
domains indicate the PMMA dispersed phase extracted by for-
mic acid.

As seen that the average particle size is quite different for
different composites (see in Fig. 2(a1), (b1), (c1) and (d1)), it is
calculated using the image analyzing soware that the number-
average diameter of dispersion phase was respectively 0.33 mm
for PC/PMMA blends, 0.23 mm for the composite prepared by
two-step compounding sequence with pre-mixed PMMA/GNs,
0.2 mm for the composite prepared by two-step compounding
sequence with pre-mixed PC/GNs, and 0.12 mm for the
composite prepared by one-step compounding sequence, indi-
cating that the migration and selective distribution of GNs in
the interface of PC and PMMA during the melting process
showed great effects on the size of the dispersed phase.

It is known from the TEM results that GNs always selectively
distributed at the interface of PC and PMMA, which could play
a role as compatibilizer to reduce the size of dispersed
phase.16,17 Therefore, the dispersed phase size of all of the
composites was smaller than that of the PC/PMMA blends. In
addition, according to previous studies, the ultimate domain
Fig. 3 Logarithmic plot of complex viscosity (h*) of polymers and
composites versus the angular frequency at 250 �C.

This journal is © The Royal Society of Chemistry 2020
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size of immiscible blends is determined by the balance between
two opposing factors: droplet breakup and coalescence, which
are greatly inuenced by the phase separation of the polymer
melt and the viscosity of matrix and dispersed phase.18,19 For the
composite prepared by two-step compounding sequence with
pre-mixed PMMA/GNs, although migration of GNs from the
PMMA dispersed phase to the interface of PC and PMMA during
melt blending could form a special “knife-like” effect to cut the
dispersed phase melt apart to rene the dispersed phase size,20

the increased viscosity of PMMA with addition of GNs could
balance the effect, while for the composite prepared by two-step
compounding sequence with pre-mixed PC/GNs, because
addition of GNs could greatly increase the melt viscosity of PC
matrix phase (see in Fig. 3), preventing the coalescence of
Fig. 4 (a) Tensile strength, (b) elongation at break, (c) stress–strain
curve of PC/PMMA blends and PC/PMMA/GNs composites prepared
by different sequences.

This journal is © The Royal Society of Chemistry 2020
dispersed phase and reducing the dispersed phase size, the
dispersed phase size of the composite prepared by two-step
compounding sequence with pre-mixed PC/GNs was smaller
than that of the composite prepared by two-step compounding
sequence with pre-mixed PMMA/GNs. For the composite
prepared by one-step compounding sequence, on the one hand,
migration of GNs during the melt process could rene the
dispersed phase, and, on the other hand, the GNs localized in
the PC matrix phase could increase their melt viscosity to
prevent the coalescence of the dispersed phase. The two reasons
led to the smallest dispersed phase size of the composite
prepared by one-step compounding sequence.
3.3 Mechanical properties of PC/PMMA/GNs composites

Fig. 4 shows the tensile strength, elongation at break and
stress–strain curve of the PC/PMMA blends and the PC/PMMA/
GNs composites prepared by different blending sequences.
Obviously, addition of GNs could increase the tensile strength
and elongation of the blend, and the composite prepared by
two-step compounding sequence with pre-mixed PC/GNs
showed better tensile strength and elongation than that of the
composite prepared by two-step compounding sequence with
pre-mixed PMMA/GNs. It is noteworthy that the composite
prepared by one-step compounding showed signicantly
enhanced strength and toughness, as shown in Fig. 4. Amaz-
ingly, the tensile strength and elongation of the composite were
respectively increased by about 62.96% and 94.54% with only
0.05 wt% GNs addition, as compared to the PC/PMMA blends,
signifying that the blending sequence of the composites and its
effect on the migration and selective localization of nano-
particles showed great effects on the nal properties of the
composites.

It is known that the ultimate performance of nanoparticle/
polymer ternary composites was determined by the dispersion
of the nanoparticle and its interactions with polymers as well as
the phasemorphology and compatibility of the composites.20 To
Fig. 5 Raman spectrum of GNs, PC/PMMA blends and PC/PMMA/GNs
composites prepared by different sequences.

RSC Adv., 2020, 10, 28527–28535 | 28531
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evaluate the interactions between GNs and polymer composites,
the Raman test was carried out. Fig. 5 shows the Raman spec-
trum of GNs, PC/PMMA blends, and PC/PMMA/GNs compos-
ites, and the results are summarized in Table 3. Obviously, the D
and G bands of neat GNs appeared at about 1355 cm�1 and
1588 cm�1, and the ratio of ID/IG was about 0.51. However, in the
composite systems, the D and G bands of GNs were shied and
the ratio of ID/IG was decreased (as shown in Table 3), which
means that there is a strong interaction between GNs and
polymers,21 which was attributed to the improved mechanical
property of the PC/PMMA/GNs composites relative to that of the
PC/PMMA blends. Moreover, it is seen that the deviation degree
of D and G bands in the composites prepared by two-step
compounding sequence with pre-mixed PC/GNs and by one-
step compounding sequence was relatively prominent (as
shown in Table 3), implying that the interaction between GNs
and polymers was stronger than that of composites prepared by
two-step compounding sequence with pre-mixed PMMA/GNs.
As a result, the tensile strength of the composites prepared by
two-step compounding sequence with pre-mixed PC/GNs and by
one-step compounding sequence was better than that of
composites prepared by two-step compounding sequence with
pre-mixed PMMA/GNs. Moreover, the strong interaction
between GNs and polymers means that more GNs might rear-
range and orient during the stretch process in the composites
prepared by two-step compounding sequence with pre-mixed
PC/GNs and by one-step compounding sequence due to the
strong interaction,22 which could dissipate much energy and
prevent crack growth. Therefore, the toughness of the
composites prepared by two-step compounding sequence with
pre-mixed PC/GNs and one-step compounding sequence was
also better than that of composites prepared by two-step com-
pounding sequence with pre-mixed PMMA/GNs.

However, it is known from the SEM and TEM results that GNs
are always selectively distributed on the interface of PC and
PMMA during the melting process, which could enhance the
compatibility of the matrix and dispersed phases, making the
PMMA dispersed phase deform along the direction of external
tensile stress during stretching to dissipate energy.17 Further-
more, it is seen that the dispersed phase size of composites
prepared by two-step compounding sequence with pre-mixed PC/
GNs and one-step compounding sequence was relatively small;
this small dispersed phase implied that there were more stress
Table 3 The corresponding D band, G band and ID/IG value of the
material in Raman spectrum

Material
D
band, cm�1

G
band, cm�1

ID/
IG

GNs 1355.91 1588.02 0.51
PC/PMMA/GNs (two-step with pre-mixed
PMMA/GN)

1358.69 1601.52 0.15

PC/PMMA/GNs (two-step with pre-mixed
PC/GNs)

1376.79 1601.64 0.07

PC/PMMA/GNs (one-step) 1373.20 1601.33 0.14

28532 | RSC Adv., 2020, 10, 28527–28535
concentration points to dissipate energy in the system,23,24 which
was another explanation for the relatively better mechanical
property of composites prepared by two-step compounding
sequence with pre-mixed PC/GNs and one-step compounding
sequence. However, the unexpected enhanced tensile strength
and elongation of the composite prepared by one-step com-
pounding suggested that some other factors also affected the
mechanical properties of the composite. Therefore, the rheolog-
ical test was employed to characterize the structure of the
composites. Fig. 6 exhibits the storage modulus of the PC/PMMA
blends and PC/PMMA/GNs composites prepared by different
sequences versus frequency at 250 �C. As shown from Fig. 6(a)
that the terminal rheological behavior of the low-frequency
region of PC/PMMA/GNs composites prepared by one-step com-
pounding was slightly different from that of other composites,
and the slope value was deviated from the linear viscoelastic
theory, suggesting that some GNs network structures were
formed in the composite. In addition, the relatively larger shear
dilution index calculated from the curve of lg h* versus lg u

indicated that dispersion of GNs in the composite was also better
than that of others (as shown in Fig. 6(b)).25 The well dispersion
and certain degree network structure could greatly enhance the
tensile strength of the composite prepared by one-step
Fig. 6 (a) Logarithmic plot of diagonal frequency of storage modulus
(G0) of PC/PMMA blends and PC/PMMA/GNs composites prepared by
different sequences at 250 �C. (b) Logarithmic plot of complex
viscosity (h*) and diagonal frequency of PC/PMMA blends and PC/
PMMA/GNs composites prepared by different sequences.

This journal is © The Royal Society of Chemistry 2020
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Fig. 7 Schematic of the strengthening and toughening mechanism of the PC/PMMA/GNs composite prepared by one-step compounding.
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compounding. Meanwhile, good dispersion of GNs implied that
there were more stress concentration points to dissipate energy
and prevent crack growth, which could also signicantly enhance
the toughness of the composite. In conclusion, the relative strong
interaction between GNs and polymers and the small dispersed
phase size as well as the certain degree network structure and the
better dispersion of GNs led to the unexpectedly reinforced and
toughened property of the composite prepared by one-step
compounding. Based on the above-mentioned analysis,
strengthening and toughening mechanism were revealed and
illustrated by the schematic drawing of Fig. 7.
3.4 Thermal conductivity of PC/PMMA/GNs composites

Fig. 8 shows the thermal conductivity of PC/PMMA/GNs
composites prepared by different sequences. As expected, the
addition of GNs could increase the thermal conductivity of the
composites. However, unexpectedly, the composite prepared by
two-step compounding sequence with pre-mixed PMMA/GNs
showed the best thermal conductivity followed by the
composite prepared by one-step compounding, which was quite
different from the results of mechanical property. It is seen that
the thermal conductivity of the composite prepared by two-step
Fig. 8 Thermal conductivity of PC/PMMA blends and PC/PMMA/GNs
composites prepared by different sequences.

This journal is © The Royal Society of Chemistry 2020
compounding sequence with pre-mixed PMMA/GNs and one-
step compounding was respectively increased by about 23.5%
and 19.4% compared to that of the PC/PMMA blends with the
addition of only 0.05 wt% GNs. According to previous
studies,5,26,27 the thermal conductivity of nanoparticle/polymer
composites was mainly determined by the crystalline degree
of the composite and heat conduction channel constructed by
the nanoparticles. To gain an in-depth understanding of the
results of thermal conductivity, WAXD was employed to study
the crystalline degree of the composite. As shown in Fig. 9, the
crystalline degree of the composites was similar, signifying that
its thermal conductivity primarily depends on the heat
conduction network structure constructed by GNs.

According to TEM micrographs, irrespective of the blending
sequence, some GNs will be distributed on the interface
between PC and PMMA. According to the value ofua, for the pre-
blended components of GNs and PMMA, GNs will migrate from
PMMA to PC, and some GNs will be distributed on the interface
between PC and PMMA during migration. Therefore, the
composite prepared by pre-blending GNs and PMMA has more
GNs distributed on its interface, forming a more perfect heat
conduction path, and its heat conduction performance is also
the best. However, in the composite prepared by one-step
compounding, only part of GNs were distributed on the
Fig. 9 WAXD spectra of composite materials.
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interface of PC and PMMA to form the heat conduction channel,
as GNs were preferentially localized in the PC phase. Similarly,
it is deduced that only a few GNs localized on the interface of PC
and PMMA to form the heat conduction channel in the
composite prepared by two-step compounding sequence with
pre-mixed PC/GNs. Therefore, it is accepted that the composite
prepared by two-step compounding sequence with pre-mixed
PMMA/GNs showed the best thermal conductivity, and the
composite prepared by one-step compounding showed rela-
tively better comprehensive performance.
4 Conclusion

In this study, three different blending sequences were employed
to tune the migration and selective localization of GNs, and the
effects of the migration and selective localization of GNs on the
structure and performance of PC/PMMA blends were studied.
The TEM results indicated that the migration of GNs always
existed in PC/PMMA blends during melt blending no matter
how the GNs were introduced, and part of GNs were exclusively
distributed at the interface of PC and PMMA phases due to
interfacial effects. Themechanical property study indicated that
the migration and selective localization of GNs could greatly
improve the comprehensive mechanical properties of the
composites, and the composite prepared by one-step com-
pounding showed signicantly enhanced strength and tough-
ness with the addition of only 0.05 wt% GNs. In comparison to
the PC/PMMA blends, the tensile strength and elongation of the
composite were respectively increased by about 62.96% and
94.54%. It was demonstrated that the reinforcing and tough-
ening mechanism were attributed to the relative strong inter-
action between GNs and polymers, and the relatively small
dispersed phase size and interfacial compatibilizing effect
caused by the migration and selective localization of GNs as well
as the well dispersion and certain degree network structure of
GNs in PC matrix phase. The schematic of strengthened and
toughened mechanism can be inferred from the above analysis.
Furthermore, the composite prepared by one-step compound-
ing also showed improved thermal conductivity at the same
time. It is believed that tuning the migration and selective
localization of GNs opens up new avenues for the development
of high-performance polymer composites.
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