Polymer 68 (2015) 131-139

polymer
i

Contents lists available at ScienceDirect

Polymer

journal homepage: www.elsevier.com/locate/polymer

Effect of folded and crumpled morphologies of graphene oxide
platelets on the mechanical performances of polymer nanocomposites

@ CrossMark

Jin Shang *, Yuli Chen °, Yanguang Zhou °, Luqi Liu * ™, Guorui Wang * ¢, Xianglong Li °,
Jun Kuang ¢, Qing Liu ¢, Zhaohe Dai ¢, Hong Miao ¢, Linjie Zhi * """, Zhong Zhang * "

2 CAS Key Laboratory of Nanosystem and Hierachical Fabrication, National Center for Nanoscience and Technology, Beijing 100190, China
b Institute of Solid Mechanics, Beihang University, Beijing 100191, China

€ Department of Modern Mechanics, University of Science and Technology of China, Hefei 230026, China

d University of Chinese Academy of Science, Beijing 100049, China

ARTICLE INFO ABSTRACT

Article history:

Received 2 December 2014
Received in revised form

29 April 2015

Accepted 3 May 2015
Available online 10 May 2015

Graphene and its chemical derivate have been taken as promising candidates in composites due to their
extraordinary mechanical and physical properties. Different from conventional plate fillers, the
embedded graphene fillers exhibit various morphologies (e.g. folded, crumpled, and distorted sheets)
inside matrix because of its atomic thickness. In this work, we systematically investigated the influence
of graphene oxide (GO) morphologies on the tensile properties of poly(vinyl alcohol)-based nano-
composites at low loading contents. Confocal laser scanning microscopy, as a characterization method,
was employed to observe the morphologies of the embedded GO platelets. Tensile mechanical tests and
in situ micro-Raman spectroscopy tests indicated that GO sheets with larger aspect ratios exhibited
efficient interfacial load transfer and improved mechanical properties at ultra-low filler contents.
However, with further increased nanofiller contents, the folded and crumpled GO sheets severely
degraded the mechanical reinforcement as induced by interfacial debonding. Molecular dynamic
simulation indicated obvious stress concentrations on the wrinkle throughout entire graphene platelet
areas. Long-term creep tests confirmed the stress concentration eventually induced the decrease in creep
resistance for nanocomposite at a high applied stress levels. All these results aided in understanding the
mechanical behaviors of two-dimensional nanofiller-based nanocomposites with huge aspect ratios.

© 2015 Elsevier Ltd. All rights reserved.
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1. Introduction build up until the fiber has a strain equal to that of the matrix and

composites. Conversely, for low aspect ratios, stress in the fiber

The mechanical reinforcement of conventional composites
greatly depends on the load-bearing capability of embedded fillers
inside the matrix. Oriented fillers with fairly high aspect ratios are
crucial to substantially improving the stiffness of composites. For
high aspect ratios, the fiber is sufficiently long for tensile stress to
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cannot build up to reach a plateau value; thus, the fiber cannot
provide very efficient reinforcement because it carries considerably
less stress than longer fibers in the same system [ 1]. Compared with
conventional fiber materials, nanofillers such as one-dimensional
carbon nanotubes (CNTs), two-dimensional (2D) silicate, and gra-
phene platelets have at least 10> aspect ratios, which are conducive
to efficient mechanical reinforcement in composites. Our previous
works have demonstrated apparent mechanical reinforcement in
the modulus, strength, and toughness of CNT-based polymer
nanocomposite fibers [2—6]. Similar to the supra reinforcement of
CNTs, recently, grapheme becomes a highly promising material for
nanocomposites [7—12]. Theoretical calculation based on micro-
mechanical modeling has suggested that randomly oriented gra-
phene platelets with ~10> aspect ratio may produce
nanocomposites with higher stiffness and strength than randomly
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oriented nanotubes [13]. Experimental works have proven that
graphene platelets have significantly outperformed CNT fillers in
terms of Young's modulus, tensile strength, and fracture toughness
in composites [14,15]. However, similar to CNT-filled nano-
composites, the poor dispersion in solvents of graphene and its
weak interfacial interactions with polymer matrices greatly limit
the widespread use of graphene in composites. Nevertheless, the
chemical functionalization of graphene can improve its dis-
persibility and processability [16—24]. Functional groups bound
onto the surface of graphene oxide (GO) sheets can improve
interfacial bonding between GO and matrix, as observed for func-
tionalized CNT-based nanocomposites [2,25—27]. Thus, various GO-
incorporated water-soluble polymer nanocomposites have been
prepared, and apparent mechanical reinforcement has been ach-
ieved [27—31]. For instance, Xu et al. [27] found that the Young's
modulus and tensile yield strength of composites containing 3 wt.%
GO could reach up to 4.8 GPa and 110 + 7 MPa respectively, indi-
cating 128% and 65% improvement compared with pure matrix.
Zhao et al. investigated the influence of GO filler content on the
tensile mechanical properties of nanocomposites, and the
increasing trend was less obvious at high loading contents because
of the inevitable stacking of GO sheets [28]. Coleman et al.
compared the difference in reinforcement for graphene-based
composites with ~1000 and ~2000 aspect ratios [29]. They pre-
dicted that reinforcement would approach theoretical limit once
graphene platelets (aspect ratio = 10%) become available. However,
most works have focused on static mechanical improvement, and
only a few have paid attention to the creep of graphene and its
chemical derivate-based nanocomposites [30,31].

Both experimental studies and atomic simulation [32,33] have
confirmed the presence of ripples, wrinkles, and corrugation in
graphene sheets resulting from thermal fluctuations, structure
defects, and surface functionalization [33—35]. The presence of
wrinkles in sheets also greatly affects many intriguing physical
properties of graphene, such as thermal conductivity, carrier
mobility, and wettability [36—38]. Reports on the influence of
wrinkled and crumpled morphologies of graphene platelets on the
mechanical performance of nanocomposites are limited [39,40]. As
expected, the wrinkled nature of graphene sheets provides less
than the optimal reinforcement because of their straightening
deformation mode rather than stretching between C—C bonds
under in-plane tensile stress. However, the influences of crumpled,
wrinkled and folded graphene sheets on mechanical behaviors and
deformation modes have not yet been experimentally demon-
strated. The underlying mechanism has also not been completely
understood yet.

In the present work, GO sheets with aspect ratios of ~1.5 x 10°
and ~7.4 x 10* were used to prepare GO/poly(vinyl alcohol) (PVA)
nanocomposites through solution-casting method. We systemati-
cally compare the mechanical properties of nanocomposites with
different aspect ratios at relatively low contents (<1 wt.%). Confocal
laser scanning microscopy characterization indicated the crumpled
and irregularly folded microstructural features of GO sheets inside
the matrix. Both static tensile and in situ micro-Raman spectros-
copy tests were used to evaluate the reinforcement of GO platelets
at macroscopic and microscopic levels. The influences of crumpled
and folded GO sheets on the mechanical performance of compos-
ites were determined by experiment and molecular dynamic (MD)
simulation. The influence of wrinkled, folded, and distorted mor-
phologies of GO sheets on the mechanical performances of nano-
composites were examined through long-term tensile creep tests
based on the time—temperature superposition principle (TTSP).
Our work can help elucidate the mechanical behaviors of 2D filler-
reinforced polymer nanocomposites, particularly those with huge
aspect ratios.

2. Experimental
2.1. Material

Preparation of small-size GO sheets (s-GO): s-GO was prepared
from purified natural graphite (obtained from Qingdao Yingshida
graphite Co., Ltd., with an average size of 20 um) by a modified
Hummers method [41]. Under agitation, graphite powder (4 g) and
NaNOs (3 g) were mixed with H,SO4 (250 ml, 98 wt. %) in an ice
bath, and KMnO4 (25 g) was slowly added to prevent the temper-
ature from exceeding 20 °C. The reaction was kept at 20—30 °C for
2 h with gas release, and then deionized water was gradually
added. The resultant bright-yellow suspension was diluted and
further treated with a H,0, solution (30%), followed by centrifu-
gation and careful washing to clean out remnant salt. Colloidal
dispersions of individual GO sheets in water (5 mg/ml) were pre-
pared with the aid of an ultrasonic bath.

Preparation of large-size GO sheets (I-GO): The detailed exper-
imental procedure for the preparation of I-GO sheets is described as
follows [42]. Natural flake graphite (2 g) with an average size of
500—600 pm, NaNOs (2 g), and concentrated H,SO4 (96 ml) were
mixed at O °C. Then, KMnO4 (12 g) was gradually added to the
mixed solution while keeping the temperature at 0 °C. The mixture
obtained was stirred at 0 °C for 90 min, and then at 35 °C for 2 h.
Deionized water was slowly dropped into the resulting solution,
over a period of around 30 min, to dilute the mixture. Then
deionized water (200 ml) was added followed by H20, (10 ml, 30%),
and the stirring continued for 10 min to obtain a graphite oxide
suspension. The graphite oxide deposit was collected from the
graphite oxide suspension by high-speed centrifugation at
12,000 rpm for 40 min, and repeatedly washed with deionized
water until pH = 7. Then a mild sonication (40 W, 15 min) was used
to exfoliate the graphite oxide to obtain a GO suspension. To obtain
uniform [-GO sheets, a low-speed centrifugation at 3000 rpm was
first used to remove thick multilayer sheets until all the visible
particles were removed (3—5 min). Then the supernatant was
further centrifuged at 5000 rpm for 5 min to separate large sheets
(precipitate) and small sheets (supernatant). Finally, the obtained
precipitates containing large sheets were re-dispersed in water to
get I-GO sheet suspension (5 mg/ml).

The average aspect ratio of individual GO sheets was obtained by
Ar = 2/t, where & presents half of the perimeter of individual GO
sheets, t is average thickness of individual GO sheet referred Ruoff's
work [43]. More than 100 individual GO sheets based on SEM im-
ages were analyzed for s-GO and [-GO sheets respectively.

Preparation of GO/PVA composites: PVA with Mw = 120 000
was purchased from Beijing Chem. Reagents Co. (Beijing, China)
and used as received. The procedures for preparing PVA/GO com-
posite films are described as following: PVA (8 g) was dissolved in
392 ml deionized water at 90 °C to give a 2 wt. % solution. Then, PVA
(25 ml) solution was added to 0.1, 0.5, and 1 ml GO dispersion
(5 mg/ml), and the mixtures were well stirred immediately to
obtain uniform dispersions. The solution was further cast on the
Petri dish dried overnight under vacuum at 60 °C. The weight
contents of GO in the three films described above were calculated
to be about 0.1, 0.5 and 1 wt. %, respectively. The filler concentration
was transformed from mass fraction (wt. %) to volume fraction (vol.
%) by the following Equation (1):

w,
v P (1)
Wpp + (1 —w)pg
where, v and w are the volume fraction and mass fraction of GO
sheets. p, and pg represent the density of PVA matrix and GO sheets,
which can be taken as 1.3 g/cm? and 2.2 g/cm3 [44,45], respectively.
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The volume fractions of GO sheets inside PVA matrix can be ob-
tained as 0.06, 0.3, and 0.6 vol. %. Samples of GO/PVA composites
prepared in this manner were cut by a razor blade into strips
(30 mm x 2 mm) and then dried at 60 °C for 12 h with a vacuum
oven before mechanical tests.

2.2. Characterization

Typical tapping-mode Atomic force microscopy (AFM) mea-
surements were performed using Dimension Icon (Nanoscope Illa
SPM system, Bruker Nano, USA). Samples for AFM characterization
were prepared by depositing a dilute GO solution onto a freshly
cleaved mica surface and allowing it to dry in air. The dispersion
state of GO sheets was studied by scanning electron microscopy
(SEM) (HITAHI S-4800). The morphology of GO sheets inside PVA
matrix was observed by Research Inverted system Microscope 1X81
(Olympus, Japan), CCD: DP71 Olympus, with a laser of 633 nm.

2.3. Mechanical test

A dynamic mechanical analyzer (TA, DMA Q800) was employed
to evaluate the mechanical properties of GO/PVA nanocomposites.
The stress—strain tests were conducted in displacement ramp
mode with a pre-strain 0.01% and a ramp rate of 300 pm/min. The
time—temperature superposition principle (TTSP) was adopted for
short-term creep tests of GO/PVA nanocomposites performed at
different temperature levels. The temperature range was in the
range of 35—60 °C with 5 °C interval, and the isothermal tests were
run on the same specimen in the temperature range. The creep
stress was applied for 10 min at each temperature. Prior to the
measurement for each test, the specimen was equilibrated for
5 min at each temperature, in order to evenly adjust for the correct
temperature of the sample.

2.4. Molecular dynamics (MD) simulations

The MD simulations are performed by the large-scale atomic
molecular massively parallel simulator (LAMMPS) [46]. The

SiOysubstrate is considered as a rigid body. The adaptive intermo-
lecular reactive empirical bond order (AIREBO) is taken to describe
interactions between carbon atoms of the graphene [47]. The cutoff
parameter is taken as 0.192 nm for REBO potenti [48] In order to
simulate the interactions between the graphene and the substrate,
the Lennard-Jones (LJ) potential with parameters ¢ = 0.2935 nm
and ¢ = 0.00513 eV is employed [49]. Constant temperature MD
simulations are carried out at 5 K with NVT ensemble. The equa-
tions of motion are integrated using the Verlet leapfrog method
with a time step of 2 fs.

3. Results and discussion

The Halpin—Tsai equation is widely used to predict the modulus
of unidirectional or randomly distributed filler-reinforced com-
posites [26,28,50]. Fig. ST shows composite moduli initially in-
crease with increased filler aspect ratio, but this trend eventually
becomes negligible. In the current work, we used two types of GO
sheets with different aspect ratios, namely, s-GO sheets with an
average aspect ratio ~1.5 x 10% and I-GO sheets with an average
aspect ratio ~7.4 x 10%. Fig. 1a and b presents the typical SEM im-
ages of GO sheets with different size distributions. Quantitative
evaluation of such difference is discussed later. Compared with s-
GO sheets that have relatively flat, smooth morphology, I-GO sheets
exhibit folded morphology (circle in Fig. 1b). AFM characterization
(Fig. 1c and d) offers straight forward evidence for exfoliated indi-
vidual GO sheets, in which the thickness of GO sheets is within a
range of 0.8—1.2 nm, as indicated by the contour curve in Fig. 1e and
f.

The area distributions of the as-prepared GO sheets were
determined by plotting the area distribution histogram based on
100 individual GO sheets (Fig. 2a and b). A difference of almost
three orders of magnitude is observed between the mean sheet
areas of s-GO and I-GO sheets (Table 1). Specifically, >70% of indi-
vidual GO sheets are located in the area of 0.4—0.7 pm? for s-GO
samples, whereas 70% of individual sheets are located within the
area of 750—1750 pm? for I-GO samples. A statistical method based
on the two-parameter Weibull model [51] was adopted to evaluate

s-GO sheet

o

Height (nm)

T T T T T T T T T
0 100 200 300 400 500 600 700 800 900 1000

Distance (nm)

-GO sheet

Height (nm)

0 1 2 3 4 5

Distance (um)

Fig. 1. (a, b) Typical SEM images of GO sheets with different lateral dimensions; the folded morphology of I-GO sheets is circled in 1b. (c, d) AFM images of GO sheets. (e, f) Height

profiles of individual GO sheets along the solid lines shown in Figures 1c and 1d.
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Fig. 2. Area distributions of s-GO sheets (a) and I-GO sheets (c) based on 100 individual sheets for each specimen; Weibull plots of area distributions of s-GO sheets (b) and I-GO

sheets (d).

the area distributions of GO sheets using the following equation
(Equation (2)):

Fx)=1-¢e (2)
where x is the measured areas of GO sheets, F is the cumulative
probability of x, « is the shape parameter, and § is the characteristic
area at the cumulative probability of 63.2%. Table 1 summarizes the
relevant Weibull parameters derived from Fig. 2c and d. The shape
parameter («) values of s-GO and [-GO are 1.71 and 1.64, respec-
tively, and this minor difference indicates similar distributions of
sheet areas. Meanwhile, the scale parameter () values of 0.61 and
1506 pm? for s-GO and [-GO samples, respectively, indicate the
characteristic areas of GO sheets. For individual [-GO sheets with
folded morphology, the contribution of the folded area and
perimeter to the total area and perimeter were also considered. The
derived aspect ratios of s-GO and I-GO sheets are ~1.5 x 10> and
~7.4 x 10% respectively. Compared with previously reported GO
sheets having lateral dimensions of a few micrometers [26—28], our
I-GO sheets with such a giant size have not yet been utilized in
nanocomposites.

Fluorescence quenching microscopy (FQM) [52] and trans-
mission electron microscopy (TEM) are widely used to characterize

the size, agglomeration, and restacking of graphene and its chem-
ical derivate sheets [43,49,53—55]. Unlike the tedious sample
preparation procedures required by FQM and TEM, an easy and
simple method based on confocal laser scanning microscopy was
performed to characterize the corrugation and folded microstruc-
tural features of embedded [-GO sheets inside matrix. Fig. 3a and b
shows the various morphologies of embedded GO sheets with
different lateral dimensions. The [-GO sheets with giant lateral di-
mensions (approximately > 20 um) evidently show folded and
crumpled morphologies. Some [-GO sheets even exhibit twisted
and distorted morphologies (Supporting information Fig. S2).
Conversely, embedded s-GO sheets exhibit relatively flat
morphology inside the polymer matrix.

As aforementioned, the mechanical performance of GO-based
nanocomposites is significantly affected by the sheet aspect ra-
tios. In our previous work, we have demonstrated that H-bonding
between oxygen-containing groups (e.g., hydroxyl, carboxyl, and
epoxide) of GO sheets and hydroxyl groups of PVA polymer chains
enable efficient load transfer [56]. Fig. 4a and b presents the typical
stress—strain curves of s-GO/PVA and I-GO/PVA nanocomposites
with different volume fractions. With increased filler volume
fractions, the tensile modulus and strength of all GO/PVA nano-
composites apparently improve. Compared with s-GO/PVA nano-
composites, [-GO/PVA nanocomposites show more obvious

Table 1

Weibull parameters determined from the area distributions of GO sheets and aspect ratio of GO sheets.
GO sheets Shape parameter, o. Scale parameter, B (pm?) Area (um?) Perimeter (pm) Aspect ratio
s-GO 1.71 0.61 0.54 + 0.34 3.00 + 0.94 1.5 x 103
I-GO 1.64 1506 1342 + 868 148 + 59 7.4 x 10%




J. Shang et al. / Polymer 68 (2015) 131—139 135

folded part

20pum

s-GO sheet

x4

Fig. 3. Images of [-GO (a) and s-GO (b) sheets for 0.3 vol.% GO/PVA nanocomposites characterized by confocal laser scanning microscopy.

mechanical enhancement at lower filler contents. For instance, the
modulus and strength of s-GO/PVA nanocomposites with 0.3 vol.%
GO are 3.47 GPa and 80.00 MPa, whereas those of [-GO/PVA
nanocomposites also with 0.3 vol.% GO are 3.92 GPa and 97.50 MPa,
respectively (Fig. 4c and d). Compared with s-GO/PVA nano-
composites, [-GO/PVA nanocomposites with a large aspect ratio
(~74 x 10% vs. ~1.5 x 10%) exhibit better interfacial stress-transfer
efficiency under loading condition, which eventually leads to bet-
ter mechanical reinforcement. Micromechanical analysis based on
in situ Raman spectroscopy provides more detailed information,
and will be discussed later. With further increasing filler content up
to 0.6 vol.% both modulus and strength for [-GO/PVA nano-
composites show negligibly changes. Moreover, the elongation at
break for GO/PVA nanocomposites shows gradually decreases with
increasing GO loading, and the decreased trend is more apparent
for I-GO/PVA nanocomposites. The embedded I-GO sheets with
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wrinkled and folded conformations as shown in Fig. 3a and S2
easily form local stress concentration when subjected to external
deformation, and then lead to the occurrence of interfacial
debonding especially at high stress level. Consequently, for I-GO/
PVA nanocomposite having high filler content, the occurrence of
local interfacial debonding in response to external stress would
accelerate the initiation and propagation of cracks, and eventually
result in lower failure strain [28].

Interfacial stress transfer from matrix to GO sheets in GO/PVA
nanocomposites and possible deformation modes were examined
by in situ micro-Raman spectroscopy based on our previous work
[57]. Fig. 5a shows the typical Raman G band of GO sheets in
nanocomposites. Compared with that of graphene sheets, the
asymmetrical broadening of the G band profile of GO sheets can be
ascribed to defects (the D’ band at ~1620 cm™!) and to the sym-
metry breaking of the conjugated 7 systems of GO sheets arising
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Fig. 4. (a, b) Representative stress—strain curves of GO/PVA nanocomposites with different GO loadings. (c) Tensile strength; and (d) Young's modulus of GO/PVA nanocomposites

vs. various GO loadings.



136 J. Shang et al. / Polymer 68 (2015) 131—139

s-GO/PVA 0.3vol.%

Intensity (a.u.)

c 4
2 G
s-GO/PVA 0.3vol.%
-1 »
04 ~ -5cm’ /1%strain
- 8
"~ o]
§ 8
4 oo f O
7]
2 g u]
£ 64
5 -6
o
Q_10] KGO/PVA 0.3vol.% [elNe) o) @)
~ -10cm’'/1%strain
12
T T T T T
0.0 0.5 1.0 15 2.0 25
Strain (%)

s-GO/PVA 0.3vol.%

15I00 15|50 16I00
Wavenumber (cm™)

~-1cm'/1%strain
0.0+

N =2 2 O
o o o o
L L ! 1

Down Shifts (cm‘1)

»N
3
L

-GO/PVA 0.3vol.%
~ -3cm’'/1%strain

g
=}
L

(o
o

0.0 0.5 1f0 1:5 20 25
Strain (%)

Fig. 5. (a) Typical G band of 0.3 vol.% GO/PVA nanocomposites well fitted with three peaks of G—, G+, and D’; (b) eigenvectors of G— and G+ bands that are perpendicular to each
other, with the G-band polarized along the strain axis; Raman shifts of the G— (c) and G+ (d)bands of [-GO and s-GO in nanocomposites as a function of applied strain.

from the introduced various functional groups [57]. Herein, the
Raman G band of GO sheets is well fitted with the three peaks of
G—, G+, and D'. Fig. 5c and d summarize the various trends of the
G- and G-+ peak positions as a function of applied strain for both I-
and s-GO/PVA nanocomposites. The downshifted trend of GO/PVA
nanocomposites is found to have the following two-stage features:
linearly decreased region at low strain level and plateau region at
high strain level. The downshift trends of G+ band are less obvious
than that of G-band for GO/PVA nanocomposites, consistent with
our previous results [57]. As discussed by Mohiuddin et al. [58], the
different shift trends of G— and G+ bands are mainly determined
by their eigenvector orientations, in which G-band is polarized
along the strain axis and G+ band is perpendicular to it (Fig. 5b).
The elongated carbon—carbon bond distance is more apparent in
the direction along the strain axis and thus becomes more sensitive
to applied loads. Furthermore, the downshift rates of G-band can
reflect the local load-bearing capabilities of GO sheets in polymer
during tensile deformation. We can infer from Fig. 5c that in the
linearly down-shifted region (at low strain level), the load-bearing
capability of I-GO sheets is visibly stronger than that of s-GO sheets.
Specifically, the G band shift rate is ~5.0 cm—1 per 1% strain for s-
GO/PVA nanocomposite samples, whereas the shifted rate is ~10.0
cm—1 per 1% strain for I-GO/PVA nanocomposite. Notably, the
turning point of strain as an end of the linear region for I-GO/PVA
nanocomposite (~1.0%) is slightly higher than that of s-GO/PVA
nanocomposite (~0.8%). In conventional short fiber-reinforced
composites, the fiber length is suggested to be at least 10 times
larger than the critical length of fiber to obtain good reinforcement
[1]. In our work, the lateral dimensions of s-GO sheets are in a few
micrometers, which is close to the critical length of an individual
graphene sheet (~3 pm), as reported by Gong et al. [59] Expectedly,
according to shear-lag model [1], the strain that s-GO sheets carried
cannot reach matrix strain when subjected to tensile stress. In
comparison, the [-GO sheets with around 20 pm width would

enable the strain that [-GO sheets carried to be equal to matrix
strain at low strain level. The larger shift rate of G band for I-GO
sheets in comparison with that of s-GO sheets further confirms our
analysis. Fig. S3 shows that the G— and G+ band peak position of
0.3 vol.% GO/PVA nanocomposites linearly shift as a function of
applied strain up to 0.8%. Apparently, for I- and s-GO/PVA nano-
composites, the G band shift along the unloading trace well co-
incides with that of the loading one, further indicating the
reversible tensile deformation of nanocomposites in low strain
region. Subsequently, above a certain strain value, Raman G band
reaches a plateau due to interfacial sliding in nanocomposites.
Meanwhile, Fig. 5¢ shows that some G bands of I-GO/PVA nano-
composites recover to the unstrained state, further indicating the
occurrence of interfacial debonding. Combined with the optical

I +4.0 GP:

0.0 GPa

a b

Fig. 6. Wrinkled morphology (a) and corresponding von Mises stress distribution (b)
of a monolayer graphene deposited onto a rigid substrate.
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images shown in Fig. 3a and b, we conjecture that the folded and
crumpled morphologies of I-GO sheets induce interfacial debond-
ing at large strain levels. The non-uniform stress distribution within
the folded and crumpled GO sheets would easily induce the local
stress concentration, and then lead to the interfacial debonding in
composites at large strain level.

To confirm the non-uniformity of stress distribution within a
wrinkled GO platelet, we used MD simulation to analyze the stress
state of an individual graphene sheet. Fig. 6a shows a monolayer
graphene with wrinkled morphology deposited onto a rigid sub-
strate. Von Mises stress distribution analysis indicates that the
stress is not uniformly distributed around the whole graphene area.
Instead, obvious stress concentrations were observed around the
wrinkles (Fig. 6b). Thus, we inferred that the embedded [-GO sheets
with folded and crumpled morphologies would easily induce the
interfacial debonding because of the non-uniform stress
distribution.

$4800 6.0kV 9.5mm x5.00k SE(M)

$S4800 6.0kV 9.6mm x1.50k SE(U)

The influences of the folded and crumpled morphologies of
embedded GO sheets on the mechanical performance of nano-
composites, particularly time-related properties, are investigated
by long-term creep properties based on TTSP [60,61]. The relation
between temperature and shift factor can be generally described by
the Arrhenius Equation [62,63].

Ina _Ea_1
TZ=R\T T,

where ar is the horizontal shift factor, R is the universal gas con-
stant, E is the activation energy, Ty is the reference temperature, and
T is the experimental temperature. The master curves in terms of
creep compliance for s- and I-GO/PVA composites with 0.3 vol.% GO
at different stress levels are presented in Fig. 7. Based on these
curves, we can predict the long-term property of GO/PVA nano-
composites in time scales of up to 105107 s. At 30 MPa stress level,

(3)

o e v )
30.0um

Fig. 8. SEM images of fracture surface of s-GO (a) and [-GO (b) based GO/PVA nanocomposites; confocal laser scanning microscopy images of s-GO (c) and [-GO based (d) GO/

PVAGO/PVA nanocomposites perpendicular to the fracture surface.
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I-GO platelets have better creep resistance than s-GO platelets in-
side the polymer matrix, implying better load-bearing capability in
I-GO/PVA nanocomposites. However, with increased applied stress
level up to 40 MPa, [-GO/PVA nanocomposites exhibit better creep
resistance than s-GO/PVA nanocomposites within an earlier time
range. The creep compliance of I-GO/PVA nanocomposites rapidly
increases and becomes even larger than that of s-GO/PVA nano-
composites. We attribute the abruptly decreased creep resistance of
[-GO/PVA nanocomposites to the presence of the folded and
crumpled morphologies of I-GO sheets. Interfacial debonding easily
occurs at a large applied stress level and long loading time, which
then leads to local stress concentration as supported by the results
in Fig. 5.Eventually, severe slippage of PVA chain segments occurs
and increases creep compliance. Notably, this unexpected me-
chanical behavior of embedded [-GO sheets inside the polymer
matrix has not been given attention in literature.

Fig. 8a shows the fracture surfaces of GO/PVA nanocomposites
characterized by SEM. The fracture surface of s-GO/PVA nano-
composites is relatively rough and has layered microstructures.
Obviously, the thickness of layered microstructures in s-GO/PVA
nanocomposites is much larger than that of a single GO sheet we
previously measured (~1 nm). The confocal laser scanning micro-
scopy image taken perpendicularly to fracture surface of the s-GO/
PVA nanocomposite (Fig. 8c) also shows a similar rough crack path.
We attribute these microstructure features to protruded polymer-
coated GO sheets [64], indicating strong H-bonding between GO
and PVA. Unlike the rough fracture surface observed for the s-GO/
PVA nanocomposites, the I-GO/PVA nanocomposites have a rela-
tively smooth fracture surface (Fig. 8b). The confocal laser scanning
image of I-GO/PVA nanocomposites in Fig. 8d reveals the apparent
pulling out of folded and crumpled GO sheets from the matrix,
indicating that local stress concentration induces brittle fracture.
Such different fracture modes of GO/PVA nanocomposites agree
well with the results of tensile, creep, and in situ micro-Raman
analysis.

4. Conclusion

We prepared GO-based PVA composites with low filler contents
up to 1 wt.% by solution-casting method. Two types of GO sheets
with aspect ratios of ~1.5 x 10 and ~7.4 x 10* were utilized as
reinforcing nanofillers. The tensile mechanical properties of GO/
PVA nanocomposites obviously improve with increased filler con-
tent. Compared with s-GO/PVA nanocomposites, I-GO/PVA nano-
composites exhibit better mechanical performance because of their
large aspect ratio. However, the increased trend of Young's modulus
becomes negligible with further increasing GO content. Further
characterization based on confocal laser scanning microscopy in-
dicates that embedded I-GO sheets have folded and crumpled mi-
crostructures inside the matrix. Through in situ tensile—Raman
spectroscopy, we have successfully monitored the stress-transfer
process of GO sheets at the microscopic level and found that local
interfacial debonding easily occurs for [-GO/PVA nanocomposites at
relative large strain levels. This finding is further supported by MD
simulation. Long-term creep tests confirm that interfacial
debonding induces the increase in creep compliance of I-GO/PVA
nanocomposites at high applied stress levels. These results can help
elucidate mechanical reinforcement and deformation mode in 2D
nanofiller based nanocomposites.
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