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ABSTRACT

Interface failure is a common phenomenon for conventional composite materials when subjected to
repeated mechanical loads, and it tends to be critical for nanocomposites due to several orders of
magnitude enhancement in interfacial area. Herein, the graphene/poly(methyl methacrylate) (PMMA)
interface when subjected to cyclic loading conditions exhibits obvious mechanical degradation through
interfacial sliding, which has received little attention yet. Through a joint study of experimental tests and
molecular dynamics simulations, the interface weakening is attributed to the formation of graphene
buckles that not only reduces the interfacial contact area but also impairs the overall interfacial load
transfer. However, reminiscent of the shape memory effect that is commonly triggered by temperature,
conformational transition at the interfaces exhibits remarkable mechanical recovery under a moderate
thermal stimulus, manifested by the interface reconstruction activated by van der Waals (vdW) forces.
These findings elucidate the complex interactions between matrix and nanostructures in composite
materials under cyclic loading conditions, and control over this mechanism could provide guidelines

upon chemical design through tailoring the interfacial adhesion for specific applications.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Nanostructured carbon material based composites, typically
reinforced with carbon nanotubes (CNTs) and graphene nano-
sheets, are currently the subject of extensive worldwide research
for their promising applications as light-weight and multi-
functional components. Apart from the static mechanical loading
conditions, these composite materials are frequently subjected to
cyclic loads or structural vibrations for both scientific and industrial
applications, such as artificial muscles [1] and internal sensors in
aircraft structures or wind blades [2]. Earlier works have revealed
the varied failure modes in fiber reinforced composites when
subjected to long-term cyclic loads [3—6]. For instance, apparently
degraded interfacial shear stress was observed in fiber reinforced
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composites after experiencing several tens of loading cycles [5].
Given the fact that interface plays a critical role in the macro-
performance of fiber reinforced composites, a comprehensive
knowledge of interface behaviors under cyclic loading and
unloading modes is essentially important for durability and reli-
ability of composites. Furthermore, the impact of interface becomes
much more notable on the mechanical performance of nano-
structured carbon material based composites, since the interfacial
area is at least several orders of magnitude greater than that of
traditional fiber reinforced composites with the same volume
fraction. However, limited by the tiny size of nanofiller itself, the
micromechanical test methods in conventional fiber based com-
posites (e.g. fiber pullout, fragmentation, and micro-debonding
test) cannot be directly employed to measure the interfacial prop-
erties in nanostructured carbon material based composites.
Owing to the stress-sensitive characteristics of specific Raman
peaks of nanostructured carbon materials, in situ Raman spec-
troscopy has become a powerful tool to monitor the interfacial
shear stress transfer, strain distribution and deformation modes at
a microscopic level [7—14]. Our earlier works have revealed the
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dependence of load-bearing capability of nanotubes on the inter-
facial couplings at molecular level for CNTs reinforced composites.
A strain transfer factor was proposed to quantify the strain transfer
efficiency from macroscale strain to axially strained individual
nanotubes [14]. Technically, however, it is hard to directly derive
the interfacial shear strength between nanotubes and adjacent
polymer matrix due to nanoscale diameter of single nanotube.
Instead, the microscale lateral dimension of individual graphene
sheets made it possible to monitor the shear stress transfer at
different applied strain levels, and then derive interfacial shear
strength for monolayer graphene/polymer composite system [7,10].
Several works have shown the interfacial shear strength values
ranged from 0.3 to 0.8 MPa for van der Waals (vdW) forces domi-
nated graphene/polymer interface. Recently, we introduced
hydrogen bonding at graphene/PMMA interface, and apparent
enhancement of interfacial shear strength up to 1.7 MPa was ach-
ieved [15,16]. Meanwhile, on the basis of the varied trend of strain
profiles in response to external strain, the interfacial sliding,
interfacial debonding as well as buckling were characterized in the
graphene based composites. To date, even the great achievement
has been achieved in the interfacial mechanical behaviors of
nanostructured carbon materials based composites under static
loads, a thorough understanding of the interfacial mechanical be-
haviors under cyclic loads have not been explored yet.

In this work, in situ Raman spectroscopy was employed to
monitor the interfacial stress transfer process and reveal the
possible deformation modes of graphene/PMMA interface when
subjected to cyclic loading and unloading. Meanwhile, AFM was
utilized to characterize the variation of morphology of monolayer
graphene sheet before and after each loading and unloading cycle.
Our results unveil an unusual interfacial behavior at nanoscale
interface, where apparently degraded interfacial shear stress
transfer was observed during short-term loading/unloading cycles.
That could be attributed to the formation of graphene buckles
during the unloading process, as evidenced by AFM characteriza-
tion and molecular dynamics (MD) simulations. Surprisingly, the
buckled structures and degraded interfacial properties could be
recovered under moderate thermal stimulus, which haven't been
achieved in conventional composites. Our works provide valuable
insights into the fundamental interfacial mechanics at nanoscale
driven by vdW interaction, and shed light on tailoring mechanical
behaviors of the interface itself for specific applications with su-
perior mechanical performance.

2. Experimental section
2.1. Sample preparation

The graphene samples were prepared by micromechanical
cleavage [22] and then deposited onto the Si wafer substrate with a
300 nm SiO, capping layer. Optical microscopy was used to locate
the graphene sheet and the corresponding thickness was further
confirmed by Raman spectroscopy and atomic force microscopy
(AFM). AFM images were recorded using a Dimension 3100 Veeco
in the Peak Force tapping mode. Using the same method as re-
ported in our earlier work, the monolayer graphene sheet was then
successfully transferred onto the surface of PMMA bar [23]. It
should be noted that, instead of embedding graphene sheet inside
PMMA matrix, the monolayer graphene sheet was exposed on top
of a PMMA beam in this work, which would facilitate the
morphology characterization of graphene sheet before and after
deformation.

2.2. In situ tensile and micro Raman spectroscopy tests

Mechanical deformation of the PMMA cantilever beam is
applied by mounting it onto a piezoelectric stage with a spatial
resolution of 600 nm in the Renishaw Raman spectroscope setup,
as shown in Fig. 1a. The tensile strain within the individual gra-
phene sheet deposited onto the top surface of the beam is given by
Equation (1) [24].

<x§) :% (1)

where x is the location in graphene sheet measured from the fixed
end of beam, t is the thickness of the beam, L is the span of the beam
and ¢ is the deflection of loading point at the other end of beam, as
shown in Fig. 1a. To make the assumptions for Equation (1) valid,
experimentally, the aspect ratio of span at maximum deflection was
ensured to be higher than 10, and the in-plane strain in graphene
was within the range from -1.5% to +1.5% [25]. Remarkably,
bending of the cantilever beam would lead to a strain gradient on
the top surface, but herein, the strain variation across the graphene
flake (along the x direction) was actually less than 0.005% at a given
strain level of 1%, that is attributed to the limited span of graphene
flake (~10 pm). Consequently, tensile strain within the flake could
be regarded as a constant for the estimation of the strain level. The
tensile strain was applied with an increment step of ~0.05%. All
bands in the Raman spectra of graphene were recorded using the
514.5 nm line of an Ar laser and fitted with Lorentzians. To obtain
the strain distribution based on the line profile of Raman 2D-band
frequency, the graphene sheet under measurement was moved
with a step size of 600 nm and the Raman spectra from every spot
of the sample was recorded.

2.3. Coarse-grained molecular dynamics

As full-atom MD simulations cannot access the length scale and
the corresponding time scale of current system, a coarse-grained
molecular dynamics (CGMD) approach was pursued here. This
approach provides an energetic description equivalent to the con-
tinuum mechanics model with specific tensile stiffness, Poisson's
ratio, bending rigidity and the adhesion between graphene and the
PMMA substrate. All simulations were performed by using the
large-scale atomic/molecular massively parallel simulator
(LAMMPS) package [26]. Detailed information is presented in
Supporting Information S1.

3. Results and discussion

The graphene samples were prepared by micromechanical
cleavage and deposited onto the silicon wafer substrate, as shown
in the left inset of Fig. 1a. Then, the exfoliated graphene flakes were
transferred onto a PMMA cantilever beam and mechanically loaded
with uniaxial tension by bending the beam following our previous
strategy, as illustrated in Fig. 1a [15]. Such a film/substrate setup
also allows surface morphology characterization of the graphene
sheet before and after bending the substrate, as demonstrated by
the AFM image (Fig. 13, right inset). Raman spectra in Fig. 1b display
characteristic peaks (G-band and 2D-band) for monolayer gra-
phene both on silicon and PMMA substrates. It is obvious that the
perfect lattice structure is maintained for exfoliated graphene
flakes, featuring the absence of Raman D-band (black curve) [27].
The transfer process was also successful without introducing any
defects or damages, despite of two additional Raman peaks
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Fig. 1. (a) The schematic diagram of PMMA cantilever beam that transfers bending to monolayer graphene samples. The optical (the left panel) and AFM images (the right panel) of
the graphene sheet are shown as the insets. (b) Raman spectra of monolayer graphene deposited onto silicon and PMMA substrates.

originated from the PMMA substrate (red curve). In this work, the
Raman 2D-band of monolayer graphene sheet was in situ recorded
at different strain levels during loading due to its high intensity as
well as higher strain sensitivity (~—49 cm~!/%) compared to that of
the Raman G-band (~—30 cm™1/%) [10].

3.1. Interfacial stress transfer during loading and unloading

Raman spectroscopy has been successfully employed to mea-
sure the in-plane strain in graphene due to the high sensitivity of
Raman shifts to follow the evolution of strain [7,8,11,28]. Fig. 2a
presents the evolution of the Raman 2D-band recorded at the
center of monolayer graphene flake, in response to the bending
deformation. The two-stage features are clearly exhibited, as
further summarized in Fig. 2b. During the bending deformation
process, initially, the Raman 2D-band displays a linear downshift
up to 0.7% with a rate of —49 cm~!/%, followed by a plateau with
further increasing strain. The initial linear stage is correlated to the
elastic stress transfer from substrate to graphene sheet, and then
followed by the occurrence of interfacial sliding evidenced by a
plateau stage [10]. Once the bending load is released, the peak
position upshifts accordingly at a rate of —51 cm™!/% and remain as
a constant at the end of unloading. Similar Raman peak shift was
also observed in the PMMA/graphene/SU8 (—60 cm™~'/%) and gra-
phene/polyethylene terephthalate (PET) systems (—52.5
and —49.4 cm~'/%) [7,10,29]. Conceivably, the graphene sheet tends
to recover to its initial state with Raman 2D-band located at
~2690 cm™! as the strain is reduced to 0.4%. Further continuous
release would cause slight compression as well as interfacial
buckling (more details in following discussion) supported by the
relatively higher peak positions (~2695 cm™!) at the plateau.

To gain a deep understanding of the interfacial stress transfer
from the PMMA substrate to graphene, and reveal the possible
failure modes at the graphene/PMMA interface, a nonlinear shear-
lag model was adopted here as reported in our previous works [16].
Briefly, the interfacial sliding behavior between graphene and
PMMA substrate during uniaxial tension can be described by the
relationship between the shear traction (7) and sliding displace-
ment () [30]. As can be seen in Fig. 2c, in the elastic stage, shear
traction first increases linearly in response to the sliding displace-
ment until reaching the interfacial shear strength (7). Beyond the
elastic stage, there is a shear sliding stage with the sliding stress
assumed to be constant at 75 while the sliding displacement further
increases, agreeing well with our experimental results in Fig. 2b.

This plateau is stemmed from the breaking and re-forming nature
of vdW interactions to maintain the stress transfer during the shear
sliding [31—33]. Accordingly, at low strain levels (e.g. em <0.2%),
the whole length of interface is in elastic conditions and the strain
distribution could hence be fitted by Equation (2):

cosh(fx)

¢ = n| 1~ coanig ) 2
where L is the length of graphene flake along in the x direction with
the center located at x = 0, and g is the shear-lag parameter which
is typically treated as an effective measure for the efficiency of
interfacial stress transfer [10]. From Fig. 2d it can be seen that strain
builds up in graphene sheet from the edges along the x direction,
and approaches a peak at the center, which is approximately equal
to the strain in the matrix. The strain distribution of graphene sheet
could be well described by Equation (2) with 8L = 10 (solid lines).
Once sliding stress reaches the interfacial shear strength, interfacial
sliding occurs. Correspondingly, the sliding zone develops from
both edges of the sheet, approaches the center gradually as the
loading amplitude increases. Eventually, the strain at center in
graphene saturates at a constant level as we observed in Fig. 2d.
Meanwhile, in the sliding zone, the in-plane strain distribution in
graphene becomes almost linear and tends to be in a triangle-like
shape near the edges. The interfacial shear strength at the gra-
phene/PMMA interface can be estimated by fitting the slope of this
sliding-induced in-plane strain distribution through following
equation:

7= EtSE 3)

with known parameters including the Young's modulus E = 1 TPa
and thickness t = 0.34 nm of graphene. In our work, the obtained
value is ~0.5 MPa, coinciding well with the results reported previ-
ously for PMMA/graphene/SU8 (0.3—0.8 MPa) and graphene/PET
(0.7 MPa) laminates [7,10].

3.2. Degradation of interfacial stress transfer during cyclic loading

We further conduct cyclic loading/unloading tests to the gra-
phene/PMMA composite system through applying and releasing
the bending load to the cantilever. Herein, the applied strain level is
increased up to 0.7% to ensure the occurrence of interfacial sliding
at the center of graphene sheet, and thus a triangle-like shaped



G. Wang et al. / Composites Science and Technology 149 (2017) 220—227 223

Raman Intensity (a.u.)
2

2600 2650

Raman shift (cm™)

2700

2750

l. elastic

Il. shear sliding

6

S

6

:\; 0.6
0.5
c 0.4

(

L)

Stra

L e e o B s B e

0.8
0.7

0.2
0.1
0.0

-49 cm/%

0.0 0.2 0.4 0.6 0.8 1.0 1.2

Applied strain (%)

T LI B m e m e ma e

T

o 0.1% ]
0.2%
0.3%]
0.4%-
0.5% ]
0.6% -
0.7%

A v 04 O b

BL=10

Lo Lo 0 o 0 o 1 o 1 o 1 . 1 .

76543210123 5

X (um)

Fig. 2. (a) Evolution of the Raman 2D spectrum for graphene with increasing applied strain. (b) Raman 2D-band shifts during a loading/unloading cycle. Raman 2D band were
recorded at the center of monolayer graphene flake. (c) Shear traction (7)-sliding displacement (9) relationship from the nonlinear shear-lag model. (d) Strain distribution in the
direction of stretching axis of graphene sheet at different strain levels.

a 0.7 [ T T T T
06} .'.'..-.-.,_... _
L a W
- 05F : A A" .
S 1 .,:" vV, ‘.
w 04f PP  NELY -
£ [ e ®, * g
S o3f A LY i
o 0.2 _ : ¥ = 1% cycle , '..__ ]
| ‘ ¥ e 2™ cycle 8.
01} S a 5" cycle :h o
1 ! v 10" cycle ‘
00 ¢ * 20" cycle ¥ -
L 1 1 L
-4 -2 0 2 4
X (um)

-
o
1

e
<o
P

0.6 -

Efficiency of stress transfer

Loading cycles

Fig. 3. (a) Strain distribution in the direction of stretching axis of graphene sheet at the strain level of 0.7% in multiple loading/unloading cycles. (b) Variation of the efficiency of

stress transfer with increasing loading cycles.

strain distribution is expected. As shown in Fig. 3a, once the gra-
phene sheet was subjected to multiple loading/unloading cycles,

the slope of the strain gradient (%) exhibits an obvious decreasing

tendency,

corresponding to the weakened efficiency of shear stress

transfer. Specifically, for 1st loading process, % is approximated to
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0.14%/um, while at 20th loading cycles, % is reduced to 0.09%/um.

To quantify the efficiency of shear stress transfer across interface at
different loading cycles, the ratios of % at a given cycle is
normalized to that of at 1st cycle. Fig. 3b summarizes weakening
trend of stress transfer efficiency during the twenty loading/
unloading cycles, and a plateau is expected to further increase
loading/unloading cycles. Such apparently decreased values imply
the interface degradation once subjected to cyclic loads, which has
not been considered in previous studies [9,34].

To gain more insights into the underlying degradation of inter-
facial shear stress transfer, AFM images were recorded to monitor
the evolution of surface morphology of graphene sheet after each
loading/unloading cycle. Herein, to quantitatively describe the
surface morphology, the surface roughness as the most widely used
roughness parameter was introduced, defined as R, = %Z?:] lvil,

where y; is the vertical distance from the mean line to the it" data
point in the AFM image. As shown in Fig. 4a, the graphene sheet is
relatively flat with an average roughness of ~0.4 nm before the load
is applied (calculated by the Nanoscope software). After the first
loading/unloading cycle with tensile strain of 0.7% (to ensure strain
at the center of graphene sheet could reach a plateau), the graphene
sheet demonstrates randomly distributed buckles as shown in
Fig. 4b. Correspondingly, the surface roughness of individual gra-
phene sheet increases to ~1.73 nm. It is conceivable that the for-
mation of buckles is related to the mechanical compression during
unloading process, as discussed in Fig. 2b and further detailed in
Fig. S1. It is worth noting that, different from the regular surface
morphology with periodic buckles in response to the uniaxial
compression in most systems [35,36], the formation of buckles with
random orientation here could be attributed to the Poisson’s ratio
effect during the loading/unloading cycles, as well as the influence
of geometry and orientation of individual graphene sheets with
respect to the loading axis [17,18]. Compared with the 1st cycle, we
find that the amplitudes of buckles tend to increase in the 2nd
loading/unloading cycle as presented in Fig. S2. Accordingly, the
surface roughness also increases to ~2.05 nm. With further bending
and releasing cycles up to the 5th (Fig. 4d), the amplitudes of
buckles grow continuously together with the enhancement of
averaged surface roughness ~3.08 nm (Fig. 4i). After 20th loading/
unloading cycles, merely slight increase in amplitudes could be
observed and the corresponding surface roughness is improved to
~3.24 nm. This sluggishly increased tendency is in good agreement
with the plateau stage following the degradation of interfacial

Initial 1st cycle

b

27 cycle

shear stress presented in Fig. 3b. We suggest that the formation of
buckles with nanoscale height and width after mechanical loading/
unloading might break the full contact between graphene and
PMMA into patches. As a result, the decreased contact area at
graphene/PMMA interface would impair interfacial adhesion, and
eventually result in the degradation of interfacial stress transfer in
the graphene/polymer system.

To validate aforementioned deformation mechanisms of nano-
scale interface, MD simulations were performed to clarify the
interface degradation during cyclic loading and unloading. Similar
to AFM image shown in Fig. 4a, initially, the monolayer graphene
appears flat and keeps a relatively full contact with the supporting
PMMA substrate as shown in Fig. 5a. Then, the graphene sheet is
strained through shear stress across graphene/PMMA interface at a
constant rate of 8 x 10% s~L. The interfacial sliding occurs as the
matrix strain is higher than 3%, and then the average strain in
graphene would step into a plateau region. Meanwhile, the shear
stress reaches 75 and the interfacial stress transfer is governed by
interfacial sliding [ 10]. It should be emphasized here that due to the
discrepancy of graphene sheet sizes in simulation and experi-
mental setups (~40 nm vs ~10 um), the absolute strain level in
graphene would be different. Upon unloading, the strain in gra-
phene drops immediately, even down to the negative value,
implying the subtle compressive strain it bears. Consequently, the
graphene sheet tends to buckle to release the compressive strain
energy. In contrast to the AFM characterizations showing buckling
of graphene in a networked pattern due to the Poisson's ratio effect,
herein, MD simulation only focuses on revealing the mechanism
along the length direction, and the width of graphene in molecular
model is far smaller than that in experiments considering compu-
tational consumption, which limits the buckling behavior in width
direction. The weakened interfacial adhesion and efficiency of
shear stress transfer are expected due to the reduced interfacial
contact area during the subsequent loading cycles. Fig. 5b sum-
marizes the variation of average strain in graphene and the inter-
facial adhesion energy over three cycles. In the 2nd and 3rd
loading/unloading cycles, both the average strain in graphene and
the interfacial adhesion energy degrade apparently due to inter-
facial sliding and the subsequent buckles induced by compression.

To deeply understand the effect of graphene buckles on the
mechanical performance of composites, we employ a nonlinear
shear-lag model to quantitatively evaluate the efficiency of shear
stress transfer. As known that the critical length (I.) of fillers is one
of major factors to determine the mechanical reinforcement, and at
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Fig. 4. (a—e) AFM images of the graphene sheet deposited on PMMA, which is subjected to twenty cycles of loading and unloading. The images were recorded from the same flake
whereas the scanning area might slightly deviate from each other. The evolution of its morphology is demonstrated by the variation of roughness distribution as presented in (f—j).
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Fig. 5. (a) Simulation snapshots that illustrate the morphological changes of graphene from a flat sheet fully in contact with the substrate to a series of partial contact separated by
buckles formed due to the compression-induced buckling upon unloading. (b) The evolution of strain in the substrate, graphene and their interfacial adhesion energy as a function

of time.

least twice length is required to reach 90% of the matrix strain

[719]. Here, we define the efficiency of stress transfer
n=1- % by the ratio of the integral area of ¢(x) to the

rectangular area surrounded by dashed lines and coordinate axes as
shown in bottom panel of Fig. S3a. For instance, a monolayer gra-
phene with lateral span of L = 15 um along the stretching direction
(x), the derived fitting parameter is L = 10 (detail in Fig. 2d), thus
we have 7 = 0.80 for full contact graphene/PMMA interface. After
first loading/unloading cycle, the pristine full contact between
graphene and substrate is broken into a series of patches, and the
buckles tend to stretch straightly instead of transfer stress transfer.
As shown in Fig. 4c, for the graphene/PMMA interface with buckled
morphologies (the width of patches is ~1.5 pm in average based on
AFM characterization), 7 would decrease to ~0.55, suggesting
significantly reduced overall efficiency of interfacial stress transfer.
Even the limited spatial resolution of Raman spectroscopy (~1 um)
hinders us from directly visualizing such variation in terms of strain
distribution of the stretched graphene, the theoretical analysis
together with MD simulations offers straightforward evidence
upon the combined effect of reduced contact area and decreased
interfacial adhesion which is responsible for the observed degra-
dation of stress transfer at the graphene/PMMA interface.

It is worth noting that, to circumvent the difficulties in experi-
mental observations of graphene incorporated in a polymer matrix,
herein, graphene flakes were directly deposited on the surface of
the polymer substrate with only one interface. However, additional
constraints from two sides of graphene in the nanocomposite are
expected to cause different mechanical responses, especially the
graphene/polymer interfacial properties. For instance, the above-
mentioned buckling formed during cyclic loadings could be effec-
tively suppressed when the graphene is fully embedded in a
polymer matrix so that the degradation tends to be mitigated.
Herein, we merely attempt to clarify the underlying mechanism of
degradation at graphene/polymer interface that is similar for both
uncoated (one interface) and coated (two interfaces) model com-
posite specimens.

3.3. Recovery of interfacial properties in graphene/polymer system

The poor contact between graphene and substrate caused by
compression induced buckles could result in the apparent

degradation of interface performance. Inspired by the shape
memory effect of polymeric materials that is the stimuli-responsive
control of transition between metastable morphologies, we employ
thermal treatment to modulate the buckled morphologies of gra-
phene sheet [20]. AFM images were recorded to characterize the
variation of graphene morphologies before and after mechanical
and thermal treatment. Fig. 6a presents two individual graphene
sheets with ribbon and triangle-like shapes with several buckles
parallelized to each other within the relatively flat graphene sheets.
The presence of buckles was attributed to the residual strain during
graphene sheets transfer process [11,21]. After twenty loading/
unloading cycles, the randomly oriented new buckles are formed as
shown in Fig. 6b. The amplitudes of buckles are similar to the
previous ones as presented in Fig. 4, approximated to 6.8 nm, while
much lower than those of pre-exist buckles (~23.2 nm). Once the
thermal treatment was applied to the sample (at ~40 °C for a week),
the enhanced mobility of polymer chains under thermal stimuli
would facilitate the flattening of graphene and hence relaxation of
buckles (Fig. 6¢). Meanwhile, we notice that the thermal stress
applied to the graphene sheet could be neglected, where the
negligible difference (3 cm™!) in the Raman 2D band frequency
before and after thermal treatment was observed (Fig. S4).

To experimentally validate the recovery of the interfacial inter-
action, cyclic mechanical tests were applied to the same specimen.
The strain distribution of graphene sheet at various strain levels
exhibit the similar triangle-like shape features shown in Fig. S5.
Herein, we name the first degradation/recovery cycle as a Test I as
shown in Fig. 6d, which suffered twenty loading/unloading cycles
and followed by thermal treatment. Obviously, the efficiency of
shear stress transfer extracted from Test II almost recover to the
initial value, and then exhibits the similar decreasing tendency in
the subsequent loading/unloading cycles. Additionally, the same
shear stress transfer behaviors are observed in the Test III.

To explore the reconstruction of graphene/PMMA interfacial
interaction under thermal stimuli in molecular simulation, a three-
cycle loading condition was simulated at ultra-low temperature
(0 K) as the system in simulation is more sensitive to thermal
fluctuation than that in experiments. As a result, obvious buckle
configurations and relatively larger reduction of strain in graphene
are observed in Fig. 6e. After three-cycle loading, thermal stimulus
of 300 K heating up is introduced to the system, and the strain in
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graphene can be remarkably recovered through thermally activated
interfacial sliding that heal the buckles, with a reconstructed
interfacial morphology and interaction. Interestingly, the recovered
interfacial performance in the graphene/PMMA composites is
apparently different from that of in conventional fiber reinforced
composites. We expect that the observed degradation of interfacial
behavior of graphene/polymer system is likely to happen for
stretchable electronic devices over their lifetime when subjected to
cyclic deformation. Therefore, thermal stimuli activated mechani-
cal recovery at the interface tends to be an effective route for the
interfacial recovery and long-time service of stretchable electronic
devices.

4. Conclusion

We have demonstrated that a combination of in situ Raman
spectroscopy technique and AFM measurements offers a thorough
insight into the dynamic behaviors of graphene/PMMA interface.
The interfacial shear stress transfer between graphene and the
PMMA matrix, monitored via strain-dependent shifts of 2D-Raman
bands, displays a decreasing tendency during multiple loading/
unloading cycles, which is possibly relevant to the formation of
buckles in graphene during repeated deformations. The underlying
mechanisms lie in not only the impaired contact and hence adhe-
sion at graphene/PMMA interface as verified by the molecular
simulations, but also the reduced efficiency of interfacial stress
transfer due to the formation of graphene patches separated by
buckles according to the nonlinear shear lag analysis. With a
thermal stimulus imposed on the specimen, the mechanical re-
covery of the interface is achieved, as evidenced by the final

disappearance of distributed buckles in graphene. Our observations
on the interfacial mechanics between graphene and the polymer
matrix would enable mechanically stable graphene-based nano-
composites, and offer valuable insights into tailoring behaviors of
nanoscale interfaces for specific applications.
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Degradation and Recovery of Graphene/Polymer Interfaces under Cyclic

Mechanical Loading
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S1. Coarse-grained molecular dynamics simulations

The interfacial mechanics of graphene deposited on to a PMMA substrate and its
deformation occur at a characteristic length scale of tens of micrometers according to
the experimental evidence. As full-atom MD simulations cannot access this length
scale and the corresponding time scale, a coarse-grained molecular dynamics (CGMD)
approach was pursued here. In our model, CG particles interact through bond, angle,

dihedrals springs, and non-bonded interaction terms, expressed in the following forms:

Vo = k(d — do)? (S1)
Va = ka(0 — 60)? (S2)
Va= ka[1 — cos(2¢)]? (S3)
Vb= 4¢[ (/o) >~(r/0)°] (S4)

where kv, ka and kd are the spring constants of bond, angle and dihedral interaction. d, 6
and ¢ are the bond length, angle, and dihedral angle, with reference values do, 6o and
¢o. Two parameters ¢ and o define the energy and length scales of non-bonded
interaction for the interfacial adhesion. This approach provides an energetic
description that is equivalent to the continuum mechanics model with specific tensile
stiffness, Poisson’s ratio, bending rigidity and the adhesion between graphene and the
PMMA substrate. The parameters used in our CGMD simulations are fitted to full-
atom MD simulations and are listed in Table 1. [1-2]

PMMA substrate is modeled as a block with dimensions of 53 nm (length) x4.8 nm
(width) x20 nm (height). A layer of graphene with lateral dimensions of 36 nm

(length) x4.8 nm (width) is placed at the center of the upper PMMA surface, as shown

1



in Figure 5a. Stretching of the system was performed in the x direction with periodic
boundary conditions (PBC) applied in both the x and y directions, while the z-
boundary condition is left to be open

To study the interfacial stress transfer, we first simulated cycling loading conditions
with a constant strain rate at 300K, and extracted strain in graphene and the substrate,
which are summarized in Figure 5b. To explore the reconstruction of graphene/PMMA
interface under thermal stimuli, a three-cycle loading condition of energy
minimization (0 K) was simulated where the buckles form, followed by an additional
simulation with thermal stimulus introduced at 300K for 1 ns.

Table S1. Parameters for bonded and non-bonded interatomic potential functions used

in the CG models of graphene and PMMA.

Interaction Parameters

Bond do(A) kv

A-A 2.82 17.54 (kcal/mol.nm?)
A-B 2.82 54.94 (kcal/mol.nm?)
G-G 2.8 460 (kcal/mol.nm?)
Angle 6o (°) ka

A-A-A 131 3.0 kcal/mol

A-A-B 71 10.2 keal/mol

G-G-G 120 409.8 kcal/mol
Dihedral / kd

G-G-G-G / 4.15 keal/mol
Non-bonded o (A) ¢ (kcal/mol)

A-A 4.25 0.85

A-B 4.73 0.65

B-B 4.73 0.88

G-G 3.46 0.82

*A and B are the coarsen beads in PMMA and G is the bead in graphene

S2. Distribution of the Raman 2D-band frequency along the stretching direction
2




and surface morphology of graphene during cyclic loading
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Figure S1. The 2D-band frequency distribution across the monolayer graphene after
releasing during each loading/unloading cycle. At the initial state, graphene was under
residual pre-compression throughout the sample, which might be resulted from the
transfer process. [3-4] During the following loading/unloading cycles, graphene
presented higher Raman frequency as it underwent interfacial sliding and subsequent
compression. Moreover, the sluggish variation in Raman frequency after five cycles is
also aligned with the plateau stage in the degradation of interfacial stress transfer. Note
that, in the 20™ cycle, the data points tend to be more scattered which implies the

inhomogeneous strain distribution corresponding to the presence of buckles.
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Figure S2. The development of buckle amplitudes during multiple loading/unloading
cycles based on the AFM images from the same flake. The scattered feature of data
points is attributed to the relatively lower heights extracted from the continuously

emerging buckles.

Figure S3. Schematic plots of strain distribution within the graphene sheet with (a)
full and (b) partial contact with the substrate, respectively. L is the length of graphene
along the stretching direction and em is the top-surface strain applied to the substrate.
After a few loading cycles, the contact between graphene and PMMA splits into N
patches, which is assumed to be in equal size for simplification. From experimental
evidence, we consider the length of each patch of contact as La= 1.5 um the lateral
span of each buckle as Lv = 0.1 um. In a full contact with the matrix, the graphene

reinforces the matrix to the utmost extent through interfacial stress transfer, and the

4



distribution of in-plane strain in graphene is non-uniform. Conventionally, a critical
length (/) is defined as two times the length required for the internal strain with the
flake to reach 90% of that in the matrix, as presented in Figure S3a. Herein, an

JyeGodx | _ tanh(BL/2)
eml BL/ 2

of the integral area of £(x) (S2) to the rectangular area surrounded by dashed lines and

efficiency of stress transfern = can be defined as the ratio

coordinate axises (251+52), as shown in down-panel of Figure S3a. For example, for a

full contact,n is 0.80 with a typical value of fL=10, which will be reduced ton =

tanh(BLg/2)
N[l ———
[ BLqa/2

] = 0.55 for the partial contact.
S3. Raman spectra of graphene and the strain distribution in graphene during
multiple loading/unloading cycles in Test II and Test III after the thermal

stimulus

7L
T Ll rr T

[ — Before thermal treatment d
[ ----After thermal treatment 2D ]

L * (PMMA)

A ~3cm”

Intensity (arb. unit)

Intensity (arb. unit)

2600 2700
Raman shift (cm 1}

. 2/ ;
1600 1800 2600
. -1
Raman shift (cm )

Figure S4. The Raman spectra of graphene before and after thermal treatment. The
inset presents the variation of Raman 2D-band (3 cm™), corresponding to a negligible

strain of ~0.06%.
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Figure S5. Strain distribution in graphene along the direction of tension at the
averaged strain level of 0.7% during multiple loading/unloading cycles in Test II and

Test 111, respectively.
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