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Graphene fatigue through van der Waals interactions
Teng Cui, Kevin Yip, Aly Hassan, Guorui Wang, Xingjian Liu, Yu Sun*, Tobin Filleter*

Graphene is often in contact with other materials through weak van der Waals (vdW) interactions. Of particular 
interest is the graphene-polymer interface, which is constantly subjected to dynamic loading in applications, 
including flexible electronics and multifunctional coatings. Through in situ cyclic loading, we directly observed 
interfacial fatigue propagation at the graphene-polymer interface, which was revealed to satisfy a modified Paris’ 
law. Furthermore, cyclic loading through vdW contact was able to cause fatigue fracture of even pristine graphene 
through a combined in-plane shear and out-of-plane tear mechanism. Shear fracture was found to mainly initiate 
at the fold junctions induced by cyclic loading and propagate parallel to the loading direction. Fracture mechanics 
analysis was conducted to explain the kinetics of an exotic self-tearing behavior of graphene during cyclic loading. 
This work offers mechanistic insights into the dynamic reliability of graphene and graphene-polymer interface, 
which could facilitate the durable design of graphene-based structures.

INTRODUCTION
Graphene is the strongest material ever discovered both statically 
and dynamically, with an intrinsic strength of ~100 GPa (1) and a 
fatigue life of more than 109 cycles at ~5.6-GPa stress range and ~70-GPa 
mean stress levels (2). Van der Waals (vdW) interactions are among 
the weakest intermolecular forces, which are generally much weaker 
than intramolecular forces, such as covalent bonding (3). Scientifi-
cally, it is intriguing to investigate how the “strongest” material re-
acts in the presence of the “weakest” interaction. Furthermore, the 
wide applications of graphene involve contact with other materials 
through vdW interactions, among which the graphene-polymer 
interface is a primary example. A deep understanding of the vdW 
contact between polymer and graphene is important due to the 
wide existence of graphene-polymer interface in nanocomposites, 
sensors and detectors, multifunctional coatings, and flexible elec-
tronics (4–8), which are commonly subjected to complex mechanical 
loading. Previous studies have reported interfacial sliding of graphene 
on polymer substrates due to the low interfacial shear strength at 
the weak interface and wrinkling/buckling of graphene under com-
pression of the substrate (9–11). These morphological patterns 
(e.g., wrinkles, buckles, and folds) of graphene formed on polymeric 
substrates have also been exploited for applications, such as nano-
fluidic channels and tuning surface wettability (12, 13). However, 
previous work has focused on the quasi-static loading or unloading 
effect on the graphene morphology. There is a lack of detailed 
dynamic investigation, such as fatigue, on the interfacial and struc-
tural evolution of graphene and graphene-polymer interface under 
cyclic loading.

To achieve high reliability and robustness of graphene and 
graphene-polymer interface, several fundamental questions must 
be addressed. Is a graphene-polymer interface susceptible to pro-
gressive fatigue damage? Can pristine graphene exhibit fatigue 
fracture rather than mere morphological instability (e.g., wrinkles 
and buckle delamination) by pure vdW interactions? If so, then 
what are the fracture modes and contributing failure mechanisms? 
Here, via in situ cyclic loading, we show that pure vdW interactions 
at the graphene-polymer interface can induce substantial fatigue 

fracture of graphene through a combination of in-plane shear and 
out-of-plane tear mechanisms. In addition, direct evidence of interfacial 
fatigue damage propagation before the main fracture event was also 
observed. The cyclic damage evolution kinetics was analyzed. These results 
deepened the understanding on the dynamic stability of graphene, which 
could potentially facilitate the design of durable graphene-based 
flexible electronics, multifunctional coatings, and nanocomposites.

RESULTS
Interfacial fatigue damage propagation
Fatigue damage of various materials and structures under different 
stress states has long been a concern. Typical fatigue experiments 
include cyclic tension, shear, and bending of both homogeneous 
materials and composites to investigate both the intrinsic and inter-
facial fatigue behavior. Conventionally, the fatigue resistance of 
materials is characterized by the crack growth rate (i.e., crack elon-
gation per cycle, da/dN) under a fixed stress range (∆) during 
cyclic loading. For ductile solids, there are three typical regimes of 
crack propagation, i.e., Regime A, the near-threshold slow-growth 
rate; Regime B, mid-growth rate, also known as the Paris regime; 
and Regime C, near-failure high-growth rate, among which Regime B 
has been investigated most intensively (14). The fatigue crack growth 
behavior in Regime B has commonly been described by the Paris’ 
law, which states that da/dN scales with the stress intensity factor 
range (∆K) by the power law relationship    da _ dN  = c  (K)   m  , where c 
and m are fitting parameters, and  ∆ K =   √ 

_
 a    with  represent-

ing the applied stress range, and a is the half crack length. Interfacial 
fatigue of various contacts has also been investigated through mul-
tiple approaches, including, but not limited to, cyclic pullout tests, 
lap-shear tests, and peeling tests, with the main damage behavior 
identified as sliding and delamination at the interfaces (15–17). 
However, interfacial fatigue behavior of the vdW contacts between 
graphene and its substrates remains largely unexplored. Because of 
the two-dimensional (2D) nature, and thus ultralow bending stiff-
ness (18, 19), graphene is susceptible to out-of-plane buckling, 
especially at the contact of a stretchable substrate with elastic mis-
match. These uniqueness implies different forms of fatigue damage 
and damage dynamics as compared to the fatigue fracture propagation 
in macroscale, and the macroscopic methods and analyses are also 
not readily applicable.
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To probe the interfacial fatigue behavior of the graphene-polymer 
contact, we mechanically exfoliated graphene films onto a stretch-
able polydimethylsiloxane (PDMS) substrate, which was subjected 
to uniaxial cyclic loading; meanwhile, the dynamic evolution of the 
graphene was recorded in situ under an optical microscope, as illus-
trated in Fig. 1A. Figure 1B shows the morphological changes of 
graphene after various cycles (labeled as C#) under a cyclic strain 
range ∆ = 5% and strain ratio  R =      min   _    max    = 0 . Periodic wrinkles and 
local buckle delamination, identified as black lines, formed and 
propagated inward during cyclic loading/unloading (see also movie S1). 
We confirmed that the optically identified black lines are buckles 
using atomic force microscopy (AFM) in Fig. 1C and high-magnifi-
cation optical imaging in fig. S1. The wider white belts are collapsed 
folds, which are more clearly revealed later in Fig. 2 and fig. S2. The 

buckle formation near the graphene edges was caused by interfacial 
sliding during the loading stage and consequent compression during 
unloading (9, 20). Thin-film buckling theories (21) predicted that 
the periodic wrinkles (conformal deformation of the film and sub-
strate) are energetically more favorable than buckle delamination 
(separation between the film and the substrate) due to the substan-
tial elastic modulus mismatch between graphene and PDMS (~5 × 
105 : 1). With further increases in the compressive stress on the 
graphene during the unloading stage, buckle delamination was ob-
served to be locally activated alongside the existing wrinkles and 
grew into a collapsed fold. This wrinkle-to-fold transition in 2D 
materials has also been reported during the release of a prestretched 
substrate in the literature (22). In the current study, more local 
delamination and folds were activated with increasing cycles due to 

Fig. 1. Propagation of interfacial damage zone under cyclic loading. (A) Schematic of cyclic loading setup. The polymer substrate is loaded cyclically where the two 
jaws move simultaneously outward and inward to maintain the graphene in the center for in situ observation. Inset shows a schematic of the triangular cyclic strain pro-
file. (B) Real-time optical images showing the propagation of buckling zone after different fatigue cycles under strain range ∆ = 5% and strain ratio R = 0. (C) AFM images 
of buckles that appear as black lines optically. (D and E) Damage length, a, and its propagation rate,    da _ dN  , as a function of fatigue cycle, both exhibiting a power law relation. 
The damage length eventually approaches the total length of the sample. (F) The damage propagation rate as a function of interfacial strain intensity factor range, Kint, 
showing that the propagation of graphene-polymer interfacial fatigue damage can be described by a modified Paris’ law as in Eq. 3. Values of m were extracted by curve 
fitting with SEs. Scale bars, 50 (B) and 5 m (C).
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the repeated sliding at the interface, which degraded the contact 
quality and lowered the critical buckling strain. It is also noted that 
because of the edge effect, the wrinkles appeared curved along the 
width direction. On the basis of quasi-static analysis, if the system is 
stretched to a fixed loading strain, then the unloading-induced 
buckling zone is also fixed and determined by whether the local 
strain in the graphene reaches the critical value (23). However, in 
the current study under cyclic loading, even with a fixed strain 
range, we observed that the buckle wave fronts dynamically propagated 

toward the internal region, and there was a wrinkle-to-fold transi-
tion thereafter in the buckling zone. These phenomena provide direct 
evidences and visualization of the interfacial damage propagation at 
the graphene-polymer interface under cyclic loading.

To analyze the damage propagation kinetics, we assign 1D un-
damaged zone ∆L and total length L (Fig. 1C) and then define the 
total damage length a = L − ∆L. The buckle wave front was optically 
identified by setting a consistent contrast threshold in an imaging 
processing tool. Because of the optical diffraction limit and image 

Fig. 2. Mixed-mode fatigue fracture and damage of graphene. (A) Time-lapsed images showing the multiple fracture modes of graphene. Mode I fracture (opening 
cleavage) was perpendicular to the loading direction and was not caused by fatigue. Mode II fracture (in-plane shear) initiated at a fold junction and propagated along 
the loading direction (C15 to C500). Mode III fracture (tear) occurred at both edge and internal defective sites. (B) High-magnification image of the damaged graphene 
after 500 fatigue cycles, showing details of folds, tears, and cracks. (C) AFM topographic image of an internal tear in (B). (D) Schematics of the three different fracture 
modes observed in the experiments. (E) Separation distance between the two graphene films, showing sigmoidal behavior with cycle number. (F) Evolution of normal-
ized area and lengths in both directions with cycle number, showing similar sigmoidal behavior. (G) Normalized damage of graphene under large strain range ∆ = 20% 
and R = 0.33, highlighting local oscillation of area and lengths during cyclic loading. Scale bars, 50 (A), 10 (B), and 2 m (C).



Cui et al., Sci. Adv. 2020; 6 : eabb1335     14 October 2020

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

4 of 8

processing parameters, there exists a systematic error of ~1 m in 
the detection of the buckle wave front as compared to the AFM 
measured position. However, the absolute position does not affect 
the buckle propagation rate substantially. Figure 1D shows that the 
damage length a propagates in a power law relation with cycle number 
N and eventually approaches the total length of the sample

  a =  c  1    N    m  1     (1)

where c1 and m1 are scaling parameters. Thus, the damage propaga-
tion rate,    da _ dN  , also follows the power law relation with N

    da ─ dN   =  c  1    m  1    N    m  1  −1   (2)

as also validated by the linear relation between    da _ dN   and N in a double 
logarithmic plot shown in Fig. 1E. Combining Eqs. 1 and 2 and re-
arranging the constants leads to

    da ─ dN   = c  (  √ 
_

 a  )   m    (3)

In Eq. 3, c and m are a new set of fitting parameters related to c1 
and m1, and a newly introduced parameter ∆ is the applied sub-
strate strain range, which is a constant during each test (see details 
in the Supplementary Materials). Here, we define an interfacial strain 
intensity factor   K  int   =   √ 

_
 a   , which is an analog to the stress intensity 

factor  K =   √ 
_

 a   , but with a representing the interfacial damage 
length in the Kint and half crack length in K.  here is the applied 
substrate strain. On the basis of this definition, the interfacial fatigue 
propagation rate    da _ dN   can be expressed in terms of the range of inter-
facial strain intensity factor ∆Kint as in Eq. 3, which is analogous to 
the Paris’ law. Similar to conventional fatigue studies, the applied ∆ 
should be large enough to initiate and propagate buckling damage; 
however, if ∆ is too large, then the entire graphene piece would be 
damaged within one cycle.

Figure 1F reveals that the graphene-polymer interfacial fatigue 
damage can be well described by the modified Paris’ law (Eq. 3). 
Fitting the data in Fig. 1F by Eq. 3 yields values of m ranging from 
−13.0 to −67.9. The wide range of m is likely due to the variation of 
contact quality, which is critical for the buckling behavior but is hard 
to control during sample preparation due to its stochastic nature 
and atomic-scale thickness. A previous study has also reported a 
nonhomogeneous contact between exfoliated graphite and PDMS 
substrate using atomic force acoustic microscopy (24). Therefore, it 
could be difficult to achieve high-level consistency quantitatively 
across samples. However, despite the across-sample variations, all 
the samples followed the same damage propagation kinetics. We 
also note that this model is applicable for 1D fatigue damage prop-
agation, and the damage caused along the (in-plane) perpendicular 
direction should be limited to avoid notable interference.

It is interesting to reveal that classical fatigue cracks propagate at 
an increasing rate with cycles (m > 0), eventually leading to fast un-
stable fracture. However, here, the interfacial fatigue damage prop-
agation rate decreases with cycles (m < 0), with the fastest damage 
occurring in the first cycle, which exhibits reverse damage kinetics 
as compared to the classical fatigue crack growth. Such a reverse trend 
is attributed to the drastically different fatigue damage mechanisms. 
In the current study, the buckle delamination generated in the first 
cycle resulted in a smaller middle contact region of graphene with 

the substrate. The damage propagation was maintained by the fol-
lowing loading/unloading cycles, which continued to induce sliding/
buckling at the edges of the smaller intact region. Energetically, 
once a buckling zone is formed, the energy input from later cycles is 
largely dissipated at the existing buckling zone by forming larger 
buckles and folds, thus leading to a decrease in the rate of creating 
new damage zones. In contrast, for classical uniaxial tensile loading 
of cracked solids, the energy release rate G increases with the crack 
length, which drives faster crack propagation.

Mixed-mode fatigue fracture of graphene
In addition to the interfacial fatigue damage propagation, we show 
that pristine graphene can also suffer fracture by cyclic loading 
through weak vdW interactions. Previous studies (13, 25–27) have 
demonstrated that chemical vapor–deposited graphene can easily 
fracture by loading or unloading the polymeric substrates due to 
its high defect density. The presence of preexisting defects could 
subs tantially decrease the strength and fracture strain of graphene 
(28, 29). Figure 2 presents a mixed-mode fatigue fracture of me-
chanically exfoliated graphene through interfacial loading at the 
graphene-polymer contact (∆ = 5%, R = 0.28). In few cases, we 
noticed that even in the loading stage of the first cycle (C1 loading), 
the graphene film cleaved into two clean pieces, which is a typical 
signature of Mode I fracture. In fracture mechanics, as illustrated in 
Fig. 2D, Mode I fracture refers to the opening mode where the applied 
stress is normal to the crack surface. Mode II fracture is designated 
as the fracture caused by in-plane shear where the shear stress is 
parallel with the crack line. Mode III fracture is caused by out-of-
plane shear or tear where the shear stress at the crack front is normal 
to the 2D material’s surface. Here, the Mode I fracture was simply 
caused by monotonic loading to failure at low tensile strain (2.7%). 
Here, we focused on the fatigue fracture of graphene caused by cyclic 
loading. Ten samples have been tested and analyzed. This represen-
tative sample (Fig. 2A) has a prefold caused by pretensioning of the 
PDMS substrate. The subsequent cycles generated more folds both 
vertically and horizontally, forming multiple junctions. It was con-
sistently observed that fracture occurred and preferred to initiate at 
the fold junctions but unexpectedly propagated along the loading 
direction. As imaged after 15 cycles (C15 in Fig. 2A), the vertical 
fold split in two at the junction and further separated horizontally, 
which is a typical Mode II fracture of the graphene. Previous work 
on Mode II damage in graphene focused on the interfacial debonding 
between graphene and various substrates under quasi-static loading 
(30, 31). There is still a lack of experimental report on the shear- 
induced fracture of graphene itself, both statically and dynamically. 
The Mode II fatigue fracture at the junction can be of particular 
concern, especially for applications that make use of buckle net-
works for trapping or administering fluids (12) and creating super-
hydrophobic surfaces (13). Further fatigue loading resulted in Mode III 
fracture, including both edge tear (C120) and internal tear (C380). 
Figure 2B shows a higher magnification image of the graphene film 
after 500 cycles, and an AFM topography image of the internal tear 
is shown in Fig. 2C. Schematics of the three fracture modes are illus-
trated in Fig. 2D.

To quantify the cyclic loading effect, the configurational changes 
of graphene were tracked dynamically frame by frame, including 
the separation between two graphene films S and changes in area A 
and lengths Lx and Ly. As summarized in Fig. 2E, the separation 
distance S increases with cycles, showing a sigmoidal behavior. The 
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separation was enlarged at an increasing rate up to ~250 cycles and 
then followed by a gradual decreasing rate to approximately zero. 
The widening of the two films is a manifest of graphene-polymer 
interfacial sliding. The area and lengths evolution in Fig. 2F were 
normalized by dividing the initial values before loading, and they 
revealed a similar sigmoidal behavior but in a decreasing trend. 
These results showed that the fatigue degradation of graphene was 
not at a constant rate. At the initial stage, the graphene films had 
fewer fractured regions and buckle delamination. The generation of 
any new cracks and buckles serves as initiation sites for more folds 
and cracks, which, in turn, accelerates the fatigue damage. However, 
once the graphene shrank to a certain extent, further folding of the 
(thicker) shrunken structure became more difficult and required 
more energy. The decreasing contact size between graphene and 
substrate also reduced the strain transferred to the graphene film. 
Therefore, the damage process was decelerated at later stages, since 
the cyclic loading was conducted at a fixed strain amplitude (i.e., 
fixed energy input). Moreover, fatigue testing at larger mean strains 
and strain amplitudes was also conducted. Figure 2G is an example 
of fatigue loading at ∆ = 20%, showing 30% of area reduction in 
just 10 cycles, which took 500 cycles for loading at ∆ = 5% (Fig. 2E). 
Although both area and lengths were decreasing globally during cyclic 
loading, there were still oscillations in these two quantities within 
each cycle, and the oscillations followed the cyclic loading frequency. 
As shown in Fig. 2G, loading of the substrate horizontally led to a 
local increase in Lx and a local decrease in Ly due to Poisson’s effect; 
the reverse is true for unloading. Calculating the effective Poisson’s 
ratio (    eff   = −   ∆    y   _ ∆    x    ) for both loading and unloading stages yields 0.46 
and 0.25, respectively. Because of the fact that there was out-of-
plane deformation involved, the Poisson’s ratios calculated here are 
not intrinsic properties of the graphene and that also explains why 
both values are higher than the intrinsic graphite’s Poisson’s ratio of 
0.165 in the basal plane (32). The higher effective eff during the 
loading stage as compared to the unloading stage is a result of 
permanent buckling (delamination or folds) and energy dissipation 
during the fatigue cycles. An additional example of fatigue fracture 
at an even larger strain range (∆ = 50%) is provided in the Supple-
mentary Materials (figs. S4 and S5). In that case, it is interesting to 
observe the PDMS substrate fractured during the cyclic process, 
and the fast retraction of the substrate resulted in substantially more 
and denser buckles on graphene than previous cycles, indicating that 
the interfacial delamination process could be strain rate sensitive. 
However, a detailed understanding of the strain rate sensitivity still 
requires further investigation.

Fatigue fracture mechanisms
To understand the mechanisms of the two main fatigue fracture 
modes, in-plane shear and tear, we conducted AFM characteriza-
tion on the junctions of folds and performed an energy-based frac-
ture mechanics analysis on the tears. Figure 3A shows three AFM 
topography images on the folds and junctions of a graphene film 
that has undergone 10 cycles of loading (∆ = 20%, R = 0.33). These 
AFM images revealed the complexity of the deformation, featuring 
knotted junctions formed by multiple folds, cross junctions formed 
by two perpendicular folds, and hierarchical buckles (wrinkles on 
folds). These complex fold junctions induced severe stress con-
centration, as revealed by previous atomistic simulations (13, 33). 
Furthermore, the coexistence of vertical and horizontal folds dis-
sected the graphene film into multiple small islands bordered by the 

folds (Fig. 3B). At the folds, the strain in graphene was mostly re-
laxed by the out-of-plane deformation (34). Since the out-of-plane 
folds effectively resulted in lower global in-plane stiffness and the 
stress transfer efficiency is also lower at the buckles (35), the motion/
deformation of each small region was more independent and non-
coherent due to geometrical asymmetry and edge effect. Previous 
study on Raman mapping of graphene revealed highly nonuniform 
strain distributions when applying substrate strain of higher than 
even 0.6% (36). The noncoherent deformation at the adjacent edge 
of the fold boundary resulted in shear along the fold, which is con-
sistent with previous molecular dynamics simulations (37, 38). 
Therefore, the cracks initiated at the junctions where the stress is 
highly concentrated and propagated along the loading axis under 
cyclic loading, as illustrated in Fig. 3B. We also observed that the 
shear cracks could propagate along one or both directions of the 
fold, as shown in Fig. 3 (C and D).

Another prominent fatigue fracture mode observed was tearing, 
as previously shown in Fig. 2 (A to C). Figure 4A is another example 
showing the snapshots of an internal tear propagation. The tearing 
process propagated in a fast, nonstable manner (see movies S2 
and S3), and the torn graphene ribbon later stopped at a topographic 
barrier (e.g., another fold). The tear length c and area were measured 
during the tearing process and plotted in Fig. 4B. Here, the tear 
length refers to the longer side of the tear, as indicated in Fig. 4A. 
Figure 4C shows an outline of the final tear with the central red line 
indicating the tear propagation direction. Both the tearing direction 
and width were dynamically changing, which is distinct from the 
previously observed self-tearing behavior of graphene on SiO2 sub-
strates by Annett and Cross (39). In their work, small prefolds in 
graphene were artificially created by a nanoindenter, and then the 
self-tearing at the folds spontaneously occurred along a fixed prop-
agation direction and stopped at a fixed tear width due to thermal 
activation. Here, small tears in the form of prefold tabs were com-
monly formed at both the edges and internal defects or cracks (Figs. 2A 
and 3C) due to cyclic loading–induced out-of-plane deformation. 
Another fundamental difference from the self-tearing of graphene 
on SiO2 substrate is the additional applied force on graphene through 
the interface in this study. To understand the tear propagation 
mechanism with the application of external loading, such as why 
the tear propagation direction and tear width change, we performed 
an energy-based fracture mechanics analysis. Considering a tear 
situation as shown in the schematic of Fig. 4D, without external 
loading, Annett and Cross (39) showed that the total energy change 
of the system can be expressed as

  U =  U  e   + 2c + (   1   −    2   )  A  tear    (4)

where Ue is the elastic energy of the fold due to bending at the tear 
front;  is the fracture energy of graphene per unit crack length; c 
is the tear crack length; 1 and 2 are the graphene/PDMS and 
graphene/graphene adhesion energy, respectively; and Atear rep-
resents the area of the tear. The forces along the tear edges can be 
expressed as the energy release rate along the tear crack direction

   F  c   = −   ∂ U ─ ∂ c   = 2DS sin − 2 + (   2   −    1   ) wcos  (5)

where D is the bending stiffness, S is a constant relating to the bend-
ing configuration of the fold,  is the half taper angle of the tear, and 
w is the crack width at the tear front. The force Fc contains both 
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advancing force and resistance force at the two edges of the tear 
(Fc = 2Fadvancing − 2Fresistance). At each edge of the tear front (Fig. 4E), 
  F  advancing   =     2   wcos _ 2   + DS sin , and   F  resistance   =     1   wcos _ 2   + .  According 
to the literature, 2 is ~300 mJ/m2 (40) and 1 is ~7 mJ/m2 (41). 
Without external loading, the driving force originates from the 

adhesion energy difference between the graphene/graphene inter-
action and graphene/PDMS interaction (Fig. 4F); and the resistance 
force stems from the fracture energy () required to tear the graphene. 
It is also noted that the sliding friction at the graphene-graphene 
interface must also be very low for the self-tearing mechanism to 

Fig. 3. Fatigue fracture by in-plane shear at fold junctions. (A) AFM topography images of cyclically loaded graphene showing the geometrical complexity of folds and 
junctions. (B) Schematics showing the mechanism of junction shear. Shear fracture initiated at the cyclic loading–induced fold junctions due to severe stress concentra-
tion. The shear crack could propagate along (i) one or (ii) both sides of the fold, as shown in examples (C) and (D), respectively.

Fig. 4. Fatigue fracture by tearing. (A) Snapshots of an internal tear propagation at different stages. (B) Tear length and area as a function of time showing unstable 
propagation, with the four stages in (A) indicated in the timeline. (C) Outline of the final tear with midline showing the change of tear width and propagation direction. 
(D) Schematic of a tear with external loading. (E) Top view of the tear schematic with acting forces on the tear front. (F) Cross-sectional view of the tear schematic high-
lighting graphene/graphene adhesion as an advancing force and graphene/PDMS adhesion as a resistance force.
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occur, likely in a state of superlubricity due to incommensurate 
stacking, as suggested by a previous scanning Raman spectroscopy 
study (39).

In the case of our experiments, the graphene sample was con-
stantly subjected to external loading F (Fx, Fy: horizontal, vertical 
component) from the substrate, and the external force could be of 
any angle  to the current tear propagation direction, as illustrated 
in Fig. 4E. If  = 90°, the external force is perpendicular to tearing 
propagation direction, i.e., Fx = 0, then at the equilibrium state

    (   2   −    1   ) w ─ 2   = cos  (6)

  DS = sin +  F  y    (7)

From Eq. 7, it can be deduced that the taper angle  could be 
tuned by varying Fy. Moreover,  could also be negative when Fy > 
DS, and the tear width w at equilibrium could also be altered ac-
cordingly based on Eq. 6. Under the current angle convention,  is 
positive when tapering inward. Figure 4A is an example of an out-
ward taper at a large loading force. Since F was constantly changing 
during the experiment, the taper angle was also changing dynami-
cally, as revealed in Fig. 4C. From an energy standpoint, because of 
the additional strain energy input to the host graphene from the 
PDMS substrate, the torn ribbon needs to further enlarge its contact 
area with the host graphene, i.e., by increasing the tear width. By 
doing so, there would be larger region transformed from highly 
strained host graphene to lightly strained torn ribbon, which allows 
more energy to be released. This is also in line with the tendency of 
minimizing its internal energy by having a larger overlapping region. 
If  ≠ 90°, which is the most common situation, then the pair of Fx 
component at the tear front would act as a force couple with a 
moment of magnitude Fxw. The system does not reach equilibrium 
until the force couple drives the tear propagating toward the direc-
tion where F is perpendicular to the tear propagation (Fx = 0). This 
also explains why the tear in Fig. 4A (tear outline in Fig. 4C) 
followed a curving path and eventually ended normal to the loading 
direction. Our results demonstrated that mechanical oscillation of 
an elastic substrate provides another route to trigger self-tearing 
of the adhered graphene. The detailed tear propagation behavior 
could also be tuned by the external force through a mechano-
thermally driven mechanism. Edge tearing is similar in mechanism 
with only one fracture path. However, it is noted that the real situation 
is more complicated, and the wrinkles and buckle delamination may 
interfere and affect the tearing propagation. The model assumes a 
uniform contact quality between graphene and PDMS substrate 
for simplicity.

DISCUSSION
Here, we have conducted in situ cyclic loading of graphene-loaded 
polymer and directly observed interfacial fatigue damage propagation 
at the graphene-polymer interface and vdW-induced fatigue frac-
ture of graphene. In addition to the well-known graphene buckling 
phenomenon due to elastic strain mismatch, we found that cyclic 
loading not only induces but also dynamically propagates the affected 
buckling zone from near the edges to the internal region and that 
the propagation is well described by a modified Paris’ law. Configu-
rational analysis revealed that the damage evolution of graphene 

follows a sigmoidal behavior, featuring a nonconstant damage rate. 
Furthermore, this work highlights the striking effect of interface 
on the mechanical behavior of graphene under cyclic loading. 
Although graphene has the highest intrinsic strength and fatigue life, 
the dynamic involvement of vdW interactions at the interface frac-
tures the graphene through in-plane shear and out-of-plane tear 
fracture mechanisms. These results offer mechanistic insights into 
the dynamical mechanical behavior of graphene in nanocomposites 
and multifunctional coatings. Proper fatigue behavior needs to be 
evaluated and controlled in those applications for extended lifetime. 
Moreover, our theoretical analysis suggests that external loading of 
the substrate offers a possible route for more tunable self-assembly 
and mass transport of graphene by controlling the tearing propagation 
characteristics, such as taper angle and propagation direction. The 
developed theoretical framework and fracture behavior could also 
be extended to other 2D materials on various stretchable substrates.

MATERIALS AND METHODS
Samples and characterization
PDMS (Dow SYLGARD 184) with a substrate of thickness ~0.8 mm 
was prepared by mixing the prepolymer base with curing agent at a 
ratio of 10:1, followed by 1 hour curing at 110°C. Then, graphene 
with a ranging thickness from 1.70 to 3.24 nm was mechanically 
exfoliated from bulk graphite (NGS Naturgraphit) directly onto the 
PDMS substrate. The thickness was measured by tapping mode 
AFM across a fold of the graphene itself. Direct imaging across the 
PDMS-graphene step would result in notable error due to the 
drastically different tip interactions between PDMS and graphene. 
Cyclic loading of the substrate was conducted using a microtensile 
tester (Deben), and the fatigue cycles were implemented in dis-
placement control at a constant strain rate of 2.5 × 10−3/s, during 
which the dynamic process was observed in situ in an optical micro-
scope (Zeiss Scope A1). All the AFM (Asylum Research) topog-
raphy images were obtained in tapping mode using a sharp silicon 
tip (k = 42 N/m, f = 330 kHz).

Optical image processing
The videos of the graphene-polymer system undergoing fatigue testing 
were analyzed with the Image Processing Toolbox in MATLAB. 
Within the region of interest, each frame was converted into a gray-
scale image, and a threshold in pixel intensity was used to differen-
tiate the graphene from the background polymer. With the graphene 
region identified, the length in x and y was measured by using a 
bounding box around the graphene. The area was calculated by 
counting the number of pixels in the graphene region. The gap 
separation between two graphene pieces was calculated by taking an 
average of all the distances between the pieces along the horizontal 
x direction. All measurements were then converted into microns by 
using the scale bar in the video as a pixel-to-micron ratio.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/42/eabb1335/DC1
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