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Abstract: Composite structures consisting of two-dimensional (2D) materials deposited on elastic substrates
have a wide range of potential applications in flexible electronics. For such devices, robust 2D film/substrate
interfacial adhesion is essential for their reliable performance when subjected to external thermal and
mechanical loads. To better understand the strength and failure behavior of the 2D film/substrate interfaces,
two types of graphene/polymer samples with distinct interfacial adhesion properties are fabricated and tested by
uniaxially stretching the substrates. Depending on the interfacial adhesion, two drastically different debonding
rates are observed, i.e., rapid snap-through debonding and more progressive crack propagation. Motivated by
the experimental observation, we propose an improved shear-lag model with a trapezoidal-shaped cohesive
zone to derive an analytical solution for the decohesion behavior. The theoretical model reveals that the decohesion
behavior of the frictional adhesive interface is governed by three dimensionless parameters. Particularly, the
dimensionless length of the film essentially determines the decohesion rate; while the other two parameters
affect the critical substrate strain to initiate debonding. By fitting the experimental data with the theoretical model,
the intrinsic adhesion properties of the two samples are obtained with physically meaningful values. This work
offers an analytical solution to describing the decohesion behavior of general thin film/substrate systems with a
frictional adhesive interface, which is beneficial for characterizing and optimizing the mechanical properties of
various thin film/polymer devices.
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1 Introduction commonly subjected to various thermal and mechanical
loading. Deformation of the substrates will be
Owing to their unique electrical and photoelectric ~ transmitted to the upper 2D materials through the
properties as well as out-standing mechanical  adhesive interface. However, as the in-plane stiffness
strength [1], two-dimensional (2D) materials have of the 2D material is typically much higher than
a wide range of potential applications in flexible  that of the flexible substrates, the large difference in
devices [2-4]. For such applications, 2D materials are =~ deformability would lead to significant shearing
often attached to flexible substrates, e.g., polyethylene  along the interface. When the shear stress exceeds
terephthalate (PET), polymethyl methacrylate (PMMA),  the interfacial strength, the adhesive interface will be
or polydimethylsiloxane (PDMS) [5-10]. During active =~ damaged leading to debonding of the 2D film from

operations of these devices, the flexible substrates are  the substrate causing failure of the devices. Therefore,
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understanding the decohesion behavior of adhesive
interfaces under stretch-induced shearing is crucial
for reliable and robust performance of these 2D film/
substrate flexible devices.

To better understand the mechanical behavior of
2D film/substrate interfaces, the classic shear-lag model,
a mechanics model that is generally used for analyzing
the interfacial interaction of thin film/substrate systems
[11], has been adopted to correlate the 2D film strain
with the substrate deformation [12-14]. In the shear-lag
model, a cohesive zone model (CZM) defining the
relationship between the interfacial shear stress and
the slip distance is typically used to describe the
adhesive interaction of the interface. In order to
study the deformation behavior of graphene films on
stretched PET substrates, Jiang et al. [12] used a
simplified CZM, consisting of a linear strengthening
segment and a constant shear stress after a critical slip
distance, to theoretically derive the strain distribution
of the film. Meanwhile, Guo and Zhu [13] performed
a shear-lag analysis with a bilinear CZM, ie., a
linearly strengthening stage followed by a linearly
softening stage, and obtained the critical substrate
strain for interface debonding. Later, a three-stage
CZM, which adds a constant frictional shear stress
segment to the bilinear CZM, was proposed by Dai
et al. [14] to predict the mechanical properties of
graphene/PMMA systems. It is noted that the existing
works [12-14] primarily focus on the strain distribution
of the film or the shear stress distribution of the
interface before interface debonding to interpret
the experiments. For example, by fitting the strain
distribution of graphene on polymer substrates, one
could extract the shear strength of the graphene/PET
interfaces [12, 13] and graphene/PMMA interfaces
[14]. However, as the applied substrate strains in the
experiments were not large enough to initiate interface
debonding [12-14], they could not extract the interface
decohesion toughness and the full evolution process
of the interfacial failure/debonding was not explored
either. However, according to a recent work by Cui
et al. [15], when the substrate was highly loaded, full
debonding would occur along the adhesive interface
and cause catastrophic failure of the devices. Therefore,
it is of great significance to better understand the full
decohesion behavior of the 2D thin film/substrate

systems, such as the critical substrate strain to initiate
debonding and the debonding rate of the interface.

In this work, the whole interfacial failure process,
including both the frictional sliding stage and the
full debonding stage, is examined by stretching the
substrate to a large extent. Different decohesion
behaviors of the adhesive interface with distinct
debonding rates are observed experimentally and the
underlying mechanism is revealed by an improved
theoretical model. More specifically, graphene films
are deposited on PDMS substrates with different
properties of adhesive interface and the decohesion
behaviors are examined by uniaxially stretching the
substrates. Depending on the characteristics of the
adhesive interface, two distinct types of decohesion
processes are observed: rapid debonding and progressive
crack propagation. Motivated by the experimental
observations, we propose an improved decohesion
model to describe the failure behavior of the interfaces.
Our model shows that the decohesion is governed by
three key dimensionless parameters, i.e., L, A, and
&, . Particularly, L, representing the dimensionless
length of the bonded film, essentially determines
the decohesion mode/rate, while the latter two
parameters, 4 and g,, primarily affect the critical
substrate strain to initiate debonding. By choosing
proper interfacial parameters, the distinct failure
behavior observed in our experiment can be well
reproduced by our theoretical model with good
consistency.

2 Experimental observations: Decohesion
with drastically different rates

In this work, two kinds of graphene/substrate samples
were fabricated to explore the interface decohesion
behavior when the substrate was uniaxially stretched.
One was the graphene/PDMS (Gr/PDMS) sample,
where the graphene film was directly transferred to
the top surface of the PDMS substrate. The other was
the graphene/formvar-PDMS (Gr/Fo-PDMS) sample,
where an intermediate formvar layer (Tokyo Chemical
Industry Company) was dip-coated on the surface of
the PDMS substrate to enhance the interfacial adhesion.
In both cases, commercially available monolayer
polycrystalline graphene films synthesized on copper
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foil using chemical vapor deposition (Vigon Technology)
were used and they were cut to a size of 100 pm x
20 pm after deposition on the substrates. The detailed
transfer method can be found in Ref. [16]. All the PDMS
substrates were 40 mm in length, 10 mm in width,
and 1 mm in thickness.

Using a loading device combined with a Raman
spectroscopy system, we conducted the uniaxial
tensile tests while measuring the strain distribution
of the graphene film, as schematically shown in
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Fig. 1(a). To be more specific, the strain of the PDMS
substrate was gradually increased from 0% to 4.5%
with a loading step of 0.75%. It is well known that,
when graphene is strained, the frequency of its Raman
2D-peak will shift linearly [17, 18]. Therefore, by
measuring the frequency shift in the Raman 2D-peak,
one can directly calculate the strain of graphene if the
conversion factor, i.e., Raman 2D-peak position shift
rate per strain coefficient (RSS,p), is known. In the
experiment, we used the value of RSS;, (-30.9 cm™/%)
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Fig. 1 (a) Schematic of the uniaxial tensile tests on graphene/formvar—PDMS and graphene/PDMS samples using a Raman spectoscopy

system (the PDMS substrate and graphene are not drawn to scale; the red dashed line illustrates the sampling points along the graphene
surface). (b) (left) Distributions of graphene strain of the graphene/formvar/PDMS sample under substrate strain of 0%—3.00%. (right)
Schematic of the rapid debonding process of the graphene/formvar interface. (c) (left) Distributions of graphene strain of the

graphene/PDMS sample under substrate strain of 0%—4.50%. (right) Schematic of the progressive crack propagation process of the
graphene/PDMS interface. Red lines represent the slipped regions of the interface, and the degree of redness means the extent of sliding.
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obtained on a similar system [16] to estimate the
graphene strain. The Raman spectra were obtained
using a Renishaw InVia system with a 633-nm He-Ne
laser as the excitation source. The spot size of the
laser was about 1 pm in diameter, after being focused
through a 50x objective lens (numerical aperture =
0.75). A low laser power of 0.85 mW was used to
avoid local heating effect or damage to the graphene
film. The total number of sampling points for measuring
the strain distribution along the centerline of the
graphene was 31.

Figures 1(b) and 1(c) show the distributions of
graphene strain of the Gr/Fo-PDMS and Gr/PDMS
samples along the tensile direction at various loading
stages. For the Gr/Fo-PDMS system, upon the initial
stretching (0%—2.25%), the graphene strain increases
almost linearly from the edge to the center, until it
reaches the substrate strain in the middle part, as shown
on the left side of Fig. 1(b). This strain distribution
suggests that interface slip occurs from the edge of
the interface and there exists approximately constant
shear stress in the slipped region, as schematically
depicted by the red lines along the interface in the
right panel of Fig. 1(b). Despite the slipped region,
the interface in the middle part remains almost intact
during the initial stretching. However, when the
substrate strain is further increased to 3.00%, the
graphene strain across the sample suddenly drops to
nearly zero, except for a narrow region with very small
tensile strain at the center. Though direct observation
of the graphene/polymer interface during debonding
is challenging, the strain distribution indicates that
complete debonding has occurred in most areas of
the Gr/Fo-PDMS interface and only a small region at
the center remains bonded but has also slipped. The
rapid debonding process is schematically illustrated
in the right panel of Fig. 1(b).

In contrast, for the Gr/PDMS system, the strain of
graphene keeps increasing non-linearly from the edge
to the center upon initial stretching and no constant
strain region can be observed, as shown by the left
panel of Fig. 1(c). It is worth noting that the maximum
strain of graphene still occurs at the center but its
magnitude is always significantly lower than the
applied strain of the substrate. For example, when
the substrate strain is 3.00%, the maximum strain
of graphene is only 1.00%. This non-linear strain

distribution implies that the entire interface has fully
slipped even under small substrate strain, as illustrated
by the right panel of Fig. 1(c). The graphene strain
gradually evolves and becomes larger when the
substrate strain is increased from 0 to 3.00%. When
the substrate strain is beyond 3.00%, the overall
graphene strain decreases and a zero-strain region
starts to appear from the free edge of the interface.
Upon further stretching, the zero-strain region expands
gradually from the edge to the center. This suggests
that the interface has fully bedonded from the edge
but the decohesion occurs much more progressively
unlike the case of Gr/Fo-PDMS system.

The above experimental results show that the
interface decohesion can occur in distinct fashions
depending on the nature of the interfacial adhesion:
one is through rapid debonding and the other is via
more progressive crack propagation. In the following,
we will propose a theoretical decohesion model to
reveal the mechanism underlying the distinct failure
behavior and identify the key governing factors.

3 Theoretical model and discussions

To better understand the decohesion process of the
graphene/substrate interface due to uniaxial stretch,
a mechanics model was considered. As shown in
Fig. 2(a), an elastic thin film with thickness h and
length L is originally bonded to an elastic substrate
and then the substrate is gradually stretched along
the lateral direction to initiate decohesion of the thin
film. The adhesive interaction between the film and
the substrate follows a shear cohesive zone model,
consisting of a strengthening stage, a full frictional
slip stage, and a debonded stage, as depicted in
Fig. 2(b). During the strengthening state with partial
slip, the interfacial shear stress, 7, increases linearly
with the slip distance, &, until it reaches a maximum

shear strength, z_, at the initial strengthening slip

distance, J,. As the slip continues, the interface enters
the full frictional slip stage, where the shear stress
stays constant at 7 for §, <5 <5 . When the slip
distance becomes larger than a final critical distance,
6., the interfacial shear stress drops to zero suddenly,
representing a fully debonded state. Compared with

the cohesive zone models adopted in previous works
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Fig.2 (a) A two-dimensional model for decohesion of an elastic thin film from a stretched substrate; only half of the system is

considered due to symmetry. (b) Cohesive zone model depicts the shear interaction of the adhesive interface.

[12-14], our model considers both a constant shear
strength 7 and a finite final slip distance J_, which
is essential to describe the full debonding behavior.
Here, we can define a dimensionless parameter
A=(58,-05,)/5, to describe the relative slip length
between the full frictional slip stage and the initial
strengthening stage. For 4 >0, the cohesive zone has
a trapezoidal shape and it reduces to a triangular
shape for 4=0. Corresponding to the different
interfacial states, the film/substrate interface can be
divided into three regions: the strengthening/partial
slip region at 0 <x < L_, the full frictional slip region at
L <x<L, and the debonded region at L, <x<L.
Based on the assumption of the modified shear lag
model, the graphene strain will reduce to zero linearly
in the full frictional slip region, which agrees with
our experimental results shown in Figs. 1(b) and 1(c).
If the shear stress instead drops to zero within a
certain slip distance, one would expect a nonlinear
graphene strain distribution between the full frictional
slip region and debonded region, which is not evident
in our experiment.

Since the thickness of graphene is much smaller
than that of the substrate, it is assumed that the
existence of the film will not affect the deformation
of the substrate. Therefore, the strain of the substrate,
&,, is uniform and the displacement of the substrate,

s

u_, can be written as
U =& X 1)

The tensile strain is transferred to the film through
the interfacial shear stress. The stress, o,, and strain,
&, of the film along the x-direction satisfy the
constitutive equation in Eq. (2):

Tsinghua University Pre:

o, =E¢, (2)

where E, is the elastic modulus of the film and &, can
be further written as a function of the displacement
of the film, u,,

du,
T

®)

In the meantime, the interfacial slip distance can
be calculated by finding the displacement difference
between the film and the substrate:

o=u,—u, 4)

Considering the equilibrium of the film, one can
calculate the interfacial shear stress, r, along the
x-direction as

do

dxf ®)

r=-h

According to the cohesive zone model given in Fig. 2(b),
the relationship between interfacial shear stress and
slip distance follows

k6 ,0<5<5,
,5,<5<6, ©6)
0,826

T= T
m

Substituting Egs. (1)-(5) into Eq. (6), one can obtain the
governing equations of the system in terms of u,

g k(u;,—&,-x),0<x< L,
he, S ) JLo<x<L, @)

2 m
&g JLy<x<L

and the corresponding boundary conditions are

EZS é "ﬂﬁmi @ Springer | https://mc03.manuscriptcentral.com/friction



Friction 12(3): 510-521 (2024)

515

Ul _,=0 (8)
du,
—|,.,. =0 9
., ©)

According to the definitions of L, and L, we have

=0 (10)
=9, (11)

By solving Egs. (7)—-(11), solution of u, can be obtained
and the strain of the film can be calculated subsequently
by Eq. (3). It is worth noting that this theoretical model
is not only suitable for 2D material/substrate systems,
but also generally applicable to any thin film/substrate
system when the thickness of film is far less than that
of the substrate.

To illustrate the essential decohesion behavior
without adding too much complicity, we will first
discuss the case of A =0, where the cohesive zone
model has a triangular shape without the full frictional
slip stage. In this case, one has 6. =6, and L =L,. By
solving Eq. (7) and invoking Egs. (8) and (9), for
any given substrate strain ¢, we can get the strain
distribution of the film:

cosh(x/lo)
& |1-—————=|, 0<x<L,
g(x) = cosh(L,/l,) (12)
0 , Li<x<L

and the interfacial shear stress distribution:

¢, sinh(x/l,)

T , 0<x<L,
7(x)=4 " & cosh(L,/l,) (13)
0 , Ly<x<L
(@)
1.0 A=0
0.8+
j 0.6+ \
'qm 0.4 X
2
10
0.0 T T

&/ &

E.ho. 0.
where [ = i &= IO are the characteristic
T Eh

length and strain. The length of the partial slip region

L , ie, the length of the interface that remains bonded,

can be determined by Eq. (10) and Eq. (6), which gives
hy[a/atl) s

Li=¢2 |¢&/g-1 (14)
L

s

i
, & <&,

S

where ¢! is the initial critical debonding strain
given by
&l =¢,-coth(L/1,) (15)
Figure 3(a) shows the variation of the relative
length of the bonded region, L /L, with the substrate
strain &_. Generally, when the substrate is gradually
stretched, the interface will remain intact initially and
then start to get debonded at different rates after the
critical strain, ¢!, determined by Eq. (15). Furthermore,
one can see that the debonding behavior is essentially
determined by a parameter, L=L/I;, which is the
dimensionless length of the thin film. The dimensionless
initial debonding rate can be derived from Eqs. (14)
and (15) as

d(L/L)|  _ 1
d(e,/e)1%™  L(1-coth®(D)) (10

One can see that larger L value will result in a higher
decrease rate of the bonded length once the interface
debonding is initiated. For example, for systems
with L =10, the dimensionless initial debonding
rate is —~1.21x10” and the debonding process is rather
abrupt; while, for systems with L=1, the initial

(b)

W
\Zﬁ =10

0.8 5,
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Fig.3 (a) Variations of L /L with & /g, for A =0.(b) Variations of & /&, with x/L for A=0.
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debonding rate is —1.38 and the debonding process is
much more progressive. However, despite the initial
debonding rate, the debonding process would slow
down and become more progressive when the length
of the bonded region L_ gets close to ], .

In order to examine the strain transfer capability
of the interface, we plotted the strain distributions
of the thin film along the x-direction for systems with
different bonded lengths (i.e., different L_ values). As
shown in Fig. 3(b), the strain of the film is zero at the
edge of the bonded region and it increases gradually
when the location moves towards the center. The
maximum strain value at the center is given by Eq. (12)
and notably affected by the dimensionless length
of the bonded region, i.e., ZS =L_/1,, according to
Eq. (17):

£(0)=¢, -[1—;j (17)

cosh(zs)

The calculation results of Eq. (17) show that the
maximum strain at the center of the film is more than
98.7% of substrate strain when L_ is larger than 5,
but is less than 73.4% of substrate strain when L_ is
less than 2. Therefore, the dimensionless bonded
length L can be used to describe the strain transfer
capability of the interface.

In order to better illustrate the impact of the
dimensionless length L on the debonding process
and compare it with the experiments, we calculated the
strain distributions of the film while incrementally
increasing the substrate strain for different L values.
As shown in Fig. 4(a), for the system with L=10,
when the substrate strain is below the initial critical
debonding strain gsi, the film strain at the center
can catch up with the substrate strain. However, when
the substrate strain is slightly above &!, the interface
debonding is initiated from the free edge and propagates
rapidly towards the center. For example, when the
substrate strain is 1.01% (about 1.0% higher than &),
74% of the film becomes debonded. In contrast, for
the system with L =1 in Fig. 4(b), due to partial slip
of the interface, the film strain at the center cannot
follow the substrate strain even when the substrate
strain is well below &' . Despite the relatively low strain
transfer capability, the interface debonding process
is much more progressive when the substrate strain

fEN
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is beyond ¢&!. For example, when the substrate strain
is 1.50% (15.4% higher than gsi ), 80% of the film is
still bonded.

Based on the discussion above, the dimensionless
length L of the film is an important parameter that
dictates the debonding rate of the thin film/substrate
system when a triangular shear cohesive zone model
is considered. However, in real graphene/polymer
substrate systems, a constant frictional shear stress
is often observed before the interface is completely
debonded [7, 10]. In order to better capture the
debonding behavior, we will consider the more realistic
shear cohesive zone model with a constant shear stress
during the frictional sliding stage, i.e., systems with
A>0.In such cases, we have 6, >¢, and L, > L_.

Analogous to the case of 41=0, by solving Eq. (7)
and invoking Egs. (8), (9), and (10), we can obtain the
strain distribution of the film:

&(x)=
ol cosh(x/1,) 0<r<l
: (Ly/l, - L,/ly)sinh(L, /I, )+cosh(L,/l,) |© ~~ =~
. Lo/l =1, , I <x<L,
* (Lg/ly =L, /1y )+coth(L,/l,) °
0, Ly<x<L
(18)

The values of L and L, can be determined by solving
Egs. (6), (10), and (11), which gives

&, =&, -(Ly/l,~ L, /1, +coth(L/1,)) (19)

Al - 2
&= 2 [Ld/lo Ls/lo + Ld/lo _LS/ZOJ (20)

It is noted that, for a physically meaningful system,
we have L <L, <L. Therefore, the determination
of L, and L, should be treated more carefully. When
the substrate strain ¢ _is smaller than gsi, the whole
interface has not yet entered the full frictional slip
stage, which requires L =L, = L. Therefore, & can
be determined from Eq. (19) by letting L =L, =L,
which is equivalent to Eq. (15). When the substrate
strain ¢, is larger than & but smaller than another
critical strain &, full frictional slip zone starts to
emerge from the edge but still no debonding has
occurred. In this case, we have L, =L and the values
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Fig. 4 Distributions of the film strain along the x-direction for (a) L=10 and (b) L=1.

of L can be determined from Eq. (19). Finally, when
the substrate strain is larger than &, L, and L, can
be determined by simultaneously solving Egs. (19)
and (20):

I (e./6,) —22+1

L =2In
\/(«95/«90 ) -21-1

ln (gs/go) 2441 +&,/8 — (85/80)2_21
2 (55/6‘0)2_2/1_1
(22)

Based on Eq. (22), one can determine ¢ by letting
L, =L, & =& and solving Eq. (23):

I =
2
Jl&s -2 +1
I, lln (85/80)2 +5§/go— (5_5/50)2—2/1
2 \/(g;/go) —24-1
(23)
(a)
10 A=1
0.8
j 0.6
Sy 0.4 L=l
2
** 5\\&
10
%03 5 10 15 20

&/ &

Figure 5 shows the variations of the relative bonded
length L, /L with the substrate strain &, for different
L valueswhen A =1 and 4 =10. Comparing Figs. 5(a)
and 5(b) with Fig. 3(a), one can see that introduction
of the full frictional slip stage can toughen the interface
and postpone the occurrence of the debonding process.
However, the debonding rate once a crack is initiated
from the free edge is still determined by the value of
L, ie., larger L leads to more rapid debonding for
both A=1and 4=10.

In order to analyze the strain transfer capability of
different interface systems with A=1 and 4=10, we
plotted the strain distributions of the film along the
x-direction for systems with different partial slip
lengths. As shown in Figs. 6(a) and 6(b), the strain of
the film increases linearly from the edge towards the
center due to the existence of the full frictional slip
region within L <x <L,. Then the film strain levels
off gradually within the partial slip/strengthening
zone 0<x<L_. For both cases of 1=0 and 4>0,
the maximum strain at the center of the film is given
by Eq. (18), i.e.,

(b)

1.0 \ A=10
081 L=1

j 06 \

o 2,

q o4 \

5

v 10&
0.0 ; ‘

0 5 1b 15 20
&/ &

Fig. 5 Variations of L,/L with ¢ /¢, for(a) A=1and (b) 21=10.
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Fig. 6 Variations of &, /¢, with x/L; for (a) A=1 and (b) 4=10.

1

- = = (24)
\J22-sinh?(L,) + cosh? (L)

£&0)=¢,-1

which is affected by dimensionless length L and .
For A=1 and A =10, the central strain is close to the
substrate strain when fs is larger than 5, but is less
than the substrate strain when fs is smaller than 2.
Moreover, with the increase of 1, the distribution
curve of film strain tends to ascend overall for fixed
L, which means the larger frictional sliding zone
will strengthen the strain transfer capability of the
adhesive interface. For large values of fs, i.e., 5 and

(a) 25 —
L=10,1 =1, g=1.00%
2.0+ el=1.00%, ££=1.73%
&=173%
? 1.54
N 1.74%
N
;,3— 1.0 —— 1.00%
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0.0 T . T T T i
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0.8 el=131%, ££=2.45%
~ 06 =2.45%
X —3.00% ’
p—
%lu
0.0 T T T . T
0.0 0.2 0.4 0.6 0.8 1.0
x/L

10, the strengthening effect is limited, but for smaller
values of ZS, i.e, 2 and 1, the strengthening effect is
quite high.

To better compare the theoretical results with the
experiments, we calculated the strain distributions of
the film while incrementally increasing the substrate
strain for different values of L and 4. As shown in
Figs. 7(a) and 7(b), for the systems with L =10 and
A=1 or 10, the critical substrate strain to initiate
debonding is enhanced when compared with the
results of A =0 shown in Fig. 4(a). Because of the
existence of the frictional slip stage, the critical
debonding strain is increased from & =1.00% for

® _
. L=10,1=10, &=1.00%
el=1.00%, £¢=4.58%
5 s s
= 4 & =4.58%
S
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Fig. 7 Distribution of film strain along x-direction for rapid debonding: (a) L =10, A =1 and (b) L =10, 1=10; or progressive
crack propagation: (¢) L =1, A=1and (d) L =1, A =10 of the adhesive interface.
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A=0, to & =1.73% for A=1, and to & =4.58% for
A=10 . Regardless of the values of A, for the
systems with L =10, the interfacial debonding rate is
very high once a crack is initiated (&, > £ ). In contrast,
Figs. 7(c) and 7(d) show the calculation results for the
systems with L=1 and A=1 or 10. Again, the
critical debonding strain for 4 >0 is enhanced when
compared with the case of 4 =0, as shown in Fig. 4(b).
However, for the systems with L=1 , the debonding
process is much more progressive compared with the
cases with L =10 regardless of the values of A .
Based on the model analysis, the critical substrate
strain to initiate debonding is governed by three
dimensionless parameters, i.e., L, 2, and &,-
However, the debonding rate is mainly dependent on
L. The distinct decohesion behaviors observed in the
experiments suggest that the two samples may have
drastically different system parameters, which are
determined by the properties of the interfacial adhesion.
Since the thickness h=0.34 nm and the original
bonded length L =50 um of the graphene films are
known and the effective modulus of grapheme E, is
1 TPa [19], by setting interfacial parameters k, z__,
and A as fitting parameters, we can fit the experimental
data using Egs. (18), (21), and (22). After k, z__ , and
2 are obtained, we can further calculate I and &, -
The fitting curves are shown in Fig. 8 and the
corresponding fitted parameters are listed in Table 1.
As one can seg, the fitting curves show good consistency
with the experimental data. According to the fitting
results, the shear strength 7z __ and the relative length
of full friction slip stage A of the Gr/Fo/PDMS interface
are much larger than those of the Gr/PDMS interface.

@ 35
= 5=0 o £=075% 4 £=150%
3.0 4
¢ £=225% 4 £=3.009
251 Gr/Fo/PDMS| ]
— 204 o‘¢¢000‘,¢¢m\ «
X
S 154 1
S 1.0 ]
0.5 < ‘%‘
0.0 p2ean ie‘-.ﬂf:i : FETSPPRET-L:
. gqraqﬂ' JEWn nlm ‘lqﬂ 24 :—: a
-0.5

T T T T T T T T T
-1.0-08-06-04-02 00 02 04 06 08 1.0

x/L

These values are reasonable and expected, because
the formvar layer was known to be beneficial for
strengthening interfacial adhesion between graphene
and PDMS [16, 20]. The stronger adhesion with
formvar is attributed to the liquid-solid phase transition
for achieving conformal interfacial contact and the
appropriate value of the Poisson’s ratio to avoid
potential buckling of graphene along the transverse
direction during substrate stretching [20]. Because
of the difference in interfacial adhesion properties,
the dimensionless length of the Gr/Fo/PDMS interface
(L=12) is much larger than that of the Gr/PDMS
interface (L = 1.2 ). Therefore, the debonding process is
much rapider for the Gr/Fo/PDMS interface. It is worth
noting that no failure of polycrystalline graphene at
the grain boundaries was observed in our experiments;
otherwise the in-plane strain of graphene near the crack
edge would drop substantially. This was reasonable
since the graphene/polymer interface was relatively
weak compared with the strength of polycrystalline
graphene.

4 Conclusions

The decohesion behavior of graphene films from
uniaxially-stretched PDMS substrates with different
interfacial adhesion properties is characterized
experimentally. Two drastically different decohesion
rates, i.e., rapid debonding and progressive crack
propagation, are observed depending on the nature
of the adhesive interface. To unveil the mechanism
underlying the distinct decohesion processes, an
improved shear-lag model with trapezoidal cohesive

(b) 150
« 5=0 e £-075%4 £=150%
12500 £ =300% < £=375%"> &=4.50%]
1.00 =
~~
0.75
X
N
03_‘ 0.50
0.254
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Fig. 8 Distribution of the film strain for (a) Gr/Fo/PDMS interface and (b) Gr/PDMS interface under different applied substrate strains.

The solid curves are fitted using Egs. (18), (21), and (22).
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Table 1 Fitted interfacial parameters of the cohesive zone model
for both Gr/Fo/PDMS and Gr/PDMS interfaces.

Interfacial Gr/Fo/PDMS Gr/PDMS
parameter interface interface
k (TPa/m) 19.6 0.177
T (kPa) 291 91.4

A 19.2 1.52

zone interaction has been proposed. The theoretical
model shows that the critical substrate strain required
to initiate debonding process is governed by three
dimensionless parameters, i.e., L, A, and &,. While
the propagation rate of the interface crack after
debonding is primarily determined by the dimensionless
length L. For systems with larger values of L,
debonding of the interface will occur at a higher rate
once initiated. Finally, the experimental data are
fitted by the theoretical model to extract the intrinsic
adhesion properties of different interfaces. Our work
provides a general theoretical tool for understanding
and optimizing the mechanical properties of thin
film/substrate structures with frictional adhesive
interfaces.
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