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A B S T R A C T   

The interfacial adhesion energy of as-grown graphene on its metal growth substrate is an important variable in 
designing, monitoring, and controlling a roll-to-roll (R2R) graphene transfer process using mechanical peeling. In 
this study, we develop a novel method to estimate the adhesion energy of as-grown graphene during the R2R dry 
transfer process. An energy balance model is established to derive the adhesion energy based on web tension and 
bending curvature measurements. Experiments were conducted under various mechanical peeling conditions. 
The adhesion energy of as-grown graphene on copper foil was determined to be from 1.22 J/m2 to 2.58 J/m2 

depending on the peeling front geometry. The developed adhesion energy estimation method is compatible with 
the R2R process and can be used to monitor and control the large-scale graphene transfer process with in-process 
measurements.   

1. Introduction 

Graphene grown on catalytic metal via chemical vapor deposition 
(CVD) has been envisioned for many advanced applications such as 
wearable electronics, solar cells, and flexible displays [1–5]. Large-scale 
graphene growth on copper and nickel has been demonstrated using a 
roll-to-roll (R2R) CVD process [6,7]. After the growth, CVD graphene 
needs to be transferred from its growth substrate to a target substrate for 
device fabrication. A R2R dry transfer system was recently developed 
based on mechanical peeling [8–11]. Compared with the wet transfer 
processes [12–15], the mechanical peeling process is fast and environ
mentally benign and does not leave undesirable chemical residues on the 
transferred graphene. Furthermore, the dry transfer process allows reuse 
of the metal substrate for graphene growth, reducing the overall fabri
cation cost. 

In a R2R dry transfer system, the interfacial adhesion energy be
tween the as-grown graphene and its growth substrate is an important 
parameter that needs to be determined for designing, monitoring, and 
controlling the mechanical peeling process. Until now, the adhesion 
energy of as-grown graphene has been measured using different tech
niques. Yoon et al. [16] was among the earliest to use a double cantilever 
beam (DCB) setup to measure the adhesion energy. The adhesion energy 

of monolayer graphene synthesized on a copper substrate was deter
mined to be 0.72 ± 0.07 J/m2. With a similar setup, Na et al. reported 
the adhesion energy between 1.54 ± 0.07 J/m2 [17] and 6.0 J/m2 [18] 
depending on the rate of separation. A nano-scratch technique was 
developed by Das et al. [19], yielding an adhesion energy value of 12.8 
J/m2 for graphene grown on copper. Such a high value might be caused 
by the substantial plastic deformation of copper during the nano scratch 
process. Based on a standard blister testing technique [20], Hao et al. 
[21] developed a method to determine the adhesion energy of as-grown 
graphene on copper and found it to be 0.74 ± 0.13 J/m2, 1.10 ± 0.16 
J/m2, and 1.53 ± 0.1 J/m2 due to the difference in surface roughness 
levels of the copper substrate. 

As can be seen, all the above techniques for adhesion energy mea
surement relied on special configurations and procedures that are not 
compatible with the R2R process. More importantly, previous studies all 
focused on a quasi-static measurement method that cannot be used for 
in-process adhesion energy estimation. As the adhesion energy could 
vary due to process conditions such as peeling angle and peeling speed, a 
method to estimate the adhesion energy during the R2R mechanical 
peeling process is needed for monitoring and controlling the R2R dry 
transferred graphene. In this study, we develop a novel approach to 
determining the adhesion energy of as-grown graphene using real-time 
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in-process measurements. An energy balance model is developed that 
includes the web bending effect in the R2R process. Experiments were 
conducted with graphene-on-copper samples of different sizes to intro
duce various adhesion force conditions. To our knowledge, this is the 
first study to report the adhesion energy of as-grown graphene with a 
R2R configuration. It provides a method to estimate a key process var
iable that can be used for monitoring and control of the large-scale 
graphene transfer process. 

2. Energy balance in a R2R dry transfer process of graphene 

For R2R dry transfer of graphene, a layer of polymer is first lami
nated onto graphene on metal foil. The laminate is then sandwiched 
between two carrier films and loaded on an unwinding roller. After 
peeling, graphene is transferred to the polymer film and collected by a 
rewinding roller. The metal foil is collected by another rewinding roller. 
Fig. 1 shows a schematic of the R2R dry transfer process. Fig. 1(a) shows 
that the incoming laminate is peeled with two guiding rollers, whose 
radius is denoted as R. The unwinding roller speed is denoted as and the 
linear film speeds before and after peeling are denoted as V1, V2 and V3, 
respectively. Correspondingly, the tension forces are denoted as T1, T2, 
and T3 and the resulting elastic strains in each of the films as ε1, ε2 and 
ε3, respectively. Fig. 1(a) also shows the composition of the web sections 
before and after peeling. The sample preparation and loading procedure 
will be described later in the experimental setup section. Fig. 1(b) shows 
geometric configuration of the peeling front. The peeling angle θ is 
defined as the angle between T2 and T3. The angle α is defined as the 
angle between tensions T1 and T2. The extension line of T1 further di
vides the peeling angle into θ1 and θ2. 

For the peeling process to be feasible, the energy release rate G of the 
peeling action should be equal to the adhesion energy Γ. The adhesion 
energy Γ characterizes the bonding strength between the two materials 
at the interface. Zhao et al. [10] derived the energy release rate in a R2R 
mechanical peeling process based on three energy terms. As shown in 
Fig. 2(a), these three terms of energy included the energy dissipated due 
to the creation of a new interface area (U1), the potential energy change 
due to the work done by the external forces (U2), and the elastic po
tential energy due to the change of strains in the films during the peeling 
process (U3). Consider that a small peeling length Δd1 is created under 
tensions T1, T2 and T3 with peeling angles θ1 and θ2. The energy dissi
pated due to the creation of a new interface area U1 can be expressed as 

U1 = − ΓbΔd1 (1)  

where b is the width of the web. The potential energy changes due to the 
work done by the external forces U2 can be defined as 

U2 = T2Δd1(1 − cos θ2 + ε2 − ε1) + T3Δd1(1 − cos θ1 + ε3 − ε1) (2) 

The elastic potential energy due to the change of strain in the films 
during the peeling process U3 is given by 

U3 =
1
2

bhf 2Δd1

(1 + ε1)
E2

(
ε2

1 − ε2
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)
+
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(
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)
(3)  

where hf2 and hf3 are the thicknesses and E2 and E3 are the elastic 
moduli of the corresponding web section. 

The above formulation did not consider the web bending effect in the 
R2R mechanical peeling process. In reality, however, all three web 
sections before and after the peeling point will bend due to the complex 
force balance condition in the peeling process. A more realistic peeling 
front geometry is shown in Fig. 2(b). The curvature due to bending of the 
unpeeled section is denoted as K1, and those of the peeled sections are 
denoted as K2 and K3, respectively. According to He et al. [22], the 
bending effect of a hyper-elastic film in a mechanical peeling process is 
substantial, and the bending energy can be expressed as 

Ub =
Δd1

2
EbIbKb

2 (4)  

where Kb is the curvature, Eb is the elastic modulus, and Ib is the moment 
of inertia of the film. When a new surface is created, the curvature of the 
unpeeled web section is changed from K1 to K2 and K3 after peeling. 
Therefore, the potential energy changes due to bending during the 
peeling process can be expressed as 

U4 =
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(
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(5)  

where the subscripts indicate the web sections as shown in Fig. 2. Based 
on energy conservation, which requires ΣUi = 0, for i = 1 to 4, the 
adhesion energy can then be obtained as 

Γ =
T3

b
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Unlike classic adhesion mechanics formulation, the above energy 
balance model considers the R2R peeling geometry, strain energy stored 

Fig. 1. (a) Schematic of a R2R peeling process. (b) A detailed view of the peeling front geometry. (A colour version of this figure can be viewed online.)  
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in flexible substrates, and the film bending effect during the peeling 
process. The angles in the above equations θ and α can be determined 
based on the force balance equations below [10]. 

T2 + T3 cos θ + T1 cos α = 0 (7)  

T1 sin α = T3 sin θ (8)  

where 

θ = θ1 + θ2 (9)  

α = π − θ2 (10)  

3. Experimental setup 

Experiments were conducted on a lab built R2R testbed as shown in 
Fig. 3. The unwinding roller was driven by a NEMA 23 stepper motor (1- 
DM542S–23HS45), while the rewinding rollers were driven by two 
brushless DC motors (Aerotech BM130). Three of the idler rollers were 
instrumented with cantilevered load cells (MAGPOWR CL-1-50) to 
measure web tensions. A digital camera was used to measure the film 
bending during the R2R peeling process. Two feedback controllers were 
implemented to track the tension set-points of T2 and T3 independently. 
The web speed at the unwinding roller was controlled by the stepper 
motor. Both tension forces T2 and T3 were set at 5 N in this study. The 
linear speed of peeling was fixed at 1.0 m/min. 

The graphene samples used in this study were CVD-grown monolayer 
graphene on copper foil (25 μm thickness) from Grolltex, CA. As- 
received graphene-on-copper sheets were cut into smaller samples to 

reduce the material cost of the experiment. The sample size across the 
peeling direction, defined as sample width, was varied from 2 cm to 10 
cm. The sample size along the peeling direction was fixed at 1 cm. The 
samples were first coated with polyvinyl alcohol (PVA, Mw 
9000–10,000 g/mol, 80% hydrolyzed) solution and dried in a vacuum 
oven. Coated samples were then sandwiched between two rolls of 
polyethylene terephthalate (PET) carrier film (MYLAR® A, 100 μm 
thick) with double-sided pressure-sensitive tape (Scotch Tape 6137H). 
Fig. 4 shows a schematic of the composite structure of the samples after 
loading onto the carrier films. The sample size and material property 
parameters are listed Table 1. Based on the equivalent area method [23], 
the equivalent flexural rigidity of each web (E2I2 and E3I3) of the com
posite beams can be determined for graphene-on-copper samples of 
different widths (see Supplementary Table S1). 

4. Results and discussion 

4.1. Tension monitoring and adhesion energy estimation 

The results from a R2R dry peeling experiment with a graphene 
sample of 8 cm wide are shown in Fig. 5. To confirm the successful 
graphene transfer, Raman spectroscopy and scanning electron micro
scopy were used to inspect the peeled graphene-on-PVA sample, and the 
results are shown in Supplementary Fig. S2. Fig. 5(a) is a series of still 
images showing the peeling front progression as the graphene sample 
going through the peeling process. During the peeling process, the car
rier films were pulled away from the guiding roller surface, causing 
further bending of the web sections. Fig. 5(b) shows the corresponding 
tension force measurements on the three sections of the web. In the R2R 
system, the film tensions T2 and T3 were controlled by automatic con
trollers. Although the initial tensions T2 and T3 were set at 5 N, the 
tension forces would change due to the peeling action. As shown in Fig. 5 
(b), the peeling tensions can be divided into four regions of interest. In 
region A, the tension forces increase to build up enough strain energy for 
the peeling process to start. Once the peeling process begins, the tension 
forces start to drop as shown in region B, with T2 drops more signifi
cantly than T3 and T1. The sudden drop of T2 easily marks the starting 
point of the peeling process. Region C is the period when the peeling 
front geometry and tension forces remain relatively stable. After the 
peeling process is complete, the stretching and bending of the film is 
suddenly released, resulting in sudden drops and oscillations in the 
tension forces, as seen in region D. For comparison, tension measure
ments without the peeling action are shown in Fig. S3. 

Fig. 5(c) shows the real-time adhesion energy estimate during the 

Fig. 2. (a) Schematic of a R2R peeling process without bending, (b) bending of the web sections during the R2R process. (A colour version of this figure can be 
viewed online.) 

Fig. 3. The R2R mechanical peeling system. (A colour version of this figure can 
be viewed online.) 
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R2R peeling process. The curvatures K2 and K3 were obtained based on 
the bending radius measurements Ra and Rb from the peeling front im
ages as shown in Fig. 5(a). It was found that all the elastic strains (εi, i =

1, 2, 3) due to tension were substantially smaller than the rest of the 
terms in Eq. (6). Therefore, the terms of ε3 − ε1, ε2 − ε1, and 
1
2

bhf2Δd1
(1+ε1)

E2(ε2
1 −ε2

2) + 1
2

bhf3Δd1
(1+ε1)

E3(ε2
1 −ε2

3) in the equation were ignored. In 
addition, a baseline constant was subtracted from the strain energy to 
compensate for the friction effect in the R2R system. This baseline 
constant was obtained by running the R2R system without peeling 
graphene samples. Although the adhesion energy is plotted for the entire 
duration of the experimental run in Fig. 5(c), only region C provides 
meaningful adhesion energy estimation, because it is the only region 
with stable peeling. All other regions are affected by disturbances such 
as sudden release of elastic energy due to the start and end of the peeling 
process. 

Fig. 4. The composite sample structure in the R2R graphene peeling process. (A colour version of this figure can be viewed online.)  

Table 1 
Parameters used in the experiment.  

Parameters Value 

EPET film 2.7 GPa 
ECopper film 121 GPa 
Etape 1.8 GPa 
EPVA film 0.7 GPa 
hPET film 100 μm 
hcopper film 25 μm 
htape 60.96 μm 
hPVA film 80 μm 
bPET 0.1016 m 
bsample 2, 4, 6, 8, 10 cm 
Rroller 0.0381 m  

Fig. 5. (a) R2R peeling front progression of a graphene sample of 8 cm wide, (b) real-time tension measurements during peeling, and (c) the adhesion energy 
estimation. (A colour version of this figure can be viewed online.) 

N. Hong et al.                                                                                                                                                                                                                                    



Carbon 201 (2023) 712–718

716

4.2. Effects of film bending on adhesion energy estimation 

The effect of film bending on the adhesion energy estimation was 
investigated using graphene samples of different widths. Although the 
same tension force of 5 N was used throughout this study, wider samples 
generated more bending (Fig. 6(a)) in the two peeled web sections. The 
digital images were used to measure the bending radius during the 
peeling process. Fig. 6(b) shows the results of bending radius measure
ments. When the sample width was small, such as 2 cm and 4 cm, gra
phene was readily peeled from the copper substrate and almost no 
additional film bending beyond the curvature of the guiding rollers was 
observable. When the sample width became larger, in the cases of 6, 8, 
and 10 cm, the peeling front location shifted away from the nipping 
point of the two guiding rollers. Larger curvatures resulted in each arm, 
leading to greater bending effects. 

The adhesion energy estimation as a function of sample width is 
shown in Fig. 7. Fig. 7(a) shows the work done by the external tension 

forces (U2). Correspondingly, Fig. 7(b) shows the strain energy due to 
bending (U4). As discussed previously, the energy change due to tensile 
strains (U3) was negligible. Fig. 7(c) shows the adhesion energy esti
mation without accounting for the bending effect, whereas Fig. 7(d) 
shows that with the bending effect accounted. As can be seen from Fig. 7 
(c), if the bending effect was not accounted, the estimated adhesion 
energy was as high as 100 J/m2, almost two orders of magnitude higher 
than those reported previously [16–21]. Such a high value indicates that 
the strain energy due to bending (U4) plays a significant role in 
measuring the adhesion energy and cannot be ignored. After accounting 
for the bending effect, the adhesion energy was found to be between 
1.22 J/m2 and 2.58 J/m2, agreeing well with previous studies. Table 2 
summarizes the estimated adhesion energy under different sample width 
conditions. Three samples were measured under each condition. 

As seen in Table 2, the experimental results in this study suggested 
dependency of the adhesion energy on the graphene sample width. The 
adhesion energy initially decreased as the sample width increased from 

Fig. 6. (a) R2R peeling front geometry at different graphene sample widths, and (b) corresponding bending radius measurements. (A colour version of this figure can 
be viewed online.) 

Fig. 7. (a) Plot of U2/(Δd1 *b), where U2 is 
the potential energy changes due to the work 
done by the external tension forces. The 
image in the figure shows the dimension of 
the graphene-on-copper sample. (b) Plot of 
U4/(Δd1 *b), where U4 is the bending energy 
change during the peeling process. The 
image shows the measurement of the 
bending radii. (c) Adhesion energy without 
the bending effect correction. (d) Adhesion 
energy with the bending effect correction. (A 
colour version of this figure can be viewed 
online.)   
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2 cm to 8 cm. It then almost doubled when the sample width increased to 
10 cm. This change is caused by the difference in the peeling front ge
ometry. As seen in Fig. 6(a), when the sample width increased from 2 cm 
to 10 cm, the peeling angle θ increased from approximately 20◦–130◦. 
From a fracture mode-mix perspective, interfacial toughness often in
creases with the shear component of the interfacial traction [24–26]. 
The shear component decreases as the peeling angle increases when the 
peeling angle is smaller than 90◦. Beyond 90◦, the shear component will 
increase. The adhesion energy trend observed in this study in general is 
consistent with the fracture mode-mix understanding. However, the 
relationship between the adhesion energy and peeling angle in the R2R 
transfer process may be complex and require further investigation in a 
future study. 

5. Conclusion 

In summary, a novel method for estimating the adhesion energy of 
as-grown graphene in a R2R dry transfer process is developed. An energy 
balance model is established to obtain the adhesion energy based on web 
tension and bending curvature measurements before and after the 
peeling point. It is found that the film bending effect is a major factor in 
the strain energy change during the R2R dry transfer process, and thus 
needs to be corrected in adhesion energy estimation. After the bending 
energy correction, the adhesion energy of as-grown graphene on copper 
foil is estimated to be from 1.22 J/m2 to 2.58 J/m2 depending on the 
peeling angle. The method developed in this study provides a unique 
approach to estimating the adhesion energy of as-grown graphene with a 
roller configuration. It enables the monitoring and controlling the 
quality of transferred graphene using in-process tension measurements 
in the R2R dry transfer process and paves the way for large-scale gra
phene applications in multifunctional materials such as those that are 
both optically transparent and electrically conductive for organic solar 
cells. 
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