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ABSTRACT: Adhesive strength is knpwn to change signiﬁcagtly depeflding on Epoxy Resin | § |  DFT+ Disporsion
the direction of the force applied. In this study, the peel and tensile adhesive forces S —  Dispersion
between the hydroxylated silica (001) surface and epoxy resin are estimated based s — DFT

on quantum chemical calculations. Here, density functional theory (DFT) with | x;’ 2

dispersion correction is used. In the peel process, the epoxy resin is pulled off from §

the terminal part, while in the tensile process, the entire epoxy resin is pulled off |31/

vertically. As a result of these calculations, the maximum adhesive force in the peel - )\ I
process is decreased to be about 40% of that in the tensile process. The adhesion Silica Surface Displacement

force—displacement curve for the peeling process shows two characteristic peaks

corresponding to the process where the adhesive molecule horizontally oriented to the surface shifts to a vertical orientation to the
surface and the process where the vertical adhesive molecule is dissociated from the surface. Force decomposition analysis is
performed to further understand the peel adhesion force; the contribution of the dispersion force is found to be slightly larger than
that of the DFT force. This feature is common to the tensile process as well. Each force in the peel process is about 40% smaller than
the corresponding force in the tensile process.

B INTRODUCTION the hydroxyl groups of DGEBA interact with hydroxyl groups
and coordinatively unsaturated sites on the adherend
surfaces® ' or with water molecules adsorbed on the
surfaces.'” "> It has also been pointed out that the OH—7x
interaction between the benzene ring of epoxy resin and
adherend surfaces also makes a non-negligible contribution to
the adhesion mechanism.”*** Such interfacial interactions
between the adhesive and adherend are considered to have
significant effects on the mechanical properties of various
commercial products.

The interfacial interaction is evaluated from the adhesive
strength, which is the criterion for selecting an adhesive. The
adhesion force is measured using the adhesion test defined for
example by the American Society for Testing and Materials
(ASTM). Figure 2 shows the examples of the adhesion test.
Figure 2a—c corresponds to the tensile, peel, and shear

adhesion tests, respectively. Since it is known that the adhesion
force varies greatly depending on the direction of force
T/\O O O O O o /\7 application,”® different adhesion tests are conducted according
to the application of the product. Although theoretical studies
on adhesive forces have been conducted ®™1%!*182172426-29

many of these studies are related to tensile adhesive forces;
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Adhesion technology has become widespread in a variety of
fields such as electronics, automobile manufacturing, con-
struction, and medicine because of its low cost, light weight,
and ease of joining dissimilar materials.'”* Adhesives are
classified according to their main components and curing
methods and selected according to the characteristics of
adherends and their applications. A typical adhesive is epoxy
resin, which is a highly functional polymer. It has been
developed for a long time and used in many manufacturing
processes, such as molding and painting.®

Epoxy resins are synthesized through the polymerization
reaction of diglycidyl ether of bisphenol A (DGEBA) shown in
Figure 1a.°” It is known experimentally and theoretically that

Figure 1. (a) Chemical structure of bisphenol A epoxy resin. (b)
Fragmented model for the epoxy resin, which corresponds to the red
part in (a).
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Figure 2. Typical examples of adhesion tests prescribed by ASTM.
Tensile, peel, and shear adhesion strengths are measured using the
methods shown in (a), (b), and (c), respectively.

theoretical methods to estimate the adhesive forces corre-
sponding to other adhesive tests and molecular understandings
for the adhesive interfaces are needed.

In this study, we focus on the peel adhesion test, calculating
the adhesive strength based on density functional theory
(DFT) calculations and compare its results with the tensile
adhesion one. We recognize that the shear adhesion test is
another important test method. The results on the shear
adhesive strength will be presented in a forthcoming paper. For
now, we note that it has been investigated by classical
molecular dynamics (MD) calculations.”® The peel adhesion
strength was calculated for the adhesion interface between
epoxy resin and the silica (001) surface, which mimics the
structure of glass fiber-reinforced plastics (GFRP). Here, the
silica surface was created by cleaving the bulk structure of a-
cristobalite. GFRP is characterized by its combination of high
specific strength, high specific stiffness, and light weight and
expected to be used especially in the aircraft and aerospace
fields.”" There is a great deal of demand for insights into the
changes in the interfacial interactions between epoxy resin and
glass at the atomic and molecular levels as GFRP is stressed
and led to failure.*”** Because of the complex fracture modes
of GFRP, the adhesion forces in various directions between the
adhesive and the silica surface have been investigated.34’35
Therefore, in this study, we investigate the differences in these
adhesion mechanisms.

B MATERIALS AND METHODS

Modeling of the Periodic Interface. In this study, we
used three models analyzed in our previous study”” (see Figure
3 for the structures); see the reference for modeling details. In
accordance with it, we decided to model epoxy resin using a
fragment model shown in Figure 1b, which is a simplified
version of the DGEBA structure (Figure 1a). Hereafter, we will
refer to this model as the “epoxy molecule”. These
configurations were obtained from the DFT-level optimization
of structures obtained from molecular dynamics (MD)
simulations. Figure 3a—c shows the first, second, and third
most stable structures, respectively. A stable structure has a
higher existence probability and is expected to contribute
primarily to the physical properties.

A periodic silica (001) surface was created by cleaving the
bulk structure of a-cristobalite obtained from the Materials
Studio 6.1 database.*® The silica unit cell consists of four
silicon atoms and eight oxygen atoms, with tetragonal lattice
constants of a = b = 4.93 A and ¢ = 6.80 A. By repeating this
unit cell twice in the c-axis direction, a supercell consisting of
eight atomic layers was constructed. In the present study, a
vacuum layer with a thickness of about 45 A was added on the

Top-view

AEineV 0.00 0.58 0.60

Figure 3. Three optimized structures of the epoxy molecule adsorbed
on the silica (001) surface: (a) most stable, (b) second most stable,
and (c) least stable structures. AE is the relative energy (eV)
compared to the most stable structure. Red corresponds to oxygen,
blue corresponds to silicon, brown corresponds to carbon, and white
corresponds to hydrogen.

surface. The coordinatively unsaturated silicon atoms on the
surface were passivated through the dissociative adsorption of
two water molecules. For the epoxy molecule to be adsorbed
on the silica surface, the slab model was extended to a 2 X 3
supercell so that it can accommodate the adsorbate. Here, the
silica surface was optimized by fixing the atomic coordinates of
the lower layer as shown in Figure 3. As such, the size of the
cell was 9.86 X 14.79 X 60.00 A*.

These models most simply describe the interaction at the
interface between the epoxy resin and the surface. Here, only
one side of the adherend surfaces in Figure 2 was considered.
Therefore, the interaction between one adherend surface and
the other adherend surface is ignored. In addition, since only
one epoxy molecule is considered, the effects of epoxy resin
entanglement and thickness influences are neglected. Creating
a model that incorporates these effects is future work.

In the adhesive interface models created in this way, the
silica surfaces are dry and in ideal condition. These models
correspond to a situation where the surface is pretreated at
high temperatures. A recent molecular dynamics study has
reported that most interfacial water molecules are pushed out
by the epoxy resins.”” It is thus possible that a small number of
water molecules at the interface might affect the adhesive
strength. Investigation of this effect is the next task. In
addition, the roughness of solid surfaces results from atomic
vacancy, adatoms from the gas phase, steps, and kinks. These
could affect adhesion, and it would be interesting to investigate
these effects. However, the focus of this study is on the
computational method for the peel adhesion force and its
properties, and an investigation of the effects for roughness is
beyond the scope of this paper. For the above-mentioned
reason, the smooth surfaces were selected.

Computational Methods for the Calculation of
Tensile Adhesive Strength. The adhesion force between
the epoxy molecule and the silica surface was estimated from
periodic boundary DFT calculations. All the DFT calculations
were performed using Vienna ab initio simulation package
(VASP) 5.4.4°*7* The Perdew—Burke—Ernzerhof form of
the generalized gradient approximation (GGA-PBE) was
adopted as the exchange correlation functional.*’ The D2
method by Grimme was used for dispersion correction.*” The
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electron—ion interaction was treated with the projector
augmented wave scheme.””** The cutoff of the plane wave
basis set and the convergence threshold of the self-consistent
field were set to S00 and 1.0 X 107° eV, respectively. The
Brillouin zone was sampled with a spacing between k points of
21 X 0.05 A7, and the threshold for the atomic force was set
to 0.05 eV A™".

The tensile adhesion strength was obtained by differ-
entiating the potential energy curve, which represents the
energy change during the process of the entire adhesive
molecule bein% ulled vertically away from the sur-
face.S 7111721223729 To obtain the potential energy curve,
we gradually displaced the entire epoxy molecule upward from
the silica surface in increments of 0.1 A, as shown in Figure 4a.

(a)

Py
m‘
Py

(b)

Displacement

(c)

Rotation

Figure 4. (a) Displacement direction of the epoxy molecule for
calculating the potential energy curve that gives tensile adhesion
strength. (b) Displacement direction of the epoxy molecules for
calculating the potential energy curve that gives the peel adhesion
strength. (c) Definition of the motion of the epoxy molecule and
displacement Ar, in the z direction during the peel process.

The structures of the epoxy molecule and silica were fixed
when the displacement was applied, and a single-point
calculation was performed at each point to obtain the energy.
The obtained energy—displacement (AE—Ar,) plot was fitted
with the Morse potential of the following equation

E=D(1 — exp(—aArz))2 (1)

where D is the adhesion energy, a is the constant inherent to
the system and related to the width of the potential well, and

Ar, is the displacement between the epoxy molecule and the
silica surface from the equilibrium structure. To obtain the
adhesion force—displacement (F, — Ar,), the fitted potential
curve was differentiated with respect to Ar,.

E=-
dAr,

)

The tensile adhesive strength was estimated from the
maximum value of F,.

Computational Methods for the Calculation of Peel
Adhesive Strength. The potential energy curve correspond-
ing to the separation process of the adhesive (epoxy) molecule
from the surface through the peel process was calculated as
follows. The epoxy molecule was displaced in an arc with the
hydrogen atoms surrounded by the solid line circle at the end
as the axis of rotation, as denoted by “Rotation” in Figure 4b,
and a single-point calculation was performed at each point of
displacement to obtain the energy at each point. After the
epoxy molecule became perpendicular to the surface, the
upward displacement of the epoxy molecule was initiated. The
displacement width of the epoxy molecule from its initial
structure, Ar,, was defined as the z-axis displacement of the
center of gravity of the hydrogen atoms surrounded by the
dotted line circle as shown in Figure 4c. The obtained energy—
displacement (AE—Ar,) plot was approximated by a
polynomial equation for the Morse potential (eq 1). The
specific form of this equation will be shown later. As with the
tensile adhesion strength, the potential energy curve was
differentiated with respect to Ar, to obtain the peel adhesion
force—displacement (F,—Ar,), and the maximum force value
was regarded as the peel adhesion strength. In this study, the
adhesion forces in the peeling direction, as shown in Figure 4b,
were estimated for the three adsorption structures shown in
Figure 3a—c.

B RESULTS AND DISCUSSION

Peel Adhesion Force between the Epoxy Molecule
and the Silica Surface. The gray dotted line in Figure Sa
shows the energy change during the peel process of the epoxy
molecule shown in Figure 3a from the silica (001) surface
along the direction of rotation in Figure 4b. The potential
energy curve is plotted in 0.1 A increments. There are two
inflection points in this energy curve. This feature of the peel
process is compatible with previous studies and originates from

(@)

(b)

2.0 2.0
—

1.5 Ar,=125 A 15
S z
@ 1.0 € 1.0
w = . Ar,=13A Ar,=12.8 A
< w

05 R2=0.99 05 '

Fitting ’
. Computed
0.0 0.0
0 5 10 15 20 0 5 10 15 20
Ar, (A) ar, (A)

Figure S. (a) Potential energy—displacement (AE—Ar,) curve for the peel process of the epoxy molecule shown in Figure 3a. Each point in the
gray dotted line corresponds to the value obtained from the calculation, and the black solid line corresponds to the curve obtained by fitting. (b)
Peel adhesion force—displacement (F,—Ar,) curve obtained by differentiating the fitting curve in (a).
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two events: ¥/ the first inflection point is due to the

destruction of the interaction between the substructure near
the displaced terminal atoms and the surface as the epoxy
molecule is peeled from the surface (peel process 1) and the
second inflection point is due to the destruction of the
interaction between the vertical molecule and the surface (peel
process 2). The Supporting Information (SI) in this paper
shows the energy curves and parameters in the peel direction
for all the models shown in Figure 3; they all show the same
trend.

Assuming that the energy change is represented by these
independent subprocesses, the energy curve can be modeled
by the sum of the two functions. Therefore, in this study, the
energy plot was fitted using the function expressed by the
following equation

E = D,(1 — exp(—a,Ar,))* + H(Ar, — Ar,):
Dy(1 — exp(=a,(Ar, — Ar))))* 3)

1(Ar, > Arp)
H(Ar, — Arp) =

0 (Ar, < Ar,) @)
where the first and second terms in eq 3 correspond to peel
processes 1 and 2, respectively, D, and a, are the parameters
for the first process, D, and a, are the parameters for the
second process, H is the Heaviside step function expressed in
eq 4, and Ar, corresponds to the value of Ar, when the epoxy
molecule has just become perpendicular to the surface. In the
present study, Arp is 12.5 A. Using H, the energy curve for the
dissociation of the perpendicular epoxy molecule from the
surface can be expressed by the Morse potential of the second
term. The fitting curve using eq 3 is represented by the solid
black line in Figure Sa, and its R* value is 0.99. Each parameter
in eq 3 is summarized in Table 1. The gray dotted line and the

Table 1. Values of Parameters D; and g; for the Two Peeling
Processes and the Maximum Values of Adhesion Forces F;
and Their Displacement Positions Ar;

peel process i D; (eV) a; (A7) Ar, (A) F; (nN)
i=1 1.7§ 0.54 1.3 0.76
i=2 0.23 2.94 12.8 0.52

tensile process D (eV) a (A™) Ar (A) F (nN)
1.90 1.19 0.6 1.80

black solid line are away from each other at around Ar, = 12.5
A, where the epoxy molecule becomes perpendicular to the
surface. This suggests that the two processes are not
completely independent of each other.

Figure Sb shows the adhesive force—displacement (F,—Ar,)
curve. This curve was obtained by numerically differentiating
the fitting curve in Figure Sa. There are two peaks in the
adhesive force curve, which correspond to the inflection points
on the energy curve. The two peaks are located at Ar; = 1.3 A
and Ar, = 12.8 A, and their adhesive forces are F; = 0.76 nN
and F, = 0.52 nN, respectively. These values are also
summarized in Table 1.

Tensile Adhesion Force between the Epoxy Molecule
and the Silica Surface. For comparison, the tensile adhesion
force was estimated for the same system. The gray dotted line
in Figure 6a shows the energy change during the process of the

entire epoxy molecule being pulled up vertically from the silica
surface as shown in Figure 4a. The potential energy curve is
plotted in 0.1 A increments. As in many previous
studies,””'>'7**>*77*? there is one inflection point in the
curve. The curve was fitted using the Morse potential shown in
eq 1. The R* value for the fitting is 1.00, and the fitting curve
perfectly matches the original data. Numerical differentiation
of this fitting curve yielded the adhesion force—displacement
(F,—Ar,) curve shown in Figure 6b. The peak in the curve is
located at Ar, = 0.6 A, and its adhesion force is F = 1.80 nN
(Table 1). The SI shows the energy curves for all the models
and their parameters, all of which show the same trend.

Comparing the maximum value of the peel adhesion
strength, F), with that of the tensile adhesion strength, F, F,
was found to be 42.2% of F. This result qualitatively
reproduces the property that epoxy adhesives are fragile in
the peel direction rather than the tensile direction.”® The order
of the Morse potential parameter of D is the same as that of the
maximum adhesive force for each process: tensile process >
peel process 1 > peel process 2. We found that the following
conservation law holds for D of each process.

D(tensile) ~ D,(peel) + D,(peel) (5)

Since D means adhesion energy, the above-mentioned
equation can be interpreted as dividing the tensile adhesion
energy into two, each of which corresponds to the respective
peel process. This is likely to support that tensile adhesive
strength is greater than peel adhesive strength. The total
amount of energy change in each process is the same, but in
the tensile process, the energy changes rapidly in a small
displacement of a single step. On the other hand, in the peel
process, the energy changes in two steps incrementally. By and
large, therefore, it can be concluded that the adhesive force
obtained from the energy gradient is larger in the tensile
process. For both tensile and peel processes, the D values are
dependent on the configuration of the epoxy molecules, and
the order of D for all configurations in Figure 3a—c is the same
as for the energy (Table S1).

Let us compare parameter a in the tensile process with that
in peeling processes 1 and 2. The value of a for peeling process
1 is small, while that for peeling process 2 is large and that for
the tensile process is in the middle of them. Since the potential
width becomes smaller with larger parameter 4, the peak width
of the adhesive force is in the order of peel process 1 > tensile
process > peel process 2. This parameter is often used to
model the molecular interaction as a spring.** If the adhesive
interface is considered as a Morse oscillator, the second-order
force constant can be expressed by the harmonic approx-
imation of the Morse potential near the minimum as follows "’

k = 24’D (6)

Table 2 shows the values obtained from this equation for the
force constant of each adhesion process. This table indicates
that the adhesive interface in the tensile process can be
regarded as the hardest spring. On the other hand, the adhesive
interface in peel process 1 can be regarded as the softest spring.
It should also be noted that the order of the adhesive forces (F;
and F,) and the force constants are reversed in peel processes 1
and 2. This is due to the large difference in a. This suggests
that the adhesive interface between the atoms at the rotational
axis and the surface acts as a stiff spring with a small
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Figure 6. (a) Potential energy—displacement (AE—Ar,) curve for the tensile process of the epoxy molecule shown in Figure 3a. Each point in the
gray dotted line corresponds to the value obtained from the calculation, and the black solid line corresponds to the curve obtained by fitting. (b)
Tensile adhesion force—displacement (F,—Ar,) curve obtained by differentiating the fitting curve in (a).

Table 2. Force Constants Estimated for the Adhesive
Interface in the Tensile Process and Peel Processes 1 and 2

peel 2
64.08

tensile

86.29

peel 1
16.55

process

k (N/m)

displacement width, holding the epoxy molecule and the silica
surface together.

Similar to eq 5 for parameter D, the following equation for
the force constant seems to hold in approximation.

k(tensile) ~ k,(peel) + k,(peel) (7)

This relationship is similar to that of the spring constants of
springs in parallel. For springs in parallel, the overall spring
constant can be obtained from the sum of each spring
constant. In the same way, it is suggested that when the
interaction of the tensile process is considered as one spring, its
spring constant can be decomposed into the spring constants
of two peeling processes.

Energy and Adhesive Force Decomposition Analysis.
In the previous sections, we calculated the adhesion energies

(a) (b)

20 2.0

1.5
3 10 ,
w =128 A
< x

0.5 —— DFT + dispersion r,=127 A

—— Dispersion r,=128 A
0.0 —— DFT
0 5 10 15 10 15 20
Ar, (A)

c
(©) 2.0

1.5
i 1.0
w
<

0.5 ——— DFT + dispersion

—— Dispersion
0.0 ¢ —— DFT
0 2 4 6 4 6 8
Ar, (A) Ar; (A)

Figure 7. (a) Energy—displacement plot for the peel process (Figure Sa) is decomposed into the DFT and dispersion energies. Each point on the
dotted lines corresponds to the value obtained from the calculation, while the solid lines correspond to the fitting curves. The black, blue, and red
colors denote the total, dispersion, and DFT energies, respectively. (b) Peel adhesion force—displacement curve for each energy. (c) Energy—
displacement plot for the tensile process (Figure 6a) is decomposed into the DFT and dispersion energies. Each point in the dotted line
corresponds to the value obtained from the calculation, and the solid lines correspond to the fitting curves. The black, blue, and red colors denote
the total, dispersion, and DFT energies, respectively. (d) Tensile adhesion force—displacement curve for each energy.
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and forces for the peel and tensile processes for the epoxy/
silica interface and confirmed that the peel adhesion force is
smaller than the tensile adhesion force. In this section, we
perform decomposition analysis of these energies and adhesion
forces to explore the origin of the adhesion forces in both
processes. In this study, we used the D2 method by Grimme
for the dispersion correction. As shown in the following
equation, the total energy can be divided into the contributions
from the DFT and dispersion correction terms.

EDFT+disp = Eppr + Edisp (8)

By differentiating each term in this equation with respect to
the displacement, the adhesion force—displacement curve can
be decomposed into two force curves—one derived from the
PBE functional (Fppr) and the other from the dispersion force
(F4isp), which are expressed as

Fppryaisp = Forr + Faigp 9)

Using this relationship, we performed the decomposition
analysis of the energy and force curves for both processes.

In Figure 7a, the energy curve for the peel process in Figure
Sa is decomposed into the contributions of the DFT and
dispersion correction energies. Each point on the dotted lines
is the value obtained from the calculation, while the solid black,
blue, and red lines are obtained by fitting: black corresponds to
the total energy, blue corresponds to the dispersion energy,
and red corresponds to the DFT energy. The blue and red
lines were obtained by fitting with the following equation,
which is a modification of eq 3.

E =D,(1 — exp(—a,(Ar, — a)))* + H(Ar, — Ar,)-
D,(1 — exp(—a,(Ar, — Arp)))2 + p
(10)

The above-mentioned equation differs from eq 3 in that the
terms @ and f have been added. These two parameters were
introduced to account for the different positions of the minima
on the energy curves. The parameters for the fitting functions
of dispersion and DFT are summarized in Table 3. All of the

Table 3. Fitting Parameters and Coeflicients of
Determination R” for the Energy Curves Shown in Figure
7a,c

Peel

D, a, D, a, a
energy  (eV) (A7) (eV) (A™H A) B (eV) R?
disp. 0.88 0.57 0.13 2.36 0.0 0.13 0.992
DFT 0.76 0.50 0.09 3.89 0.3 —0.02 0.997

Tensile
energy D (eV) a (A™) a (A) B (eV) R*
disp. 0.95 131 0.0 0.12 0.990
DFT 0.89 1.24 0.20 -0.07 1.000

coeflicients of determination R? for them are above 0.99, in
good agreement with the original data points. Numerical
differentiation for the fitting curves yielded the peel adhesion
force—displacement curves shown in Figure 7b.

In the same way, energy decomposition analysis was
performed for the energy curve of the tensile process shown
in Figure 6a. The following equation, which is a modification
of eq 1, was used for fitting.

E = D(1 — exp(—a(Ar, — a)) + p (11)

The fitted parameters are summarized in Table 3. The
tensile adhesion force—displacement curves were obtained
using these fitting parameters (Figure 7d).

From Figure 7b,d, it was found that both dispersion and
DEFT forces contribute to the adhesion force in both processes,
and the peak positions for each force are slightly different. The
peak positions for these forces and their adhesion forces for
each process are summarized in Table 4. In peel process 1, the

Table 4. Maximum Dispersion and DFT Forces Shown in
Figure 7b,d and Their Peak Positions

Peel
Ar, (A) F, (nN) Ar, (A)
disp. 0.40 1.2 0.25 12.8
DFT 0.31 1.7 0.28 12.7
Tensile

energy F (nN) Ar (A)

disp. 0.99 0.5

DFT 0.89 0.8

energy F, (nN)

peak of the DFT force is located at a larger displacement than
that of the dispersion force, and this tendency was also
observed in the tensile process. As for the adhesive strength,
the dispersion force portion is 10—30% larger than the DFT
one in both peel 1 and tensile processes. For peel process 2,
the values of the dispersion and DFT forces and their peak
positions are almost the same. Comparing the adhesive force of
peel process 1 with that of the tensile process, the dispersion
force in peel is 40% of that in tensile, and the DFT force in
peel is 35% of that in tensile.

The peak positions of the dispersion and DFT force curves
are different between peel process 1 and the tensile process;
the shape of the total force curve is determined by the balance
of these forces. This suggests that the dispersion correction is
inevitable in the calculation of the adhesive force in the peel
and tensile processes.

B CONCLUSIONS

For the theoretical investigation of how the adhesive force
between the adhesive and adherend changes with fracture
direction, the peel and tensile adhesion strengths between a
fragment model for DGEBA epoxy resin and the hydroxylated
silica surface have been estimated using DFT calculations. Two
inflection points were found in the energy curve for the peel
process. They are due to the process of the adhesive molecule
standing up while rotating with its edge as the rotating shaft
and the subsequent dissociation of the vertically oriented
adhesive molecule from the surface. The energy curve was
fitted well using the function of the sum of two Morse
potentials. The energy curve was differentiated to convert it
into the force curve. The adhesion force—displacement curve
for the peel process has two peaks corresponding to the two
inflection points. The adhesion strength was estimated from
the peak heights. The estimated peel adhesion strengths are
0.76 and 0.52 nN, both lower than the tensile adhesion
strength of 1.80 nN. This result is qualitatively consistent with
the trend that the adhesive interface with epoxy resin is
vulnerable to fracture in the peeling direction.

https://doi.org/10.1021/acsomega.2c01544
ACS Omega 2022, 7, 17393—17400


http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c01544?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

To further understand the features of the peel process, force
decomposition analysis, which divides the adhesive force into
DFT and dispersion forces, was applied to the peel process,
and the results were compared with those for the tensile
process. As a common feature in both processes, the
contribution of the dispersion force to the adhesion force is
slightly larger than that of the DFT force. In addition, the force
peak due to DFT is located at a larger displacement than that
due to dispersion. Both DFT and dispersion forces in the peel
process are smaller than those in the tensile process, each being
about 40% of the tensile.
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