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ABSTRACT The interface is the weakness of composite insulators. As the interface bonding fails, the
uniform distribution of electric field will be affected, which accelerates the aging of composite insulators
and affects the safe operation of transmission lines. Because of the stress between the sheath and the rod,
the air gap at the interface is generally less than 10 ţm and there is extrusion contact in some areas. Therefore,
conventional nondestructive testing technology based on refraction and reflection principle cannot effectively
identify the faulty insulators in the initial stage of bonding failure. Based on the constitutive model of the
interface of composite insulators, the friction force of the interface after bonding failure introduces more
nonlinearity in mechanical properties than hydrogen bond under well bonding condition. The numerical
results show that under the influence of the nonlinear constitutive relation, the higher harmonic components
in the spectrum will increase significantly. The experimental results of plate and insulator samples confirm
the validity of numerical calculation. Based on the normalized nonlinearity coefficient, the interface state of
composite insulators at the initial stage of bonding failure can be effectively identified.

INDEX TERMS Nonlinear ultrasonic, constitutive model, composite insulators, nondestructive testing.

I. INTRODUCTION
Advantaged by light quality and outstanding resistance of
contamination flashover, etc., silicone rubber, glass fibre
reinforced epoxy resin and other polymer are widely used
in electrical equipment, such as sleeve, transformer, insulator
and so on [1]–[4]. Influenced by the production process of
composite insulators, bonding failure of sheath rod inter-
face is a common hidden danger of composite insulators in
transmission lines [5]. When composite insulators are put
into operation, the uniform distribution of electric field is
affected by interface defects. Under the action of discharge
and hydrolysis, the interface defects caused by bonding fail-
ure will develop rapidly, which will lead to the corrosion
of epoxy resin and the exposure of glass fibers. Because
of that, the mechanical strength of composite insulator rods
will reduce (Fig.1.a). In recent years, a new type of fracture
accident occurs frequently. Existing research shows that this
kind of fracture is closely related to the interface defect of
composite insulators and it has led to great influence and
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FIGURE 1. Interface defect of composite insulators: (a) Air-gap defect;
(b) bonding failure defect.

serious consequence [6], [7]. Therefore, improving the
interface quality of composite insulators through effective
nondestructive testing is of great significance to the safe
operation of power grid.

In recent years, nondestructive testing based on the
principle of refraction and reflection, such as electromagnetic
wave, infrared thermal wave and ultrasonic wave has been
studied in the electrical field, but only the air gap in composite
insulators interface as the identification object could be
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recognized [8]–[10]. THz time-domain spectroscopy technol-
ogy can identify air gap defects of 0.4mm or more at the
interface of composite insulators using electromagnetic wave
as the medium [11]. Active infrared thermal wave detection
takes the surface temperature difference caused by interface
defects as object [12]. Although it has the advantages of
long-distance and high efficiency, the detection accu-
racy is relatively low. It is difficult to identify defects
of 1mm or smaller and recognition ability is affected by
the thickness and thermal conductivity of surface materials.
Conventional ultrasonic technology has been used in elec-
trical field for a long time, while only the size of air gap
can be recognized to a certain extent [8], [9], [13]. However,
before the corrosion of epoxy resin, due to the strong flexi-
bility of the silicone rubber used in composite insulators and
unique cylindrical structure, the two materials at the interface
exist in the form of extrusion contact under the action of
internal stress (Fig.1.b). In the existing national standards,
the bonding performance of composite insulator interface
is evaluated by the results of sample dissection and aging
resistance test [14], [15]. There is no effective nondestructive
testing scheme for adhesion property. Therefore, the nonde-
structive testing research of interface bonding performance
for composite external insulation equipment has important
engineering value in the electrical field.

Over the years, a great deal of achievements have been
made in bonding quality evaluation based on the nonlinearity
of ultrasonic echo, and it has been successfully applied to the
bonding detection of metal materials [16]–[20]. The results
of existing nonlinear acoustic studies show that the fatigue
of the adhesive layer itself or the breakage of the chemical
bond between the adhesive and adherend are the fundamen-
tal factors causing the nonlinear distortion of the interface
wave [21]–[24]. The theoretical model provides a basis for
the application of non-linear ultrasound, but the testing object
is limited to the bonding structure with macroscopic bonding
layer. However, the adhesive layer of composite insulators
is not more than 1.2 um under normal conditions and the
sheath material itself contains large nonlinearity compared
with metal materials [25]. Based on the interface microstruc-
ture of composite insulators, the nonlinearity of the polymer
materials interface is described by constitutive model which
not only realize the bonding performance evaluation of com-
posite insulators, but also broaden the application field of
nonlinear ultrasonic testing.

Firstly, the bonding mechanism and microstructure of
composite insulator interface are studied and observed. The
hydrogen bond spring model and hysteretic friction model
are introduced into themechanical wave propagation process.
The interfacial mechanical properties of different bonding
states are equivalent described as corresponding mechani-
cal equations. Then, the excitation source is introduced into
the mechanical model and the overall structure of the test-
ing equipment and the sample is described by oscillator
model and corresponding equations. On the basis of that, an
ultrasonic testing platform is built to detect and analyze the

TABLE 1. Basic information of the samples.

bonding performance of plate and insulator samples based
on model parameters. The experimental results show that
as the contact force exists, the harmonic components of
ultrasonic echo in bonding failure samples increase signifi-
cantly, which is consistent with the solution of wave equation.
Finally, the normalized nonlinearity coefficient is used as
the parameter to identify the bonding performance of the
interface.

II. STUDY ON INTERFACE OF COMPOSITE INSULATOR
The high temperature vulcanized silicone rubber (HTV)
and glass fiber reinforced epoxy resin used in composite
insulators are typical organic composites. The properties
of coupling agent and the treatment craft of interface are
important factors affecting the bonding performance. In the
production process of composite insulators, cylindrical glass
fiber reinforced epoxy resin rod is polished to increase
its surface roughness, then liquid silane coupling agent is
applied on the surface. The raw rubber is directly vulcanized
on the surface of rod by injection vulcanizing machine at
14-16 MPa and 130-150 ◦C [26]. Under the action of high
temperature, high pressure and coupling agent, in addition
to the internal cross-linking reaction and the formation of
a stable network structure, silicone rubber will form a well
bonding interface with epoxy resin with variety of chem-
ical bonds. In order to study the bonding performance of
composite insulator interface, the vulcanization temperature
and pressure of composite insulator were set as 10◦C and
15 MPa, and vulcanization time was 30 set as minutes. plate
and short insulator samples were prepared by plate vulcanizer
and injection vulcanizer respectively. In order to change the
roughness of the interface, some plate samples were polished
according to the standard before vulcanization, while others
remained smooth. Chemlok-608 was used as an adhesive in
the preparation of experimental samples. The adhesives were
first prepared according to the instructions and then diluted
to one-half and one-quarter of the standard concentration
to simulate different failure states. Water was used as the
complete failure adhesives. Seven different types of samples
are shown in Table 1. Two samples were made with same
condition.

Because of the transparency of FRP plate, the interface can
be observed directly from the side of FRP plate. For sample
No.3, visible air gap appeared at the interface due to bonding
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FIGURE 2. Plate samples with different defects: (a) bonding failure defect
in No.2 sample, (b) air-gap defect in No.3 sample.

FIGURE 3. The interface micrograph and air gap size of No.3 sample:
(a) interface micrograph, (b) air gap size description.

failure and the maximum air gap area is more than 0.25 mm2.
There is no visible defect at the interface of sample No.2 and
the appearance of sample No.2 is as same as well bonding
sample No.1.

In order to further study the microstate of the interface,
laser scanning confocal microscopy (LSCM) was used to
characterize the defect of samples quantitatively. The inter-
face micrograph and air gap size of the sample are described
in Fig.3.

The interfacial air gap defects in sample No.3 are clearly
visible under optical microscopic images. Confocal principle
is used to scan the depth section of the selected position to
quantitatively analyze the size of air gap at the interface. The
results of scanning analysis show that the average thickness
of air gap of sample No. 3 is about 50µm, and themaximum is
not more than 100µm. For the well bonding sample No.1 and
the polished sample No.2, the thickness of the gap layer is
not more than 10µm, so that more accurate microscope is
needed to observe. The detection accuracy of metallographic
microscope can reach 1µm. The microscopic imaging results
of No.1 and No.2 samples are shown in Fig. 4. The chemical
reaction between silicone rubber and epoxy resin in sam-
ple No. 1 make it as a whole, while there is obvious gap
between silicone rubber and epoxy resin at No. 2 sample.
The size of gap is less than 10um. Influenced by the stress
between materials and the roughness of the interface, there is

FIGURE 4. Interface microscopic imaging by metalloscope: (a) bonding
failure interface in No.2, (b) Normal interface in No.1.

FIGURE 5. Equivalent model for hydrogen bond at interface.

FIGURE 6. Direction of friction in bonding failure interface.

extrusion contact between silicone rubber and epoxy resin at
the interface of sample No.2.

III. CONSTRUCTION AND SOLUTION OF
CONSTITUTIVE MODEL
A. CONSTRUCTION OF CONSTITUTIVE MODEL
The results of metallographic microscope show that the
silicone rubber and epoxy resin in the well bonding samples
are formed as a whole through chemical reaction. The bond-
ing force between the two materials is mainly formed by a
variety of intermolecular forces, among which the hydrogen
bond with the interaction energy of more than 40 kJ/mol
is considered to be the main contributor to the interfacial
bonding force according to [27]. Hydrogen bond is formed
by epoxy ring in epoxy resin as acceptor and hydroxyl
group of silicone rubber as donor. The interaction potential
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in hydrogen bonds can be described by Morse pair poten-
tial [27].

E = E0
[
e−2a(r−r0) − 2e−a(r−r0)

]
(1)

In (1), E is the interaction energy when the bond length of
hydrogen bond is r . a and r0 are potential trap width and equi-
librium bond length of hydrogen bond respectively. Angstrom
is used here as the unit of length. If higher order small quantity
is neglected, the hydrogen bond force expanded in power
series near the equilibrium bond length r0 could be described
as (2).

fH = −
dE
dr
≈ 2aE0 [−2a(r − r0)+ a(r − r0)]

= −2a2E0(r − r0) = −k(r − r0) (2)

Based on (2), the force in a hydrogen bond is equivalent
to the spring force whose original length is r0 and the elastic
constant is k = 2a2E0. Therefore, the mechanical properties
of the well bonding area can be equivalent to the linear
hydrogen bond spring model.

Due to the insufficient of adhesives in the production
process, the bonding structure between silicone rubber and
epoxy resin in some areas change from chemical bonding
to extrusion contact. Because the surface of epoxy resin is
rough, the viscoelastic silicone rubber and the surface of
epoxy resin will produce friction under internal stress.

Although both friction (vertical component) and hydrogen
bond forces provide the force needed to maintain interfacial
bonding to some extent, only friction has hysteresis. There-
fore, the friction makes the stress and strain no longer present
a linear relationship, but a hysteretic nonlinear relationship.
The bilinear model is suitable for the hysteretic friction phe-
nomenon of rubber materials which is used to explain the
nonlinear stress-strain relationship in bonding failure inter-
face [28], [29]. Under the excitation of mechanical waves,
the mathematical equation of bilinear model can be expressed
as (3)

f (θ ) =


kd (x − A+ µN ), (0 ≤ θ ≤ θ∗)
−µN , (θ∗ < θ < π )
kd (x − A+ µN ), (π ≤ θ ≤ θ∗ + π )
µN , (θ∗ + π < θ < 2π )

θ = ωt − ϕ θ∗ = cos−1(1−
2µN
kdA

) (3)

In (3), kd is the shear stiffness of the contact surface, x is the
relative displacement between the contact surfaces, µ is the
friction coefficient of the contact surface, A is the maximum
relative displacement between the two contact surfaces, N is
the positive pressure between the contact surfaces, ω is the
excitation frequency and ϕ is the phase difference. θ is the
excitation phase, θ∗ is the phase boundary between the elastic
part and the hysteretic part.

f (θ) = Fx(A) cos θ + Fy(A) sin θ (4)

When the relative motion of two contact surfaces is har-
monic, (3) is transformed to (4) by harmonic balance method.

Fx =
2
π

∫ π

0
f cos θdθ =

kdA
π

(
θ∗ − 0.5 sin 2θ∗

)
=

kdA
π

[
cos−1

(
1−

2µN
kdA

)
− 0.5 sin 2

(
1−

2µN
kdA

)]
Fy =

2
π

∫ π

0
f sin θdθ = −

4
π
µN

(
1−

µN
kdA

)
(5)

Equation (5) is an expansion of Fx and Fy, which are
functions of A or θ .

f (θ ) = keA cos θ + ceωA sin θ

ke =
Fx(A)
A

ce =
Fy(A)
ωA

(6)

Equation (6) is further deduced from (4). In the equation,
ke is equivalent stiffness and ce is equivalent damping.

f (t) = kex(t)+ ce
dx(t)
dt

(7)

The mechanical properties of the model can be explained
clearly by converting friction into function of time. The elas-
tic force is proportional to the displacement of the interface
and the viscous force is proportional to the velocity of the
interface which present linear and nonlinear respectively and
the degree of which can be expressed by equivalent stiffness
ke and equivalent damping ce. Therefore, when the bonding
fails, the friction between the two materials will increase the
nonlinear component of the whole system.

B. SOLUTION OF CONSTITUTIVE MODEL
Different bonding states of interfaces are equivalent described
as corresponding mechanical equations of hydrogen bond
spring model and hysteretic friction model. However,
the solution of wave equation requires the introduction of
excitation source and considers the overall structure of sound
wave transmission process. In order to realize the solution of
the model, the oscillator model and equations are introduced
to describe the whole structure of the testing equipment and
samples.

The oscillator model is shown in Fig.7 which is constructed
from the bottom to the top. The bonding interface is com-
posed of silicone rubber and glass fiber reinforced epoxy
resin. The deformation of glass fiber reinforced epoxy resin
at the bottom of the bonding interface is extremely weak
so that it is considered as a rigid body in this model. The
sheath thickness of silicone rubber material is basically the
same in the sample. So the thickness of the silicone rubber
layer is neglected in the model and only equivalent mass
characteristics M2 are retained.

M2 = ρ × S2 × d (8)

In (8), ρ is the density of silicone rubber and d is the
thickness of interface. S2 is the equivalent area of the inter-
face, which is related to the surface roughness Ra of the
polished rod and the depth dR of the polished microcrack.
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FIGURE 7. Interface oscillator model.

Preliminary assumption is that the rough ‘‘particles’’ on the
surface of the polished rod are cuboids and the value of S2
can be estimated by (9).

S2 =
4S1

(2Ra)2
· dR · Ra =

dR
Ra
S1 (9)

In (9), S1 is the effective detection area of the ultrasonic
transducer. For well bonding samples, the hydrogen bond
spring model is used as the prototype and the elastic constant
is Kad1.

Kad1 = Ead × S1 (10)

According to the data provided by the manufacturer,
the elastic modulus E of silicone rubber is 9.4 MPa. For well
bonding interface, its elastic modulus Ead is four times that of
material elastic modulus E [30]. Since there is no nonlinear
component, the damping coefficient Cad1 is set to zero.

Kad2 = G× S2 (11)

For bonding failure samples, hysteretic friction model
should be used for analysis. The elastic constants depend on
the shear modulus of silicone rubberG and equivalent area of
the bonding interface S2 [30]. Referring to the range of non-
linear friction damping ofmacromoleculematerials, the value
of damping coefficientCad2 at failure bonding interface is
500 N·s/m [28]. The piezoelectric wafer of the ultrasonic
transducer acts as an excitation source (its equivalent mass
isM1) is coupledwith silicone rubber by coupling agent under
the action of external pressure Fs. Nonlinear contact damp-
ing model is introduced to describe the behavior of contact
force Fd [31]. To ensure that the contact force Fd can
continuously change, which is expressed as (12).

Fd =

KiX1(t)+ Ci
dX1(t)
dt

(X1 ≥ 0)

0 (X1 < 0)
(12)

In (11), Ki is equivalent contact stiffness and Ci is
equivalent contact damping. The absolute values of the con-
tact force parametersKi andCi cannot be obtained directly by

TABLE 2. Simulation parameters of the collision oscillator model.

FIGURE 8. Simulation results of oscillator model: Waveform in time
domain.

theoretical calculation or experiment.While the ratio range of
Kad/Ki and Cad/Ci in the simulation model can be deduced by
experimental results and the specific ratio can be determined
according to the material [32]–[34]. Kad/Ki and Cad/Ci are
167 and 500 respectively for contact epoxy resin and silicone
rubber materials. The simulation parameters of the collision
oscillator model are shown in Table 2.

The oscillator model combined with source excitation is
described by (13) and then solved by Runge-Kutta method in
MATLAB.

M1
d2X1
dt2
= Fs +M1A0ω2 sin(ωt)− Fd

M2
d2X2
dt2
= Fd − Cad

dX2
dt
− KadX2

(13)

In order to ensure that the excitation function is consistent
with the output of the transducer, excitation frequencyω is set
as 3×106 rad/s and amplitude A0 is processed by Hanning
window with 10 cycles. The displacement X1 of the piezo-
electric wafer is taken as an unknown variable to solve shown
in Fig.8.

It can be found that the displacement X1 of piezoelectric
wafer distorts when the interface bonding fails, but the phase
does not shift. The FFTmodule is used to convert the solution
as frequency and the spectrum of vibration waveform is
obtained shown in Fig.9. Compared with the time domain
waveform, the difference between the two models in the
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FIGURE 9. Simulation results of oscillator model: Spectrum in frequency
domain.

FIGURE 10. Working principle of the ultrasonic system.

spectrum is more obvious. The increase of nonlinear factors
leads to the decrease of fundamental wave and the rise of sec-
ond harmonic. In other words, spectrum energy transfer to
higher harmonic as bonding failure.

IV. TESTING METHOD AND EXPERIMENTAL SYSTEM
The ultrasonic system consists of RITEC RAM-5000 SNAP,
matched resistance, attenuator, low-pass filter, ultrasonic
transducer, fixing and counterweight device, which is shown
in Fig.10. The parameters of excitation frequency, pulse
width and excitation energy are set according to simulation
parameters. Longitudinal wave probe produced by Olym-
pus Corporation (V106) was used in ultrasonic experimental
system with 2.25 MHz as central frequency and bandwidth
meeting requirements. It also has high gain for the fundamen-
tal frequency of 1.5 MHz and the second harmonic frequency
of 3.0MHz.

The coupling degree between transducer and sample plays
a crucial role in the experimental results. The additional
nonlinear factors will result in non-tight coupling condition
so that the accuracy and robustness will be lost. In addition
to the using of small nonlinear coupling agent, transducer
fixture is used to provide the pressure needed for coupling in
the experiment to ensure that the coupling degree is sufficient
and constant (Fig.11.a). For the cylindrical sample, the arc
surface is difficult to fully contact with the probe so that the
effective incidence of ultrasonic cannot be achieved only by
coupling agent. The wedge is made of nonlinear minimal PPS
plastic to realize the tight coupling between the probe and the
tested sample (Fig.11.b).

FIGURE 11. Device for ensuring coupling degree: (a) Test platform and
counterweight, (b) Insulator sample and wedge.

FIGURE 12. Waveform of sample No.1 in time domain.

FIGURE 13. Waveform of sample No.3 in time domain.

V. RESULTS AND DISCUSSION
A. ANALYSIS OF RESULTS IN TIME DOMAIN
The echo signal waveform of sample No.1 received by the
transducer in time domain is shown in Fig.12. It can be seen
that the waveform of the well bonded sample is consistent.

The echo signal waveform of sample No.3 is completely
different from that of sample No.1 when the continuous air-
gap layer appears (Fig.13).

The appearance of such waves comes from the isolation
of acoustic waves by air-gap. Because of the significant
difference of acoustic impedance between gas and solid,
the incident acoustic wave cannot penetrate the air-gap layer.
The completely reflection of incident acoustic wave in the
air-gap layer causes the change of waveform in time domain.
For such time domain waveforms, it can be analysed by
acoustic reflection theorem, which has been widely used in
the detection of internal defect of equipment. The thickness
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FIGURE 14. Waveform of sample No.1 and No.2 in time domain.

FIGURE 15. Waveform of sample No.4 to No.7 in time domain.

of the surface material can be calculated according to the time
of two echoes and the acoustic velocity in the silicone rubber
material, which is consistent with sample thickness.

Compared with No.3 sample, the surface roughness of
No.2 is improved greatly by polish. On this condition,
silicone rubber contacts with epoxy plate fully during vul-
canization process and forms extrusion contact under stress
after cooling which effectively avoids the formation of air
gap layer. Therefore, the time domain waveform of sample
No.2 are only slightly different from that of sample No.1 in
amplitude (Fig.14), which is consistent with the numerical
results of the constitutivemodel. However, in the actual detec-
tion process, the waveform distortion caused by the interface
is difficult to distinguish due to the influence of coupling
conditions and detection location.

The waveform of cylindrical samples are shown in Fig. 15.
It can be found that changes in the concentration of adhesives,
i.e. changes in the number of hydrogen bonds at the interface,
can also distort the waveform in time domain, and the dis-
tortion in time domain occurs more frequently in the latter
half of the waveform, which is consistent with the results of
numerical calculation.

B. ANALYSIS OF RESULTS IN FREQUENCY DOMAIN
Using the same FFT model in MATLAB software, the time-
frequency conversion of the experimental ultrasonic echo sig-
nals are shown in Fig.16. According to the spectrum obtained
from the experiment, the difference is very small in the fun-
damental wave, while the difference in the second harmonic
wave is obvious.

FIGURE 16. Spectrum of nonlinear ultrasonic testing results: (a) Spectrum
of plate sample, (b) Spectrum of insulator sample.

Well Bonding and bonding failure can be distinguished
by second harmonic amplitude, while the change of hydro-
gen bond density caused by partial failure of adhesives can
hardly be identified by spectrum change. The experimental
and numerical spectra are consistent in the trend of second
harmonic variation but there are some differences in the fun-
damental wave. This is because the nonlinearity of composite
material itself is neglected in numerical calculation. On the
other hand, Cad is difficult to set values accurately and the
sensitivity of the calculated results to the variation of param-
eters leads to a certain difference between the calculated and
the experimental results. In the next research, wewill focus on
the change of hydrogen bond density and the roughness of the
interface to improve the existing hydrogen bond spring model
and hysteretic friction model, so as to achieve quantitative
evaluation of interface state.

C. EFFECTIVE CHARACTERIZATION OF COMPOSITE
INSULATORS INTERFACE
For the same kind of samples, the ratio of second harmonic
amplitude A2 to fundamental wave amplitude square A21 is
more convenient to reflect the information of second-order
and third-order elastic constants as the wave number k and
the interface position x are constant. So the definition of
nonlinear coefficient is set as (14) [35].

β =
A2

A21
=

(
3+

C111

C11

)
k2x

8
(14)
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TABLE 3. Normalization results of nonlinear coefficients.

In (14),C11 andC111 is the second and third Brugger elastic
constants of isotropic solid materials respectively written
as Voigt symbols here. It is not only of definite physical
significance, but also of practical value in engineering to
evaluate the interface bonding state by nonlinear coefficient
as the detection parameter. The fundamental amplitude A1
and the second harmonic amplitude A2 of the reflected signal
can be extracted from the spectrum to calculate the nonlinear
coefficient β. Furthermore, linear normalization of the mea-
surement results of β is carried out. If βm is the experimental
result of a certain measurement point and there are N mea-
surement points, the linear normalization processing result β ′

is (15)

β ′ =
βm − (min {β1, β2, · · ·βN } −1)

max {β1, β2, · · ·βN } −min {β1, β2, · · ·βN }
(15)

In (15), the existence of 1 enables normalization to be
applied to many of the same results which simplifies the
calculation steps. The experimental results of linear normal-
ization are shown in Table 3.

Compared with the experimental results of the nonlin-
ear coefficient between the cylindrical and plate structure,
the nonlinear coefficient of the bonding failure interface is
obviously improved. For well bonding samples, the normal-
ization nonlinear coefficient β ′ of cylindrical structure is
less than 4 and that of plate structure is less than 1. The
normalization nonlinear coefficients β ′ of the bonding failure
samples are greater than 7. With a certain margin, β ′ = 5 can
be used as the boundary value between the bonding failure
defect and the well bonding interface in all experimental
samples. The experimental results are consistent with the
theoretical analysis, which confirms the application validity
of nonlinear coefficient to evaluate the adhesive quality for
composite insulators.

VI. CONCLUSIONS
The manuscript has elucidated a type of NDT method based
on nonlinear ultrasonic to identify bonding failure in compos-
ite insulators. As proved by research results:

• The interfacial bonding defects of composite insulators
may be caused by the absence of polish process and
the failure of coupling agent. The absence of polish
process makes the interfacial separation. The separation
area is more than 0.25mm2 and the distance between the
two materials is more than 50µm. The thickness of the
interface defect caused by the failure of coupling agent
is less than 10um and some areas are in the form of
extrusion contact.

• Hydrogen bond spring model and hysteretic friction
model can be used to describe the well bonding and
bond failure interface respectively. Compared with the
hydrogen bond spring model, the hysteretic friction
model introduces more nonlinear mechanical compo-
nents. The numerical and experimental results show
that nonlinear components lead to the distortion in time
domain and change of second harmonic amplitude in the
frequency-domain waveform.

• Normalized nonlinear coefficient can be used to analyze
the interface state of composite insulators.β ′ = 5 can be
used as the boundary value between the bonding failure
defect and the well bonding interface in all experimental
samples.
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