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Abstract—At present, the main method for detecting continuity defects in dielectric coatings is the
electrospark method of nondestructive testing (NDT). However, minimum coating thickness require-
ments are applied to most modern coatings. It seems promising to carry out tolerance control of the
testing of dielectric coatings in one technological process with control of their continuity due to
changes in the existing testing methods and the method of forming the test voltage. Theoretical and
experimental analysis of the processes of sparking occurring upon detection of through and non-
through defects in dielectric coatings on electrically conductive substrates has been carried out.
The minimum control voltages have been measured measured and calculated for the studied dielectric
coatings, taking into account the detection of both through defects and unacceptable thinning.
The application of a probabilistic approach to the detection of the above defects is proposed. It is shown
that with a known value of the electrical strength of the coating, it is possible to detect both through
and nonthrough defects with a calculated probability in coatings with a given test voltage.
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The problem of assessing the technical condition and extending the service life of dielectric anticorro-
sion and waterproofing coatings is of great practical importance; this is confirmed by the experience of
operating various types of industrial metal products, including at pipeline transport infrastructure
facilities.

One of the main requirements for such coatings is to ensure 100% continuity of the coatings [1—3].
However, in the case of violation of the coating technology and the rules for the operation of products,
continuity defects can occur in the coatings such as paint skips, through and nonthrough pores, cracks,
tears, punctures, etc.

In most cases, layer-by-layer deposition of dielectric coatings is assumed. In the case of violation of the
application technology, the number of coating layers may not correspond to the declared one. Thus, there
is an urgent problem of controlling the number of layers in the final system.

Most modern testing technologies involve measuring the final thickness of the coating with devices
that make discrete measurements at various points in the structure, for example, electromagnetic thick-
ness gauges. However, the implementation of continuous control of the coating thickness is a nontrivial
technical problem.

One of the most common methods of nondestructive testing (NDE) of the continuity of dielectric
coatings is the electrospark method, in which a high-strength electric field F is formed between the coat-
ing surface and the electrically conductive base to detect defects. Due to the fact that defective areas of the
coating have an electrical strength lower than that of the defect-free coating, a spark discharge is formed
in them given an appropriate electric field strength (Fig. 1).

Modern methods [1—5] for selecting the test voltage U,, applied to the coating surface using an elec-
trode make it possible to detect only through defects in coatings. At the same time, due attention is not
paid to the relationship between the thickness d, of tested coatings and their breakdown voltage Uy, for
the problem of identifying unacceptably small thickness and nonthrough defects in the coatings. In this

814



INTEGRATED ELECTRIC SPARK TESTING OF CONTINUITY 815

Current meter

(4 )t

\_/ R -
Voltage
source

©

Electrically conductive compound

Coating

Fig. 1. Schematic representation of the principle of electrospark testing of dielectric coatings.

regard, it is important to develop a unified method for detecting not only discontinuities in coatings but
also unacceptable thinning.

Thus, it is proposed in [6, 7] to estimate the geometric parameters of through defects in coatings by
changing the electrical impedance when corona or spark discharges occur in them. A similar approach
could also be applied to assess the leakage current through unacceptable thinning of the coating, however,
the method based on the calculation and determination of the electrical resistance of the material cannot
be applied to the areas of the coating where discharge processes occur [8].

For the problem under consideration, through defects in dielectric coatings are air interelectrode gaps,
for which the breakdown voltage U, of the air gap for d, from 5 um to 50 mm in a uniform electric field
can be calculated using the basic provisions of Townsend’s theory of electrical breakdown [9, 10]. Accord-
ing to this theory, a spark discharge in a gaseous medium is formed due to the avalanche multiplication of
free charge carriers in the interelectrode gap and the formation of an electrically conductive channel
(streamer), the formation of which can be conditionally divided into the stages of formation of primary
and secondary avalanches. For the formation of a primary avalanche of charge carriers (electrons), it is
necessary that the free electrons present in the gas that fills the through defect of the coating receive energy
from the external electric field created in the interelectrode gap (between the electrode and the electrically
conductive base) greater than or equal to the ionization energy of gas atoms over the free path of an elec-
tron. Taking into account the coefficients of primary ionization oo and attachment 1, it is possible to deter-
mine the total number of electrons in an avalanche that has traveled a distance Ad [11],

"= noe(oc—n)Ad'

After the passage of the first avalanche in the interelectrode gap, the avalanche process can resume or
die out. To resume the avalanche process (organization of a self-sustained discharge), at least one second-
ary effective electron is required, which can arise, including as a result of the passage of a primary ava-
lanche, with an increase in U,,.

The main provision of the theory is the condition of self-reliance of the discharge in places of discon-
tinuity,

W - 21, (1)
where 7 is the coefficient of secondary ionization of electrons, o is the impact ionization coefficient, 1 is
the number of free electrons, and d, is the coating thickness.

The key element of a reliable electrospark NDT is to ensure the conditions for the independence of
a spark discharge in places of coating defects (including discontinuities).

Dependence (1) shows that the passage of the primary avalanche requires the formation of at least one
effective electron capable of igniting the secondary avalanche.

When considering the condition of self-reliance of the discharge in a uniform field (breakdown of the
entire interelectrode gap), it is permissible to take 11 = 0 and bring expression (1) to the form

ne* -1 =1. )
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It was experimentally established [10] that
_ByP
o= APe ¥, (3)
where F is the intensity of a uniform electric field in the interelectrode gap, A, is a coefficient depending

on the gas composition, By is a coefficient depending on the gas ionization energy, and P is the gas pres-
sure.

It follows from (2) and (3) that

In [1 + lj B,P
d—y =APe . 4)

g

As it is well known [12], for a homogeneous field £ = U,,/d,, therefore, we substitute this expression
into (4) to obtain

ByPd,

ln(l +§] = A Pd,e U (3)
Taking the logarithm of (5), we obtain
ByPd, Pd
0Pdy _ 1y APl ()
U (1 + lj
Y
Since we are interested in U, to determine it, we transform (6) to the form
ByPd,
U, =20 %)
v Pd
In M

ln(l +lj
Y

It follows from (7) that at a constant ambient air temperature in a uniform field we have U, = f(Pd,),
and at a quasiconstant atmospheric pressure, U, = f(d,) (Fig. 2).

At the same time, standardized methods for determining the test voltage taking into account the inho-
mogeneities of the electric field during the testing process offer the calculation of U, based on the empir-
ical dependence [2, 3] (see Fig. 2)

U, =M,d,, ®)
where M is a constant empirical coefficient depending on d, (M = 3294 for coatings with a thickness of

dy <1 mmand M= 7843 for d, > 1 mm).

As can be seen from Fig. 2, standardized methods for calculating the test voltage are intended solely for
the detection of through defects in the coating. To reveal unacceptable thinning of coatings by the electro-
spark method, it is necessary to consider the processes of breakdown of solid dielectrics.

The electrical strength of dielectrics can be calculated depending on their structure and energy char-
acteristics of the material [15].

An empirical dependence of the breakdown voltage of the coating U, is proposed in [13] for a wide
range of dielectric coatings,

Ubv:KKB(Af)"'exp[ a__,_m ) 9)

d, b+ log(b) n+log(T)

where K is a proportionality factor depending on d,, T is the duration of the applied voltage, Kp is the
breakdown probability, Ac0 is the channeling energy, and a, b, n, and m are some constants depending on
the composition of the dielectric.

The resulting formula can be used in calculating the dielectric strength of dielectrics with a thickness
0f 0.01 to 40 mm for an applied voltage pulse duration T = 0.1—10 us.
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Fig. 2. Design values of Uy,: 1, Upy(dg) by formula (7) for atmospheric air under normal conditions, 2, Uy, (d,) by
formula (8) for dg > 1 mm, and 3, Ubv(dg) by formula (8) for a’g <1 mm.

Table 1 lists the values of U, for a number of solid dielectrics obtained experimentally and calculated
using the above formulas for samples with a thickness of d, = 0.1 mm [14].

The estimation of U, according to (9) is possible for one-component or multilayer coatings, the
parameters of which can be found in the reference literature, for example, anticorrosion coatings of pipe-
lines. At the same time, it should be taken into account that the parameters of multicomponent coatings
(for example, paint and varnish) required for the calculation, as a rule, are not standardized. Therefore,
the U,, of multicomponent coatings for which the Uj,, cannot be determined by calculation can be deter-
mined experimentally. For the experimental determination of U,, it is proposed to use a coating that is
identical or close to the tested one in composition and thickness deposited on a metal base.

As an example, the results of an experiment on determining U, are given, in which sheets of foil Textolite®
and aluminum were used as bases to which a paint and varnish coating (LCP)—MLS 306 enamel—was
applied.

After manufacturing the samples (applying three, six, and nine layers of coating on the surface of the
base), the thickness was measured at the check points at which the breakdown voltage was determined.
The applied voltage was increased until the coating breakdown, the value of U, was recorded using
a DSO-X2002A oscilloscope. As a result, the dependence U, (d,) was obtained; it is shown in Fig. 3.

As can be seen from Fig. 3, the obtained values of Uy, have a fairly large spread. Presumably, this is due
to the formation of the discharge at the point with the smallest coating thickness and some scatter in the
coating parameters [16, 17]. For this reason, it is required to evaluate the probability of detecting unac-
ceptable thinning of the coating depending on U,, and d,,.

For this, an algorithm was applied that is based on constructing a regression curve for the dependence
Uy, (d,) and constructing normal distribution functions with specified parameters on its basis [18, 19].

In the area under study, the dependence U, (d,) has a quasilinear form. Consequently, according to the
experimental data obtained, a linear regression of the form U= kd + b was constructed for which the func-

Table 1. Design and experimental values of electrical strength U, for dielectric materials with thickness d = 0.1 mm

Uy, KV

Coating material

experimental values

design values

Polyethylene
Polystyrene
Fluoroplast-4

6.75—-7
5.5-73
3.5

6.2
4.3
4
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g. 3. Dependence of breakdown voltage of coatings U, on coating thickness dj.
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Fig. 4. Distribution of coating breakdown probability depending on the applied voltage for d; = 38 um, d, = 89 um,
d3 =113 um, and d; = 148 um.

tion of the normal (Gaussian) distribution of the probability of spark discharge formation versus the value
of U,, was constructed (see Fig. 3),

Uy _(tfu)z
1

P =7 j e 2 4,

where d, is the coating thickness, U, is the test voltage, kK and b are parameters of the regression curve, [
is the expectation, and G is the r.m.s. deviation.

—oo
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Fig. 5. Dependence of the electrical strength of the coating £}, on its thickness for the samples under study.

The boundaries of the confidence interval P(U,,) for the regression model (see Fig. 3) in accordance
with [20] are

T \2
P(U,) = PU,)+ 14D L+ n(an‘V_U‘V)

n — 2’
> (nU,, -T,)
i=l1

where # is the number of measurements, #p is Student’s coefficient for 95% confidence probability
and (n — 2) degrees of freedom, and D is the variance of breakdown voltage values.

The graph of the dependence of the probability of detecting a defect P(U,,) characterizes the reliability
of the NDT. The graph, which is a sigmoid function, shows the boundaries of the interval with a given
confidence probability (shown by the dotted line). Obviously, with an increase in d,, the characteristic
P(U,,) shifts to the right. Also, when carrying out tolerance control of the coating (identifying places of
unacceptable thinning), it is recommended to construct the dependence P(U,,) for the confidence prob-
ability of detecting a defect of 0.9 (90%). Therefore, it is possible to determine the electrical strength of
the coating £, for a defect detection probability equal to 90% for each investigated coating thickness (Fig. 5).

The experimental data show that the calculated value of E in the specified range of thicknesses is
75.4 £ 8.2 kV. Taking into account the fact that the electric strength is almost constant in the specified
range of thicknesses, the probability of detecting a defect of a given thickness (based on the electric
strength of the coating) will be 0.8 (80%).

Thus, with a known value of the electrical strength of the coating (calculated or determined experimen-
tally), it is possible to detect unacceptable thinning with a given probability by testing with a test voltage
the value of which is equal to U,, = E/d,.

CONCLUSIONS

The paper presents a theoretical and experimental analysis of the processes of sparking in relation to
the problems of identifying through and nonthrough defects in dielectric coatings on electrically conduc-
tive substrates. The minimum test voltages for through defects in coatings are calculated and the impossi-
bility of using existing NDT methods to detect nonthrough defects in coatings is demonstarted. The min-
imum test voltages of the studied dielectric coatings are measured and calculated taking into account the
need to identify both through defects and unacceptable thinning. It is proposed to use a probabilistic
approach to detect the described defects. It is shown that with a known value of the electrical strength of
the coating, it is possible to detect both through and nonthrough defects in coatings at a given test voltage
with a calculated probability.

The results obtained make it possible to develop a test procedure that expands the range of applicability
of the method and increases the reliability of the control results.
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