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Investigation of electrospark hydraulic shock
influence on adhesive-cohesion characteristics
of epoxy coatings
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The reasonableness of preliminary electrospark alloying of the aluminum base and
simultaneous electrospark treatment of the epoxy composition with the subsequent forma-
tion of the coating is substantiated. The relevance of the application of dispersed particles
with ferromagnetic nature as fillers is experimentally substantiated. Such additives, irrespec-
tively of their chemical, thermodynamic and kinetic activity, significantly affect the degree of
binder cross-linking in the surface layers around the fillers and significantly increase physi-
cal-mechanical properties of the materials and protective coatings formed on their basis.
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HocaigxeHnHs BILIMBY €JEKTPOiCKPOBOro rigpoyaapy Ha anresiiiHo-KoresiiiHi xapakre-
puctuku enoxkcugaux mokpurris. O.B.Tomocvko, II.J.Cmyxaskx, Al.Muxumuwun, B.B.JIe-
BUUbKULL

OGrpyHTOBAHO [JOLUIJNBHICTH IIPOBENEHHA IIOIEPELHBOI0 €JIeKTPOICKPOBOro JieryBaHHI
aOMiHi€EBOI OCHOBM Ta OJHOYACHOI eJeKTPOiCKpOBOI OOpPOOKM eIOKCHAHOI KOMIIO3UIii 3
HogabIIuM (POPMYBAaHHAM IIOKPHUTTS. EKCIEPHMMEHTANIbHO IIiITBEDPIXKEHO MOIIJILHICTE BHKO-
puUCTAaHHSA, AK HAIOBHIOBAUiB, IHCIEPCHUX YaCTUHOK (epomarHiTHoli mpupoau. Taxi mobGae-
KU, HesaJeKHOo Bix IxuHpol ximiumoi, TepmomuHaMiuHOl Ta KiHETUUYHOI AKTHUBHOCTi, CYTTEBO
BILIMBAIOTh HA CTYIIHb BIIMBAHHS B AMKYUYOTO y IIOBEPXHEBHMX IIapax HABKOJO HAIIOBHIO-
BauiB, II[0 AO3BOJIE CYTTEBO HiaBUIMuUTH (isumKo-mMexaHiuHi BiaacTuBOCTi MaTepianiB Ta 3a-
XHMCHUX HOKPUTTIB, c)OPMOBAHMUX HA IX OCHOBI.

OGocHoBaHa I1eeco00PasHOCTh IIPOBEICHHS IIPEIBAPUTEIBLHOTO DIEKTPOUCKPOBOrO JIErU-
poBaHNA ANIOMUHUEBON OCHOBBI 1 OJHOBPEMEHHON 3JEeKTPOMCKPOBON 00paboTKU SIIOKCUIHON
CMOJIBI C IIOCJAEAYIONIMM €€ HaHeceHHeM Ha cy0cTpar. OKCIEePHMMEHTAJIbHO IIOATBEPIKILECHA
11e,1ec000PA3HOCTD HCIIOJNb30BAHUSA, B KAaYeCTBe HAIOJHUTEJell, TUCIHEePCHBIX dacTull Geppo-
MAar"LuTHON npupoxbl. Takue 100aBKM, HE3ABHCUMO OT MX XMMUUYECKOM, TePMOINHAMUYECKON
U KUHETUYEeCKOM AaKTUBHOCTHU, CYIIECTBEHHO BJIMAIOT HA CTEleHb CIIMBAHUS BAMKYIIEro B
IMOBEPXHOCTHBIX CJOAX BOKPYI HAIOJHUTENEH, [MO3BOJAIT CYIIECTBEHHO IIOBBICUTH (DUSUKO-
MexXaHNJYeCKre CBOMCTBA 3AI[UTHBIX HOKPBITHUI.
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1. Introduction

The current stage in the development of
materials science is associated with the
creation of protective coatings with a wide
range of physical-mechanical properties. At
the same time, protective coatings should
increase the reliability and operational life
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of equipment, as well as improve the main-
tainability of parts and mechanisms of ma-
chines. At present, composite materials
(CM) based on epoxy binders are widely
used. Such materials are characterized by
high physical and mechanical properties,
high adhesive strength, and also have sig-
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nificant corrosion resistance to aggressive
media. However, the potential of epoxy
composites is not completely realized. First,
not enough attention is paid to the study of
interaction at the interface in the "binder
— filler” system. Improving the interaction
in this system will enhance the overall per-
formance of the composite.

In order to improve the material proper-
ties, various methods of processing the com-
posite materials are used, for example, their
processing by external fields. The pre-proc-
essing of matrix components by the method
of electrospark hydraulic shock (ESHS) is
one of the most promising in this direction.

It should be noted that the creation of
new CMs and improvement of the opera-
tional characteristics of composites based on
epoxy matrices, requires further investiga-
tions of the stages of combining components
and forming composites into products. The
solution of problems of operation reliability
of machine parts having a complex geomet-
ric shape is closely related to the analysis of
the stress-strain state of their protective
coatings. At present, little attention is paid
to the development of modern calculation
methods for such investigations [1]. This is
primarily due to the difficulties occurring
during the assessment of the stress state of
real objects with protective coatings during
operation. In this regard, the problem of
developing new and improved modern meth-
ods of experimental studying the strength
and fracture of materials with polymer
coatings is very important.

2. Experimental

Polymer composite materials based on
epoxydiane oligomer ED-20 (GOST 10587-
84) were selected as the object of the inves-
tigation; these are characterized by high ad-
hesive and cohesive strength, insignificant
shrinkage and manufacturability when ap-
plied to extended surfaces of complex pro-
files and have a developed raw material base
[2]. Taking into account the large size and
weight, complex surface profiles of machine
parts, as well as the technology of coating,
a polyethylene polyamine (PEPA) hardener
was used for cross-linking epoxy composi-
tions. It makes it possible to solidify the
composite at room temperature. 101P fer-
rite is used in this investigation. The fol-
lowing temperature-time modes of CM for-
mation are used: combination of compo-
nents, sample formation, exposure for 24 h
at room temperatures, and heat treatment
at 413 K for 2 h. The stabilization of sam-
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ples is performed at room temperature for
24 h, followed by experimental investiga-
tions. The uniform distribution of compo-
nents in the material is ensured by the hy-
drodynamic combination of components. Be-
fore forming samples, the composition is
vacuumized. The dispersion is controlled by
sieving through sieves of an appropriate
size. The appropriate material formation pa-
rameters ensure the formation of a three-
dimensional grid with the maximum degree
of cross-linking. In order to determine the
stoichiometric ratio of the components of
the filler system, various cross-linking
stages are simulated and investigated by in-
troducing a hardener into the composition
from 8 to 15 parts by weight. The
stoichiometric ratio for these components is
determined as follows: 100 weight parts of
ED-20, 10 weight parts of PEPA [3, 4]. Pre-
vious studies on determination of sedimen-
tological processes during the formation of
coatings using optical microscopy have
shown that the structure was homogeneous
during the formation of samples. The begin-
ning of the sedimentological processes was
observed for the filler dispersion of 63 um,
at room temperatures by the difference in
the composition transparency after 10-12
days [3].

Taking into account the multifactorial
nature of technological modes and statistic
errors of the experiment during samples
manufacturing, it is reasonable to obtain
several characteristics from each sample for
one investigation.

Adhesive strength is one of the most im-
portant operational characteristics of coat-
ings [1, 5—8]. To study the adhesion proper-
ties of protective coatings to the metal sur-
face, the effects of amount, magnetic and
chemical nature of filler in the composite on
the fracture stress are taken into considera-
tion. Aluminum samples for tensile strength
tests were made of 1 mm thick strip. Coat-
ings with a length of 40 mm are applied to
aluminum samples with a working part
width of 5 mm. Elastic characteristics and
relative deformations of aluminum and
coatings are determined during the tensile
deformation; the amount of the main filler is
changed from 30 to 150 weight parts, and fine
powders — from 5 to 50 weight parts per 100
weight parts of the epoxy matrix (hereinafter
the filler concentration is given in weight
parts per 100 weight parts of the binder).

The research technique used makes it
possible to determine the value of deforma-
tion, adhesion and cohesion strength, modu-
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lus of elasticity for the coating and the
base, as well as to characterize the type
fracture of the composite when testing one
sample [9-11].

The modulus of elasticity is determined
by the elastic area of the tensile curves by
the following formula:

[80 5, (1)
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where indices "0” and "n" denote the char-
acteristics related to the base and coating,
respectively. Cohesive strength or normal
stresses:
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This experimental-calculation technique
makes it possible, when testing one sample,
to determine a set of values characterizing
physical-mechanical properties of the sys-
tem "base-coating”: the modulus of elastic-
ity of the base and coating, the wvalue of
composite critical deformation, stress levels
within it and in the area of adhesive con-
tact, as well as to define the type of the
system fracture (cracking or separation).

3. Results and discussion

Deformation curves of the investigated
materials are constructed by averaging the
results of three experiments; here the dis-
crepancy of the experimental curves does
not exceed 3% . The curves of the depend-
ences of relative deformations on stresses
constructed for epoxy resin modified by
electrospark hydraulic shock are shown in
Fig. 1. It should be noted that the strength
properties of epoxy composites are evalu-
ated by the maximum stresses occurring in
the material when critical deformations are
reached according to the method [9, 10].

762

280
240

200

MPa

160

G

120

0 1.0 20 30 40 50 6.0 7.0
e, %

Fig. 1. Dependences of stresses on relative
deformations in the base (I, 2) and in the
coating (3-6): 1 — Dbase modified by elec-
trospark alloying; 2 — unmodified base; 3 —
base unmodified by electrospark alloying, un-
processed by ESHS resin in the coating; 4 —
base unmodified by electrospark alloying,
processed by ESHS resin in the coating; 5§ —
modified by electrospark alloying base, un-
processed by ESHS resin in the coating; 6 —
base modified by electrospark alloying, proc-
essed by ESHS resin in the coating.

Analysis of the investigation results
shows that the pre-processing of both oli-
gomer and base causes the decrease in the
maximum relative deformations of the ma-
terial (Fig. 1). Particularly, it is shown that
due to electrospark alloying the base, the
reduction of the maximum relative deforma-
tions of aluminum by 14 % occurs (curves
1, 2). 1t is assumed that this is caused by an
increase in the cohesive strength of the base
due to the formation of transition layer in
the base after electrospark alloying.

Note that the base is processed by the
spark method, in the capacitor discharge
mode in the range of 30-60 V [12]. As a
result, a layer of copper oxide forms on the
surface of the material, and an intermetal-
lic compound with the crystal structure of
the Al,Cuj alloy is formed under it. (Fig. 2).

Analysis of the results of stress depend-
ence on the relative deformations of sam-
ples alloyed and modified by the ESHS
method, as well as samples without alloying
and modification shows that the preliminary
treatment provides a significant decrease in
the maximum relative deformations, as well
as an increase in the maximum stresses in
the coatings. The presence of maximum
stresses in epoxy resin coatings has been
established, which after alloying of the base
and ESM modification of the matrix are
1.5...2.0 times higher. These results are ex-
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Fig. 2a. Structural diagrams of the coating layers after electrospark alloying of the aluminum base:
1st layer — aluminum; 2nd layer — Al,Cu,; 8rd layer — copper oxide; 4th layer — epoxy coating.
(b) Optical microphotographs of layers after base alloying: a) aluminum; b) Al,Cus; ¢) copper oxide.

plained by an increase in the degree of ma-
trix cross-linking during the coating forma-
tion after modifying the epoxy resin by the
ESHS method, as well as an increase in inter-
facial interaction at the interface between the
polymer matrix and the alloyed base.

These assumptions are confirmed by the
results of experiments and calculations of
the adhesive and cohesive strength in the
composites (Table 1). It should be noted that
the experimental dependences of the adhe-
sive strength (t, MPa) for protective coat-
ings, both original and modified by ESHS,
were calculated from the instantaneous
stresses in the aluminum sample and protec-
tive coatings. It was found experimentally
(Table 1) that the modification of epoxy

resin by the ESHS method, as well as the
preliminary electrospark alloying of the
base, provides a significant increase in the
adhesive and cohesive strength of the "coat-
ing-base” system. Nevertheless, we note
that the complex modification of the base
and coating provides an increase in the
abovementioned characteristics by 1.5...1.8
times as compared to the initial materials.
An increase in the degree of matrix cross-
linking, as well as better interaction at the
"coating base” interface, results in an in-
crease of strength and rigidity of the coat-
ings. This is confirmed by the results on the
modulus of elasticity and the magnitude of
maximum absolute deformation of the coat-
ings. It is established (Table 1) that after

Table 1. Physical-mechanical properties of epoxy matrix

Material ESHS processing Adhesive Cohesion Modulus of Maximum
. strength, strength, t., |elasticity, E , deformation™,
Base Oligomer Tparr MPa MPa GPa Lpmax oD the
basis of L,,,,
=45 mm
Matrix - - 43.04 29.12 1.51 0.0056
Matrix - + 49.45 41.67 2.74 0.0044
Matrix + - 56.33 38.7 1.84 0.0041
Matrix + + 62.91 45.08 3.02 0.0034
Note. "—" without electrospark hydraulic shock processing; "+" — after electrospark hydraulic shock

processing; "*"

— the maximum value of standard sample tensile deformation at which the epoxy

polymer coating is destroyed by aluminum base deformation.
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Fig. 3. Stresses depending on relative defor-
mations in coatings based on epoxy matrix,
containing: I — ferrite +SC; 2 — B,C +
Cry04; 3 — SIC + Al,O4.

modification, the modulus of elasticity in-
creases by 1.6...2.0 times, and the absolute
deformation decreases by 18...24 % . There-
fore, it can be concluded that after alloying
of the base and modification of the matrix
by the ESHS method, the formed coatings
are characterized by high adhesion and co-
hesion strength; and they are more rigid in
comparison with original (untreated) coat-
ings. It should be noted that during opera-
tion, the stresses at the "base-coating™ in-
terface decrease. In this case, we should ex-
pect an increase in the reliability and
operational life of machine parts and
mechanisms. This is especially important
when parts have complex shapes and oper-
ate under thermal cycling conditions.

The next stage of the investigation is to
test the "base—coating”™ systems using a
disperse filler. The optimal concentrations
of the bidispersed filler in the matrix mate-
rial depending on the magnetic nature of
dispersed particles were determined in pre-
vious studies [14]. Further, the complex
characteristics of coatings made of filled

materials are investigated under stress-
strain state conditions.

It was found (Fig. 3) that the previous
ESHS treatment of epoxy composites con-
taining bidispersed particles of B,C and
Cry03, as well as SiC and Al,O5 reduces the
relative deformation of the coating material
by 3.0...3.5 times in comparison with the
original epoxy matrix. It should be noted
that after the ESHS processing, the defor-
mation characteristics of composites con-
taining particles of ferrite and soft carbon
(SC) increase almost twice and reach the
values of deformation characteristics of un-
modified coatings (Fig. 1, Fig. 8). In addi-
tion, it is noted that the maximum stresses
in coatings with ferrite and SC particles are
the highest of all the samples studied,
which indicates the high cohesive charac-
teristics of these coatings.

According to the results of deformation
studies, it is interesting to analyze the cal-
culated values of adhesive and cohesive
strength of the coatings. It has been estab-
lished (Table 2) that the introduction of a
bidispersed filler after modification of the
composition by an electrospark hydraulic
shock and after alloying of the base provides
an increase in the adhesive strength of the
coatings to the base by 1.8...2.0 times. The
maximum values of adhesive and cohesive
strength (77.6 MPa and 63.54 MPa, respec-
tively) were measured in the coatings con-
taining ferrite and soft carbon. Here we
note that the modulus of elasticity of these
coatings is 3.54 GPa, which is lower in
comparison with other filled coating materi-
als. The obtained results confirm the as-
sumption that after modification of the ma-
trix by the ESHS method, the introduction
of ferrite and SC fillers causes the forma-
tion of the structure with low rigidity, but
with high adhesion and cohesion charac-
teristics. High rates of absolute deforma-
tion confirm the above statements (Table 2).

Table 2. Physical-mechanical properties of epoxy composite coatings

Material Adhesion Cohesion Modulus of Maximum deformation,
. . .rs strength, strength, o, elasticity, Ep, meax on the basis of the
Main filler Adgilﬁg;nal Tax MPa MPa ¢ GPa base = 45 mm
SiC ALO, 70.44 56.57 3.86 0.0016
B,C Cr,04 72.13 62.72 4.30 0.0013
Ferrite GC 77.6 63.54 3.54 0.0045

Note: Concentration of composite material components: matrix (ED-20: PEPA—100:10:11 (weight
parts)); concentration of the main filler is 80 wt.p. per 100 weight parts of epoxy resin; concentra-
tion of additional filler is 80 wt.p. of chromium oxide, 80 wt.p. of aluminum, 50 wt.p. of soft carbon

per 100 wt.p. of epoxy resin ED-20.
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c)

d)

Fig. 4. General view of samples after deformation: a) general view of the sample; b) the beginning
of fracture in the non-alloyed aluminum base; c) the view of base alloyed surface; d) separation of

adhesive coatings at the end of testing.

Thus, the analysis of the experimental
results on elastic-plastic characteristics in
the "coating-base” system allows us to con-
clude that the developed coatings with the
bidispersed filler (ferrite and SC) show high
complex cohesive and adhesive properties.
This, in turn, can ensure the operation of
the developed coatings under conditions of
alternating loads and significant deforma-
tions of the coating material.

Note: concentrations of composite mate-
rial components: matrix (ED-20: PEPA-100:
10: 11 (weight parts)); concentration of the
main filler is 80 wt.p. per 100 weight parts
of epoxy resin; concentrations of additional
fillers are 80 wt.p. of chromium oxide,
80 wt.p. of aluminium, 50 wt.p. of soft
carbon per 100 wt.p. of epoxy resin ED-20.

Also we note, that the increase in the
adhesion of the composite to ferromagnetic
fillers after ESHS processing is explained
by the chemical and thermodynamic activity
of the surface of dispersed particles. The
magnetic properties of the filler affect the
globules of macromolecules, which act as
domains with respect to the magnetic field
of the filler. In this case, in the subsurface
layers of the filler, the cross-linking condi-
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tions change. Such an orientation effect im-
proves the adhesive strength due to the im-
provement of cohesive strength of the coat-
ing material [18]. This significantly affects
the degree of cross-linking of the epoxy oli-
gomer, including at the interface with the
base. The obtained results can be explained
by the fact that the adhesive strength de-
pends on the duration of physicochemical
processes in the structure of the material
and is determined by the following factors:
nature and concentration of composition in-
gredients, temperature and time parameters
of material formation, as well as methods of
base and composition modification [14]. In
this regard, the obtained results on the ef-
fect of the base material and the coating
treated with an external field on the im-
provement of adhesive and cohesive
strength is in good agreement with the re-
sults of [15, 16]. Particularly, the results
on adhesion, cochesion strength and the
modulus of elasticity of the composites
after treatment of the matrix and the base
with an electrospark hydraulic shock show
an increase in the cohesive characteristics
of the systems with a simultaneous increase
in adhesion (Table 1, Table 2).

765



O.V.Totosko et al. / Investigation of electrospark ...

The nature of fracture of the coatings at
different stages of deformation of the
"base-coating” system was established. The
fracture of the base material was observed
(Fig. 4a, b) by the method of optical micros-
copy in all systems without exception, in
which the electrospark alloying of the base
was not carried out. It is also noted that the
coating material remained without cracks,
but separated. After modification of the
base (Fig. 4c¢) and treatment of the coating
matrix by the ESHS method, the fracture
adhesive nature retained; separation of the
coating from the base was observed (Fig.
4d). At the final stages of deformation of
the "coating — base” system, the plastic
deformation of the base is observed; this is
the primary cause of adhesive destruction
of this system.

4. Conclusions

In this paper, the relevance of prelimi-
nary electrospark alloying of an aluminum
base and simultaneous electrospark process-
ing of an epoxy resin with its subsequent
application to the substrate is for the first
time substantiated on the basis of the com-
prehensive approach to the investigation of
adhesive and cohesive properties of epoxy
composite materials. It has been established
experimentally, that, as the result of such
processing, the strength of adhesion and co-
hesion in the "coating — base” system in-
creases 1.5...1.8 times in comparison with
the initial material. The expediency of
using dispersed particles of ferromagnetic
nature as fillers has been experimentally
confirmed. Such additives, regardless of
their chemical, thermodynamic and kinetic
activity, significantly affect the degree of
the binder cross-linking in the surface lay-
ers of the matrix, improving the physical-
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mechanical properties of protective coat-
ings. The introduction of ferrite dispersed
filler (80 weight parts per 100 weight parts
of ED-20) and soft carbon (50 weight parts
per 100 weight parts of ED-20) provides a
1.8-fold increase in cohesion strength.
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