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The adhesive properties of composite coatings based on poly (m-, p-phenylene
isophtalamide) with widely used antifriction fillers (copper phthalocyanine, molybdenum
disulfide, graphite and boron nitride) were investigated. The results of measurements of
adhesive characteristics are obtained by means of cross cutting test and quantitative peel
test. Introduction of fillers leads to an increase in the adhesive strength of coatings, while
the type of a filler virtually does not affect the adhesive properties. When the filler content
is 20 wt.% and more, the cohesive fracture of the coating occurs during the peel test.
Introduction of the fillers significantly reduces the value of internal stresses that is
accompanied by an increase in the adhesion strength. By way of example of graphite, we
showed that an increase in the particle dispersion of the filler results in an increase in the
value of adhesion strength of composite coatings, but does not cause any fundamental
changes in the character of the dependence of adhesion strength on the filler concentration.
Keywords: poly (m-, p-phenylene isophtalamide), aromatic polyamide, polymer coating,
adhesion, composite.
DOI: 10.32434/0321-4095-2022-140-1-60-67

Introduction
One of the promising thermostable polymers
of constructional purposes is an aromatic polyamide
poly (m-, p-phenylene isophtalamide) (PMPPI)
(Fig. 1) [1], also known as Phenylon-Ñ2 (Russia)
[2]. PMPPI is a copolymer based on poly (m-phenylene
isophtalamide), commonly known as Nomex (USA)
and Phenylon-P (Russia) [3,4].
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Fig. 1. The structure of poly (m-, p-phenylene isophtalamide) [1]

PMPPI has good mechanical, physical and
thermal properties that led to its wide spreading as a
constructional material in mechanical engineering
[2]. In particular, PMPPI is used as an antifriction
material in loaded friction assemblies, which operate
at high temperatures. In addition, PMPPI has higher
wear resistance than such traditional antifriction
materials as copper, bronze, babbit, etc. [2,5].
PMPPI products can be prepared by direct
compression and press molding at the temperature

of 320–3400C. Fibers and films are obtained by dry
forming or wet forming from the solutions using
highly polar amide solvents such as N,Ndimethylformam ide
(DMF)
an d
N,Ndimethylacetamide (DMA) [3].
One of the disadvantages of PMPPI is the
inability to use it in friction assemblies, which work
without lubrication, because it has a relatively high
coefficient of friction (0.4–0.5). In order to overcome
this shortcoming, a large number of composites were
developed based on PMPPI, where layered solid
lubricants such as graphite, molybdenum disulfide
and boron nitride are inserted into the composition
of PMPPI in order to increase antifriction properties
[5,6].
One of the promising directions of improvement
in tribotechnical properties of surfaces in the friction
assemblies is to apply wear resistant polymer coating
to them. In particular, a method of obtaining
antifriction coating from PMPPI solution was
developed by Sytar and Stovpnik [7]. Further studies
concerning the influence of technological parameters
on the process of PMPPI formation were carried
out [8–10].
It should be noted that along with high levels
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of tribotechnical properties PMPPI like other
aromatic polyamides has low adhesion to metals that
makes it difficult to obtain high-quality coatings
[7,11,12]. The influence of technological parameters
of the process of coatings formation as well as the
nature of the substrate on the strength of adhesive
joint of PMPPI coatings without fillers were
considered in detail in the works [1,8]. Investigation
of the effect of various antifriction fillers on the
adhesive properties of PMPPI coatings is quite an
urgent problem, which is not covered in the literature
at this point.
Internal stresses, which arise in coatings during
their formation, can play an important role in the
adhesive process of metal-polymer systems [11,13].
The value of the internal stress depends on many
factors; one of them being a mode of the formation
of the polymer coating [13,14]. The higher the rate
of gelation and correspondingly the steeper
concentration dependence of viscosity, the higher is
the value of internal stresses. In addition, the type
of solvent has a significant effect. The higher the
boiling point of a solvent, the lower is the absolute
value of internal stresses, since the presence of a
high boiling solvent facilitates the relaxation of
internal stresses. It is known [11,14] that an increase
in the temperature of film formation causes an
increase in the internal stresses in the formed film of
a polymer.
The nature of interaction at the polymer-filler
interface plays an important role. Thus, the work
[14] reported that the particles of active fillers
changing the supermolecular structure of a polymer
significantly reduce the mobility of the structural
elements. Deceleration of the relaxation processes
in the filled polymers along with reduction of
shrinkage leads to the proliferation of the internal
stresses, an increase in the elastic modulus and a
decrease in the tensile strength. Introduction of
modified filler into the polymer coating [11,14] may
also lead to the reduction of the internal stresses as
a result of the strength reduction of interaction at
the polymer-filler interface and the increase of
coatings shrinkage.
The dependence of the internal stresses on the
amount of filler is complex [11], since the
introduction of the filler is accompanied by the
growth of the polymer elastic modulus and reduction
of thermal expansion coefficient. Therefore, an
increase in the amount of the filler in one case will
cause an increase of thermal stresses (the increase in
the elastic modulus prevails over the reduction of
the thermal expansion coefficient) and in other cases,
conversely, it will cause their decrease (the reduction
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of thermal expansion coefficient prevails over the
increase of elastic modulus). The constancy of the
internal stresses after the introduction of the filler
means that the increase of the elasticity modulus is
compensated by the decrease of the thermal
expansion coefficient. Since the thermal stresses are
significantly higher than shrinkage stresses, their
contribution to the overall balance of the internal
stresses appears to be essential. However, the value
of thermal stresses is considerable only in those cases
when a polymeric coating is formed at high
temperatures, and then the temperature becomes
lower than the glass transition temperature of the
polymer [14].
Thus, the aim of this work is to study the effect
of antifriction fillers on the adhesive properties of
PMPPI coatings taking into account the internal
stresses arising in the coatings during their formation.
Materials and methods
The 80 mm thick composite coating was
prepared by applying 17% of PMPPI solution to the
surface of the metal substrate followed by evaporation
of the solvent by means of drying.
Metal plates made of carbon steel (0.14–0.22%
C) were chosen as the substrates. Underfeature of
the substrate surface was obtained by means of
abrasive grinding. Grinding wheels were used as
abrasive, which provided a surface with the same
roughness parameters (Ra 1.32) for all types of
substrates. Before applying the coating, the surface
of the substrate was cleaned and degreased.
Fine-dispersed amorphous PMPPI powder with
bulk density of 0.2–0.4 g cm–3 was used as the
feedstock material for obtaining the coatings. The
following layered solid lubricants were used as fillers:
copper phthalocyanine, molybdenum disulfide,
graphite and boron nitride, these being widely used
for creating self-lubricating materials based on
polymers [2,12]. The chosen anti-friction fillers were
used in a fine-dispersed form with particle size of
1–2 m. The filler content was varied from 5 to
30 wt.%. A separate series of studies was performed
using graphite of the following different dispersion:
1–2, 5–10, 10–20 and 25–35 m. N,N-dimethylformamide was used as a solvent. Drying of the
samples was carried out in a drying oven at the
temperature of 1450C during 1 h.
Before applying, the solution was stirred in a
laboratory blade paddle mixer with the rotational
frequency of 60 rpm during 2 min. The developed
technology of coating formation based on PMPPI
allows getting a good distribution of the filler in the
volume of the polymer matrix (Fig. 2).
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Fig. 2. Microstructure of the surface of composite coatings based on PMPPI containing 20 wt.% of filler: a – copper
phthalocyanine; b – molybdenum disulfide; c – graphite; d – boron nitride; e – without a filler

The primary determination of the level of the
coating adhesion to the substrate was performed by
means of cross cutting according to the state standard
GOST 15140-78 (ISO 2409). This is the most
common and fastest way to determine the quality of
adhesion of various kinds of coatings and films. The
wide spread of this method is due to its simplicity
an d un iversality. The method consists in
perpendicular cut of a coating by a special knife.
Based on the selected coating thickness and
recommendations of the standard, the cuts were
performed in a step of 2 mm. Further visual
estimation of the coating was carried out according
to four-point scale depending on the area of
detachment: 1 point (the highest mark) – the coatings
do not crumble and do not exfoliate after receiving
the lattice and cuts’ edges are smooth; 2, 3 and 4
points – the coatings exfoliate on less than 5%, 35%
and more than 35% of the lattice surface, respectively.
Quantitative evaluation of the adhesive
properties of coatings was carried out with the help
of a peel test. The strength of adhesive joint of
polymer coating with the substrate during detachment
was measured on a specially designed apparatus which
allow determining the force needed for detaching
the film of a given width from the surface of the
substrate at a constant rate of detachment (Fig. 3).

The tests were carried out on the 5030 mm metal
samples with the applied 10 mm wide strip of polymer
coating (Fig. 4). Each measurement was carried out
on five samples.

Fig. 3. The scheme of apparatus for determining the strength
of adhesive joint during detachment: 1 – entablature,
2 – strain-gage beam, 3 – movable carriage, 4 – handle
of a carriage actuator, 5 – coating substrate, 6 – studied
coating, 7 – clip, 8 – rod, 9 – strain-gage intensifier,
10 – recording device
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Fig. 4. Detachment of the coating during adhesive joint test

Cantilever method based on the measurement
of the value of deviation (h) from the initial position
of the free end of resilient metal plate cantilevered
with a coating under the influence of internal stresses
was used to evaluate the internal stresses arising in a
polymer coating during its formation (Fig. 5).

Results and discussion
Testing of the investigated coatings by means
of cross cutting test (Table) showed the highest mark
(1–2) for all samples with the filler content of over
15 wt.%. PMPPI coating containing 20 wt.% of
copper phthalocyanine has the highest mark. Cross
cutting of surfaces without the filler showed 4 points.
The examined 1–2 m fraction type of filler has
practically no influence on the result of the tests
that can be attributed to the lack of or small chemical
interaction between the filler particles and the
polymer matrix for all selected antifriction additives
as well as the same type of layered structure of all
fillers.
During testing by quantitative peel test, all
samples with less than 20 wt.% content of a finedispersed filler showed an adhesive nature of fracture.
In all cases, the adhesive strength increases with an
increase in the amount of a filler (Fig. 6). The
character of the dependence of adhesive strength on
the concentration is the same for all selected fillers.
Coatings filled with copper phthalocyanine had
slightly higher values of adhesive strength.
When the content of the filler was 20 wt.%
and more, cohesive fracture occurred, i.e. destruction
in the volume of the polymer. Conglomerates of
particles of the fillers can be observed on the sample

Fig. 5. A sample for measurement of internal stresses by
cantilever method: 1 – substrate plate; 2 – polymer coating;
3 – base plate

A sample consists of two 8015 mm sized
stainless steel plates (0.1 mm thick substrate plate
and 1 mm thick base plate) joined by spot welding
through a 2015 mm sized 1 mm thick stainless steel
pad. The substrate plate is fixed in a stainless steel
holder. There are four holes 10 mm in diameter in
the base plate to measure the thickness of the coating.
Deviation of console was measured with the help of
a cathetometer KM-8 at room temperature. To
eliminate statistical error each measurement was
carried out on five samples. Sensitivity of the method
is 0.05 MPa.

Fig. 6. Change of strength of the adhesive joint during peeling
depending on the filler content

The results of cross cutting test of the coatings with fillers

Filler content, wt.%
5
10
15
20
30

Copper
phthalocyanine
4
3
2
1
2

Test results, point
Molybdenum
Graphite
disulfide
4
4
3
3
2
2
1-2
1–2
2
2

Boron nitride
4
3
2
1–2
2
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Fig. 7. Macrostructure of the surface of composite coatings based on PMPPI which contain 30 wt.% of a filler: a – copper
phthalocyanine; b – molybdenum disulfide; c – graphite; d – boron nitride

surface. There is also the formation of the cellular
structure on the surface known as Benard cells (Fig. 7).
The formation of such structure is explained by the
fact that the solvent evaporates and grabs a surface
material rising from the depth of the coverage. At
that, material enriched with solvent rises in some
areas, in other areas material depleted with solvent
rises forming cells, and the increase of viscosity
prevents leveling of coating, i.e. local difference in
the concentrations of coating components appears
[13].
Because of the discovered cohesive character
of fracture, the reduction of registered force during
detachment for samples with 30 wt.% filler content
should be linked not to the reduction of adhesive
strength but to the reduction of the strength
characteristics of the material of composite coating.
The conducted measurements of internal
stresses arising in coatings during their formation
showed their significant dependence on the
concentration of the filler (Fig. 8). It was found that
PMPPI coatings are characterized by compressive
stresses. Introduction of all the investigated fillers
makes the amount of stresses several times less.
Obviously, filler particles disrupting integrity of matrix
contribute to the fact that the internal stresses are

balanced in smaller volumes (probably within Benard
cells for coatings with a high concentration of filler),
but not in the volume of the whole product or its
substantial part, which consequently leads to the
decrease of total value of internal stresses.
The nature of dependences shown in Figs. 6
and 8 indicates the correlation between the values
of internal stresses and adhesive strength. Indeed,
the joint analysis of these characteristics showed their
strong correlation. Reduction of internal stresses in
coatings (with increasing the concentration of filler
particles) can be explicitly associated with the
observed increase in adhesion strength (Fig. 9).
The influence of internal stresses on the
adhesive properties can be explained in the following
way. Compressive stresses, which are present in the
PMPPI coating, tend to separate the coating from
the substrate. Introduction of the filler particles
abruptly reduces compressive stresses, thereby
improving adhesive strength.
Since the antifriction properties of the selected
fillers are largely dependent on the size of their
particles, also the influence of dispersion of the filler

Fig. 8. Dependence of internal stresses in the composite
coating on the filler content
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Fig. 10. Cross cuts of PMPPI based composite coatings containing 20 wt.% graphite with different dispersion:
a – 1–2 m; b – 5–10 m; c – 10–20 m; d – 25–35 m

on the adhesive properties of composite coatings was
of a great interest.
A second series of tests was carried out on
samples containing graphite of various degree of
dispersion. For coatings with graphite particle size
of 1–2, 5–10, 10–20 and 25–35 m, the cross cutting
test showed 1–2, 2, 2 and 2–3 points, respectively
(Fig. 10).
Quantitative peel test results showed that the
change of dispersion of the particles does not cause
fundamental changes in the nature of dependence
of strength on the concentration (Fig. 11). However,
the adhesive strength of the obtained composite
coatings significantly increases with increasing
dispersion of graphite filler (Fig. 11), which can be
explained in the following way. At the same mass
concentration of graphite, the increase of its
dispersion (i.e. the reduction of the average diameter
of the particles) causes the increase in the number
of particles per unit of the volume. Taking into
account the results given above, it can be assumed
that a larger number of particles divide more
effectively the polymer matrix into microvolumes,
causing overall reduction of the internal stresses.

Fig. 11. Change of strength of the adhesive joint during peeling
depending on the content of the graphite particles of different
dispersion

Summary and conclusions
Introduction of such fillers as copper
phthalocyanine, molybdenum disulfide, graphite, and
boron nitride into a PMPPI antifriction coating
causes an increase in the adhesive strength, as
evidenced by the cross cutting test and quantitative
peel test. The type of filler has virtually no effect on
the adhesive properties due to the absence of
chemical interaction between the filler particles and
the polymer matrix.
During testing of the composite coatings
containing 20 wt.% of filler and more, the cohesive
fracture occurs. Conglomerates of filler particles and
Benard cells are found on the coating surfaces at
such concentrations.
PMPPI coatings are characterized by
compressive stresses. Introduction of fillers
significantly reduces the value of internal stresses.
Apparently, the particles of a filler breaking the
continuity of the matrix promote the balancing of
the internal stresses in smaller volumes, which results
in a reduction of the internal stresses.
A clear correlation between the values of
internal stresses and adhesive strength of coatings
was revealed. Reduction of internal stresses with an
increase in the filler concentration is accompanied
by an increase in the adhesive strength. Introduction
of the filler particles increases the adhesive strength
obviously due to a sharp decrease in the compressive
stresses, which tend to separate the coating from the
substrate.
By way of example of graphite, it was shown
that the change of dispersion of the particles does
not cause fundamental changes in the nature of
dependence of adhesive strength on the filler
concentration. However, with increasing dispersion
the adhesive strength of composite coatings
significantly increases that is obviously explained by
a more efficient division of the polymer matrix into
the microvolumes, which causes an overall reduction
of internal stresses.
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ÂÏËÈÂ ×ÀÑÒÈÍÎÊ ÍÀÏÎÂÍÞÂÀ×À ÍÀ ÀÄÃÅÇ²ÉÍ²
ÂËÀÑÒÈÂÎÑÒ² ÏÎÊÐÈÒÒ²Â Ç ÏÎË² (ì-, ïÔÅÍ²ËÅÍ²ÇÎÔÒÀËÀÌ²ÄÓ)
À.Â. Êëèìåíêî, Â.². Ñèòàð, ª.Â. Êîëåñíèê, Â.Â. Àí³ñ³ìîâ
Åêñïåðèìåíòàëüíî äîñë³äæåíî àäãåç³éí³ âëàñòèâîñò³
êîìïîçèö³éíèõ ïîêðèòò³â íà îñíîâ³ ïîë³ (ì-, ï-ôåí³ëåí³çîôòàëàì³äó) ³ç øèðîêî âèêîðèñòîâóâàíèìè àíòèôðèêö³éíèìè íàïîâíþâà÷àìè – ôòàëîö³àí³íîì ì³ä³, ä³ñóëüô³äîì
ìîë³áäåíó, ãðàô³òîì, í³òðèäîì áîðó. Ââåäåííÿ íàïîâíþâà÷³â
ïðèâîäèòü äî çá³ëüøåííÿ àäãåç³éíî¿ ì³öíîñò³ ïîêðèòò³â, à
òèï íàïîâíþâà÷à ïðàêòè÷íî íå âïëèâàº íà àäãåç³éí³ âëàñòèâîñò³. Ïðè âì³ñò³ íàïîâíþâà÷à 20 ìàñ.% òà á³ëüøå ï³ä ÷àñ
âèïðîáóâàííÿ íà â³äøàðîâóâàííÿ â³äáóâàºòüñÿ êîãåç³éíå
ðóéíóâàííÿ ïîêðèòòÿ. Ââåäåííÿ íàïîâíþâà÷³â çíà÷íî çìåíøóº âåëè÷èíó âíóòð³øí³õ íàïðóæåíü, ùî ñóïðîâîäæóºòüñÿ
çá³ëüøåííÿì ì³öíîñò³ ç÷åïëåííÿ. Íà ïðèêëàä³ ãðàô³òó ïîêàçàíî, ùî çðîñòàííÿ äèñïåðñíîñò³ ÷àñòèíîê íàïîâíþâà÷à
çá³ëüøóº âåëè÷èíó ì³öíîñò³ ç÷åïëåííÿ êîìïîçèö³éíèõ ïîêðèòò³â àëå íå âèêëèêàº ïðèíöèïîâèõ çì³í õàðàêòåðó çàëåæíîñò³ ñèëè ç÷åïëåííÿ â³ä êîíöåíòðàö³¿ íàïîâíþâà÷à.
Êëþ÷îâ³ ñëîâà: ïîë³ (ì-, ï-ôåí³ëåí³çîôòàëàì³ä),
àðîìàòè÷í³é ïîë³àì³ä, ïîë³ìåðíå ïîêðèòòÿ, àäãåç³ÿ, êîìïîçèò.
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The adhesive properties of composite coatings based on
poly (m-, p-phenylene isophtalamide) with widely used antifriction
fillers (copper phthalocyanine, molybdenum disulfide, graphite
and boron nitride) were investigated. The results of measurements
of adhesive characteristics are obtained by means of cross cutting
test and quantitative peel test. Introduction of fillers leads to an
increase in the adhesive strength of coatings, while the type of a
filler virtually does not affect the adhesive properties. When the
filler content is 20 wt.% and more, the cohesive fracture of the
coating occurs during the peel test. Introduction of the fillers
significantly reduces the value of internal stresses that is
accompanied by an increase in the adhesion strength. By way of
example of graphite, we showed that an increase in the particle
dispersion of the filler results in an increase in the value of adhesion
strength of composite coatings, but does not cause any fundamental
changes in the character of the dependence of adhesion strength
on the filler concentration.
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