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Abstract

The relationship between the elastic modulus and the porosity of powder coatings has been investigated
for different methods of their deposition. Porosity is the main means of assessing the quality of coatings and
depends on the techniques for their production. A decrease in the elastic modulus of coatings after gas flame
spraying is due to the presence of porosity to 30%, and after electric arc spraying — to 20%. The electric contact
method of forming coatings makes it possible to reduce porosity to 5-6% and so to bring the value of the elastic
modulus of coatings closer to that of compact materials.
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Introduction

Porosity is an inherent feature for many types of powder coatings and is considered to be of their second
(after adhesion strength), but in some cases, of the first order property. It is the main means of assessing the
quality of coatings, especially corrosion-resistant and wear-resistant coatings, where its presence is undesirable.
The porosity of coatings and its relationship with their mechanical properties, in particular with the elastic
modulus (E), has long attracted the attention of researchers. Investigation of the mechanical properties of
materials with coatings is one of the most important stages of researches, because this allows one not only to
objectively interpret the behavior of parts during operation, but also to effectively control the resource of their
service through influencing the composition, structure and, naturally, the conditions of obtaining them.

State of the problem

A significant decrease in the porosity of coatings can be achieved by thermal hardening. However, it
should be noted that in some cases the volumetric heat treatment of coatings is undesirable, since it deteriorates
their physical and mechanical properties [1].

Required compaction of coatings can be achieved using chromium and aluminum-containing phosphate
binders as well as polymeric and other materials [2-3]. For the same purposes, chemical heat treatment (CHT) is
used. Nitriding and carbiding of coatings are carried out in molten salts or gaseous media, while boriding and
siliciding — in various plasters [4]. When the temperature of such processes is low (usually below 600°C), CHT
can affect the adhesion strength of coatings mainly due to partial relaxation of stresses in the coating.

In order to increase the coating density, methods of subsequent processing of coatings have become
widespread such as overflow in a furnace or with an open flame of a gas burner, as well as impregnation with
plastics or molten metals.

The current methods of coating processing have a number of disadvantages: as a rule, during the overflow
the pores are closed only at the outer surface of the coating while in the subsurface layers they preserve. Similar
effect is provided by filling them with molten metal or plastic mass: no through filling of the pores occurs. The
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above picture leads to the fact that during the operation of gas-thermal coatings under the conditions of contact
interactions in the process of wear, the pores become open. Thus, there appear channels through which the
chemically active medium directly flows to the steel base surface. Ultimately, the processes of local corrosion
damage are actively developing up to the part failure.

An increase in the density of the sprayed coatings is facilitated by an increase in the intensity of the
mechanical-thermal interaction between particles of the powder and the base during both formation of coatings
and subsequent mechanical-thermal treatment. The use of mechanical-thermal treatment of as-formed coatings
(for example, deposited by gas thermal spraying) makes it possible to increase the coating density in parallel
with maximal preservation of the original structure and properties of the powder [5].

To obtain coatings with low residual porosity, various procedures are widely used, including hot
processing of powder layers by pressure.

In order to improve the quality of gas thermal coatings, the mechanic-thermal formation (MTF) of porous
layers has been used immediately after deposition. As a result, the density of the coatings increased significantly
and the porosity decreased (Table 1) [1].

A significant decrease in porosity after MTF in comparison with the effect of gas-flame treatment is due
to the positive role of the mechanical factor, which under high temperatures determines the development of
plastic deformations that contribute to the "healing” of pores [1].

The interaction of materials in the solid phase is activated not only by temperature, but also by pressure
[6]. Herein, for its marked acceleration at high temperatures, rather low pressures are required to initiate the
directed motion of structural defects [7, 8].

Table 1
Effect of subsequent treatment on porosity of coatings
Porosity after treatment, %
Material of coating Initial porosity, % Melting with a gas MTF (Electric contact
burner treatment)
BrAzZh9-4 18 2 0.07
SNGN-35 7 1.30 0.10
3V16K 6 1.45 0.08
VK-52 8 1.35 0.07

Hence, the use of MTF is a more effective method of increasing the density of coatings than heat
treatment. It can be carried out in the same technological chain with the coating deposition, just along the layer
of as-formed coating by rolling in rolls, rollers [7], using heating with the flame of an additional burner.

According to the reviewed literature and patent information, among the large number of current
mechanic-thermal methods of hardening parts with powder and compact materials, the advantage should be
given to electric contact ones [8-11], because they allow one: to obtain practically non-porous coatings; more
than 150 MPa; to preserve the original properties of the coating materials, to improve the properties of the base
material, to achieve the minimum zone of thermal influence of current on the part (0.1 ... 0.3 mm) thanks to the
short duration of heating pulses, and to increase the thickness of coatings by 3 ... 6 times. Moreover, they are
characterized by high productivity along with low energy consumption and do not require any protective
atmosphere, light radiation or gas release.

The electric contact method of hardening (formation of coatings) is carried out under pressure with
direct transmission of electric current [12] and refers to pulse technologies, which are based on the principles of
synchronous combination of pulsed modes of mechanical and electrical energy. It is a type of hot pressing.
Unlike the conventional powder metallurgy technology, a direct passage of an electric current through the
contact activates and accelerates the processes that determine properties of sintered materials. Powder under the
influence of electric heating becomes plastic in a short time and easily deforms. The dominant processes in the
electric impulse method of forming coatings are those that occur during both hot pressing and pressure welding.
The degree of participation of either of the processes is different and depends on temperature, pressure, and
material properties.

The purpose of the study
In order to confirm the efficiency of the electric contact method for forming powder coatings (electric

contact processing) with reduced porosity, the task was set: to investigate the relationship between the elastic
modulus and the porosity of powder coatings.
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Investigation of dependence of the elastic modulus on the porosity of powder coatings in the
electric contact method

In practice, porosity is most often determined by the planimetric method of metallographic analysis.
The measurement of the elastic modulus of materials is performed by both dynamic and static methods [13].
Analysis of the literature data on the elastic characteristics of coatings showed that the ratio of the values of the
dynamic and static moduli can vary in a wide range: from 1 to 10 [13]. Taking into account that the method for
determining the adhesion and cohesive strength of the coating assumes the statistical application of tensile
forces, it is obvious that the use of the elastic modulus measured under applied load will make it possible to
more objectively evaluate the stress-strain state of the coating and, consequently, its limit characteristics.

In paper [14], dependence of the elastic modulus on the porosity has been shown. The first was
determined by calculation using the Kashin procedure [15]. A steel base was chosen as an object of research for
glass-ceramic and cermet coatings. The value of the elastic modulus for a monolithic material was higher
(7.8.10* MPa) than for a porous one (6.2.10* MPa) at a porosity of 10% and (7.10* MPa) at a porosity of 5%.
The elastic modulus of cermet coatings with a porosity of 5% was 21.5.10* MPa, which is 20% higher than that
of the corresponding steel coatings (18.10* MPa).

It has been noted [16] that porosity of ceramic coatings exhibits the strongest effect on the elastic
modulus. For inorganic glasses, the experimental results are presented in the form of the dependence [17]:

E=E,1-a.P), 1)

where E is the elastic modulus;
Eo is the elastic modulus of non-porous material;

g is a constant obtained by calculation for spherical closed porosity;
P is the porosity.

The literature review has shown that there are predominantly data on the dependence of the elastic
modulus on porosity for compact materials, but not for coatings. In particular, for sprayed zirconium boride-
copper coatings no relationship between the elastic modulus and the density of the thermal gas coating was
found [16]. Most researchers consider porosity and elastic modulus as independent characteristics, and thus do
not establish any relationship between them. From the experimental results [17] follows a stable dependence of
the elastic modulus on porosity, close to a linear one, for glass-Oceramic coatings on austenitic steel Kh18N10T.

In order to reveal elastic modulus-porosity relationship for sprayed coatings in the case of electric
contact hardening, we used standard samples.

The values of the modulus of elasticity for samples with porosity from 0 to 30% were obtained by
calculation according to the method described in [18], where the dependence of the physical and mechanical
properties of compact materials on porosity has been studied. A number of properties was shown to decrease
monotonically with increasing porosity and to be described by a generalized function:

e=a(1-P)™ (2)

where @ is a numerical characteristic of properties for a porous body;
& is the same for a non-porous body;
P is the porosity, fractions of units; m is a constant exponent.

Yu. Kharlamov [19] has developed a volumetric model of a thermal gas coating in the form of
monolayers of cylindrical monoparticles:

e=af(F), ©)

where F is the shape factor for particles forming the coating, which serves as a criterion for the
relationship of the porosity with the relative adhesive and cohesive bond strength.

In general, the distribution of the Eo values is close to normal. The most probable value is Ep = 2.104
MPa with a standard deviation of 0.86.10* MPa. For compact zinc E = 9.10* MPa [19]. The decrease in the
elastic modulus for a coating obtained by electric arc spraying may be due to the presence of 20% pores and its
layered structure (Table 2, Fig. 2). Coating material: powder of hard alloy PG-12N-01 (base Ni, 8 ... 14% Cr, 1.7
..25V;1.2..3.2Si;1.2..3.2Fe; 0.3 ...0.6 C); flux-cored wire PP FMI-2; charge FKhB (50% Cr; 20% B, 7%
Al, 3% Ti, 20% Fe) + Al.
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Table 2

Dependence of mechanical properties of coatings (in particular, elastic modulus) on porosity

Method Material Elastic modulus E-10°, MPa
Base Porosity of coating, %
Steel 45
5 10 15 20 25 30
Gas flame PG-12N-01 2 - - 3.2 2.7 25 2.2
spraying
Electric arc PP FMI-2 2 - - 0.8 0.75 0.70 0.60
spraying
Electric contact PP FMI-2 2 1.35 - - - - -
E-10% MPa
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Fig. 1. Relationship between porosity and elastic modulus of coatings: 1 — coating obtained by the electric
contact method; 2 — coating obtained by electric arc spraying; 3 — coating obtained by the gas flame method

Conditions of the electric contact method for forming coatings: voltage 3 ... 6 V; current 8 ... 12 kA; load
on the electrode 10 ... 30 MPa; current pulse time 0.02 ... 0.04 s; pause time 0.02 ... 0.04 s.

Conditions of the electric arc spraying: voltage 18 ... 35 V; current 50 ... 600 A; the nozzle-surface
distance 50 ... 200 mm; compressed air pressure 0.4 ... 0.5 MPa; compressed gas (air) consumption 60 ... 150
m3/h.

Conclusions

The decrease in the elastic modulus of coatings is due to the presence of porosity (up to 30% after gas
flame spraying and up to 20% after electric arc spraying). The electric contact method of forming coatings
(electric contact method of processing coatings) makes it possible to reduce the porosity to 5-6% and to bring the
value of the elastic modulus closer to that of compact materials.
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Jlonata A.B., CmupuoB 1.B., 3inbkiBebknii A.Il., Jlomata JILA. 3anexHicTb MOAyJsl NPYXHOCTI
MOPOIIKOBHX NOKPUTTIB Bifl iX MOPHUCTOCTI IPH €IEKTPOKOHTAKTHOMY METOI

JociimkeHo 3B'130K MK MOAYJIEM NPYXKHOCTI Ta MOPHCTICTIO IOPOLIKOBUX IOKPUTTIB NPH Pi3HUX
MeToJax iXx HaHeceHHs. [lopHCTiCTh € OCHOBHUM 3ac0O00M OIIHKH SIKOCTI HOKPUTTIB Ta 3aJISKUTh Bijl TEXHOJIOTI]
iX oTpuMaHHA. 3HIKEHHS MOMYINS TPYKHOCTI TOKPHUTTIB TPH Ta30MONyM'SHOMY HAaIMJICHHI OOYMOBIICHO
HasBHICTIO opucTocTi 10 30%, a npu enekTpoayroBoMy HanwieHHI — 10 20%. EnexkTpokoHTaKTHE IPHUITIKaHHS
MOKPHUTTS JI03BOJISIE 3HM3UTH MOPHCTICTh 10 5-6% 1 HaOMU3UTH 3HAYCHHS MOIYNS HPYXHOCTI IOKPHUTTIB IO
MOJyJISl TIPYKHOCTI KOMIIAKTHAX MaTepialiB.

Kiro4oBi cjioBa: eneKTpOKOHTAKTHHN MeTO (POpPMYyBaHHS TIOKPHUTTIB, IIOPOIIKOBI IIOKPHUTTS, IOPUCTICTH
MOJyJIb MPYKHOCTI, MEXaHIUHI BIACTHBOCTI, aAre3iiiHa MIiI[HICTb



