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Energy state and micromechanical properties
of PbO-Zn0O-B,0; glass-ceramic functional
coatings on AISI420 stainless steel substrate
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On AISI420 steel substrates with different roughness, PbO-ZnO-B,0; glass crystalline
functional coatings were synthesized by means of thick films method. The parameters of
micro topography and values of free surface energy of the coatings and those of substrates
surfaces have been investigated. The character of influence of substrates’ micro topogra-
phy and of free surface energy on the micromechanical properties of the synthesized
coatings has been ascertained.

Keywords: thick films method, glass-crystalline functional coatings, PbO-ZnO-B,04
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Ha nmoxnosxkax us cramu AISI420 pasauuHO# 11€pOXOBATOCTH METOAOM TOJICTBIX TLJIEHOK
CUHTE3UPOBAHBI (PYHKIMOHAIbHBIE TOKPHITHA HA OCHOBE CTEKJOKPUCTAJJINYUECKON CUCTEMBI
PbO-ZnO-B,0,. Mccnegoransl mapaMeTphl MUKPOTONOTpaduy IIOBEPXHOCTU M PACCUMTAHO
3HaueHme CBOOOJHOM TOBEPXHOCTHOIN SHEPTHU MTOJYUAEMBIX TOKPBITHUI 1 TOMJIOMKEK. YcTa-
HOBJIEH XapakTep BAUAHUA MUKPOTOHOTPA(MUMN U TMOBEPXHOCTHOM SHEPTHUU MOAJOMKEK HA
MUKPOMEXaHUUECKUE CBOMCTBA CUHTE3MPOBAHHBIX TTOKPBITUH.

EnepreTuunuii ¢cTaH Ta MiKpoMexaHiuHi BjJacTHBOCTI (PyHKIiOHAJBHMX NOKPUTTIB cHC-
remu cranb AISI420 — cknokepamika PbO-ZnO-B,0,. 3.4. Hypazina, T.M. Kosbaciwk.,
T. Bialopiotrowicz, C.A. Becnanos

Ha migrnagkax 3i crami AISI420 pisHOI IIOPCTKOCTI METOMLOM TOBCTUX ILIIBOK CHHTE30BAHO
dyHKIioHaTbHI TOKPUTTA Ha OCHOBI cKJIoKpucramiunoi cucremm PbO-ZnO-B,0;. Mocnimxeno
napaMeTpu Mikportonorpadii moBepxHi Ta po3paxoBaHO 3HAYEHHS BiJNLHOI ITOBepxHeBOI eHeprii
OTPUMaHUX MOKPUTTIB Ta MiAKJIAJOK. BeTaHoBJIeHO xapaKTep BILUIMBY Mikportomorpadii Ta mo-
BEpPXHEeBOl eHeprii MigKJIaToOK Ha MIKPOMeXaHiuHI BAACTUBOCTI CUHTE30BAHUX ITOKPUTTIB.

© 2017 — STC "Institute for Single Crystals”

1. Introduction

The most important properties which de-
termine the quality of the coating are the
high quality of micromechanical properties
and its adhesion (adhesive strength) to a
substrate [1]. There are many traditional
methods for determining micro hardness,
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Young’s modulus, and other strength char-
acteristics of coatings. However, these
methods make it impossible to quantify the
level of adhesive strength of coatings. For
coatings synthesized by means of the
method of thick films, determination of
their adhesion strength concerning the sub-
strate becomes still more difficult. In view of
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this, to predict the adhesion strength of
coatings, indirect methods of research can
be used determining the surface free energy of
substrates on which the coatings were synthe-
sized [2]. Because it is known that the level of
surface free energy determines the adhesive
properties, this technique allows us to deter-
mine the levels of adhesion strength in the
"coating-substrate” system, if provided the ac-
tual contact area between them is known.

In this work, functional coatings based on
glass crystalline system PbO-ZnO-B,0; on
the AISI420 steel substrates with different
parameters of surface roughness and micro
topography were synthesized. Such coatings
can be used as dielectric layer, which will be
the basis for the application of the heating
resistive coatings for flat heating elements
(FHE) [3]. The 3D-topography and calculation
of the of surface free energy values of the
synthesized coatings and that of the sub-
strates were obtained. The nature of an influ-
ence of the surface micro topography and pa-
rameters of free energy of substrates on the
micromechanical properties of synthesized
coatings were determined.

2. Experimental

2.1 Materials and experimental methods

For the synthesis of coatings, the
AISI420 steel substrates with different val-
ues of roughness (S1 — automatic grinding
(Rz = 5.108 um); S2 — electrolytic etching
(Rz = 5.148um); S3 — manual grinding
(Rz = 4.002 um)) were pretreated. AISI420
stainless steel was used as a substrate, be-
cause the values of the coefficients of ther-
mal linear expansion of this steel and of the
synthesized surface layers on the basis of
sealants correlate with themselves properly [4].

The mixture of powders, whose contents
are given in the Table 1, was used for coat-
ing. The obtained mixture was poured into
alund crucible and melted at a temperature
of 1180°C. After the time delay for 60 min
at this temperature, the melt was quickly
cooled in order to form amorphous struc-
ture and to avoid crystallization. The dried
granulated substance was ground and sieved
in order to obtain powder fraction with the
particles size no greater than 56 um.

In order to produce a dielectric paste,
35...45 % of butyl acetate and 2...3 % of
nitrocellulose varnish were added to the
mixture of powders. The suspension was
being mixed for 2...8 h in a ultrasonic
mixer in order to form proper bonds among
the particles. The obtained mixture was ap-
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Table 1. Chemical composition of the in-
itial powder

Oxide Chemical content, mass%
0.5 %)

SC 100-1 SC 90-1
PbO 75.5 75.8
Zn0O 12 11.6
B,05 8.4 8.5
SiO, 2.1 2.1
Al,O, 2 0.8
BaO - 1.7

plied to previously prepared surface of the
substrate and dried at the temperature of
70°C. For the both coatings, the standard heat
treatment with the two-stepped annealing at
temperatures of 380 and 440°C and with hold-
ing at these temperatures for 45 min was per-
formed. Heat treatment of coatings was con-
ducted without protective atmosphere for acti-
vation of the oxides formation [3].

Our investigation of physical and me-
chanical properties was conducted by means
of the method of continuous indentation
with the use of a "Micron-gamma” device.
The surface microtopography of the coat-
ings and substrates was recorded by a "Mi-
cron-beta” interference profilometer over
the surface area of 0.42 mm?2 [1]. Contact
angles were measured using KSV Attension
Theta (Biolin Scientific, Finland) optical
tensiometer. The contact angle for at least
10 drops of every liquid.

2.2 Calculations of components and acid-
base parameters of the surface free energy
of the studied substrates

Van Oss et al. [5, 6] have considered the
surface free energy of a solid and a liquid
as the sum of the yLW component and of the
vt and Yy~ parameters originated from the
electron-acceptor (Lewis acid) and electron-
donor (Lewis base), respectively. According
this theory relationship between the contact
angle and these components and parameters
for a solid and a liquid is given by:

yr(cosO + 1) = 2WyEW . I W 4 (1)
+2Wg g + 2V v

A system of 3 equations like (1) for 3
liquids of known YLLW, vt and y;~ can be
easily solved and the values of y¢lW, yg™
and yg~ determined. From mathematical
point of view, it is quite different situation
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Table 2. The components and acid-base parameters of the surface free energy (md/m2) of used

probe liquids

Liquid Surface Lifshitz-van der Energy of the Energy of the donor’s
tension vy, Waals energy vL'W | acceptor’s electron y* electron y—
(md/m?) [11] [12] [11] [12] [11] [12]
Water 72.8 21.8 21.8 65 25.5 10 25.5
Glycerol 64 34.4 33.6 16.9 12.21 12.9 18.06
Formamide 58 35.6 31.84 1.95 8.97 65.7 19.07
Ethylene glycol 48 31.4 29.76 1.58 2.76 42.5 30.13
Diiodomethane 50.8 50.8 50.8 0 0.72 0 0
1-Bromonaphtalene 44.4 44.4 44 0 0.39 0 0.48
if we have more than three liquids. In this
case, we solve system of n (n > 8) equations X = pinv(A) - B. (6)

in three unknowns. In this case, we have so
called overdetermined system of linear
equations, which is to be solved by the least
square fitting. It was theoretically con-
firmed by Bialopiotrowicz [7—10], that this
method gives the lowest error in determina-
tion of the above-mentioned components and
parameters.

For example, a system of equations for 6
liquids and 3 solids can be written as:

Ag »3X3x3=Bgx3 (2

and corresponding matrices are as follows:

W% % ofpe | @)
Aol R e (fDYa
W2 (e Gie¥e
WEYe 52 (B e (4)

X =| (&) (§)72 (v59)72 |,

vy, (1+cos0Pl) v, | (1+cos092) v, | (1+cos0Pd) ’)
B = 1| 1,5(1+cos07}) vy, (1+cosdf3) v, ,(1+eosdys) |

Yy 6(1+cos0PL) v, ((1+c0s092) v, ((1+cos0Td)

Calculations of the YLV component and of
the y* and y~ parameters for the studied
solids were made using MATLAB version
R2016b (MathWorks Inc., Natick, MAX,
USA), and presented above matrix equations
were solved using the MATLAB function
pinv, obtaining where pinv(4) is the Moore-
Penrose pseudoinverse of the matrix 4, X is
the 3x3 matrix and B is 6x3 matrix of ele-
ments b;0 (see Egs. 3-5). All calculations
were made using double precision:
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The contact angle values were measured
for 6 probe liquids: water, glycerol, for-
mamide, ethylene glycol, diiodomethane and
1-bromonaphtalene. Their surface tensions
and Y£W components and the y" and y~ pa-
rameters were listed in Table 2. Two
sets of YW components and the y© and y~
parameters for probe liquids were used. The
first set was taken from Della Volpe and
Siboni [11] paper. They claimed that this
set better expresses acidic properties of
water. The second set was taken from the
Janczuk et al. paper [12]. Values of yLW
components and the y© and y parameters
for the studied solids calculated basing on
the first set are named below as the method
I and basing on the second set are named
below as the method II.

3. Results and discussion

Investigation of surface topography of
the generated coatings by the interference
profilometer indicates similar nature of
their structures (Fig. 1, a,b), regardless of
microtopography of the substrates surfaces.
SC 100-1 and SC 90-1 coatings have a homo-
geneous structure with great number of
small cavities and needle formations
0.8...0.9 um height. Surface roughness of
SC 100-1 coating is of Rz = 1.628 um, and
for SC 90-1 of Rz = 1.871 um. It should be
noted that the thickness of the synthesized
coatings varies in the range of 90...110 um.
Such a surface microtopography of dielec-
tric coatings ensures high adhesive strength
of the resistive layer which will applied to
obtain FHE [3].

For predicting the adhesive strength of
the dielectric coating to substrate, the sur-
face topography and free surface energy of
previously prepared substrates were studied
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Fig. 1. Surface microtopography of functional coatings based on SC 100-1 (a) and SC 90-1 (b)

powders on AISI420 steel substrates

Fig. 2. Surface microtopography of AISI420 steel substrates after: a — automatic grinding (S1); b —

electrolytic etching (S2); ¢ — manual grinding (S8).

and calculated. The surfaces of the S1 and
S8 substrates have a complicated irregular
rectilinear microstructure with recesses and
ridges 4.6...5.2 um high (Fig. 2, a,c). The
surface of the S2 substrate, obtained by
electrolytic etching, has a homogeneous
structure, and its topography (Fig. 2, b) is
similar to the structure of the functional
surfaces of SC 100-1 and SC 90-1 dielectric
coatings. The height of the needle forma-
tions is uniformly and in average equals to
5.3 um. Such a structure of substrate sur-
faces provides good adhesion for the synthe-
sized dielectric layers. If the thickness of
synthesized coatings is higher than
50...60 um, the surface structure of the sub-
strate does not affect their topography [3].
For calculation of surface free energy,
we used the method of optical tensiometry
with measurement of contact angles of
drops of such probe liquids as: water, glyc-
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Fig. 3. Dependences of contact angles for the
substrate S1, S2, S3 and coatings SC 90-1,
SC 100-1 on the type of liquids.
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Table 3. The components of surface free energy of S1, S2, S3 substrates and SC 90-1, SC 100-1

coatings
Substances and Lifshitz-van der Energy of the Energy of the Total surface free
methods Waals energy yLV, | acceptor’s electron |donor’s electron y~, energy y*°¢, (md/m?)
(md/m*?) v', (mJ/m?) (mdJ/m?)
SC 90-1 | Method I 32.55 0.81 5.51 36.78
Method II 27.94 0.03 21.59 29.55
SC 100-1| Method I 34.70 0.22 11.90 37.94
Method I 27.57 0 36.22 27.57
S1 Method I 32,78 0.18 2.72 34.2
Method II 34.77 1.38 4.84 39.9
S2 Method I 39.19 1.21 0.67 41.0
Method II 36.92 2.46 1.11 40.2
S2 Method I 38.24 2.85 0.57 40.6
Method II 34.90 7.42 0.37 38.2
erol, formamide, ethylene glycol, diio- Table 4. The Meyer microhardness and
domethane, 1-bromonaphtalene on the inves- Young’s modulus of SC 100-1 coating de-
tigated surfaces. Figure 3 shows the pending on surface free energy of sub-
changes of contact angles of the substrates strates
S1, S2, S3 and of synthesized coatings de- )
pending on droplet fractions of liquid which Surface free . Meyer Young’s
deposited onto the surfaces. The great- energy of microhardness | modulus of SC
were dep } g substrates of SC 100-1 100-1 coating
est average values of contact angles belong (mJ/m?) coating (GPa)
to S1 and S2 substrates. This indicates the 38.9 562 1.6
dependence of the contact angle not only on : ) :
the physical and chemical properties of the 39.9 5.361 73.96
pI:obe liquids, but also on the roughness and 40.92 4.98 64.85
micro topography of the surface.

On the basis of the contact angle data, 50 . . . . .
the surface free energies were calculated ] Method |
using of above-mentioned two methods. 45_; 41 402 406 Method Il| 1
Table 8 shows calculated values of the com- N 404 N N S 382 4o0g 3794
ponents and acid-base parameters of surface 2 35342 8% EEE: E:iii . ]
free energy of S1, S2, S3 substrates and = a0 ] E§§ R % 29,55
those of coatings which are based on PbO- g ] 5 E:fg Ef:iz & 21

s k| 0% R KX KX 559 1

Zn0O-B,0; glass crystalline system. The ° 254 B 5 s s B
first method of calculation has given large £ 201 K5 8 4 5 SE
scatter of the surface free energy data, by g 153 2 Efgi E§§ e (8
which it is difficult to predict the physical T ] § 4 & EEEEE Egg
and mechanical properties of the investi- @ 104 S 5 5 s SE
gated surfaces. According to the second 57 3 o o 5 Sk
i ] o KX o9 o) R

method of calculation, the greatest values 04 X oo s R o

of the surface free energy belong to S1 and
S2 substrates (Fig. 4). The surface free en-
ergy of SC 90-1 and SC 100-1 coatings,
which were synthesized on those substrates,
are low and amounted to 29.55 mJ/m?2 and
27.57 mJ/m2, respectively. This confirms
that the increase in a surface actual contact
area occurs together with the increase of its
roughness.

By means of microindentation technique,
the Meyer’s microhardness is determined,
and the Young’s modulus of SC 100-1 coat-
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S1 S2 S3 SC 90-1 SC 100-1

-

Fig. 4. Total surface free energy of S1, S2, S3
substrates and SC 90-1, SC 100-1 coatings.

ing depending on the surface free energy
of previously prepared substrates is calcu-
lated. Microhardness of SC 100-1 coating
varies in the range of 4.95 5.63 in a Meyer
units scale. Moreover, the increase in free
surface energy of substrates leads to the
slight decrease in coatings’ microhardness
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(Table 4). Young’s modulus values change
in the range of 74.1...64.9 GPa. The fluc-
tuations of the surface energy of substrates
have not directly influenced on the change
of Young’s modulus, which depends mainly
on the ratio of nano- and micro fragments
of the formed coating structure. The coat-
ing which is applied onto S1 substrate has
the highest Young’s modulus value, because
this substrate have most heterogeneocus pa-
rameters of surface microtopography. This
leads to the formation of a high number of
crystallization centers during the synthesis
process of functional coatings, and as conse-
quence, to the formation of heterogeneous
coatings microstructure with good strength
properties [13, 14].

The present studies have shown that the
micromechanical properties of functional
coatings in the "AISI420 steel — PbO-ZnO-
B,O3 system to a great extent depend on the
microtopography and surface roughness of
the substrate. The best adhesive strength
and the highest value of Young’s modulus
of coatings are obtained when they are ap-
plied onto a substrate with the heterogene-
ous microstructure and roughness
(Rz = 5.108 um) of the surface obtained
after mechanical grinding. The coatings ob-
tained on the substrates after manual grind-
ing (Rz = 4.002 um) have the highest values
of micro hardness with a simultaneous de-
crease in their values of Young’s modulus.
Synthesis of coatings on substrates which
were prepared by electrolytic etching of sur-
face (Rz = 5.148 mm) leads to the sharp de-
crease in microhardness and in values of the
Young’s modulus, as result of formation ho-
mogeneous microstructure of the surface
layer [15, 16].

It is necessary to note that the method of
thick films coating on substrates with
roughness which exceeds Rz = 10 um leads
to significant deterioration of the electro-
insulating properties of coatings by signifi-
cantly increasing the number of structural
defects [17].

4. Conclusions

It is ascertained that the micromechani-
cal properties of synthesized PbO-ZnO-
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B,O3; coatings depend on the free surface
energy, characteristic pattern of micro-
topography and on the surface roughness of
the substrate. The increase in surface free
energy of substrates provides high adhesion
strength, similarly to the formation of a
developed actual contact area between a
coating and a substrate. Coatings which are
synthesized on substrates with high hetero-
geneity of microtopography and the rough-
ness Rz in the range of 4...5.5 um have the
highest wvalues of microhardness and
Young’s modulus.
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