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Abstract

The existing methods for determining the internal (residual, shrinkage) stresses arising from the curing of thin
films of paint and varnish coatings (PVC), based on the cantilever bending of the substrate and the difference in the
thicknesses of the wet and dry coatings, are analyzed. The dependence of their accuracy on the film / substrate thick-
ness ratio and the uniformity of the applied film is noted. The application of atomic force microscopy methods based
on measuring the geometry of the regular microrelief (RMR) of the film surface, which serves as a characteristic
manifestation of its shrinkage deformations, is considered. It is noted that when applying the Euler problem on the
stability of a compressed rod, the method demonstrates the calculated stress values unattainable for most polymers.
The calculation of internal stresses and strains was carried out on the basis of a stochastic approach, taking into ac-
count the "checkerboard" distribution of deformation defects on the outer surface of the film. On the example of
RMR film of polyester urethane varnish, the level of internal stresses was assessed using the proposed and existing
methods. The values of internal stresses obtained by the three methods relatively coincide with each other, the differ-
ence between them does not exceed ~20%.
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Polimer plyonkalarin sathin mikroprofili iizra gorginliyinin

qiymatlondirilmasing stoxastik yanasma
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Annotasiya

Lak-boya értiiklorinin (LBO) nazik plyonkalarinin sortlosmosi zamani yaranan, miivafiq olaraq, alt qatin konsol
oyilmesing, homg¢inin yas va quru sathlerin qalinliglarinin forqins ssaslanan daxili (qaliq, biiziilma) gorginliyin toyin
olunmasimin mdvcud tsullart tohlil olunub. Onlarin daqigliyinin plyonkanin/alt qatin qalinligi nisbastinden vo
plyonkanin borabarliyinden asililigt qeyd olunub. Plyonkanin sothinin biiziilmo deformasiyalarinin xarakterik
tozahiirli kimi xidmat edon miintozom mikrorelyefinin (MMR) handasi parametrlorinin &l¢lilmasinae asaslanan atom-
qiivve mikroskopu metodu ilo totbiqine baxilib. Qeyd olunub ki, sixilmis ¢ubugun dayaniqligi hagda Eyler
masalasinin tatbiqi zamani bu metod aksar polimerlar {igiin slgatmaz hesab olunan gorginliyin hesablanmis qiymatini
niimayis etdirir. Daxili gorginliyin vo deformasiyanin hesablanmasi plyonkanin xarici sathinds deformasiya ndgsan-
larinin “sahmat” paylanmasini nozors alaraq, stoxastik yanasma osasinda aparilib. Poliefiruretan boyanin MMR pl-
yonkalar niimunosinds toklif olunan vo mdvcud metodlardan istifads edilorok daxili gorginlik soviyyasinin qiymat-
londirilmasi aparilib. Hor {i¢ metodla alinan daxili gorginlik komiyystlorinin qiymatlori, bir-biri ilo nisbaton uygun
golir, onlar arasindaki forq ~20% hoddindadir.
Acar sozlor: lak-boya ortiiyii, alt qat, miintozom mikrorelyef, biiziilmo, biizlicii gorginlik, daxili gorginlik,

sartlogsmo, poliefiruretan boya, nazik plyonka.
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AHHOTALUSA
ITpoananu3MpOBaHbI CYIIECTBYIOLIIE METO/IBI ONPEAEICHNS BHYTPEHHUX (OCTaTOYHBIX, YCAJOUYHBIX) HAMPSKeE-
HUI, BOSHUKAIONINX IIPH OTBEP)KACHUH TOHKHX IDIEHOK JIakokpacodHbIX NOkpeiTHi (JIKII), ocHOBaHHBIE Ha KOH-
COJIBHOM H3TH0€ MOIIOKKH U PA3HOCTH TOJIIMH MOKPOTO M CyXOTO TIOKPBITHS, COOTBETCTBEHHO. OTMEUEHa 3aBUCH-
MOCTh UX TOYHOCTH OT COOTHOIICHHUS TOJIIUH IUIEHKA/TIOUIOKKA W OJHOPOJHOCTH HaHecEHHOW MiuéHKH. PaccMoT-
PEHO NPUMEHEHUE METOJ0B aTOMHO-CUJIIOBOM MUKPOCKOIIUU, OCHOBAaHHBIX HAa U3MEPEHUM I'€OMETPUU PErYIIIPHOrO
mukpopenbeda (PMP) noBepxHocTH MIEHKH, CIYXKaIlIEro B KAYECTBE XapaKTEPHOTo IPOSBICHHS €€ yCaJ0uHbIX Jie-
¢dopmanuii. OTMEUYEeHO, YTO NPH NMPUMEHEHHH 33ja4yu Jiiepa 00 yCTOHYMBOCTH CHKATOTO CTEPXHS METOJ| JAEMOH-
CTPUPYET HEJOCTHXKHMMBIE JUIsi OOJIBIIMHCTBA IMOJMMEPOB PAacu€THbIC 3HAUYEHHs HanpspKeHHs. PacueT BHYTpEeHHHX
HarnpspKeHuH 1 geopManuii NpoBeJeH Ha OCHOBE CTOXACTHYECKOT0 IT0/IX0/1a C YUETOM «IIIaXMaTHOT0» pacrpe/esie-
HUsL 1e(OPMAMOHHBIX Ae()EeKTOB HA HapyXKHOH noBepxHOCTH IUieHKH. Ha npumepe PMP mnénku nonausdupypera-
HOBOTO JIaka MPOBECHA OLEHKA YPOBHsS BHYTPEHHUX HAMpPsDKEHUH € MCIOIB30BAHMEM IMPEATATaéMOM U CYILECTBY-
IOIIUX METOAMK. 3HAYECHHS BEJIMYUH BHYTPEHHUX HANPSOIKEHUH, MOIy4YEeHHbIE IO TPEM METOJaM, OTHOCUTEIBHO COB-
MaJaloT APYT ¢ APYrOM, pa3HUIA MEXIY HUMH He rpeBbimaeT ~20%.
KaioueBble c10Ba:  JTaKOKpacoO4HOE ITOKPBITHE, ITOI0KKA, PETYISAPHBIA MUKpOpENbed, ycaiKa, ycaJouHble
HalpsDKeHUs], BHYTPEHHNE HAPSDKEHUSI, OTBEPIKICHHE, MO UPYPETaHOBBIH JIaK, TOHKAs
TUIEHKA.
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Introduction

Protective paint and varnish coatings
(PVC) of external surfaces of aircraft (AC) in
the process of application and operation under-
go a significant mechanical impact, weakening
the strength of the film and can lead to a viola-
tion of its continuity.

During hardening of PVC, the paintwork
goes through the shrinkage (contraction) as a
result of the evaporation of volatile compo-
nents, polymerization, gelation, temperature
drops and other processes. The adhesion con-
tact and microroughness of the relief of a rigid
substrate do not allow the polymer film to
freely shrink (“shrink™), as a result of which it
shrinks in thickness and internal tensile stress-
es arise in it [1].

All this creates a number of problems as-
sociated with ensuring the strength and dura-
bility of protective coatings. Numerous publi-
cations of domestic and foreign authors are
devoted to the study of the processes develop-
ing in the "substrate - coating" system ("flexi-
ble base - thin film", etc.), among which the
works of V.Ye. Panin [2], and J.Hutchinson [3]
et al.

The internal (synonyms - residual, shrink-
age) stresses sharply weaken the cohesive and
adhesive strength of the newly formed film,
thereby accelerating the destructive physico-
chemical processes that cause its premature
destruction during operation [4, 5, 6, 7].

Since the internal stresses largely deter-
mine the final morphology and properties of
the coating and do not depend on the nature of
the substrates [8], the assessment of their level
is of theoretical and practical interest.

A number of methods for determining
shrinkage stresses in thin-film structures on
rigid substrates are currently known. One of
the first was the proposed method developed

independently by A.T. Sanzharovsky and E.
Korkoran and based on the calculation of
stresses in the coating by the magnitude of de-
formations (deflection) of the substrate (canti-
lever bending tape) [9, 10, 11].

As a result, these works formed the basis
of GOST 13036-67 (currently not valid accord-
ing to IUS 7-77) [12] and its current American
analogue ASTM D6991-05 [13].

Purpose of work is to develop and test a
method for determining the level of shrinkage
stresses in curried PVC based on the character-
istics of its microrelief and its comparison with
the values obtained using existing techniques.
A preliminary analysis of linear disturbances is
carried out, which determines the kinetics and
energetics of the corrugation process, as well
as the amplitude and wavelength of steady-
state oscillations.

Due to the uncontrollability of external
conditions affecting the properties of the sam-
ple, a stochastic approach was used to calculate
the internal stresses and strains, taking into ac-
count the features of the film — substrate inter-
face.

Problem Statement

In this regard, the authors analyzed the ki-
netics and energetics of growth of film disturb-
ances as a result of the effect of loading the
substrate on the deformation of the film prior
to its solidification through the interface
through a viscoelastic layer lying directly un-
der the film. As a result, by measuring the ge-
ometry of the RMR, the critical values of the
parameters of the film vibrations are estimated,
at which the vibrations acquire stability with
the corresponding steady-state values of the
amplitude and wavelength [14].
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The cured thin polymer film is taken to be
the surface layer of the bulk of the substrate
material with a surface layer / substrate inter-
face thickness equal to the film thickness. The
loaded solid body of the substrate induces a
"checkerboard" distribution of stresses and
strains through the film / substrate interface,
carrying deformation defects to the film sur-
face. To calculate normal and tangential stress-
es, a stochastic approach was used, taking into
account the conditions for the formation of
nonlinear waves of localized plastic flow of the
parameters of the elements of the system under
consideration at the meso and microscale lev-
els.

Materials and existing methods for calculat-
ing internal stresses

A two-component polyether urethane
(PEU) varnish (E = 30 MPa, u = 0.35 [15])
was chosen as the PVC under study. The var-
nish components (polyester and hardener) were
mixed before application and applied to a sub-
strate (plate 102 X 12 X 0.254mm made of
08X18H10T steel, E = 1.96 X 10°MPa
1 = 0.29 [16]) according to the manufacturer's
instructions.

The thickness of the film before and after
curing was measured in accordance with [17,
18, 19], respectively. Based on the data ob-
tained by methods [12] and [13], using formu-
las (1) and (2), the internal stresses in the PVC
were calculated.

To determine the internal stresses by the
proposed method, the RMR of the surface of
the hardened film was investigated on an AFM
SOLVER NEXT (NT-MDT, Russia). The
measurement was carried out by line-by-line
scanning of a surface area 50 x 50 um in size,
as a result, two- and three-dimensional topo-
graphic images are formed, a profilogram is

5

10

automatically calculated. As a sample, a frag-
ment of 5 X5 X 0.254mm in size was used,
cut from the above steel plate after conducting
research according to the methods [12, 13].

The essence of the technique lies in the
fact that the coating is applied to one surface of
a flat sample (tape), which is cantilever
clamped in a rigid fixation. During the drying
process, internal stresses arise in the coating,
as a result of which the free end of the cantile-
ver deviates from its original position by an
amount d (deflection).

The calculation of internal stresses is usu-
ally carried out according to the following
formula:

oe dEt’ L dEc(t+0)

3lc(t+o)(1—pg) L(1-p.)
where d — the deflection (deflection) of the
free end of the console; E; — Young's modulus
of the steel substrate; pus is the Poisson's ratio
of the steel substrate; L — the length of the con-
sole; t is the thickness of the console; ¢ — a
coating thickness; E, — Young's modulus of the
hardened coating; p. — Poisson's ratio of the

(1)

coating material.

As follows from formula (1), in order to
calculate internal stresses, the cantilever meth-
od requires knowledge of eight Parameters of
the film and substrate (cantilever deflection,
geometric dimensions of the substrate, meha-
nical characteristics).

The cantilever method is applicable for
films with a thickness of 25...380um. The ac-
curacy of the method is highly dependent on
the film / substrate ratio and the uniformity of
the applied film. Some difficulty of such
measurements lies in the fact that, in addition
to the shrinkage of the paintwork, the deflec-
tion of the tape-console is affected by such a
difficult factor as the weight of the coating it-
self, which gradually decreases as it dries.
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Compared with this method, a more sim-
plified formula was proposed in [14] to deter-
mine internal stresses in coatings:
o= E (ho — hl)

hO
where hy — the initial “wet” film thickness; hy
— a film thickness after curing; E — Young's
modulus of the hardened coating.

The thickness of the cured film h; is de-
termined according to the standards [17] by
microscopic examination of the cross section.
Accurate measurement of the initial ("wet") hy

)

thickness of a thin layer of paint and varnish
material (PVM)' presents some difficulty. The
existing methods for determining the thickness
of "wet" polymer films [18, 19] prescribe di-
rect measurements using a probe instrument in
the form of a toothed plate — Rossman's
"comb". The protrusions (teeth) of the "comb"
are immersed in the layer of the liquid film un-
til they touch the substrate. The height of the
wetted edge of the teeth is considered equal to
the thickness of the coating. However, already
in the description of these methods, it is noted
that they are approximate, and on substrates
with an uneven or textured surface, they may
give erroneous readings.

In accordance with [20], for the paintwork
of external surfaces, the R, value (the sum of
the average absolute values of the heights of
the five largest profile protrusions and the
depths of the five largest profile valleys) with a
base length of 2.5mm should be less than
0.001mm (1um), i.e., the surface should have
meso- and micro-scale irregularities.

The difference between paints and varnishes materials
(PVM) and paints and varnishes coatings (PVC) is to some
extent conditional and suggests that the former determine
the physicochemical properties, the latter — the geometric
size and mechanical properties of the layer.

11

According to the operational requirements
[21, 22], the thickness of the cured paintwork
must be at least 20% higher than the maximum
height of the microroughness of the substrate.
If this requirement is met, the film under con-
ditions of adhesive contact is no longer an
equidistant surface copy of the smoothed mi-
crogeometry of the substrate but has its own
regular microrelief (RMR) [23, 24, 25], formed
under the action of deformation processes.

Currently, SIEBIMM-methods? for study-
ing the mechanical properties of films have
become widespread, involving the measure-
ment of the geometric characteristics of their
surface using atomic force microscopy (AFM).
The appearance of RMR of thin films is con-
sidered by some authors on the basis of the Eu-
ler problem on the stability of a compressed
rod: under a critical load, the film surface
bends in the form of sinusoids with a period 4
and an amplitude A [26, 27, 28, 29, 30, 31, 32].

In the same works, it is noted that the
wavelength of the folds does not depend on the
magnitude of stresses, is determined by the
characteristics of the film and substrate and is a
constant value for a particular pair of materials
"film — substrate". In this case, the amplitude
of the folds A does not depend on the elastic
properties of the film and substrate but in-
creases with increasing compressive stresses
[33].

For films adhering to the substrate, wrin-
kling can occur only when the critical com-
pressive stress g, is exceeded:

€)

E
5/1—113

0\

W

' )
= ﬂ(ﬂ)?
4 FE

E
where E; = f/ » and Eg
f 1—Ilf s

2 SIEBIMM - strain-induced elastic buckling instability for

mechanical measurements
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are the moduli of longitudinal elasticity, Ef,
Us, Es, ps are Young's moduli and Poisson's
ratios of the film and substrate, respectively.
When the compressive stress o exceeds
oy, the film spontaneously bends, forming a
periodic distribution of folds on the surface.
However, this explanation of relief for-
mation presupposes loading by external hori-
zontal loads, which cause the loss of stability
of the already hardened film. But since the
modulus of longitudinal elasticity of even
hardened paintwork materials PVM (E]i) is ap-

proximately three orders of magnitude lower
than that of a metal substrate (E¢), the stresses
o,, calculated by formula (3) will have values
unattainable for most polymers, several times
exceeding their ultimate strength. In this re-
gard, this model of relief formation is inappli-
cable for paintwork PVC.

Apparently, from the moment the paint-
work material is applied to the substrate, due to
the viscoelastic transition from the liquid state
to the solid state, the density of the upper layer
increases, and an elastic surface film gradually
forms, which impedes the further exit of the
vapor-gas mixture from the underlying layer of
paintwork materials PVM. Based on this, the
paintwork PVC at the initial stage of curing
can be represented as a two-layer system con-
sisting of a thin elastic surface layer and an
underlying deep viscoelastic layer [34, 35].

Probably, evaporating steam-gas flows,
locally uplifting the elastic film during mass
transfer, create internal stresses in it, forming a
characteristic folded surface with a "checker-
board" effect of regular alternation of convex
[28]. The meso-sub-
structure of the extruded material appears on
the surface. According to the classification of
scale levels, adopted in the works of V.E.
Panin's school [2], the mesoscopic scale level

and concave zones

12

is subdivided into mesoscale-1 (0.1 — 10um)
and mesoscale-2 (10 — 500um) [29].
Proposed approach to solving the problem
We consider the deformation of the cured
top layer of the paint and varnish coating on
the uncured bottom layer as a coherent defor-
mation of an elastic film on a viscoelastic un-
derlayer. As is known [36, 37], in this case, the
parameters of folds are largely determined by
the kinetics of their formation and growth. The
mechanism of the wrinkling process formed by
the layer underlying the film is usually inter-
preted as a stress-induced instability, similar to
the buckling of an elastic bar under compres-
sion. If this layer has elasticity, then there is a
critical compressive stress, above which the
film begins to corrugate with the correspond-
ing wavelength obtained by minimizing the
total elastic energy of the film and substrate
[38, 39, 40]. Under typical compressive stress,
corrugations are formed only when the sub-
strate is significantly softer than the film. If the
substrate is elastic, then the corrugation be-
comes a kinetic process [40, 41, 42]. Since the
viscous substrate does not have a reserve of
elastic energy, the upper surface of the com-
pressed covering film is always energetically
unstable. The viscous flow on the substrate
regulates the kinetics of corrugation growth by
choosing the most growing wavelength. More
generally, when the substrate is viscoelastic
(for example, crosslinked polymers), both en-
ergy and kinetics play an important role. The
spectrum of formed corrugated patterns exper-
imentally observed in metal - polymer bilayers
[43] demonstrates the features of the kinetic
process. Analysis of linear perturbations shows
that the viscoelastic property of the substrate
has a significant contribution to the stability
and kinetics of the corrugation process [37].
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Let us consider the process of modeling
the evolution of corrugation in a thin elastic -
viscoelastic bilayer described in [36] in the
limiting case of analysis of linear perturba-
tions. The generated model is based on the ap-
plication of the nonlinear theory of Karman
plates [44] to the elastic layer and the approx-
imation of the viscoelastic layer using a thin
layer. Although the model is applicable to 2D
corrugation, the focus will be on one-
dimensional corrugation under in-plane stress.

Consider an elastic film of thickness hf
resting on a viscoelastic layer of thickness H,
which, in turn, lies on a rigid substrate in Fig. 1
[36].

Elastic layer ‘
7

Viscous-elastic layer i

Rigid substrate ]
(a)

Elastic layer
7

Y a W o

Viscous-elastic layer |

Rigid substrate a

(b)

Figure 1 — The schematic of an elastic-viscous bilayer
on a rigid substrate: (a) standard state and (b) wrinkling
state

In the initial state (Fig.1a), both layers
have a flat shape, and the elastic layer is sub-
jected to biaxial residual stress, and there are
no traces on the bilayer surface. In the wrin-
kling state (Fig.lb), both in-plane displace-
ments and out-of-plane displacements occur in
the elastic layer caused by the residual stress
oy (0y < 0), while the viscoelastic layer is
simultaneously deformed. In Fig.1(a) x; — x,

denotes a plane in a rectangular Cartesian co-
ordinate system that serves as an interface be-
tween two layers in a bilayer.
Linear analysis of disturbances

The elastic film model will be formulated
on the basis of Karman's nonlinear theory of
bending of elastic plates [44]. Elastic defor-
mations of the film are characterized by bulg-
ing (lateral deflection) w and displacement u,,
along the plane (a = 1.2).

Suppose the viscoelastic layer experiences
slight deflection from the horizontal position

w(x,t) = A(t)coskx 4)

with amplitude A(t) and length L = 21t /k (k —
a wave number). In the analysis of linear per-
turbations, the evolution of displacements in
the plane is not associated with swelling (lat-
eral deflection).

It is assumed that the layer on which the
film directly rests is isotropic and linearly vis-
coelastic. According to the theory of viscoelas-
ticity [45], the stress-strain relation is written
in the integral form.

Oap(t) = 2 j,u(t — T)agoé—i(r)dr +

t ()
+6ap f&(t — T)wdr

—00

where p(t) and A(t) — the viscoelastic relaxa-
tion modules 8,5 — the Kronecker symbol. The
afy indices take values 1 and 2; repetition of
the index in (5) means the summation over 1
and 2. Under the assumption that there is no
external force, neglecting the inertia of quasi-
static deformation, the equilibrium condition
can be written in the form [37]:

aO'aB

T ©)
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For small deformations, the strain - dis-
placement relation takes the form:

1(0u, Oug
Saﬁ'—§< +E>.

axﬁ
The viscoelastic layer is not loaded at the ini-

(7)

tial moment of time (t = 0) and undergoes
normal and shear displacements on its upper
surface at t > 0:

033 = 53(x1, X3, t) and 0-3‘11 +

= S,(x1,x,,t) at x3 =0.

(8)

There are no displacements on the bot-
tom surface of this layer:

Uy =uz3 =0 at x3 =—H.

€)

In the general case, the surface of the vis-
coelastic layer undergoes both in-plane and
out-of-plane displacements, which are inter-
connected with each other and only in two spe-
cial cases they may not have a connection. In
the first case, when the viscoelastic layer has a
very large thickness (kH — o0) and is incom-
pressible (v = 0.5). This case is considered in
detail in [37]. In the second case, when this
layer is very thin (kH — 0); it is this case that
is most typical for paints and varnishes (PVC)
and will be described in detail below.

For the relaxation modulus u(t), the
Kelvin model of linear viscoelasticity will be
used, which is a mechanical analogue of a de-
vice consisting of a spring and a parallel acting
shock absorber

u(t) = po +1-6(0), (10)

where u,, — the stiffness of the spring, repre-
senting the elastic shear modulus with the rub-
berized limit position; 17 — viscosity.

The interface between elastic and viscoe-
lastic layers is maintained at each deformation.
Consequently, the displacements and their

traces remain continuous at the interface that
connects the equations of equilibrium of the
elastic layer with the time-dependent responses
of the viscoelastic layer, which leads to the
equations:

ow 1-2v H(D o*w
ot 2(1—-v) n\ T 0x,0x,0x50%p
+ (11)
0w ONgg 0w\ Uo
N . —_—
ap 0x40xg + Oxp axa> n v
0 H 0N, o
ﬂz_._"‘ﬁ_ﬁ_uw (12)
at n Oxg n
Where
_ B _
Df = 12(1—1/2), Na/.? = O'Ohf(sa/g +
Efh (13)
I
+ 1— v]? [(1 - Vf)gaﬂ + Vf‘gw5aﬁ]

Equations (11) and (12) are interrelated
nonlinear evolution equations that can be
solved numerically by simulating three-
dimensional deformations of an elastic - visco-
elastic bilayer and the evolution of the result-
ing two-dimensional corrugated patterns. For
simplicity, we will analyze in detail only the
deformations from in-plane compression (ten-
sion) and one-dimensional corrugations.
Equations (11) — (12) in this case take the
form:

AT

at  2(1—-v) n\ T oax*

+N62_W+6_N.6_W>_ﬂ_mw (9
0x%2  dx O0x n

dou H ON e

E=;'a—7u, (15)

where

N = gohs + Erhy a_u+l<a_w>zl (16)

Fh1—v2|ax " 2\ax
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Substituting (4) into (14) and leaving only
the leading terms containing the small parame-
ter A(t), we obtain the equation:

dA aEf — U
T TA(t), 17)
Where
(1- 2v)k2th
a =
24(1 = v)(1-v?)
(18)

12(1 - vf)ay

5
f
The solution to equation (17) is repre-

sented in the form

A(t) = Agexp (s ;),

[—kZh; R

(19)

where A, is the initial amplitude of the dis-
turbance; T =1n/E; is the characteristic time
scale and s = a@ — U/ Ef is the dimensionless
growth order of the disturbance. The stability
of the bilayer depends on the sign of the pa-
rameter s. If s < 0 for all wave numbers k,
then the bilayer is stable and remains flat. Oth-
erwise, when s > 0 for any admissible wave-
numbers, the bilayer is unstable and the dis-
turbances grow, forming corrugations. In this
case, the amplitude grows exponentially with
time in the initial stage. As shown in [37], the
initial stage of growth can be non-exponential
if the viscoelastic layer has a finite elastic
modulus in the glassy state (elastic limit as
t - 0).

The growth order of s depends on the
disturbance wavelength (L = 2m/k) for vari-
ous ratios fl/Ef. In the limiting case, when
a and s > 0 (taking
into account gy, < 0) throughout the entire

Ueo =0, we have s =
length of the disturbance waves. Therefore, for
s > 0, the bilayer will be unstable. The critical
value of the wavelength corresponding
tos » +0is
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Ef

3(1—v})ap’ (20)
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LC = T[hf\/—
which coincides with the critical length of the
Euler bend. The growth order is positive for
L > L. and has a peak at the wavelength

Lm = T[hf\/

As the ratio e/ Ef increases, the value

2E;

S 1)

of s decreases without changing the shape of
the dependence on the normal wavelength
L/hs. As a result, we obtain the second critical
value of the wavelength determined by formula
(21). The growth order of s remains positive
when L changes in the interval between these
two critical values. On the other hand, the fast-
est growth of the wavelength does not change,
but the corresponding order of growth of s
drops to zero when the value of L approaches
the boundaries of this interval from the inside
at the critical value of the ratio pio,/Ef corres-

+ 0:
ho\  3(1—vAA-2v) H (0,
(57)6 T 209 h_f<E_f> 4

whence we find the critical value o§ of the
compressive stress, below which the bilayer
becomes stable:
1/2
) (23)

stable when

ponding to the equality s

h_f 2(1—-v)
H3(1-v})(1-2v)

O'g = Ef <(X

The bilayer becomes
Ue/Ef is greater than the critical value (22).
According to the criticality condition (22), the
stability of an elastic — viscoelastic bilayer de-
pends on the elasticity modulus (i.e., on the
extended limit of the relaxation modulus y,)
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of the viscoelastic layer but does not depend on
the initial modulus (i.e., on the glassy state). In
other words, despite the initial high viscosity
or even stiffness of the viscoelastic layer, the
bilayer “foresees” the subsequent softening of
the layer and becomes spontaneously unstable.
The time scale of the corrugation growth is
proportional to the viscosity, and the order of
growth increases with decreasing elasticity
modulus. The wavelength of the fastest grow-
ing mode, however, does not depend on the
viscoelastic layer, as follows from (21). As
shown in [37], the wavelength of the rapidly
growing growth is weakly dependent on the
thickness ratio H/hy and Poisson's ratio. The
approximation using a thin layer leads to good
accuracy in determining the wavelength but
underestimates the order of growth of the fast-
growing mode when the thickness ratio H /h¢
is greater than 2.

Setting d /0t = 0 in equations (14) and
(15), we obtain two coupled nonlinear ordinary
differential equations, each of which can be
solved in the case of an equilibrium state. First
of all, we note that the equilibrium amplitude
of a sinusoidal corrugation with a wave num-
ber k is given by the expression

]1/2

which is valid only if the bilayer is unstable
and there is a nonzero real-valued equilibrium
amplitude of the corrugation. Moreover, mini-
mizing the elastic stress energy in the bilayer
with respect to the wavenumber leads to the
next equilibrium corrugation wavelength:

24)

20—V, 1
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210-2v) E H]'*

31— v)(1 = v2) Heo by

Leq = T[hf (25)

Comparing (25) with the fastest growing
wavelength (21), it can be noted that they can
be completely independent. The fastest grow-
ing wavelength, which dominates the initial
growth, is determined by kinetics and depends
on the compressive stress gy in the elastic layer
but does not depend on the viscoelastic layer.
The equilibrium wavelength, on the contrary,
is determined by energy and depends on the
thickness and elastic modulus of the viscoelas-
tic layer but does not depend on the stress in
the elastic layer. This independence makes it
possible to simultaneously determine the re-
sidual stress o, and the modulus of elasticity
U from the initial and final corrugation wave-
lengths, respectively.

Indeed, from the kinetics of the process,
we find by formula (23) the critical value
gy, = a5, below which the bilayer is stable.
Substituting o, = o into (21) and equating the
right-hand sides of expressions (21) and (25),
we find

C3(1-vf)A-2v) (6§)* H
© T 21— 2v) E; h

(26)

In a state of equilibrium, the shear dis-
placement on the surface is close to zero, and
the lateral displacement is approximately de-
scribed by the formula

1
u= gkqusin(ka), (27)
where k = 2m/L.q . Thus, the in-plane dis-
placement wavelength is equal to half the cor-
rugation wavelength at equilibrium.

When the "film-substrate" system

cooled, the surface layer of the polymer coat-
ing is cured, which is accompanied by its

is



Azarbaycan Miihandislik Akademiyasinin Xobarlori
2021. Cild 13, Ne 2. Sah. 7-26
A.M. Pasayev, ©.X. Canaohmadov

Herald of the Azerbaijan Engineering Academy
2021. Vol. 13, Ne 2. Pp. 7-26
A.M. Pashayev, A.Kh. Janahmadov

shrinkage information. In this case, tensile in-
ternal stresses develop in the cured layer,
which generate deformations of the interface
when the system is loaded. In this case, the dis-
tribution of stresses and strains at the interface
"surface layer - substrate" appears in the form
of modes of the "chess-board" or "herring
bone" type [39].

These modes were considered in [39]
based on the analysis of classical bends of a
rigid substrate using a linearized analysis of
stability.

Let E, v, a and Es, vg, ag — Young's mod-
ulus, Poisson's ratio and thermal expansion co-
efficient of the film and substrate, respectively;
t-film thickness. Let us assume that the sub-
strate is much thicker than t and creates in-
plane stresses in the film. Further, it is assumed
that during the deposition of the film on the
substrate, both of them have a temperature T},
and after deposition the temperature of the sys-
tem will change by AT. In addition, the film is
considered elastic and initially free of defor-
mation. Then the compressive axially symmet-
ric in two directions stress of the film will be

Tp
f AadT, (28)
Tp—AT

011 = 033 = —0p = —[E/(1 = V)]

where Aa = a; — a. Consider the case Aa > 0
and g, > 0.

According to the theory of Karman
plates [44], the deflection of the film from the
plane (deflection) w satisfies the equations:

DV*w — (Nyjw.qq + Nppw.p, +
(29)
+2Npw.q5) = —p

Bt (30)

a4 — 2
V*F = wi; — W.1Wa.
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Here, V* a biharmonic operator;
D = Et3/[12(1 — v®)] - bending stiffness of
the plate; w-offset perpendicular to the plane
(x1,Xx2); p — a component of stress, acting per-
pendicular to the plate under the influence of
the substrate; (W)., = 0(0,)/0%xq; Nop =
f Oqpdxs — the resultant force acting in the
plane of the plate; F — Airy stress, for which
Nyy = Fy3,Npp = F41, Ny = —F.1 . Equality
(29) represents the equilibrium moment equa-
tion, and (30) the compatibility equation ensur-
ing the existence of the gradient shift in the
plane, u,p. We will neglect the tangent com-
ponents of the traces that appear on the plate
under the action of the substrate. This is a
standard approximation for the analysis of cor-
rugation of a thin film under the influence of a
substrate [46], the accuracy of which can be
verified by detailed of one-
dimensional modes. The average surface stress
associated with plate displacements is repre-
sented as

analysis

1 1
Eaﬁ = E(ua,ﬁ + uﬁ,a) + EW'CIW'[?’;

Nep = [E/(1 =vH)]x

X ((1-V)Ea8 + VEWSQB);

M =D ((l-v)w.as +v: W'YYS“B) -
non-adjustable ratios representing the moment
of the bend tensor.

In the absence of bends, the film has a
state of uniform stress, determined by the
equalities Ny; = Ny, = —apt, Ny, =0 . The
classical bend analysis based on linearization
of equations (29) and (30) leads to the equa-
tions

DV*w + gtV?w = —p (3D

V4AF = 0, (32)
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F= —%(xf + x#)ogt + AF. The system of

equations (31) - (32) has periodic solutions

w = wcos(kyx;)cos(kyx,),

p = pcos(kyx1)cos(kyxy), (33)
at which equation (31) takes the form
(D - k* — gptk®)w = —p, (34)

where k = \/k? + k3.

For an infinitely deep substrate under
normal load p in (29), provided that there are
no tangent traces on the surface, the exact solu-
tion for the normal deviation, &, has the form

8 = & cos(kyx;)cos(k,x,), (35)

where § = 2p/(Esk) ¢ E; = Eg/(1 —v2).

The effect of the boundary conditions on
the displacements along the tangential direc-
tions to the substrate surface is insignificant
and therefore neglected. Under the condition

W = & from equation (34) and § = 2p/(Esk)
we obtain the equation for the eigenvalues k:
oot = Dk? + Eg/2k (36)

The critical value of the bending stress,
a§, which is the minimum over k of equation
(36), attained at

ke -t = (3E,/E)3, 37)

defined by the expression

1_  _
of =7 EGE/E), (38)

where E = E/(1 — v?).

The right-hand sides of formulas (3) and
(38) coincide. However, formula (38) was ob-

18

tained for the residual stress gy in the initial
state of the film and, moreover, g, can be

much larger than the critical value o (see Fig.
2).

"herringbone"

Figure 2 — The dependence of the bending amplitude of
a thin layer, W, /t, is considered as a function of 6, /0§
for three modes. The wavelength (and slope in the case
of the herringbone pattern) corresponds to its critical
value at the onset of bending deformation.

Equality (38) 1is wvalid for
dimensional stress that causes corrugation with

plane tension. This fact is well known [46]. In

a one-

the case of a biaxially symmetric stress, the
critical stress is applicable only for a one-
dimensional mode with k; = k% and k, =0,
but for any mode the wavenumbers must satis-
fy the equality

_ _ 1
/kf +k3-t=k-t=3E;/E)3.  (39)

As shown in [39], nonlinear tensile dis-
placements of the substrate essentially do not
affect the behavior of the film. It is believed
that the substrate has a very large thickness d,
comparable to the wavelength of the mode, and
on its lower surface the normal and tangential
displacements are zero. It is assumed that the
difference between the thermal expansion co-
efficients of the film and the substrate is Aa,
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and the difference between their temperatures
in the initial unloaded state is AT.

The biaxial compressive stress in an un-
bent film will therefore be equal to g, =
EAa AT /(1 — v) if the substrate is very thick.

Let us consider square modes of the
"checkerboard" type ("check board mode" in
the terminology of [39]) with a wavelength L
in the x; and x, directions, determined by the
critical condition (37);

2n/ky =2n/k, =L =~2-1¢ , I
2m/kC¢C. The "checkerboard" cell in this case
is a rectangular parallelepiped of dimension

LXLXxd.

A very small initial deformation, prede-
termined by the fact that the uncompressed
system at AT = 0 has a weak average surface
deviation, is written in the form

w = W; cos(k,x,)cos(kyx,),

where w; /t = 0,02.

(40)

The periodicity conditions applied to a
cell as a result of all five nodal degrees of free-
dom are the same on both sides of the cell par-
allel to the x; axis and similarly for the x, axis.
In addition, at each corner of the cell, the con-
ditions dw/dx; = 0 and dw/dx, = 0 lead to
the fact that the rises alternate with dips on the
sides of the cell.

Modes of the "checkerboard" type are in-
deed determined by deviations along the nor-
mal, approximately described by the equations

w = w cos(k,x,)cos(k,x,) (41)

The numerical relationship between the
amplitude of the mode, w/t, defined as the
half-difference between the maximum and
minimum deviations, and the ratio gy/a§ is
illustrated in Fig. 2 [39].
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Fig. 2 shows that the deviations of the
one-dimensional mode lie between the devia-
tions of the "checkerboard" and "herringbone"
modes.

As shown in [39], the minimum of the
configuration energy is attained at L/L¢ = 1,
and under this condition, the deflection along
the normal has a herringbone mode.

A typical image of such a mode is shown
in Fig. 3 [39].

Figure 3 — A gold thin film on a substrate having a pat-
tern with a circular flat depression a few millimeters in
diameter. A herringbone pattern appears in the center of
the cell outside the edge of the spot.

Nonlinear waves of localized plastic flow

The clearest physical meaning of the
"checkerboard" distribution of stresses and
strains in a thin film was obtained in [47],
where the theoretical substantiation of the
mechanism of the interface between the film
and the substrate was given for the first time.

According to the authors, the curing of the
paint and varnish coating (PVC) leads to the
formation of a kind of surface layer of the sub-
strate in the form of a thin film lying on the
substrate. This surface layer, according to the
concept of physical mesomechanics, is an in-
dependent subsystem in a deformable (under
the influence of external load) solid. The inter-
face in the thin film-substrate system is of par-
ticular interest.
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First, when a thin film is coupled to a sub-
strate, a pronounced interface is formed, on
which a geometrically correct “checkerboard”
distribution of stresses and strains is realized,
and the thickness of the film can be taken as
the interface thickness in theoretical analysis.

Second, a thin film is a highly nonequilib-
rium system. This is due both to its highly de-
veloped surface at a small volume and to a
mismatch at the interface of the mating media
(with different elastic moduli and thermal ex-
pansion). As a consequence, a nonequilibrium
thin film in the initial state should have a clus-
ter structure that will use structural-phase tran-
sitions in the fields of external influences of
any nature [2]. A wide range of atomic config-
urations in the resulting surface layer causes
the development of more intense plastic de-
formation in it than in the bulk of the crystal.
The necessity of compatibility of the processes
of plastic flow of the surface layer and the
crystalline substrate causes the appearance of a
quasiperiodic distribution of stresses and
strains at the interface (their interface).

The analysis of theoretical and experi-
mental studies carried out in [47] on the devel-
opment of a localized plastic flow in the form
of double spirals in nanostructured layers of a
deformable solid led to the conclusion that the
interface of dissimilar media
dimensional dimension should have the form
of a "checkerboard". Modeling the interface
"surface layer-substrate" in a loaded solid, car-
ried out in [48, 49, 29] on the basis of a sto-
chastic approach in the framework of a three-
dimensional model, confirmed the conclusion
[47] about the "checkerboard" distribution of
local stresses and strains when two dissimilar
media are coupled.

Received theoretical confirmation and ex-

In a two-

planation of the channeling effect of local plas-
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tic flow in nanostructured surface layers along
the cells of the "checkerboard" interface struc-
ture with tensile normal stresses.

Direct experimental confirmation of the
"checkerboard" character of the distribution of
stresses and strains at the interface "surface
layer-base crystal" was obtained in [50] on the
example of an experimental study of alternat-
ing bending of flat samples of polycrystalline
VT1-0 titanium with a hydrogenated surface
layer. The "checkerboard" character of stress
distribution at the interface "nanostructured
surface layer - the main volume of material"
provides the effect of plastic flow channeling
and extrusion of the surface material in the
form of double spirals of intertwining meso-
bands of localized deformation (Fig. 4 [51]).
As a result, deformation defects reach the sur-
face, rather than being pumped into the depth
of the loaded sample. The latter retards the de-
velopment of deformation macro-localization
in the sample, causing a simultaneous increase
in both the strength and plasticity of the mate-
rial.

Figure 4 — The experimental pictures of stationary cor-
rugation of the surface layer in a deformable solid; ten-
sion at 293 K: a — a polycrystalline alloy Zr — 2.5% Nb;
b, ¢, d — low-carbon St3; stretching at T=293K after ul-
trasonic treatment and subsequent annealing at
T=1103K; &=13 (b), 28 (¢), 32% (d); scanning electron
microscopy, x250.
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The cells of the "checkerboard" distribu-
tion of tensile and compressive normal stresses
determine the corresponding cellular structure
of the distribution of material in a thin film: the
material from the cells of compressive normal
stresses is displaced into the cells of tensile
normal stresses.

Mass transfer occurs in the field of shear
stresses, which also have a "checkerboard" dis-
tribution at the interface but are phase-shifted
by /2 in space.

Stochastic approach to calculating in-
ternal stresses and strains. Since the film is
rigidly bound to the substrate, then under load-
ing up to the beginning of fracture, both the
film and the substrate should experience the
same degree of deformation. Hence it follows
that elastic stresses in the film oy are related to
stresses in the substrate g, as follows
1= v2 Ef
1 - vf E

where Ef, E, , vf and v; — Young's moduli and
Poisson's ratios of the film and substrate mate-
rial, respectively.

Due to the small grain size and high
density of grain boundaries, dislocation plastic-
ity in nanostructured films is limited. As a re-
sult, deformation develops at the mesoscale
level under the conditions of a "checkerboard"
stress distribution at the "film-substrate" inter-
face, while the role of the maximum shear
stresses, which determine the directions of
shears in the deformed film, significantly in-
creases.

Since plastic deformation can occur only
in the region of tensile normal stresses [47,
51], when thin films are stretched, meso-bands

21

of localized deformation develop, decorating
the “checkerboard” structure of the interface.

The conjugation of the modified sur-
face layer and the substrate in a loaded solid
causes two types of perturbations:
configurational perturbations of the atomic
structure at the interface between two dissimi-
lar media, such as atomic clusters of different
configurations, and a sinusoidal field of tensile
and compressive elastic stresses in the surface
layer due to the inequality of the elastic moduli
of the surface layer and the substrate.

Self-organization of nanoconfiguration-
al perturbations at the interface "modified sur-
face layer - substrate" in a sinusoidal elastic
field of change in tensile and compressive
normal stresses in the surface layer causes a
"checkerboard" distribution of stresses and ine-
lastic deformations in the surface layer.

nano-

Figure 5 [52] shows the evolution of the
"checkerboard" organization of atomic config-
urational perturbations at the interface "modi-
fied surface layer - substrate" in a three-
dimensional elastic field of the surface layer
with a sequential increase in the degree of de-
formation of the sample in the range
0.01...0.5%.

The dark areas in Fig.5 correspond to the
zones of compressive normal stresses, and the
light ones correspond to the zones of tensile
stresses.

1 !.- >

20
A"w
0

Figure 5 — Pattern of inelastic deformation of the sur-
face layer at different degrees of uniaxial tension of the
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sample: €=0.01 (a); 0.05 (b); 0.1 (c); 0.2 (g); 0.3 (d);
0.5% (€)

The need to interface the surface layer
with a substrate that exhibits higher shear sta-
bility leads to corrugation of the surface layer.
The character of this corrugation changes in
stages as the degree of deformation increases.
Figure 6 [29] shows a pattern of corrugation of
the surface layer of various thicknesses de-
pending on the length [, of the film section
under consideration.

©.000001

=-7.20°

Figure 6 — Profiles of normal €, and tangential €, de-

formation components depending on the length 1, at the
interface thickness of 10 (a), 107 (b), and 10® (c) m.

The normal o(x;) and tangential 7(x;)
stress components at the point x; of the simu-
lated section of the film/substrate interface are

represented by the following expressions:
o(x;) = (E(x;) —aT)E, (43)

T(x;) = (Ey(xi) — aT)G, (44)

22

where x; =i-l,/n,i =0,1,..,n — the set of
dividing points of the considered section [0, [, ]
of the film; E and G — moduli of elasticity and
shear of the substrate; T — temperature of the
simulated section of the interface; a is the coef-
ficient of linear thermal expansion of the sub-
strate material; E,(x;) and E,(x;) values at
s = x; of deformation diagrams E,(s) and
E,(s), which under symmetry conditions im-
posed on deformations at the boundaries of the
deformable region

E,(L) =E,(-L), u=x,y,z (45)
have the form:
Ex(s)=0;E,(s) =L (sech% — 1);

(46)

2s
E,(s)=s—1L- tghf

and do not depend on time; thz and sechz —
the hyperbolic tangent and secant functions:

thz = (e? —e %) /(e? + e7%),
sechz = 2/(e? + e %).

Normal €, (x;) and tangential &, (x;) de-
formation profiles are determined by the for-
mulas

Eyy(xi) = Ez(s) |s=xi'

Sxy(xi) = Ey(s)|5=xi- (47)

Based on the measured parameters, the
level of internal stresses was calculated using
formula (43).

Results and its discussion

The deflection of the steel console with
PES coating was d = 285.47um. The results
of measuring the film thickness before and af-
ter curing showed that the initial average
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thickness of the "wet" film was hy =
51.21um, and after curing h; = 47.06um.
The results of AFM studies of the micro-
relief (profilograms) and volumetric topogra-
phy of the surface of the PES film showed that
the mean wavelength of the corrugation is
A = 1.25pum with an amplitude of A = 96nm
Since the total thickness of the coating
(H = hl = 47.06um) is more than 35 times
the length of the RMR wavelength (4 =
1.25um), it can be assumed that the thickness
is much greater than the lengt h (Figure 7).
Considering the roughness profile in the
framework of multifractal analysis, it can be
noted that it has the property of invariance,
when the same elementary geometric object (in
our case, a straight cone) is continuously re-
peated over the entire area of the investigated

area [35].

b)
Figure 7 — The volumetric topography (a) and average
micro-profile (b) of the sample (50 X 50um) of polyes-
ter urethane varnish.

After measuring all the parameters using
formulas (1), (2), and (43), the internal normal
stresses in the PEUL film were calculated (Ta-
ble).

Table. The values of the internal stresses of
the PES film, determined by different methods

Method Internal stress,
MPa
Cantilevered [12] 2.921
Thickness difference [13] 2.431
RMR parameters measu-ring 2.626

As follows from the table, the internal
stresses measured by all three methods are rel-
atively the same and amount to about ~0.1FE,
the difference between the obtained values
does not exceed ~20%.

However, despite the fact that measure-
ments of internal stresses by three methods
give close values, the proposed method is
much simpler than the other two in terms of
convenience.

The advantage of this method is the ability
to evaluate internal stresses in a polymer film
solely by the geometric characteristics of the
cured profile irregularities (wavelength, ampli-
tude, thickness), without the need to measure
the "wet" coating thickness and regardless of
the mechanical properties and dimensions of
the substrate.

After curing the polymer film at low tem-
peratures, the calculations assumed that the
thickness h of the elastic film and the thickness
H of the underlying viscoelastic layer are small
values of the same order, forming a kind of
surface layer of the bulk of the substrate,
which we conditionally called a "thin film".
The film thickness is taken as the thickness of
the surface layer / substrate interface, which
makes it possible to compare the results of ex-
perimental studies with models of physical me-
somechanics of heterogeneous media.

Measurements of the parameters of the
regular microrelief (RMR) of the film surface
make it possible to describe the kinetics of film
formation and growth and to estimate the total
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energy level of the film/substrate system with
the calculation of the critical values of the am-
plitude and wavelength of nonlinear film vibra-
tions at which their stability appears, providing
certain steady-state, independent from time to
time, the values of the amplitude and wave-
length of oscillations with the corresponding
formed profile of deformations on the surface
of the film.

The real conditions for curing the paint-
work (PVC) are a random process. In this re-
gard, the distribution of stresses and strains at
the film / substrate interface is naturally mod-
eled on the basis of a stochastic approach [49,
50]. The introduction of stochastics is due to
the fact that, within the framework of this ap-
proach, the elements of the medium of the
mesoscale level are considered, the physical
parameters of which (such as temperature,
pressure, elastic moduli) cannot be measured
“absolutely accurately”, as for objects of the
macrocosm. At the micro level, their own laws
operate, there it is impossible to unambiguous-
ly determine the parameters of physical ob-
jects, they can only be spoken of as intercon-
nected random variables. It should be noted
that the mesoscale level is a connecting and
directly determining link in the system of fac-
tors that affect the behavior of surfaces and
interfaces of a deformable solid.

Conclusion
It is shown that the contact of the cured

coating with the elastic base can be considered

as the interface of the surface layer in the form
of a thin film of paintwork varnish with the
bulk of the substrate material.

The loading of the substrate solid causes
the distribution of stresses and strains on the
outer surface of the film in the form of a
"checkerboard" effect. As a result, deformation
defects emerge on the surface and are not
pumped into the depth of the loaded specimen,
thereby retarding the development of defor-
mation macro-location in the specimen, caus-
ing a simultaneous increase in the strength and
plasticity of the specimen material.

The proposed method for assessing inter-
nal stresses based on measuring the parameters
of the regular microrelief (RMR) of the film
surface makes it possible to describe the kinet-
ics of film formation and determine the critical
values of the main characteristics of vibrations,
which can be used to reveal stability.

To calculate internal stresses and strains, a
stochastic approach was used, which takes into
account the peculiarities of the flow of the film
/ substrate interface at the meso- and mi-
croscale levels, caused by the uncontrollability
of external conditions affecting the properties
of the sample. The values of the shrinkage
stresses of the polyester urethane coating, cal-
culated by the proposed and cantilever meth-
ods, by the method of thickness difference, are
relatively the same (the difference does not
exceed ~20%) and are of the order of ~0.1E.
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