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THE POSSIBILITIES OF INCREASING THE RELIABILITY
AND DURABILITY OF A CYLINDRICAL GROUP BY
TECHNOLOGICAL METHODS

A.B. Ycos, M.B. Kyniyun. IlinBuIeHHs1 HafiliHOCTi pOGOYNX MOBEPXOHb IHJIMHIPOB T€XHOJIOTIYHHMH MeToJaMHu. Po3rmiHyTo
MOXKJIMBOCTI MiABUIICHHS HAAIHOCTI i JOBrOBIYHOCTI LMIIHAPHYIHOI IPYIH TEXHOJIOMTYHUMHU METOJaMH 30KpEMa BUKOPHCTAHHS TIOKPUTTIB
3 3HOCOCTIHKHX MaTepiaiB Ha poboyi moBepxHi mumiHApiB. DiHiNIHI MeToau 00pOOKH BUPOOIB 31 3HOCOCTIHKUMY MOKPUTTSIMH IIPU3BOSATE
JI0 YTBOpEHHS He(eKTiB Ha 0OpOOIIOBAaHMX IMOBEPXHSX, IO 3HIKYIOTh EKCIUTyaTaliifHi XapaKTepPHCTHKU LHX BHPOOIB. AHa3 NPUYHH
YTBOPEHHSI CKOJIIB Ta TPIIIUH Ha 0OPOOIIIOBAaHUX MOBEPXHSIX 3a3HAYCHUX BHPOOIB MOKA3aB, LIO MOsBA HX AC(PEKTIiB MOB'sI3aHa 3 TEIIOBUMHU
Iporecamy, sIKi CyIpoBODKYIOTE MeXaHiqHy 00poOKy. [Ipy oMy HEoOXiIHO BpaxoByBaTH BIUIUB CTPYKTYPHOI HEOTHOPITHOCTI 00pobiIio-
BaHOIO IIapy BHPOOIB Ha MEXaHi3M 3apOJDKEHHS 1 PO3BHTKY Je()eKTiB THITy TPIIUH I €0 TEPMOMEXaHIYHHX IIPOLECIB, IO CYIPOBO-
JOKYIOTh alMa3HO-a0pasuBHHI mpouec nuridysanss. Po3pobiieHo aHATITHYHY MOJENb [0 BH3HAYCHHIO TEPMOMEXaHIYHOTO CTaHy poboduoi
MOBEPXHI IWIIHAPA 3 3HOCOCTIMKUM ITOKPUTTSM, IO Ma€ MUITHKHA YaCcTKOBOTO BiIIapyBaHHS B Ipoleci HaHeceHHs. [IpoBeneHo Tpiboko-
po3iiiHe JOCIIPKEHHS KOMITO3ULIIHHNX MaTepianiB Ha 0ocHOBI Ni/Ni-TiO,, oTpEMaHIX METOZOM €JIEKTPOXIMIYHOIO OCA/KCHHSL.

Kniouosi cnosa: HamifiHICTh, NOBTOBIYHICTB, TPiOOKOPO3is. 3HOCOCTIMKICTh, BiLIAPYBaHHSI, TEPMOMEXAHIYHI MPOIIECH, aIMa3HO-
abpa3suBHa 00poOKa

A. Usov, M. Kunitsyn. The possibilities of increasing the reliability and durability of a cylindrical group by technological methods.
The possibilities of increasing the reliability and durability of a cylindrical group by technological methods, in particular, the use of coatings
from wear-resistant materials on the working surfaces of cylinders are considered. Finishing methods of processing products with wear-
resistant coatings lead to the formation of defects on the surfaces to be treated, which reduce the performance characteristics of these prod-
ucts. An analysis of the causes of the formation and cracking on the surfaces of these products showed that the appearance of these defects is
associated with the thermal processes accompanying the machining. In this case, it is necessary to take into account the influence of the
structural heterogeneity of the workpiece layer on the mechanism of nucleation and development of defects such as cracks under the influ-
ence of thermomechanical processes accompanying diamond-abrasive processing. An analytical model has been developed to determine the
thermomechanical state of the working surface of a cylinder with a wear-resistant coating that has areas of partial delamination during appli-
cation. Tribocorrosive studies of composite materials based on Ni/Ni-TiO, obtained by electrochemical deposition are carried out.

Keywords: reliability, durability, tribocorrosion, wear resistance, detachment, thermomechanical processes, diamond-abrasive
processing

Introduction. The analysis of studies in tribology showed that for the full life cycle of machines
the operating costs are several times higher than the costs for manufacturing of new equipment. In devel-
oped countries the loss of funds from friction and wear and tear reaches 4...5 % of national income [1].

Increasing the durability of machines is directly related to the wear resistance of machine parts.
Thus, increasing the wear resistance of machine parts is an actual direction of research. The durability
of many machines is determined by the wear resistance of parts having internal cylindrical surfaces
that operate under sliding friction conditions.

Analysis of research and publications. It is known that the task of increasing the wear re-
sistance of a particular product often does not involve a qualitative modification of the structural com-
position of the material used throughout its entirety, but is transferred to a modification of the surface
layer of the material, since the protection of the mating parts from wear is in some cases solved by sur-
face hardening. In the general case, surface hardening is understood as an increase in the hardness of
the working surface of the part, which makes it possible to increase the wear resistance [2, 3].

The increase in the mechanical characteristics of rubbing surfaces has been devoted to a large
number of works. As a result various ways of hardening have been proposed. Promising areas of de-
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velopment of surface-hardening technologies involve the use of new methods for obtaining wear-
resistant coatings, mainly using wear-resistant materials, i.e. Coatings based on compounds such as
oxides, nitrides and carbides. The formation of reinforcing coatings from dissimilar materials not only
leads to the modification of the surface layer, but also to the formation, in a number of cases, of a fun-
damentally new composite material of the surface layer possessing as high strength and sufficient duc-
tility as well as an increased wear resistance [3 — 6].

Purpose of work is investigation of thermo mechanical processes in coated products during their
processing and operation in order to determine the conditions for the formation of defects in the de-
tachment of coatings from the base material and their elimination, taking into account the physical and
mechanical state of the surface layer, the technological parameters of finishing and hereditary defects
that arise during the coating process.

When the piston moves in a cylinder having a non-roundness 6 (or Ra roughness) in the section
(—o; o), zones of partial coating peeling are formed on its working surface. These areas under the ac-
tion of shearing stresses can reach such values at which the coating peels off from the matrix of the
cylindrical surface.

Statement of the main material. We shall find at what parameters the delamination associated
with the roughness of the working surface of the cylinder and its geometrical error, as well as the
physical and mechanical properties of the coating and the material of the cylinder, the coating itself is
destroyed.

The calculation scheme for determining the stress-strain state of the cylinder-coating system is
given in Fig. 1.

— — — -— — — — —

—Trz

I N

Fig. 1. The calculation scheme for determining the stress-strain state: 1 — the cylinder body; 2 — the body
of the coating; 3 — areas of absence (exfoliation) of the coating

Shall we denote with U®, U®, U® displacements of cylinder coating system points towards
the respective cylindrical coordinate system (z, r, ¢). As under the influence of technological stress
adhesion t,, at the matrix-coating system (Fig. 1: 1, 2) the displacement U, (r, ¢) shall be nonzero,

the Lame equation can be written as:
. b @ofoud 1eu? 1Y
Oy =0 222 y2222 4 =2 =2 |-, 1
H T T T T @ )
Or U,(r,@)=W(r,9), 0<r<R,, —n<oe<mn theequation (1) reshaped as:
oW Tow 10w
o’ ror  r? o’

AW (r) = (2)

Boundary conditions:
T |z=R2= O, (3)
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Trz(R1_01 (p):’[rz(R1 +0, (p):—'[rz, |(P|SOL (4)
Defect conditions:
1), —a<p<a;
W(Rl—O,(P)—W(R1+O,(p):{ 0
) |(p|>oc.

Conditions of tangential stresses continuity at the cylinder-coating boundary:

oW oW
(R =0, 9)=G/|— » T2 (Ri+0,0) =G, | —

or =r—0 or =r+0’

W
6r r:R1+0

(5)

ow

ar r:Rl—O o2

w o
or '

Trz(Rl _Ov (p)_Trz(R1+09 (P):Gl

=G, <W'(R11 (P)>_(Gz -G))

Where from we get:

G, -G,

W(R, ¢)2hW' (R +0,¢), h=—=— (6)

Equations (1) — (6) constitute an antiplane problem for the cylinder-coating system based on the
type of delamination defect, which occurs due to the cylinder working surface roughness or its non-
roundness.

To solve the problem (1) — (6) we use the finite Fourier transform [7] at the variable ¢, defined
by the formulas:

W) == [ €W 0)d, Wir )= 3 e (r), )

o= WO, g)e " = ()W, (1)
2n °
Thus getting a monoparametric boundary rupture problem:
", ’ n2
L, [W, (r)]= rW,(r) +W,(r) —TWn(r)= 0. (8)

With boundary conditions:
W, (0)=A<o, W/(R,)=0, €)]
At defect conditions:
W, (R, —0)-W, (R, +0) <W,(R) > %, (10)

19 -
=— e "dy,
"= f x(w)e"dy

And conditions of tangential stresses continuity at the cylinder-coating boundary crossing:

W', (R) > hW' (R, +0). (11)
Discontinuous problem solution can be obtained as [7]
Ry 1
W,(r)= [ G(r, p)f(p)dp+ > W, (r), (12)
0 j=0

building a Green’s function G(r, p). Moreover, the Green's function itself for f(p) does not depend here
on (f(p)=0). Given self-adjointness of operator L, Green's function should be symmetric, i.e.
G(r, p)=G(p, r). This feature simplifies building the Green's function.

The required Green’s function for our problem shall be alike to:
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(" +RIp), Ty
2nR%"
G(r,p)= (13)

——o"(r"+R>"r™M), p<r.
2nRZan( ;1) p

We use the obtained Green’s function shape to build the discontinued problem solution (8) —
(11). The G(r, p) should conform to (4) — (5). Then the discontinuity problem can be written down as:

W, ()= [ G(r, p) f (p)dp+ RINW, (R, +0)G(r, R)) =x,G°*(r, R)L.

After the corresponding transformations, the last expression is written as:

1 rn(Rln"'Rzanfn)v r<mr
2nR7" |RM(r" +R2r™), R, <r

W, (=R, {hWn'(Rl +0)

e
2RZ"
R
ﬁ

(RM+R¥R"™), r<R, (14)

Xn
(r"+RIr "), r>R,

Checking the compliance to (10) and (11) conditions, we verify the correctness of solution W, (r)
built with the variable r=R;+0:

w,(R,+0)= — 14=1") ’ {&j | (15)

Xns ¥
h R
2R |1+ ———— 2
R1|: +2(1_y2n):|

Considering (15) for W.(R,+0) and respective transformations, the searched transpositions at
transformants W_ (r) will be written as:

1

[Lj (¢ ~D(h+1), r <R,
1 R
W, (r)= . .

W (&Jn L2n+l o
r R, ’ '

(16)

As W(r,e) and yx(p) are non-even ¢ functions, let we proceed with finite Furrier’s sin-
transformations: t(r, ¢)

s s T .
W, ()= W (r); Wy (r)= [W(r, g)sin(ng)do;
_ . (17)
I S. S — H
%o =—%ni %= [1(w)sin(ny)dy.
0
Using the reverse Furrier’s sin-transformation we get their original searched transformations [8]
and embodying with formula sin(n(p)sin(n\y)z%[cosn((p—\y)—cos n(e+y)] with i>=-1, the ex-

pression W (r, @) can get the form:
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5. 00= 51 | SN0 cesnlory) |,

[RLJ (" =1)(x+1), r<R, (18)

T

Now from the unfulfilled boundary conditions remain only the condition (5), describing the cyl-
inder material-to-coating adhesion. Let we satisfy that condition:

(R -0, ¢)= G{M

8r r=R1—O B
(19)

_(h+DG, | S~ COSN(@—wy)—cosn(e+y) o
n(y" -1 |[dy=-7
= j W) 2= (v =D |dv

In the last expression, we can evolve main and regular parts to define the unknown function
x (o) . To do this, let us introduce the expression:

d* | (h+1)G,
2 (2+h)’

TX(‘V){E cosn(p—y) cosn(e+ w)} .

2 n n (20)
(A+Dy™
+——(cosn(e+y)—cosn(e—wy))dy,
o Ay2n)n( (p+v) (p—y)dy
— Gz _Gl
G,-3G,
In the expression (20) z cosn(e— W) In ! [7] has a singular specific charac-
) n 2 2(1-cos(p—v))
ter. The rest is correct. We denote by R(¢, ) the regular part of (20):
(A+1)y™ : <p+w‘
, cosn(o+w)—cosn(p—wy)+Insin . 21
R(p, v)= nZ_;(HA " (o+v) (o-v) 5 (22)
In the notation adopted, we reach an mtegral-differential equation for the searched function (o).
d* | (x+1G, ¢ 1
— = +R(p—vy) |dy ;=-1,,. 22
e {an @) Jxw)| 3 2" et —uy RO |2V = (22)
21,1’ (h+2)

Denoting by f=- and transforming the singular part of the integro-differential

G,(h+D)

equation (22) to the form In——
o=l

dz ¢ 1
& | +R(g, y) |dy = f.
d(pzix(w){n((p_w) ( \v)} v

When integration limits [-a, o] transformed to [-1, 1] by replacing v =1a..
The unknown function y(ot) should be sought in the form [8, 9]:

we get:
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y(at)= i*/l_ (a1)’U,, (a7)C,,. (23)

where U, (at) — Chebyshev’s polynomials of 2™ order, C,, — unknown coefficients.

Applying the Chebyshev polynomials of orthogonality feature [7, 8], we get an infinite system of
algebraic equations respectively to the searched solution:

NnGan"'Zdnva: f,,n,m=1 00, (24)
m=1
where:
_ 1
" n2u,

f = CnBocj- UZ(at)d- (at)®)dr,

1
G,= -~ [UZ(ar)d- (ar)*)dt; N=U 2.
2n Y,

The system (24) get an approximate solution through reduction method, i.e. the (24) replaced
with a finite system of algebraic equations:

N
N.Gxn + D At = 1. N, m=0, N. (25)
m=0
Here
11
Ao = 0t [ (1= (01)* W, (01)R(ex, T) T, (26)
-1-1

In the problem under consideration, of essential practical interest is the stress intensity coefficient
(SIC) for delamination edges at =-a—0 and at p=a+0, i.e.

K, = lim R [2r(-a— ), (R, 9), (27)

—>—o—

<Gy = lim 220~ 0)1, (R., ). (28)
Or, due to substitution effected ¢ = ap’ and the symmetry those expressions will appear as:
Ky = lim ,/2na(¢l¢ o)1, (R, ap')
¢ >F1F0
At that, according to (19) and (20):
-(h+1)G, y

(R 00) = s e

(29)

X

dz ¢ 1
- J X(a1¢")| IN————+R(atq’, aty’) |dy.
do 2 [o"— ']
Due to its continuity, the regular part will not make any contribution to the SIC transformant, and
therefore it can be discarded. As a result, we get:
__(h+DG,
2na(2+h)

2 1
Ki= lim 2no(F1F (p')Ad—IZIX((X(p')m dy', A=
¢ >TIFO do'* <,

1
(p—v')
Replacing with (5) we get:
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K= lim 2rno(F1F @") x

¢ >FIF0
2 0 1
A CmNl—(w')zUm(w')ln%dW-
d(P m=1 -1 |(P _W |

For boundary transition we need for a spectral correlation [7] extending onto the interval |(p' |>1.
Using the formulas (27), (28), (30). We get:

AKE = /%Z(-l)“&/mﬂﬂ. (31)
m=1

(30)

Where ¥ =2""(m +1){m—+11F1(§+ m, m+2; §) —1F1(§+ m, m+1; lﬂ
m! 2 2 2 2
|(p'|>1; 2F, @+ m, m+1; %; @—Jrij — generalized hyper geometric function [8].
0 —

Using correlation of cylinders working area roughness with the value (—o, o) for coating delami-
nation area at different finishing operations: fine grinding, grinding finishing, polishing, we find the
dependence SIC K;; = f(a) (Fig. 2).

To do this, the formulas (31), (27), (24) using the set t,, strength values for adhesion of the coat-
ing to the cylindrical surface we find Ky, calculated values, depending on the detachment defect size
(o, o) at different values of working tool surface roughness (Fig. 2).

Analysis of calculated dependency (Fig. 3) indicates that with increasing roughness of the work
area the cylinder coating detachment area is increased due to friction against the piston surface.

This means that the coating destruction will occur even in the case where the process stress value
will exceed the cohesive strength t,.

K MPa 06R a, rad_
' 04 0.4Ra Finishing
m i
J—|< O s N VR 08 grinding
0.6 Polishing

0.4 finishing e Fine
grinding

01 02 03 orad T

02 04 06 08 1 Ramm

Fig. 2. SIC dependency onto detachment angle o. and Fig. 3. Influence of coated cylinder group processing
cylinder surface’s working area roughness Ra modes onto functional characteristics

At existing operational stresses within cylinder-coating system the initial detachment shall re-
main at the section (—o, o) Fig. 3 illustrates types and modes of cylinder surface processing providing
the required roughness to maintain the functionality of piston-cylinder group’s coating [9 — 15].

Results. To ensure the required reliability and durability of a cylindrical group with a coating, it
is necessary to ensure roughness when applying coatings on their working surfaces 0.8<Ra<1.2. This
roughness can be achieved by finishing grinding operations and subsequent finishing polishing. In this
case, the mathematical expectation of the detachment area M(a) will be within the capabilities of the
technological coating process, under which the equilibrium state of the peeling section will be pre-
served under the action of technological stresses. In the case where, due to the roughness of the work-
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ing surface of the cylinder, there is a system of areas of coating exfoliations from the cylinder matrix
(Fig. 4), it is possible to change the stress intensity factor Ky due to their mutual influence. The de-
pendence of the CIN on the relative distance between the peel areas is shown on Fig. 4.

Dependency between SIC and the relative distance between delamination sections is shown in
Fig. 4. With increasing distance d the 2a./d coefficient decreases and the intensity of the stresses can
reach essential values without trespassing the balanced state.

In the case when due to the roughness of the working surface of the cylinder, there is a system of
areas of coating exfoliations from the cylinder matrix (Fig. 5), it is possible to change the stress inten-
sity factor Ky;; due to their mutual influence and operating conditions [16].

0.9
05
0.6 =1~
/%5
0.3 % 3
0 0.3 0.6 20/
Fig. 4. Dependency of SIC Kv/z Na at longitudinal Fig. 5. Calculation scheme for researching the
displacement reciprocal influence between detachment areas and

stress intensity KV

To confirm the analytical model, tribocorrosive studies of composite materials based on Ni/Ni-
TiO,, obtained by electrochemical deposition (Fig. 5 and Fig. 4) were carried out [16].

After tribocorrosive studies of Ni/Ni-TiO, materials, it was determined that for Ni coating, an in-
crease in the depth and width of the cracks is noticeable, depending on the increase in load with con-
stant exposure time. At the same time, the profile of cracks for the coating of Ni-TiO, with increasing
load and constant time does not change. In this connection, it is possible to single out the positive ef-
fect of TiO, particles in the coating, which increase the protective functions of the coating from me-
chanical abrasion, while the load for Ni-TiO, ceases to play such a significant role.

b d

Fig. 6. Investigation of composite materials based on Ni/Ni-TiO, in a scanning electron microscope:
breaking the coating (a), TiO2 particles (b), measuring the particle diameter (c), measuring the thickness
of the coating (d)

Conclusions: We elaborated the analytical model for determining the thermal-mechanical condi-
tion of a wear proof-coated cylinder’s working surface at includes areas of partial detachment while
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coating. Tribocorrosive studies of composite materials based on Ni/Ni-TiO, obtained by electrochemi-
cal deposition were carried out.
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