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Abstract. A comprehensive approach to the technological wear resistance of
parts is based, on the one hand, on the assessment of quality indicators of parts
that characterize their geometric shape, surface layer quality, and volumetric prop-
erties, depending on technological factors, and, on the other hand, on performance
characteristics: contact stiffness, corrosion resistance of parts depending on their
quality indicators. In order to do this, considering the mutual influence of qual-
ity indicators, changes in one indicator depending on another and changes in the
second indicator depending on the first, which are manifested in the same techno-
logical transition, such effects significantly affect the values of quality indicators,
especially in the manufacture of precision details. A method for estimating the
contact interaction of friction plunger pairs is proposed, which considers micro-
geometric parameters and physical and mechanical properties of the surface layer
of conjugate parts based on the theory of the elliptical shape of the microprojec-
tions of the surface layer. Modeling the process of contact interaction of coaxial
sliding contact of two surfaces, in the form of contact of a cylindrical plunger
and a sleeve with equivalent values of parameters of roughness, undulation, and
macrodeviations is given. As a result of the comparison of calculated and actual
values of wear resistance parameters, the suitability of this approach for modeling
of processes of contact interaction of friction surfaces is confirmed. The results
confirming the adequacy of the offered model are presented.

Keywords: Wear resistance · Roughness · Waviness · Modeling · Tangential
surfaces · Plunger pair · Contour area

1 Introduction

The element of fuel supply regulation in gas turbine engines is a plunger pair, consisting
of two parts: a spool and a bushing (Fig. 1). The operation period of the whole unit
depends on the quality of operation of this unit because due to the increase in fuel
supply to the system increases fuel consumption, temperature load increases, which
causes accelerated wear of the unit and repair work. The service life of the plunger
assembly depends on the wear resistance of the spool and the sleeve.
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Fig. 1. Fuel supply plunger: 1 – bushing; 2 – valve.

Details of this pair in 80–85%of failure are due to their intensivewear. Due to the lack
of durability of parts, there is an economically unjustified, high level of scheduled works
[1–3]. The characteristics of cylindrical plunger pairs depend on the type of contact
interaction of the conjugate surfaces of the parts, vibrational operating conditions [4],
and the quality of their surface layer [5, 6]. A significant number of models are known for
analyzing and evaluating frictional interaction, but the vast majority of existing models
are adequate only for planar surfaces. Thus, research and development of models for
cylindrical conjugate surfaces of parts is an urgent task.

2 Literature Review

During the wear of the tangent elements of the friction units, their shape is subject to
specific changes [7]. These changes lead to so-called forms of “natural” wear [8, 9].
Approaching the configuration of the worn part to the one that occurs or to which the
part of the friction unit tends allows to reduce the running-in period and significantly
increase the service life in the mode of the established wear process [10]. The general
approach to choosing rational forms of wearing parts with curved surfaces is considered
to ensure minimum friction power and wear speed in the direction of convergence of the
mating parts (for plunger pairs to which axial force and reciprocatingmotion are applied)
[11, 12]. Due to the presence of undulation and roughness on the tangential surfaces,
the contact of conjugate bodies is discrete; so, the contact zones should be considered
according to the law of distribution of contact pressure [13]. Therefore, the model of
surface layer roughness can be represented by a set of elliptical protrusions, and theymust
be described by parameters that characterize their geometric shape [14, 15]. Therefore,
it is advisable to use a methodological approach to determine the statistical tests of
the characteristics of the contact interaction of tangential surfaces: geometric, nominal,
contour, actual contact areas; convergence of conjugate surfaces; pressure distribution
along their surfaces; wear rate of tangential surfaces.
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3 Research Methodology

The object of the study was a pair operating in the conditions of ultimate friction: Rd -
0.8MPa; vd - 0.9 m/s; oil - 5W20. Thematerial of conjugated parts - steel X102CrMo17,
hardness HRC = 58…60. Wear tests were performed on the machine VNIPP - 542
according to the scheme of friction of the plunger pair. Initially, two series of specimens
with different hardness and five samples in each series were examined. All samples were
finally processed by round grinding (vcr - 30 m/s; vd - 25 m/min; spr = 0.03 mm/rev; t
= 0.02 mm).

For simplifying and visualize the result, it is necessary to choose a model of a sin-
gle protrusion from a number of elementary geometric figures. At the beginning of the
study, models of elementary surfaces with irregularities in spherical segments, rods,
pyramids, ellipsoids were selected. The spherical, cylindrical, and ellipsoidal models
most completely satisfy all conditions from the offered variants of forms of inequalities.
The spherical model contains the error of changing the radius of curvature in the longi-
tudinal and transverse directions, which are equivalent to the radius of rounding [8, 16].
The cylindrical model assumes the average size of the actual contact zone when the load
changes, which contradicts the obtained experimental data [10, 17].

The ellipsoidalmodel is themost adequate for those surfaces, the technology of shap-
ing connected with cutting and grinding. The analysis of these models allows claiming
that when calculating the contact area. The results of the rodmodel differ from the results
of the ellipsoidal model by 25–30%. The calculations of the spherical model from the
ellipsoidal one by 10–15%. So the ellipsoidal model is chosen.

4 Results

The simulation of the contact interaction process is performed on the example of coax-
iality sliding contact of two surfaces of rotation, in the form of contact of a cylindrical
plunger and a sleeve with equivalent values of roughness parameters, undulation, and
macro deviations. This takes into account the elastic deformations of tangent bodies, as
well as elastic-plastic deformations of micro-irregularities.

In the process of modeling the geometric contact, an elementary section of the
surface located along the plane in cross-section forming through its center is considered.
Assuming that the contact interaction occurs similarly on the whole conjugate surface,
therefore, a scale factor was introduced:

KO = 400A/(π R p Smw tmw) (1)

whereA is the geometric area of the contact;R the radius of the tangent spheres;Smw, tmw
- undulation parameters; p is the ratio of the lengths of the sides of elliptical paraboloids.

The nominal contact area is determined from the assumption that one of the spheres
has the total value of macro deviations Hmax and acquires the shape of an ellipsoid due
to their presence, the major half-axis of which is the contact angle equal to 0 or 90° in the
polar coordinate system (Fig. 1). If it is assumed that the total value of macro deviations
was small in comparison with the value of the radius R, then (from Fig. 2) it is obtained:



An Increase in Wear Resistance Frictional Contact of Functional Surfaces 87

Fig. 2. Contact of tangential surfaces in the presence ofmacro deviations: 1, 2 - tangent cylindrical
surfaces of plunger pair; AB, AB′ - areas of the contact surface; R the radius of the sphere; β, β1,
β2 - angles that define the areas of the contact surface.

In the areas of the nominal contact area, there is roughness and undulation, the
model of which is a set of deformed under load elliptical paraboloids of the 2nd order,
the vertices of which have a particular distribution law (Fig. 3).

Fig. 3. The scheme of contact of cylindrical surfaces at β ∈ [0; β] 1, 2 - tangential surfaces
of friction; yw - the convergence of contact surfaces; xw the cross-sectional level of the surface
model; N - external load; αiw - zone of nominal contact area; αmax - contact area; R - radius of the
sphere; yw - the magnitude of the approximation of the tangent surfaces; xw - the cross-sectional
level of the surface model; Npic - the reaction of elementary inequality; Nic - the reaction of the
elementary plane; hiw - the height of the protrusion of the model of the wavy surface; Lw - the
average step on the vertices of the local protrusions of the undulation.

For this model, the slice obtained from the cross-section of the functional profile
with a plane perpendicular to the middle plane are parables of the 2nd order, and the
plane parallel to the middle plane are ellipses (Fig. 4). The expression characterizes the
cross-sectional area of the i-th paraboloid at the level of xw:
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Fig. 4. The shape of the protrusions of the surface model: 1, 2 - tangential friction surfaces; pw,
p

′
w - the length of the transverse half-axes of the ellipses at the level of the middle plane and the
level of the section xw, respectively; hiw is the height of the i-th protrusion of the wavy surface
model; Wmax - the maximum height of the undulation profile.

Piw = pπp2w
(hiw − xw)

hiw
, (2)

where pw = Smw tmw
200 .

The law of distribution of heights of protrusions of paraboloids is defined from a
condition of equality of relative basic planes of a profile of the actual surface and model.
A function of the density distribution of the heights of the protrusions in the form of a
function:

f (hw) = λe−λ(hw−Wmax/2), (3)

where λ is the distribution parameter.
By changing the values of the height of the undulation hw ∈ [Wmax/2; Wmax]

(Fig. 5a) we obtain:

f (hw) =
{

λ exp(−λ[hw − Wmax/2]); Wmax/2 ≤ hw ≤ Wmax;
0; hw ≤ Wmax/2, hw > Wmax.

(4)

The function of distribution of heights of ledges (Fig. 5b) will look like:

F(hw) =
∫

(hw) dhw, (5)

and considering (3) and the limit values of hw:

F(hw) =
⎧⎨
⎩
0; hw ≤ Wmax/2;
1 − exp(−λ[hw − Wmax/2]); Wmax/2 ≤ hw ≤ Wmax;
1; hw > Wmax.

(6)
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Fig. 5. The density of distribution of heights of ledges of themodel (a), the function of distribution
of ledges of a model (b).

The value of the height of the protrusions will be determined by solving the equation
F(ξ) = η, where η is a random variable evenly distributed on the segment [0; 1], which
is the region of change of the function F(hw). The random variable ξ has a distribution
density similar to f (hw).

Then:

η = 1 − exp(−λ[ξ − Wmax/2]). (7)

From Eq. (7) we obtain:

ξ = Wmax(0,5 − ln(1 − η)/λ). (8)

hiw =
⎧⎨
⎩
Wmax/2; η = 0;
Wmax(0,5 − ln(1 − η)/λ); 0 < 1 < exp(−λWmax/2);
Wmax; 1 − exp(−λWmax/2) ≤ η ≤ 1.

(9)

The distribution parameter λ affects the form of the curve f (hw) and is determined based
on the equality of the relative reference areas of the profile of the actual surface tp(xw)
and model P̃w(xw) at the level of intersection xw, during the solution of the equation:

Zmin =
Wmax∫

Wmax /2

[
P̃w(xw) − tp(xw)

]2
dxw. (10)

After integration (10) it is obtained the value of λ, which is determined from the equation:

0,024λ3 + 0,6bw
(
2vw+2 − 1

)
(vw + 2)2vw+2 + bw

(
1 − 2vw+2

)
(vw + 2)2vw+2 + 1, 38bw

(
2vw+2 − 1

)
(vw + 2)2vw+2 = 0. (11)

When the surface configuration is known, the contour area of the contact can be found.
The position of the vertices of the protrusions of the model will be determined by the
step between the vertices of paraboloids equal to the average step along the vertices of
the local protrusions of the undulation Lw (Fig. 3).

�aw = arcsin[Lw/2R] (12)
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Assuming that the contour contact area is modeled on the nominal areas bounded by the
angle β (Fig. 2), the position of the i-th vertex of the paraboloid will be determined:

in the case of (a)

⎧⎨
⎩

αiw ∈ [0; β],
αiw = �αw,

αiw = α(i−1)w + 2�αw;
(13)

in the case of (b)

⎧⎨
⎩

αiw ∈ [β1; β2],
αiw = β1 + �αw,

αiw = α(i−1)w + 2�αw;
(14)

The cross-sectional area of the i-th paraboloid for areas of the contour area of contact,
limited (13) and (14), taking into account the elastic deformation of the protrusions:

Pic = pπp2w

(
hiw − xw − yel.w

hiw

)
, (15)

where the magnitude of the elastic deformations is equal to:

yel.w = (1 − μ)ckσTPiw/(πE). (16)

The reaction of each speech:

Nic = ckσTPiw

(
1 + f 2

)0,5
cosαiw, (17)

where f is the coefficient of friction.
The surface roughness is modeled in the areas of the contour contact area, similar

to the method of modeling the undulation. To do this, in the expressions (1)–(12) it is
necessary to replace the values of Ko, Smw, tmw, Piw, pw, hiw, xw,Wmax, hw, λ, P̃w, bw,
vw, �αw, Lw by the values of Kor , Sm, tm, Pirj, pr , hijr , xr , Rmax, hr , λr , P̃r , b, v, �αr ,
S, respectively.

The actual contact area, the rough surface, will be determined as follows: the position
of the vertices of the protrusions of the model will be determined by the step between
the vertices of the paraboloids, equal to the average step on the vertices of the local
protrusions of the roughness:

�αr = arcsin [S/2R]. (18)

Considering that the actual contact area is modeled at the contour sections, at the
intersections of paraboloids that came into contact when modeling a wavy surface (for
which hiw > xw + yel.w), the position of the ij-th vertex of the paraboloid when modeling
a rough surface (Fig. 6):
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Fig. 6. Surface modeling area on the protrusions of the undulation: CC′ - the area of the actual
contact area.

⎧⎨
⎩

αirj ∈ [αira; αirb],
αirj = αira + �αr,

αira = αir(j−1) + 2�αr,

(19)

where αira = αiw − δαir; αirb = αiw + δαir; δαir = arctg

[ (
pw(hiw−xw)0,5

)
{(R−xw)(Wmax/2)}0.5

]
.

The cross-sectional area of the ij-th paraboloid for areas of the actual contact area,
limited (19), taking into account the elastic deformations of the protrusions, is equal to:

Pijr = pπp2w
(
hijr − xr − yel.r

)
/hijr, (20)

where the magnitude of the elastic deformations is equal to:

yel.r =
(
1 − μ2

)
ckσTPirj/(πE). (21)

The reaction of each protrusion of the surface roughness is equal to:

Nijr = ckσTPirj

(
1 + f 2

)0,5
cosαirj. (22)

During the wear of the tangent elements of the friction units, their shape changes.
They lead to so-called forms of “natural” wear (Fig. 6). Approaching the configuration
of the worn part to the one that occurs or to which the part of the friction unit tends
reduces the running-in period and significantly increases the service life in the mode of
the established wear process.

For ensuring parameter identification [18] for contact interaction between friction
surfaces, the statistical approach [19] can be applied. However, the following algorithm
for the developed models of the contact interaction process consisting of seven points is
proposed:
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1. The input of source data, geometric parameters of conjugate parts; quality parameters
of their surface layers; required friction steam performance;

2. Determination of geometric contact using expression (1);
3. Finding the nominal contact area for the two contact options: (a) β ∈ [0; β]; (b) β ∈

[β1; β2];
4. Determination of the contour area of contact in the nominal areas.

The position of the vertices for paraboloids is calculated by (12)–(14). The height
distribution of the protrusions is determined from (9) and (11).

Due to the level of the cross-section xw ∈ [Wmax/2; Wmax] (Fig. 3), the value of the
convergence yw. It estimates the performance of the inequality:

|(Ko�Nic − N )/N | ≤ ε, (23)

where N is the external load.
In this case, the micro-inequalities that came into contact (hiw > xw + yel.w) are

considered. Execution of Eq. (23) indicates the found value of convergence, at which
the formed contour contact area can withstand external loads.

5. Determine the actual contact area in the contour areas. For the paraboloids of a
wavy surface which have come into contact (hiw > xw + yel.w value xw is defined
at the performance of inequality (23)), the position of vertices of paraboloids for a
rough surface on (18), (19) and distribution of heights of ledges according to (9),
(11) from taking into account the substitution in the data of the expressions of the
corresponding roughness parameters. The value of convergence yr , determined by
the level of the section, is given xr ∈ [Rmax/2; Rmax], and the fulfillment of the
inequality is estimated: ∣∣(Kor�Nijr − N

)
/N

∣∣ ≤ ε, (24)

In this case, the zones that came into contact are considered, for which hijr > xr +
yel.r . Execution of inequality (24) indicates that the found value of the convergence at
which the actual contact area was formed can withstand external loads.

6. Distribution of contour pressures along the generating surface. Under the action of
the load, there is not only plastic deformation of the vertices of individual protrusions
but also elastic immersion of the zone of plastic deformations in the base metal. In
the process of plastic deformation, the pressure is constant and equal to kHμ0. For
elastic deformation of the protrusions forming the contact area in the form of an
ellipse, the contour pressure along the generating surface is determined by:

qc(α) = 0,3Ke(�KW yr)
0,5I−1 cosαi, (25)

where the elastic constant I =
(
1−μ2

1

)
(πE1)

+
(
1−μ2

2

)
(πE2)

; the amount of the m’ain curvature

�KW = 1
ρw tran.

+ 1
ρw long.

; rounding radius ρw tran., ρw long.; Kc – convergence factor:

yr = Rmax/2 − xr − yel. r, (26)

7. Calculation of the wear rate of conjugate surfaces according to the wear model:
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5 Conclusions

A comparison of calculated and actual wear resistance parameters confirmed the reli-
ability of this approach for modeling the processes of contact interaction of conjugate
cylindrical friction surfaces.

Knowing the regulated values of the wear resistance of the conjugate pair and using
the model of contact interaction, it is possible to find the values of the parameters k and
Cx, which are necessary to ensure the required wear resistance. It is not necessary to
perform field tests. Depending on the regulated values of the surface layer hardening
coefficients k and the parameter Cx, the choice of technological methods and modes of
machining is made. Each of these technological methods of processing has its character-
istics and areas of application, characterized by certain factors that determine the process
of forming the quality parameters of the treated surfaces of parts. Each of the factors
is characterized by its quantitative and qualitative characteristics: regulated height and
step parameters of irregularities, the degree and depth of hardening, magnitude, sign,
and depth of residual stresses. The proposed approach allows by performing statistical
tests on simulation models to perform a scientifically rational choice of technological
methods and processing modes.

It is planned to check the simulation results by performing technological operations
on prototypes, taking into account the recommendations for selecting technological
operations and modes.
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