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Abstract

Tribology concentrates on wear, lubrication, and friction of interacting surface in relative motion.
Wear, which is'the.major reason of material dissipation, evolves in three separete stages: sever wear,
steady-state, and running-in. Running-in has an important role in loss of material performance and this
process inducts thesprogress of the key tribological parameters. Hence, running-in behavior of a
tribocomponent experiencing point contact in mixed lubrication regime is inquired both experimentally
and theoretically. Thetransient the coefficient of the wear pending the running-in is predicted by using
the continuum damage mechanics approach. Predictions involve the use of the load-sharing
implication, taking into account the contribution of the asperities and the lubricant. The experimental
work entails a dynasties of pin-on-disk tests. Comparisons of the theoretical prediction and
experimental tests of friction coefficient and wear coefficient are found to be in good agreement. In
cases in which continuum'damage mechanics— which computes the possibility that an asperity creates
a wear particle and uses this data.to infer'an phrase for the coefficient of the wear— can forestall the
volume of the wear with an errar of less than 30%.

Keywords: Running-in; mixed lubrication; point contact; surface roughness; continuum damage
mechanics (CDM).

Nomenclature

Symbol Description Symbol Description

A Area of contact, (m?) S Sliding distance, (m)

Gy Specific heat capacity, (J/kg.K) v Sliding speed, (m/s)

D, Damage v Dimensionless speed
D, Critical damage Vit Wear, volume, (m®)

D,,D,  Contact diameter in x and y direction, (m) Zy, Pressure-viscosity index
E Modulus of elasticity (undamaged), (Pa) Ay Pressure-viscosity coefficient, (m?/N)
L The ratio of total load to the load on the
Ep Modulus of elasticity (damaged), (Pa) Y1, V2 fluid film a8 roughness
. . Agy,, A&y, Initialgfinal plastic, and threshold

E; Cyclic hardening exponent Neyy, stram in _thiycle

F) Hydrodynamic friction force Aoy, A0y, Initial, final plastic, and threshold
Frr  Roughness friction force Aay,, stress in'l:th cycle, (Pa)

F Applied load to the fluid film, (N) Viscosity at albient ¢ . b

E, Applied load to the surface, (N) Mo Iscosity at ambient temperatdre (Pa.s)
E, Dimensionless load 40100 Oil viscosity at 40 and’100"C, (Pa.s)
Fp Applied load to the surface roughness, (N) m Fluid speed, (Pa.s)

G, Dimensionless material number Ay Finite shear stress coefficient

h, Centeral film thickness, (m) u Friction coefficient

h. Dimensionless centeral film thickness v Poisson’s ratio

h, Film thickness, (m) o Fluid density, (kg/m®)

h, Dimensionless film thickness o Failure stress, (Pa)

hr Mean gap distance two surfaces, (m) Omax> Omin ?’f/la;(f; )mum and minimum normal stress,
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K, Wear friction 0q Surface roughness, (m)

K, Elliptical parameter 0q Dimensionless surface roughness

l, The number of cycles T, Limiting shear stress, (Pa)

M, Cyclic hardening modulus, (Pa) T Finite shear stress

Pm Material flow pressure (Hardness), (Pa) Dy, Dy, Factor of the pressure flow in the x, y
Pm Dimensionless hardness direction

P, Average pressure, (Pa)

R Effective radius of curvature, (m)

Sty Fatigue limit, (Pa)

1. Introduction

Running-in isscommonly referred to as the process during which the interfacial characteristics of two
mating surfaces in sliding contact experience time-dependent variation. It occurs during the initial
operation of tribocomponents, when the surfaces are pristine. During running-in, the lubricant film
thickness, wear coefficient, and-friction coefficient experience drastic and time-dependent change. As
the running-in course progresses, the component of the load carried by the roughnesses reduces
provided, simultaneously, the lubricant’becomes more active in carrying the load.

Fig. 1 shows a typical Stribeck curve with three different lubrication regimes. The horizontal axis is the
Hersey number, a function of the'lubricant viscosity, speed, and load. The running-in period affects the
Stribeck curve since many surface asperities deform and detach and create wear particles [1]. This
polishing action associated with the asperities of the surface predominantly occurs in the mixed
lubrication regime.
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Fig. 1 Different lubrication regimes (Stribeck curve) (reproduced from [2])

In the mixed lubrication regime, the total load is carried by the lubricant film as well as the asperities

[3]:
, ()
In Eq. 1, E, is the total load, F; is the load carried by the lubricant layer, and Fy is the load carried by

roughness. The scaling factors and express the ratio of the total load to the load carried
by the roughness and fluid film, respectively.
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In 1991, Hu et al. [4] studied the dynamic behavior of a lubricated sliding wear system during running-
in. Later, Lugt et al. [5] investigated the effect of roughness of the surface on the lubricant layer build-
up capability, the friction specifications of surfaces of the rolling bearing, and running-in in mixed
lubrication regime. Horng et al. [6] evaluated wear in lubricated contact and investigated the critical
local temperature and frictional energy. They showed that friction power intensity directly correlates to
the surface asperity height and roughness pattern. They also investigated factors influencing the wear
resistance-of rough surfaces, including specific film thickness, surface pitting, frictional heating, and
contact temperature [7]. Nogueira et al. [8] proposed a model for anticipating the coefficient of the
friction in the mixed lubrication regime during running-in. Horng et al. [9] investigated the contact
parameters between mating surfaces during the running-in process and showed that contact width and
real contact area substantially increased during the running-in process. Akbarzadeh and Khonsari [10-
12] studied the effect ofioperating manners such as initial roughness, speed, and applied load pending
running-in on EHL line/contact and observed that corresponding to each applied load, there exists a
value for sliding speed that results in a minimum arithmetic average of asperity heights at the end of
the running-in period. Sudeep et al. [13] studied performance of wear, contact fatigue, lubrication,
vibration, friction, and‘hoise of lubricated rolling/sliding centralized contacts in attendance of textures
of the surface.

Subsequently, Mehdizadehuet al. [14].€xperimentally investigated the effect of initial surface roughness,
running-in speed, and running-indoad on weight loss and steady-state friction coefficient. Akbarzadeh
et al. [15] conducted multiple tests to check the effects of nanoparticles on the running-in operating
conditions and showed that copper and zinc oxide show the foremost efficiency compared to the other
lubricants, which reduces the friction coefficientand weight loss up to about 50 %.

Albers and Reichert [16] applied a finite‘element approach in conjunction with the Archard law to
investigate the effect of the roughness of the surface'and'manufacturing process on the running-in wear
depth in the mixed-lubrication regime. Akchurin etqal. [17] developed a model based on a critical Von
Mises stress and a geometrical boundary condition.to“predict the formation of wear particles and
running-in behavior in the mixed lubricated contact. Zhang'et al. [18] proposed a numerical approach
for predicting the evolutions of wear profiles during running-in under mixed lubrication conditions. The
results showed that the operating condition in which small wear particles are detached from the
contacting surfaces helps decrease the wear rate and friction coefficient and.leads to better steady-state
performance.

Kragelskii [19] postulated that the formation of a wear particle is an outcome of'the fatigue process and
that the coefficient of the wear is relevant to the number of cycles ‘needed toform,a wear particle.
Bhattacharya and Ellingwood [20] developed a model on the basis of the continuum damage mechanics
(CDM) wherein the damage parameter was computed in every cycle under fatigue leading. In this
project, a numerical model is presented to consider the effect of surface roughness in point-contact mix
lubrication in during running-in. Similar to the authors’ approach for the behavior of unlubricated
contact during the steady-state and running-in period. Beheshti and Khonsari [21] ‘and Ghatrehsamani
and Akbarzadeh [22] used CDM method for predicting the coefficient of the wear for dry contact during
steady-state. Beheshti and Khonsari [23] and Samadani and Akbarzadeh [24] used this procedure to
forestall the wear coefficient for elastohydrodynamic lubricated contact during steady-state.
Ghatrehsamani et al. [25-27] studied the behavior of unlubricated contact during the running-in period.
They predicted friction coefficient, wear rate, and wear coefficient by applying CDM model and
experimentally investigated the relation between wear particle size and subsurface stresses in dry sliding
contacts. They showed that there is a correlation between the size of the individual particles and the
location where the maximum subsurface shear stress occurs. Following that, Salehi et al. [28, 29]
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developed the applicability of the CDM method for distinguishing wear coefficient in variable loading
and speeds.

Nanofluids (NFs) are a new topic of fluids that are used in many industrial applications [30]. In the last
twordecades, the research on nanotechnology has grown significantly, researchers have conducted a lot
of research on this subject in different fields and their irreplaceable role in equipment, lubrication, and
heat transfer are significant. Among others, Hemmat Esfe et al. [31-33] investigated the rheological
behaviour of hybrid nano lubricants (HNLs) with different composition ratios in a base oil. The goal of
the comparison is determined the HNL with the best lubrication performance at the start of the vehicle
and the experimental results of this study introduced the optimal nano polishing to the craft. Also they
have.evaluated [34])four different models (2FI, quadratic, cubic, and quartic models) for the behaviour
of hybrid'nanoifluid (HNF) based on SAE40 oil using response surface methodology (RSM). Statistical
findings show that.the quartic model has double accuracy in presenting the HNF properties compared
to other models: Viscosity of NF gradually decreases with the increase in temperature and gradually
increases with the increase in SVF [35].

During running-in, the wear and friction between two rough surfaces substantially change. Therefore,
initial surface roughness and lubricant between contact surfaces play an important role in decreasing
surface damage during running=in. The.current work aims to predict the wear coefficient with CDM
method in the mixed lubricated contact during running-in on the basis of the load-sharing implication.
Finally, the anticipated results are checked with the experimental results designed in during running-in
to demonstrate the efficiency of the present procedure.

2. Theory

This part presents the formulation which”is used to predict the friction coefficient and the wear
coefficient.

2.1 Friction coefficient

The pressure distribution for the mixed lubricated point contact is governed by the modified Reynolds
equation given below (Eq. 2) [36]:

&)

where h; is the film thickness equal to the distance between the midline height of the roughness of the
two surfaces (m), n; is the fluid viscosity (Pa.s), p; is the fluid density (kg/m3);v is the sliding velocity
(m/s), @ is the pressure flow factor in the x direction, @,, is pressure~flow factor in, the y direction

, P, is average pressure (Pa), and hy is the mean gap between the two surfaces (m).

Masjedi and Khonsari [37] developed formulas for predicting the layer thickness of lubricant and
roughness load proportion for mixed lubrication point contact by solving the governing equations for
various input data. These formulas are functions of dimensionless parameters of k,,, Gy E,,and v. Thus,
a general form of film thickness has been chosen for performing the regression analysis(Eg. 3):

©)
where ¢; to ¢g and m; to m; are known constants (dimensionless) to be determined and<these
dimensionless parameters are dimensionless film thickness where h; is film thickness (m),
elliptical parameter where D, and D, contact diameter in x and y direction (m),
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dimensionless load where F, is applied load to the surface (N), E is modulus of elasticity

(Pa), and R is effective radius of curvature (m), dimensionless speed where v is sliding
speed (m/s) and 7, is vicosity at ambient temperature (Pa.s), dimensionless hardness where
pm IS material flow pressure (Hardness) (Pa), dimensionless material number where agy; is
pressure-viscosity coefficient (m?/N), and dimensionless surface roughness where oy is

surface roughness (m).

To compute the'friction coefficient, it is necessary to compute the thickness of the centeral layer of the
lubricant and roughness load proportion. In Eqg. 3, limited area of input parameters selected for

simulation are
After analyzingtheresults of about a hundred simulations, the input limited area is shown. For example,
some results are shown in Table 1. To obtain each curve-fit equation, a suitable shape must be

considered. The best curve=fit equations for the dimensionless central layer thickness are gained as Eq.
4 [37].

Table. 1 Results of the curve-fit.equation for the dimensionless central film thickness and the simulation

Input h, Error
0q G, F, Pm v Simulation Curve-fit ,
(x 1075) (x 10%) (x1107%) (x1072) (x 10711) (x 1075) (x 1075) /o
0<g,<5 4.5 1 1 1 17<h,<26 | 1.7<h <25 02<E<53
2 25<G, <75 1 1 1 22<h.<26 | 21<h <24 40<E<57
2 4.5 25<F, <75 1 1 16<h <27 | 14<h <26 11<E<49
2 4.5 1 0.5 <P, <3 1 23<h.<25 | 02<h <31 05<E<06
2 4.5 1 1 0L<V<10 | 34<h <90 | 34<h <91 08<E<74
*)

Considering surface roughness, the relationship between the central film thickness (Eq. 5) as well as
the roughness load proportion, L, is gained as Eg. 6 [37].

)
(6)
The load endured by asperities is resolved using the following (Eg. 7) [3]:

(7)

Also, the total friction force (Eq. 8) is the sum of the two components of the asperity frictionforce Fgx
and hydrodynamic friction force Fr ;. Therefore, the total friction coefficient for the lubricated eontact
is calculated from Eqg. 9 [37].
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9)
where Pa.s
where (10)
(11)

In these relationships t;, issthe limiting shear stress, A, is the limiting shear stress coefficient, n, is the
viscosity at ambient temperature, A is'the area of contact, and Z,, is the pressure-viscosity index, which
can also be calculated from Egs"10 and 11. n4, and ny0, are the oil viscosities at 40 and 100 ° C,
respectively [38].

2.2 Wear coefficient

The wear volume is predicted using the Archard equation (Eq. 12) [39]. In this equation, C, is the
specific heat capacity, S; is the sliding distance, E-isthe'applied load, K; is the coefficient of the wear,
and V,,; is the volume of the wear. Also Kragelskii<[19] demonstrated that the coefficient of the wear

(K;) is relevant to the number of cycles needed (I.) to form a wear particle
(12)

In the CDM procedure, fracture occurs when the accumulated damage (Dj) reaches the critical damage
value (D). During each cycle, additional damage occurs inside thesmaterial. The damage parameter

can be quantified by in which the modulus of elasticity. for the /damaged material is

and the modulus of elasticity for the undamaged material ‘is . EQ..13 gives the
hysteresis loop for isotropic damage growth in a deformed object Dy,

if @3)

otherwise , Where , E; represents the cyclic
hardening exponent, M, is the cyclic hardening modulus, S; is the fatigue limit, and of denotes the true

failure stress. Damage caused after [, cycles is equal to Eq. 14:
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(14)

where « illustrates material properties and the loading conditions. Considering the controlled strain
cycle the strain range, remains stable. Accordingly, the maximum nominal stress

range, remains stable, and is obtained in terms of and the other plastic
strain ranges used in Eq. 15.

(15)

where

The number of cycles; [, , needed for. the damage parameter to attain its critical value and the unloading
part of the hysteresis loop are schematically displayed in Fig. 2. Similar to fretting fatigue, these cracks

are imputed to the frictional, force..Consequently, shear stress is computed using and then
the coefficient of the wear and the rate of wear can be predicted. Also, the flowchart of the solution is

shown in Fig. 3.
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Fig. 2 The solution algorithm of prediction in lubricated contact during the running-in (reproduced from [26])
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Fig. 3 The solution algorithm of prediction in lubricated contact during the running-in
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3. Experimental setup

This part renders the experimental manner for investigating the applied load effect and the roughness
of the surface on the running-in wear in the mixed lubrication contact. Tests are managed using a pin-
on-disk rig.

3.1 Specimen preparation

The'pins aretbuilt of bearing steel and the disks are built of steel CK45 and ST37. The mechanical
properties of the disk, the pin, the CDM parameters, and the lubricant are reported in Table 2. The tests
were repeatedqat least twice to ensure the repeatability of the results.

Table. 2 Pin, disk, and lubricant material properties

Material Properties and the CDM parameters [40] Lubricant
Pm E of
GPa) (GPays WMt Y De (GPa) SAEL0
Pin 82 220 £ 0.26 - - (FZ;S) Hyo Hyoo
Disk ST37 | 1.6 195 7.2 0.28 0.42 0.119
.02 2 4,
Disk CK45 | 2.12 200 7.2 0:29 0.5 0.3 0.0259 8 o

The CDM parameters are obtained from a simple tensile test by the tensile test device Santam STM-50
in which the strain was recorded by.extensometer. Also, using the stress-strain curve during loading

and using equation , the intermediate/of the parameter of the critical damage from ten cycles
in a tensile test for CK45 and ST37 were computed.

A series of experiments under constant load but different speeds were conducted to ensure that the tests
were performed in the mixed lubrication regime. dn lubricated'case, a fixture has been added to the pin-
on-disc rig in which the disk is submerged in a+lubricant/bath. The average value of the friction
coefficient was calculated and shown in Fig. 4. It is observed thatsthe coefficient of friction decreases

as the speed increases, which is an indication of the mixed lubrication regime.
0.14

0.12 L4
0.10 »

0.08 .

0.06

Friction coefficient

0.04

Regime: Mixed lubrication
0.02

0 0.05 0.10  0.15 020 025  0.30
Speed (m/s)

Fig. 4 Test results at different speeds to ensure being in the mixed Lubrication regime

In Fig 1-Stribeck curve with three different lubrication regimes is shown. The mixed lubrication regime
prevails when the speed of the gears is sufficient to create a lubricating film, but its thickness does.not
provide complete separation of the contact surfaces. Consequently, there is direct contact between the
highest roughnesses, which may lead to accelerated performance. Therefore, the amount of friction
force and wear rate is significantly lower than boundary lubrication.
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3.2 Design of Experiment

In the next step, experiments under a constant speed of 0.1 m/s and different applied loads of 15, 25,
and 40 N were conducted to determine the running-in duration. Before each test, the surfaces were
polished and the roughness of the surface was measured using a stylus profilometer. The weight of each
disk was measured using a digital scale prior to each experiment. A test was first conducted for each
operating condition until a steady-state regime was reached to determine the running-in distance.
Afterward,the running-in distance was distributed into five distances and a series of tests were managed
under similar‘operating states, each test was stopped at a determined interval, and the weight loss of the
sample and the Ra were measured. For instance, referring to Fig. 5 (a), in the test with Ck45 steel disks
at an.appliedfoad of 15 N and a sliding speed of 0.1 m/s, the running-in distance is 50 m. Therefore,
the running-iniinterval was distributed into five distances (0-10 m), (0-20 m), (0-30 m), (0-40 m), (O-
50 m). InyFig. 5 (a);thewvariation in the composition of the surface of the disk diminishes the primary
friction. The weight lossiand R. were measured in each test. The wear volume of each coated specimen
was examined and compared with the results obtained from CDM . Figs. 5 and 6 show the running-in
distance for different loads”and materials. The friction coefficient behavior pending running-in is
different on the basis_of materialsproperties and the applied load. In the case shown in Fig. 6 (a),
customarily apperceived in steel-to-steel contact, the primary roughness of the surface brings about a
primary increase in the coefficient of the friction until the contacting surfaces align, and the coefficient
of the friction drops.

coefficient

Q'f | Steady-state
£ 0.06 q_f ! (@) 15N, 0.1 m/s

0 100 200 300 400
Distance (m)

0.09

Running-in Steady-state

08 (b) 25 N, 0:1 m/s

Friction coefficient

0 100 200 300 400
Distance (m)

- 0.1

g

'3 0.09 ;

£0.08

@

£0.07

£0.06

=
0.05

Steady-state

Running-in

(c)40 N, 0.1 m/s

0 100 200 300
Distance (m)

Fig. 5 Wear test and running-in distance determination of CK45 steel disk (a) 15, (b) 25, and (¢) 40 N
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Fig. 6 Wear test and running-in distance determination of ST37 steel disk (a) 15, (b) 25, and (c) 40 N

Behaviour of the coefficient of the friction during running-in in case Fig. 5 (c) is in the exponential
shape and owing to the development of the oxide film and the development in the contact geometry. In
Fig. 6 (c), generally seen in steel-to-steel contact, the primary roughness of the surface brings about an
primary increase in the coefficient of the friction until the surfaces of the contacting align, and the
coefficient of the friction drops. In Figs. 5 (a), (b) and Fig. 6 (b), the variation in the composition of the
surface of the disk reduces the primary friction.

4. Results and discussion

Fig. 7 shows the volume of the wear at each stage of the running-in course under loads 15, 25, 40 N at
a speed of 0.1m/s for CK45 steel disk and Fig. 8 shows the wear volume far ST37 steel disk. The wear
rate is initially high and as the sharp asperities are gradually polished, theswear rate decreases. The
operating manners for the running-in course should be attentively opted to improve the steady-state
efficiency of the system. This model considers the surface properties and the loading condition and.uses
these parameters as input and predicts the wear coefficient during running-in. The follewing@raphs and
results are drawn using data exchange between MATLAB and Excel.
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Fig. 7 The wear volume at each step of the.running-in period of CK45 steel disk (a) 15, (b) 25, and (c) 40 N
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Fig. 8 The wear volume at every stage of the running-in period of ST37 steel disk (a) 15, (b) 255and (c) 40 N

Figs. 9 and 10 compare experimentally and predicted measured amounts of arithmetic mean roughness
at each stage of the running-in course gained for materials CK45 and ST37 under loads of 15 Ny25 N,
and 40 N, respectively. As the applied load increases, more roughness experience contact,resulting in
larger plastic deformation and wear depth. This is particularly noticeable in the results of 40 Nlead on
ST37 disk since its hardness is 25% lower than the CK45 disk. It shows that R, decreases during.the
running-in period, and the roughness variation stabilizes after the surfaces run in. It is worth noting that

the value of surface roughness at the end of running-in plays an main duty in the steady state proficiency:
of the tribo-system.
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Fig. 9 R, measurements at each step<of the running-in course of ST37 steel disk (a) 15, (b) 25, and (c) 40 N
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Fig. 10 R, measurements at each step of the running-in course of CK45 steel disk (a) 15, (b) 25, and (c) 40 N

Table 3 shows the predicted the volume of the wear and wear volume gained fromwexperimental, for
both CK45 and ST37 materials at constant speed. Row 1 in the table is comparison of the' measured and
predicted the volume of the wear for each stage during running-in. The rest of the rows are given for a
phase of the transition period where the difference between the predicted and experimental wear.volume
is maximum. For example, in Row 5, for ST37 in loading 25 N and the first stage of running-in period
(20 m), difference between the predicted and experimental wear volume is 27. 2 percent. In Column 9,
as can be seen, the different between the experimental results and the CDM model is between 0.3-27%.
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Table. 3 Comparison and analysis of wear volume results

1 2 3 4 5 6 7 8 9
.7:5 2 Mean Running-in | Weight loss Wearbvolume Wear volume Error
% 3 COE Distance Experimental Exper?/men t CDM wear volume
3| 3 (m) (20 gn) ) (mm?) %)
10 2.30 0.03 0.05 24
20 8.50 0.11 0.14 21.0
1 154 0.086 30 11.70 0.15 0.17 11.7
Q 40 15.60 0.20 0.21 4.7
Lx) 50 20.28 0.26 0.26 0.3
2 25 |40,003 32 10.14 0.13 0.15 13.3
3 40 | 0.090 40 17.16 0.22 0.25 12.0
4 15 | 0.062 70 13.40 0.30 0.27 10.0
N~
5 | 2] 25| 0.125 20 6.24 0.08 0.11 27.2
[%2]
6 40 | 0.151 60 46.80 0.60 0.70 14.2

Table 4 shows a comparison of the measured and predicted arithmetic mean roughness (R,) for both
CK45 and ST37 at constant speed at each stage of wear pending running-in. In Table 4, the roughness
profile changes are reported for each stage of running-in period for ST37 at loading 15 N and for CK45
at loading 40 N, and the biggest difference. is reported for the rest of the loadings. The error percentage
between initial and final roughness difference (end.ef-running-in period) shows that the difference
between experimental and predicted results is not mare than % 17. The outcomes illustrate that model
can predict Ra and the volume of the wear with passable precision for this condition.

Table. 4 Comparison and analysis of R results

Error=1.3 %

ST37 CK45
Load | Distance Ra Exp. Load Distance Ra Exp.
initial 0.737 initial 0.600
14 0.709 20 0.434
28 0.607 40 0.389
42 0.650 60 0.301
56 0.630 80 0.211
15 70 0.610 40 100 0.190
ARaexp)=0.737-0.610=0.117 ARa@xp.)=0.600-0:190=0.410
70 ARa(model)ZO-737'0-590:0-147 100 ARa(moden:O.Goo-O.182:0.418
Error=17.2 % Error=1.9 %
ARa(exp)=0.810-0.541=0.269 ARaexp)=0.600-0.410=0.190
25 50 AR amogeny=0.810-0.510=0.300 25 80 ARamodeny=0.600-0.380=0.220

Error=13.6 %

Fig. 11 shows the effect of sliding velocity on the steady-state friction coefficient of ST37 disk.under
loads of 10 and 30 N. For each applied load, the predicted of the coefficient of the friction as a function
of dimensionless velocity is illustrated. As speed increases, a thicker lubricant layer is formed and thus
less roughness-roughness contact happens and the coefficient of the friction diminishes. At a constant
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applied speed, increase in the applied load results in lower friction coefficient. These two behaviors are
characteristics of mixed lubrication contact.
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Fig=11 Effect of sliding velocity on the friction coefficient of ST37 disk

The CDM method can be_.used to to specify the running-in behavior, and that the steady-state wear is
strongly influenced by.the load and.speed during the running-in period. Fig. 12 shows an evaluation of
the prediction of the volume.and rate of the wear gained from simulation from simulation for ST37
materials in each loading.and constant speed 0.1 m/s. For example, the coefficient of the friction under
a load of 25 N and speed of,0.1 m/s.is predicted 0.04, then in distance of 50 m (at the beginning of the
steady-state course) the volume-and rate of the wear are predicted 0.24 mm® and 4.8 x 10~* mm?/s,
respectively. The results show that steady-state performance can be optimized by selecting the pertinent
load or speed. Both elasto-hydrodynamic lubrication and metal-to-metal contact occur in mixed
lubrication. The load is supported partly by thefluid film and partly by the surface asperities. With
enhancing of applied load, the contact of roughness and the plastic deformation of roughness increase,
also the rate of the wear increases.
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Fig. 12 Comparison of (a) the volume and (b) the rate of the wear under different loading and speed 0.1 m/s

5. Conclusions

During the running-in period, the lubricant layer thickness can be so small that'contact arises.at the
peaks of surface roughness. This is a transient period wherein both the friction and wear _coefficient
increase. This paper predicts the friction coefficient using the operating manners, lubricant properties,
and surface properties. Then, the point-contact the coefficient of the wear pending the running-in period
is predicted by attributing the friction coefficient to CDM model.

Formulas are derived for predicting the central film thickness and the roughness load proportion in
point-contact the mixed lubrication of rough surfaces. The rough mixed lubrication model includes
simultaneous solution to the modified Reynolds and surface deformation equations. Regression
analyses on the basis of the outcomes from an vast set of simulations are done to gain predictive phases
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for the film thickness and the roughness load proportion. These formulas are of the form f (k,,, G, E,,
and ), where the parameters displayed are dimensionless elliptical parameter, material, load, and
velocity, respectively. The predicted results using these formulas are in good agreement with extensive
span of information available in the literature.

The nowvelty of this paper is in predicting the wear coefficient during running-in for mixed lubrication
regime using the CDM model. Two kinds of disks, ST37 and CK45, were tested to corroborate the
model. The tests were conducted using a pin-on-disc machine with SAE10 lubricant. . Comparing the
results displayed, it is observed that the calculated maximum error in the predicted wear volume and
arithmetic mean roughness at each stage running-in are 1% and 5%, respectively. It is shown that the
predicted.results are fairly close to the experimental data. It is shown that the predicted results are fairly
close to the experimental data. Afterward, the model can supply insight into the running-in behavior of
point-contact preblems and reduce extensive experimental testing requirements. Importantly, the model
can be used as a guide for ‘selecting the sliding speed or load to achieve the optimum steady-state
performance in terms of wear rate or power 10ss.
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