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Abstract—Simultaneous measurements of the curves for wear
versus distance, wear rate versus distance, and coefficient of friction
versus distance were performed in situ to distinguish the transition
from severe running-in wear to mild wear. The effects of the initial
surface roughness on the severe running-in wear volume were
investigated. Disk-on-plate friction and wear tests were carried out
with SUS304 austenitic stainless steel in contact with itself under
repeated dry sliding conditions at room temperature. The wear volume
was dependent on the initial surface roughness. The wear volume
when the initial surfaces on the plate and disk had dissimilar roughness
was lower than that when these surfaces had similar roughness. For the
dissimilar roughness, the wear volume decreased with decreasing
initial surface roughness and reached a minimum,; it stayed nearly
constant as the roughness was less than the mean size of the oxide
particles.

Keywords—Austenitic stainless steel, initial surface roughness,
running-in, severe wear.

I. INTRODUCTION

TAINLESS steels are widely used for slide bearings in food

and beverage manufacturing and processing industries
because of their good corrosion resistance [1]. Martensitic
stainless steel [2], surface-modified stainless steel [3], [4], and
nitrogen-containing austenitic stainless steel [5] are used to
reduce wear particles that mix in with food. However, these
materials are very expensive. SUS304 stainless steel is cheap
and has superior corrosion resistance. The hope is to improve
the wear resistance of SUS304 stainless steel under dry sliding
conditions at room temperature.

Adhesive wear of metals without lubricants under a light
load at room temperature is classified as severe running-in wear
or mild wear [6]. Severe running-in wear is larger for the wrong
number of digits than mild wear [7]. Therefore, reducing the
severe running-in wear volume is very important to improving
the wear resistance.

This study investigated the wear-resistance improvement of
SUS304 stainless steel in terms of the initial surface roughness
against the severe running-in wear volume. Repeated dry
sliding experiments on SUS304 stainless steel in contact with
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itself at room temperature were carried out with disk-on-plate
friction and wear testers. The severe—mild wear transition was
judged in situ by simultaneous measurements of the wear depth
versus sliding distance, wear depth rate versus sliding distance,
and coefficient of friction versus sliding distance. SUS304
stainless steel in contact with itself was chosen because of
accelerated adhesive wear tests [8].

II. EXPERIMENTAL

Fig. 1 shows a general view of the friction and wear
apparatus. Fig. 2 shows a schematic diagram of the friction and
wear apparatus. Fig. 3 shows a detail diagram of the test
specimens and wear depth D between a fixed plate and a rotated
disk specimen. The load was applied to specimens from the
bottom to the top by a lever system, as shown in Fig. 2. The disk
diameter was 40mm, its thickness was 5Smm, and the radius of
curvature of the disk end face was 10mm. The plate dimensions
were 30mm x 30mm x Smm. Table I shows the test conditions.
A laser displacement sensor with a measurement resolving
power of 0.01um and measurement accuracy of + 0.1% was
attached to the board at the same level as the rotating shaft of
the tester as shown in Fig. 2, and the wear depth D between the
plate and the disk was measured as shown in Fig. 3. The
specimens were SUS304 austenitic stainless steel, as shown in
Table II. A laser microscope with a plane measurement
accuracy of 0.02pm, height measurement accuracy of 0.012um,
and cut-off value As of 2.5um was used to measure the surface
roughness. The particle size distribution of the wear debris was
measured by a laser scattering particle distribution analyzer that
can measure particle diameters of 0.02-2000pm.

The specimens were finished with abrasive grinding
sandpaper. Table III shows the maximum height roughness of
the initial specimen surfaces. There were two combinations of
initial surface roughness between the plate and disk: dissimilar
and similar (Table III). For the dissimilar roughness group,
plane specimens were finished with only P400 grit sandpaper,
and disk specimens were finished with various P-scale grit
sandpapers. For the similar roughness group, the plate and disk
had the same initial surface roughness. The equivalent initial
surface roughness Rz for the maximum roughness heights
between the plane Rz/ and the disk Rz2 was calculated from the
equation of the harmonic mean described in Table III. Fig. 4
shows the relation between Rz and the P-scale grit of the
sandpaper. Fig. 4 shows that Rz became large as the P-scale grit
of the sandpaper decreased. The specimen weight was
measured with an electric balance. The specimen weight
difference before and after the friction test was divided by the
specific gravity for the wear volume.
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TABLE 11
CHEMICAL COMPOSITIONS (WT %)
Material C Si Mn P S Ni Cr

SUS304 0.08 1.00 2.00 0.045 0.030 8.00-10.50  18.00-20.00

TABLE II1
SURFACE ROUGHNESS
Specimen Dissimilar roughness Similar roughness
Rz: Maximum  Plate:Rz/ 2.2 2.722,1.5,
height Disk:Rz2 27,18,15,13, 1.1,05,0.1
1.1,0.5,0.2,0.1
Rz: Equivalent roughness Refer to Fig. 4

2/Rz=(1/Rz1)+(1/Rz2)

3 T

O Dissimilar roughness
25 >\\ X Similar roughness
2

Fig. 1 General view of friction/wear apparatus
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Fig. 2 Diagram of friction/wear apparatus A. Distinguishing the Transition

Generally, a wear depth curve that indicates the wear depth

@o__» D as a function of sliding distance L changes smoothly. It is
T - h \ very difficult to exactly identify the severe—mild wear
specimen transition from only the wear depth curve. However, the wear
Xegfsiep‘h depth rate dD/dL can be sensitively detected in situ by
\ specimen differentiating the wear depth of the D—L curve with respect to
2| prace {; R— - sliding distance L. In addition, a rapid decrease in the
specimen 5 Wear depth coefficient of friction takes place at the transition distance from
on plate . . .
specimen the severe running-in wear to mild wear [9]. Therefore, the
transition from severe running-in wear to mild wear might be
a [ precisely judged in situ from three curves: that is, wear depth of
i mom el the D—L curve, wear depth rate of the dD/dL-L curve, and
! : friction coefficient of the u—L curve. An example of the
Wear dept; T ’T_Eo’a i maximum helght rgughnegs Rz = 2.'4um is shown' in Figs. '5
(a)—(c). The derivative of Fig. 5 (a) with respect to L is shown in
Fig. 3 Detail diagram of specimens and wear depth D Fig. 5 (b). The wear depth rate became approximately less than
0.02um/m at the sliding distance shown by the arrow in Fig. 5
TABLEI (b). Note that the dD/dL—L curve may be much more effective

FRICTION/WEAR TEST CONDITIONS than the D—L curve for identifying the transition from severe

- Specirr;ent(Plate, Disl;zp SUS30;9((§76HV) running-in wear to mild wear. The coefficient of friction
e contact pres sure (MPe) reduced from 1.0 to 0.7 at the distance shown by the arrow in
Sliding velocity (m/s) 0.63 . L. -
. X Fig. 5 (c). Based on in situ judgment of the results in Fig. 5, the
Rotational velocity (rpm) 300 . . X K K
. severe—mild wear transition distance is approximately 13.3 x
Experimental temperature (L) 25 3 AR
Relative humidity, (%) 20 10” m, as shown by the arrows in Fig. 5.
Sampling frequency for measuring (Hz) 100
Atmosphere In air
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(a) Wear depth as a function of sliding distance
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(c) Coefficient of friction as a function of sliding distance

Fig. 5 Wear and friction measurements, arrows indicate the
severe-mild transition distance

B. Running-in

Fig. 6 shows the disk surface profiles of the wear tracks as
obtained by the laser displacement sensor on the plate (1) and
disk (2), respectively, just after the severe—mild wear transition
in Fig. 5 occurred. The contour of the track is shown in (al) and
(a2). The surface roughness of (bl) and (b2) were taken as the
horizontal track contour of (al) and (a2) replaced the horizontal
axis of (b1) and (b2), respectively. The enlarged smooth part of
(bl) and (b2) are shown in (c1) and (c2), respectively. Figs. 6
(al) and (a2) had the same contours, and roughness Rz in Figs.
6 (bl) and (b2) also had the approximate value. Skewness Ssk
in Figs. 6 (bl) and (b2) had the same negative value. Thus,
running-in was completed at the severe-mild wear transition
distance indicated by the arrow in Fig. 5. Figs. 7 (a) and (b)
show the wear track micrographs at the transition in Fig. 5
corresponding to Figs. 6 (1) and Figs. 6 (2), respectively. The
smooth surface regions Fp in Fig. 7 (a) and Fd in Fig. 7 (b) may
correspond to those in Figs. 6 (cl) and Figs. 6 (c2),
respectively.
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Fig. 6 Wear track profiles of the plate/disk perpendicular to the sliding

direction just after the severe-mild transition occurred. Roughness (b)

was taken as the horizontal contour of (a) replaced the horizontal axis
of (b)
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Fig. 7 Micrograph images of wear tracks just after the severe-mild
transition occurred
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Fig. 8 Relation between wear volume /¢ and maximum height
roughness Rz
o: The initial surface on the plate and disk had dissimilar roughness
x: The initial surface on the plate and disk had similar roughness
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Fig. 9 Relation between electric contact resistance £ and maximum
height roughness Rz for the dissimilar roughness

C. Initial Surfaces for the Dissimilar Roughness and Wear
Volume

The full curve in Fig. 8 shows the relation between the wear
volume and the maximum height roughness Rz of the initial
specimen surfaces for the dissimilar roughness before sliding:
(1) when Rz was larger than 1.5pm, the wear volume decreased
with decreasing initial surface roughness Rz and became lowest
at Rz =1.5um; (2) when Rz was less than 1.5um, the wear
volume was nearly constant with respect to the initial surface
roughness Rz; and (3) the minimum wear volume for Rz =
1.5um was about 40% of the wear volume when Rz = 2.4pm.

To clarify why V#/Rz > 0 in the full curve of Fig. 8 when Rz
was larger than 1.5um; the electric contact resistance was
examined. Fig. 9 shows the relation between the electric contact
resistance £ and the initial surface roughness Rz for the
dissimilar roughness. E decreased with increasing Rz. The
decrease in E can be caused by the increase in real contact area
[10]. This phenomenon may stimulate further adhesion and
growth of transfer particles, which increases the wear volume.

To clarify why the wear volume was almost constant when
Rz was less than 1.5 um in the full curve of Fig. 8, wear
particles were examined using a laser scattering particle
analyzer and SEM and EDX, as shown in Figs. 10: (al), (bl),
and (c1) are metallic colored particles; (a2), (b2), and (c2) are
black colored particles; (al) and (a2) are the particle size
distributions; (b1) and (b2) are SEM images; and (c1) and (c2)
are EDX spectra.

Figs. 10 (al), (bl), and (cl1) show that metallic colored
particles were rolled; their mean size was 20 pm, and most of
the particles were not oxidized. The mean size of the metallic
particles in Fig. 10 (al) was nearly equal to the maximum
height roughness Rz of the wear surfaces shown in both Fig. 6
(bl) and Fig. 6 (b2). Therefore, it is assumed that metallic
particles can be produced at rough contact interfaces. This
effect can increase the wear volume as the initial surface
roughness is increased.

Fig. 10 (a2), (b2), and (c2) show that the mean size of black
colored wear particles was divided into two groups: 1.5 and
0.12um. The black particles were oxides. The oxide particle
size of 1.5um was nearly equal to the maximum height
roughness Rz of the smooth surface, as shown in Figs. 6 (c1)
and (c2). Therefore, it can be assumed that oxide particles can
be produced at smooth interfaces. This effect can decrease the
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wear volume because oxide particles act as solid lubricants
[11]. The 1.5um oxide particle size was the same as the initial
surface roughness when the wear volume was the lowest, as
shown in Fig. 8 for the full curve. The initial surface roughness
can be assumed to stimulate further productive activity for the
oxide particles, which decreases the wear.

The production mechanism of nanometer-sized oxide
particles of 0.12um, as shown in Fig. 10 (a2), is not clear.
However, it can be supposed that oxide particles with a size of
1.5um can aggregate at smooth micro-interfaces and crash into
each other [12] to result in the production of nanometer-sized
oxide particles. The smallest wear particle size was 0.07um, as
shown in Fig. 10 (c2) [13].

D.Similar and Dissimilar Roughness of Specimens

A series of experiments were performed, as shown by the
broken curve of similar roughness in Fig. 8, to finish the plate
and disk with the same P-scale grit sandpapers. Fig. 8 shows
two results: the wear volume of the broken curve for similar
roughness was larger than that of the full curve for dissimilar
roughness, and the wear volume for the broken curve was at its
minimum at the roughness of Rz = 1.5um, which was nearly
equal to the size of the oxide wear particle.

The effects of the oxide wear particle on wear volume were
classified into two types: the solid lubricant effect [11], as
discussed in the previous section; and the abrasive effect [14].
A low amount of oxide particles in the sliding interface can
affect wear like a solid lubricant; these results in a decrease in
wear volume. A large amount of oxide particles on the sliding
interface can act on wear as an abrasive; these results in an
increase in wear volume. Wear volume may also depend on the
relative size of the oxide wear particles to the surface roughness
of specimens. When the wear particle size is larger than the
surface roughness of both specimens, the oxide wear particles
that form can be sealed in smooth contact interfaces and act on
wear as an abrasive with increased wear volume to decrease
surface roughness. When the wear particle size is smaller than
the surface roughness of both specimens, metallic wear particle
formation may predominate over oxide wear particle formation
with increased wear volume as the surface roughness increases.
As aresult, the wear volume for similar roughness, as shown by
the broken curve in Fig. 8, reached its minimum when the size
of the oxide wear particle corresponded to a roughness of Rz =
1.5pm.
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Fig. 10 Wear particles

When the surface roughness of either the plate or disk was
larger than the wear particle size, the oxide wear particles may
easily escape from the smooth contact interfaces to the rough
contact interfaces; residual oxide wear particles on the smooth
interfaces can act as lubricants to result in the broken curve of
similar roughness over the full curve of dissimilar roughness
shown in Fig. 8.

IV. CONCLUSION

Simultaneous experiments on the curves of wear depth
versus distance, wear depth rate versus distance, and coefficient
of friction versus distance were performed in situ to identify the
transition from severe running-in wear to mild wear and clarify
the effect of the initial surface roughness on severe running-in
wear volume. A disk-on-plate friction and wear tester was used
on SUS304 austenitic stainless steel in contact with itself under
repeated dry sliding conditions at room temperature. The main
results were as follows. (1) Severe running-in wear volume was
dependent on the initial surface roughness: that is, the wear
volume when the roughness of the initial surfaces of the plate
and disk was dissimilar was lower than that when the roughness
of the initial surfaces was similar. (2) For the dissimilar
roughness, when the initial surface roughness was larger than
1.5um—that is, nearly equal to the oxide wear particle
size—the wear volume decreased with decreasing initial
surface roughness Rz and reached its minimum at Rz = 1.5um;
when Rz was less than 1.5um, the wear volume stayed nearly
constant with respect to the initial surface roughness. (3) The
minimum wear volume for Rz = 1.5um was about 40% of the
wear volume for Rz = 2.4um. And (4) three kinds of wear
particles were observed—metallic particles with a mean size of
20um and oxide particles with mean sizes of 1.5 and 0.12pum.
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