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The present work aims to evaluate the friction and wear behavior of a metastable stainless steel AISI 304L
against steel AISI 52100 ball. Friction tests using the ‘‘ball-on-disc’’ technique at constant velocity (0.03 m/
s) and different loads (6 N, 15 N) with and without lubricant (liquid vaseline) were carried out. Two surface
finishing conditions were considered, leading to different mixture phases of preexisting austenite and
martensite in the steel. One set of samples was polished to induce martensite (PO), and another set was
tested in the as-received (AR) condition. Special emphasis was placed on correlating the friction and wear
behavior with microstructural analysis performed by x-ray diffraction, optical, scanning electron and
transmission electron microscopy. To complete the analysis, the microhardness profile was also performed
for both PO and AR samples. The PO samples showed higher microhardness and greater amount of
induced martensite and work hardening in the surface in comparison with AR samples. Independently
of applied load and initial surface condition, two different stages on the friction behavior can be identified
in dry tests. On the contrary, a stable behavior is observed in lubricated tests. Moreover, whereas in
lubricated tests wear behavior is independent of surface finishing conditions and load, it shows a pro-

nounced influence with load in dry tests.
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1. Introduction

Austenitic stainless steels are widely used in the chemical,
petrochemical and food processing industries due to their high
resistance to corrosion and the excellent combination of
strength, formability, ductility and toughness (Ref 1-3). During
the forming processes of engineering parts, during the machin-
ing operation or in-service performance of austenitic stainless
steel, its relative motion tends to induce friction and plastic
deformation. Particularly, in low-alloy metastable austenitic
stainless steel, plastic deformation can induce martensitic
transformation (Ref 3, 4). Thus, as sliding continuously causes
important plastic deformation on the contact surface, induced
martensite is expected in this steel (Ref 5).

In the literature, there has been sustained activity towards
studying the tribological properties of metastable austenite
stainless steels under different sliding conditions (Ref 3, 5-12).
After sliding wear tests, several authors found induced
martensite on the worn surfaces of these steels (Ref 3, 6-10).
It is important to emphasize that the amount of this induced
martensite increases with the normal load, sliding distances and
preexisting martensite (Ref 3, 6-9). Most of these researches
were focused on studying independently friction coefficient
(COF) behavior, wear mechanisms or microstructural features.
In contrast, little work has been published correlating the
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friction curves and wear behavior of AISI 304 steel with
microstructure (Ref 5, 9-11). Wei et al. (Ref 5) found that when
low loads are applied (5 N and 10 N), austenite y is fully
transformed to o martensite. Due to its higher hardness and
anti-adhesive tendency, COFs in these tests remain stable and
lower wear rates are expected. On the contrary, testing with
higher loads (30 N and 50 N) results in higher COFs and
fluctuating friction curves due to the remnant more adhesive
austenite on the worn surface, caused by the untransformed
austenite continuously exposed as wear progresses. Under the
same testing conditions, Hua et al. (Ref 11) reported that the
wear mechanism of AISI 304 steel was adhesion and plowing.
Using similar high loads, Wang et al. (Ref 9) reported the
existence of two stages in friction behavior of AISI 304 steel.
The initial stage exhibits high and unstable COF as a result of
large amounts of soft and adhesive y phase. As sliding
continues, y — o transformation evolves and a higher
hardness is achieved, combined with a reduction in the
austenite fraction. Thus, a stable lower COF stage takes place
and wear resistance is improved. Again, adhesive and abrasive
wear is observed. Chen et al. (Ref 10) dry-tested AISI 304 steel
against itself at 30, 70 and 120 N, and they also found two COF
stages. In this work, initial unstable stage is attributed to plastic
deformation of surface asperities with subsequent adhesion.
The highest wear rates are observed in this initial stage. As
regards the stable COF stage, the effect is ascribed not only to
martensitic transformation, but also to the agglomeration of
small oxidized particles that works as a lubricant layer.
Moreover, this layer prevents further wear loss and wear rates
decrease.

As already mentioned, in metastable AISI 304 steels
changes in microstructure during friction and wear behavior
may occur. Then, friction curves versus time or distance
contain great information about the state of the tribosystem and
its tribodynamic processes. Currently, particularly in these
materials, there is a need of a further comprehensive under-
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standing and control of friction to enhance tribological
performance. Therefore, the aim of this work is to evaluate
the developed features of the friction curves and wear
mechanisms under different conditions of AISI 304L stainless
steel and its correlation with microstructure. With this in view,
two surface finishing conditions are considered leading to
different mixtures of preexisting austenite and martensite in the
steel. Moreover, two applied loads are evaluated with and
without lubricant.

2. Material and Methodology

The material used in the present study is AISI 304L stainless
steel, supplied in plate by Roberto Cordes SA, thickness 5 mm,
with the following chemical composition: 0.023% C, 18.100%
Cr, 1.190% Mn, 0.070% N, 8.000% Ni, 0.022% P, 0.002% S,
0.350% Si. The supplied surface finish was 2B, which means
the following thermomechanical process: cold rolling followed
by an annealing in oxidizing atmosphere, electrochemical
pickling and final rolling with highly polished rolls (Ref 13).
This condition will be referred as as-received (AR). The steel
was wire-cut into disc specimens of diameter 25 mm. In order
to achieve different percentages of preexisting martensite, some
discs were ground finished by the successive use of SiC papers
with 60, 120, 320, 400 and 600 grit sizes. This last surface
finish will be referred in the present work as polished (PO). The
grain size was obtained by the average grain intersection
method.

Before the tribological tests, the material’s microstructure
was characterized by optical microscopy (OM) and transmis-
sion electron microscopy (TEM), using an Olympus PME3
optical microscope and an electronic transmission microscope
TEM PHILIPS EM 300 operated at 100 kV. Moreover, the
microhardness profile of the surface was measured. The
Vickers microhardness tests were performed using a Shimadzu
HMV-2 tester, with an applied load of 490.3 mN for a dwell
time of 10 s. The values were obtained at different depths: 50,
100, 500 and 1000 pm. At each depth, five measurements were
taken. The corresponding medium value and its standard
deviation were calculated.

The roughness of the surface was also measured using a
Mahr Pocket Surf PS1. The roughness filter cut off wavelength
was set in accordance with DIN EN ISO 4288:2000 (Ref 14).

A ball-on-disc Wazau TMR60 tribometer was employed to
perform wear tests. Certified grade 100 AISI 52100 alloy steel
balls of 10 mm in diameter (67 HRC) were employed as the
mating counterpart. According to ISO 3290-1:2014, surface
roughness Ra parameter of these balls is 0.100 um (Ref 15).
Experiments were carried out on two different load values, two
different surface conditions and with lubricant (L) and without
lubricant (WL). Dry and lubricated sliding tribological tests
were carried out at room temperature at a constant velocity
0.03 m/s for loads of 6 N and 15 N and sliding distance of
100 m. Vaseline was used as a lubricant in lubricated tests.
Hertzian contact stress for this tribosystem was calculated with
HertzWin 2.9.0 Hertz contact stress calculator (Ref 16),
resulting in 510.1 MPa. Each test was repeated three times to
ensure the reliability of the results. Prior and after tests,
specimens were ultrasonically cleaned using acetone solution,
dried and weighted by an analytical scale with 0.1 mg
resolution. As the scatter in the resulting COF curves was
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small, for each tested condition the mean value of weight loss
percentage was calculated.

To evaluate the existence of preexisting martensite on the
surface and the induced martensite on the wear track of AR
samples, x-ray diffraction (XRD) technique was used, using a
Philips Pro X Pert diffractometer with Bragg—Brentano con-
figuration using a wavelength of 1,54 A° (copper tube Cu-K,)
with angle of incidence 3° (R3°). The measurement parameters
were initial and final 20 angles of 40° and 85°, respectively,
unbound 0/20, step 0.05° and time per step of 2 s. Furthermore,
the surface of AR and PO samples with non-grazing incidence
was also analyzed (NR). X-ray quantitative phase analysis was
performed by Rietveld refinement (Ref 17), using the Java-
based software MAUD (Material Analysis Using Diffraction)
version 2.79 released November 4, 2017 (Ref 18, 19). In all
cases, the estimated error in each phase amount is + 2 wt.%.

After tribological tests and to understand the wear mecha-
nism, the wear tracks of AR samples were analyzed by a
scanning electron microscope (SEM) LEITZ AMRI1000
equipped with energy-dispersive x-ray spectroscopy (EDS).

3. Results and Discussion

3.1 Microstructural Characterization

Figure 1(a) and (b) shows the optical cross-sectional
micrographs of AR and PO before the tribological tests. In
both figures, equiaxed austenite grains are observed with an
average size of 40 pum. In addition, deformation twins and
martensite are detected. It is important to point up that the PO
sample exhibits a greater amount of martensite.

In Fig. 2, XRD patterns corroborate the preceding observa-
tions. The diffraction peaks associated with austenitic (y, fcc)
planes (111), (200), (220) and (311) and martensitic (o, bec)
planes (110), (200) and (211) were analyzed.

The quantitative phase analysis obtained by MAUD of the
preceding diffractograms at angle of incidence 3° (R3) and non-
grazing incidence (NR) angles is presented in Fig. 3. With NR
configuration, independently of the surface finish, a predom-
inant austenite proportion in comparison with martensite one is
measured. As regards R3 configurations, two important features
of the surface should be remarked. First, it is evident that the
martensite in the AR samples is restricted to a thin film layer of
the surface. Secondly, it becomes apparent that the mechanical
polishing procedure applied on PO samples induced an
additional increase in the martensite proportion. Alves et al.
(Ref 20) evaluated the influence of metallographic preparation
on martensite formation in 304L steel. The samples were
ground until grit sizes of 1200 and 2000 mesh and then
polished with diamond of 6, 3, 1 and 0.25 pum. They found that
the metallographic preparation did not induce phase transfor-
mation. Then, the existence of a remnant surface layer of
martensite found in PO samples can be rationalized by the
absence of additional grit sizes and diamond polishing
procedure that could have eliminated all the preexisting
martensite.

Figure 4 presents the dislocation features of AR and PO
samples near the surface obtained by TEM. The AR samples
were mainly characterized by planar dislocation structures (e.g.,
regularly planar dislocation arrays, dislocation pile ups close to
grain boundaries and stacking faults) (Fig. 4a). In addition,
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Fig. 1 Optical cross-sectional micrographs: (a) AR sample, (b) PO sample
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Fig. 2 XRD patterns of the steel’s surface. (a) AR sample, (b) PO sample
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induced martensite was also observed in some grains (Fig. 4b). (Fig. 4c), and lathlike martensite o’ was more often observed
The dislocation arrangements of PO samples were similar to (Fig. 4d). Hence, TEM images of PO samples reveal an
AR ones, except that the planar structures in the former increase in work hardening and induced martensite in compar-
condition were more tangled (i.e., within planar structures the ison with AR samples.

dislocation density was higher and distributed homogeneously)
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Fig. 4 TEM micrographs of AISI 304 steel. (a), (b) AR samples, (c), (d) PO samples
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Fig. 5 Microhardness profile for AR and PO samples

3.2 Microhardness

Figure 5 shows microhardness profile for AR and PO
samples.

It can be observed that as the depth increases, the
microhardness decreases. This fact agrees with previous results
where the martensite is mostly found on the surface (Fig. 3). In
addition, the higher surface hardness in PO than in AR samples
is consistent with the higher percentage of martensite and with
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Table 1 Roughness parameters

Sample Ra, pm Rz, pm Rt, pm
AR 0.72 £ 0.06 5.96 £ 0.42 7.97 £ 0.78
PO 0.034 + 0.001 0.245 + 0.034 0.311 + 0.025

the work hardening-associated dislocation structure found in
the former ones.

3.3 Surface Features

Table 1 presents the surface roughness parameters (Ra, Rz
and Rt) for AR and PO samples. It can be seen from this
table that PO sample presents lower roughness than the AR
sample.

3.4 Tribological Properties

3.4.1 Influence of Surface Finish on Tribological Prop-
erties. Figure 6(a) shows the influence of surface finish on
friction tests with and without lubricant at 6 N. Though the
lubricant certainly decreases the friction coefficient (COF),
evidence of the surface finish influence on friction behavior is
observed neither with nor without lubricant. The above results
are similar to those reported by Straffelini (Ref 21) in dry tests
of Cu-8% Sn alloy against an AISI D2 tool steel with different
roughness (Ra = 0.22 pm and Ra = 0.02 um). In this work, an
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Fig. 6 Influence of surface finish on tribological properties with and without lubricant. (a) Friction coefficient, (b) weight loss percentages after

friction tests

initial stage of COF (called ‘‘running-in’’) displays a slightly
dependence on roughness. After the running-in, the same COF
is achieved, due to the polishing of the mating surfaces. Thus,
the same surface condition is reached. Furthermore, it was
found that for tests carried out between pure aluminum and
harder 080 M40 steel with different roughness, the COF is
independent of the initial roughness values (Ref 22). It is well
known that the initial surface features will quickly be erased if
the contact pressures are high or if one or both contacting
materials are relatively soft. In the present work, the same
harder counterpart was used. Nevertheless, though AR surfaces
are softer than PO ones (Fig. 5), which enhances the earlier
worn off of the tallest peaks of the ground, its higher roughness
(Table 1) counterbalances this effect. Thus, an equivalent COF
for both surface fishing conditions (Fig. 6a) is achieved.
Moreover, Fig. 6(b) shows that no appreciable influence of
surface fishing conditions on weight loss percentages after
friction tests is observed.

3.4.2 Influence of Applied Load on Tribological Prop-
erties. As no influence of surface finishing conditions on
COF and wear was observed, only AR samples were selected
for this study. Figure 7 shows the influence of applied load on
tribological properties of tested AR samples. During sliding,
several surface modifications may take place, i.e., material
transfer, phase transformation, debris and oxide formation, that
are relevant in friction and wear analysis. Figure 8 shows the
XRD patterns for the different loads with and without lubricant
in the worn track. The percentages of phases beneath the wear
tracks under various friction tests are shown in Fig. 9. It is
evident that friction tests induce a pronounced increase in the
volume fraction of the transformed o from the metastable y
(Fig. 3). With increasing loads, a significant increase in the
percentage of martensite can be observed for dry samples,
while there are no discernible changes in phase fraction for
lubricated samples.

In order to understand the wear mechanisms involved in the
studied tribological system, the resulting worn tracks were
analyzed by SEM-EDS. It is known that the highest shear
stress in the subsurface region in repeated compressive load
conditions generates voids and cracks under the worn track. As
the sliding progresses, these cracks propagate parallel to the
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surface and coalesce, producing platelike debris (Ref 6, 7, 23,
24). Moreover, grooves associated with plowing are also found.
The formation of these microgrooves could be caused by the
higher hardness of the counterpart. For lubricated tests
(Fig. 10a and 11a), delamination phenomena during the wear
process are observed. After dry tests, worn tracks are charac-
terized by cloudlike transfer lumps (Fig. 10b and 11b). These
lumps are generated by material transfer when the surface is
plastically deformed. Similar results were reported in (Ref 10).
EDS spectrum of the AR material is shown in Fig. 12.
Figure 13 and 14 exhibit the oxidized particles with the EDS
spectrums found in the worn track in dry tests for 6 and 15 N,
respectively.

It is known that when a harder material slides against a
softer metal surface, the COF is dominated by two components:
(a) adhesion and (b) plowing. Whereas the adhesive force is
determined by the chemical composition of the surfaces,
plowing depends on the surface conditions of the sliding
surfaces (Ref 22, 23).

Figure 7(a) shows that no appreciable influence of load on
friction behavior is detected at the beginning of the dry tests,
particularly at the first 30 m slid. Later, the COF with 15 N
load is more stable and exhibits lower values than with 6 N.
Chen et al. (Ref 10) analyzed the different stages displayed by
the COF in AISI 304 steel. In this context, they ascribed the
initial unstable COF stage to the plastic deformation of
asperities. Moreover, these authors attributed the subsequent
lower and stable COF to the higher hardness of the induced o’
martensite and work hardening, summed by the presence of
oxidized particles. Their proposed mechanism to rationalize the
COF stages is consistent with the results reported in this work.
It is important to remark that though Chen et al. (Ref 10)
obtained similar COF trends at higher loads, no detailed
microstructural explanation in correlation with load is reported.
In the present work, a higher COF is expected at 15 N since the
amount of transfer lumps increase with load (Ref 25). This
assumption is found comparing Fig. 10(b) with Fig. 11(b).
Nevertheless, within this worn track a higher density of
oxidized particles (Fig. 14a), and a higher percentage of
martensite (Fig. 9a) are also observed. Oxidation effects can
reduce friction due to the formation of a tribological layer that
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Fig. 11 Worn tracks for 15 N. (a) With lubricant, (b) without lubricant

prevents direct metal-to-metal contact (Ref 10, 26). Further-
more, induced martensite impedes adhesion leading also to
lower COF. These facts can outweigh the load influence,
leading to lower COF with 15 N than with 6 N (Fig. 7a). The
load influence on weight loss percentages after friction tests is
presented in Fig. 7(b). It turns out that as the load increases, the
weight loss percentages increase in dry tests. In dry tests at
15 N, the effect of higher amount of hard martensite debris than
at 6 N can cause higher wear, which enhances plowing (Ref
24). In addition to the described transfer lumps, grooves
associated with the aforementioned mechanism are observed in
Fig. 11(b). It is important to remark that no influence of the
load on the COF nor on the weight loss percentages is observed
in lubricated tests (Fig. 7a and b). These results are consistent
with similar induced martensite percentages induced by the
tribological tests performed at the different loads (Fig. 9b).
Moreover, the observed stability and low COF are justified
considering the reduction in the adhesion component due to the
lubricant film. These results agree with the friction behavior
reported in AISI 304 steel by Wei et al. (Ref 5) in similar test
conditions.
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4. Conclusions

The friction behavior analysis between a metastable stainless
steel (AISI 304 L) and a 52100 steel ball using the ball-on-disc
technique yields the following conclusions:

e Though the mechanical polishing produces an increase in
the martensite volume fraction, work hardening disloca-
tion structure and a decrease in roughness, no discernable
effect on the friction behavior is observed. It seems that
lower roughness can be outweighed by the higher induced
hardness, leading to equivalent COF.

e Lubricant’s role on the friction curves is determinant to
achieve a lower and stable of COF.

e In dry tests, the increase in the applied load has no effect
at the beginning of the COF behavior, but leads to a low-
er and more stable COF later. This effect can be explained
by the difference in the amounts of induced martensite
and oxidized particles. Higher wear losses are observed
with increasing load due to harder martensite debris that
enhances plowing.
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