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Abstract: Friction and wear performance of austenite stainless steels have been extensively studied
and show a close relationship with the friction-induced martensitic transformation. However, how the
grain size and associated friction-induced martensitic transformation behavior affect the tribological
properties of austenite steels have not been systematically studied. In this work, dry sliding tests were
performed on an AISI 304 stainless steel with a grain size ranging from 25 to 92µm. The friction-induced
surface morphology and microstructure evolution were characterized. Friction-induced martensitic
transformation behavior, including martensite nucleation, martensite growth and martensite variant
selection and its effect on the friction and wear behavior of the 304 stainless steel were analyzed.
The results showed that both the surface coefficient of friction (COF) and the wear rate increase with
the grain size. The COF was reduced three times and wear rate was reduced by 30% as the grain
size decreased from 92 to 25 µm. A possible mechanism is proposed to account for the effect of grain
size on the tribological behavior. It is discussed that austenite steel with refined grain size tends to
suppress the amount of friction-induced martensitic transformed and significantly alleviates both the
plowing and adhesive effect during dry sliding.
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1. Introduction

Austenite stainless steels with low stacking fault energy (SFE) have been widely used in structural
applications due to their good combination of strength and ductility, excellent corrosion resistance,
and desirable weldability [1]. It was widely assumed that their excellent combination of strength
and ductility is through the transformation-induced plasticity (TRIP) effect, in which the metastable
austenite transforms to martensite upon plastic deformation [2]. Stress or stain-induced martensitic
phase transformation has been extensively identified in the austenite stainless steels during their sheet
forming and crash applications, and significantly affects their engineering performance [3].

Tribological performance in terms of friction and wear is an important property in the
manufacturing and applications of austenite stainless steels, particularly for mechanical components
subjected to sliding motion, such as bearing, pistons, and valves, in medical, marine and automotive
applications which require both high bearing strength and good corrosion resistance [4,5]. Moreover,
friction and wear are also important concerns during the forming processes of austenite stainless
steels [6,7]. It is fundamentally assumed that friction and wear behaviors are results of materials’
responses to localized deformation [8,9]. Therefore, friction-induced martensitic transformation plays
an important role on the friction and wear behavior austenite stainless steels involving the TRIP
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effect [7,10]. Several studies have been carried out to investigate the relationship between their
tribological properties and friction-induced martensitic transformation. For instance, Yang et al. [7]
reported that the friction-induced martensitic transformation in a 304 stainless steel affected the
formation and composition of the wear debris and the nature of the transfer layer. Hua et al. [11]
showed that adhesion wear mechanism dominated during the dry sliding of a 304 stainless steel due
to the interaction between hard pin material and freshly produced martensite. Recently, Lee et al. [12]
demonstrated that the specific wear rates of SUS304 and 316 stainless steels, as well as the volume of
friction-induced martensite increased with the sliding speed.

Despite these research efforts, little attention has been paid to investigate the initial austenite grain
size on the friction and wear behavior of austenite steels. Since the deformation induced martensite
nucleates mostly from the intersections of shear bands [13,14] whose activities are strongly affected
the austenite grain size, it was widely accepted that the stress-induced martensite formation has a
strong grain size dependence [15,16]. Jin et al. [17] showed that grain refinement in a Fe-Cr-Ni alloy
increases the stability of austenite and leads to the delay of martensitic transformation. Varma et al. [18]
demonstrated that the stress-induced martensitic transformation in a 304 steel was sensitive to the
parent austenite grain size, a finer grain resulting in a higher volume of martensite transformed.
Therefore, it is expected that the initial grain size of austenite stainless steel has a prominent impact
on the friction-induced martensitic transformation, and influence its tribological properties. Recently,
Bregliozzi et al. [19] showed that a refined grain size in a 304 stainless steels results in an improved
wear resistance. However, the detailed mechanism involving the martensitic transformation was
not analyzed.

Therefore, understanding the relationship among the austenite grain size, friction-induced
martensitic transformation behavior and tribological performance of austenite stainless steels is of
significantly importance. This research aims to investigate the effect of grain size on the friction and
wear behavior of austenite stainless steels, with a particular focus on the friction-induced martensitic
transformation behavior. AISI 304 stainless steel samples with various initial grain sizes were
prepared. Sliding tests under dry condition were conducted for friction and wear property evaluation.
The surface coefficient of friction (COF) values and 3-D morphology of the wear tracks were measured.
The friction-induced martensitic transformation was characterized and analyzed. The relationship
among the austenite grain size, martensitic transformation behavior and tribological performance of
304 stainless steels was discussed. A possible mechanism responsible for the effect of austenite grain
size on the friction-induced martensite transformation and tribological performance of austenite steels
was proposed. It was found that austenite grain size has a significant impact on the friction-induced
martensitic transformation behavior and therefore affects both the surface COF and wear resistance of
304 stainless steels. A larger austenite grain size leads to a higher amount of martensite transformed
and enhance both the plowing and adhesion effect during dry sliding. Therefore, both the surface COF
and wear rate increase with the grain size of the austenite stainless steel.

2. Materials and Methods

2.1. Materials Preparation

The material used in the present study was a commercial cold rolled AISI 304 stainless steel
block. The chemical composition of the steel is C-0.03, Mn-1.78, Cr-18.72, Ni-8.23, and Fe-balance
(in wt.%). Square plate samples with a width of 25 mm and a thickness of 10 mm were cut from the
block. The samples were then annealed at 1100 ◦C in a vacuum furnace filled with argon gas followed
by water quenching to achieve a full austenite microstructure. Similar heat treatment process can be
also found in literature [20]. The annealing time was varied from 1 h to 24 h to obtain full austenite
microstructure with different initial grain sizes. Afterwards, the sample surfaces were grinded using
SiC sandpapers with different grid numbers (from #180 to #800) followed by polishing with 3 micron
diamond suspensions and 0.06 micron silica slurry. The initial surface roughness of the samples after
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final polishing were measured by a 3-D surface profilometer (Rtec Instruments, San Jose, CA, USA)
and the values of surface roughness of all the samples were less than 0.1 µm.

2.2. Friction and Wear Property Testing

Friction and wear properties of the 304 stainless steels were tested using a pin-on-plate sliding
configuration, as shown in Figure 1. All the testing was carried out in ambient environment with a
temperature of 20 ◦C and a relative humidity of about 20% on an R-tech muti-functional tribometer
(Rtec Instruments, San Jose, CA, USA). The ball pin was made of alumina with a Vickers hardness
of around 2000 VHN and a diameter of 6.5 mm. Dry sliding tests were conducted on the surface of
the 304 stainless steels with different grain sizes. Applied loads were varied from 20 N to 150 N and
a constant sliding velocity of 2 mm/s were adopted in the experiments. Each testing was repeated
5 times. The variation of COF with sliding distance was recorded and the worn morphologies were
subjected to microstructure characterization.
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Figure 1. Schematic illustration of the pin-on-plate tribological testing of the 304 austenite stainless steel.

2.3. Microstructure Characterization and Hardness Testing

The wear behavior and microstructure evolution of the 304 stainless steel during sliding tests were
characterized using a 3-D optical profilometer (Rtec Instruments, San Jose, CA, USA), JEOL-7100FT
(JEOL Ltd., Tokyo, Japan) field emission scanning electron microscope (SEM) equipped with electron
backscattered diffraction (EBSD). A particular focus was put on the wear track characterization. EBSD
scans were performed on the samples tilted by 70◦ with a step size of 0.2 to 1.0 microns and the
acquired data was analyzed with HKL Channel 5 data software (Oxford Instruments, Abingdon, UK).
The surface micro-hardness of the 304 stainless steel samples with different annealing time before
tribological testing were measured by a Wilson hardness test machine (Buehler, Lake Bluff, IL, USA)
with a load of 500 g and a dwelling time of 10 s. Hardness tests were repeated 5 times for each sample.

3. Results

3.1. Initial Microstructure of the 304 Stainless Steel

Figure 2 shows the initial microstructure of the 304 stainless steel samples before tribological
testing. The inverse pole figures (IPF) of the microstructure of the samples annealed at 1100 ◦C for 1, 2,
10, and 24 h are shown in Figure 2a–d, respectively. It can be seen that the grain size of the samples
increases the annealing time. Mover, some annealing twins can be identified in the microstructure of
the steel samples regardless of grain size. Figure 2e corresponds to the phase map of microstructure
in Figure 2a. The phases with body-centered cubic (BCC), face-centered cubic (FCC), and hexagonal
close-packed crystal (HCP) structure are marked by the red, green and yellow color, respectively. It is
observed that the material possesses a full austenite microstructure after 1 h of annealing. The mean
effective grain sizes of the samples with different annealing time were measured by the HKL Channel
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5 software according to the ASTM-E2627 standard [21] and the results are shown in Figure 2f. It can be
seen that the grain size increases from 25 to 92 µm as the annealing time increases from 1 h to 24 h.
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corresponding to Figure 2a. (f) Variation of initial effective grain size of the 304 stainless steel samples
with annealing time.

3.2. Effect of Austenite Grains Size on the COF

Figure 3 shows the effect of austenite grain size on the surface COF of 304 stainless steels measured
by dry sliding tests. Figure 3a,b show the variation of COF with sliding distance for the sample with
grain size of 25 and 92 µm, respectively. It can be found that the COF fluctuates around its mean value
during dry sliding. Moreover, the increase of the applied load leads to the increase of COF values.
For example, the mean value of COF increases from 0.058 to 0.071 as the applied load increases from
20 to 150 N for the sample with a grain size of 25 µm (Figure 3a). Similar trends also exist for the
sample with a grain size of 92 µm, in which the mean value of COF increases from 0.074 to 0.21 as the
applied load increases from 20 to 150 N (Figure 3b). Figure 3c shows the effect of the grain size on the
mean values of COF measured by five different repeated testing. It was found that austenite grain size
has a significant effect on the surface COF of austenite stainless steel, a refined grain size results in the
decrease of COF, regardless of the applied loads. For instance, the surface COF decreases by 48% from
0.135 to 0.065 as the grain size decreases from 92 to 25 µm with an applied load of 80 N.
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3.3. Effect of Austenite Grain Size on the Wear Behavior

The 3-D morphologies of the worn surfaces of the 304 stainless steels with different grain sizes
after dry sliding with an applied load of 150 N are shown in Figure 4a–d. It can be seen that the
surface was plastic deformed and materials were displaced to the two sides of the wear tracks due to
the plowing effect [22]. With the increase of grain size, the depth of the wear track becomes deeper.
A quantitative measurement of the profiles of the cross-sections of the wear tracks is shown in Figure 4e.
It can be seen that the depth of the wear track increases from 1.75 to 2.25 µm as the grain size increases
from 25 to 92 µm, indicating a weakened wear resistance of austenite stainless with larger grains.
Moreover, the height of the edges of the wear track increases with the grain size due to the severer
degree of plastic deformation. For instance, the height of the edge is 1.6 µm for the sample with a
grain size of 92 µm, which is two times of that of the sample with a grain size of 25 µm. Since the
wear rate is proportional to the cross-sectional area of the wear track, it can be calculated that the
wear rates were reduced by around 30% as the grain size decreased from 92 to 25 µm. The surface
micro-hardness values of the samples with different grain sizes are shown in Figure 4f. It can be seen
that the surface micro-hardness of the 304 austenite steel increases with the decrease of grain size.
For example, the Vickers hardness number (VHN) increases by 48% from 132 to 196 VHN as the grain
size decreases from 92 to 25 µm.

Surface hardness plays an important role on the wear resistance of the metallic materials. According
to the classical Archard’s law [23], the wear volume, V, of a materials can be expressed as V = LkW

H ,
in which L is the sliding distance, W is the normal applied load and H is the hardness of the softer
substrate subjected to wear. However, as the hardness of the 304 steel sample increases by 48% when the
grain size decreases from 92 to 25 µm, the wear rates only decreases by around 30%. This observation
indicates that apart from the surface micro-hardness, other factors, such as friction-induced martensitic
transformation, might significantly influence the wear behavior of the austenite steel. A detailed
discussion of the friction-induced martensitic transformation will be presented in Section 4.
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To further characterize the effect of the grain size on the wear behavior of austenite stainless steel,
the worn surfaces of the samples were examined by SEM. Figure 5 shows the surface morphologies of
the samples with grain sizes of 48 and 92 µm after the dry sliding test with an applied of 80 N. It can be
seen that the wear track consists of large amounts of micro-grooves. The width of the wear track for
the sample with grain size of 48 µm is 234 µm (Figure 5a), which is smaller than that of the sample
with grain size of 92 µm (312 µm in Figure 5c). Moreover, by checking the enlarged view of the wear
track, it can be seen that both micro-cutting and surface delamination occurred during dry sliding of
the sample with a grain size of 48 µm (Figure 5b). The surface delamination is an indication of severe
adhesive wear, which has also been observed in other studies [24,25]. The surface delamination is
more serious and some wear debris can be identified in the wear track of sample with a grain size
of 92 µm as shown in Figure 5d, indicating the decreased wear resistance of 304 stainless steel with
the increase of grain size. More specifically, it can be seen that by refining the austenite grain size,
the adhesive wear component can be reduced.
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4. Discussion

4.1. Frcition-Inudced Martensitic Tranformation

Friction-induced microstructural evolution makes a significant impact on the tribological behavior
of metallic materials [8,26]. To investigate the microstructural evolution of 304 stainless steel during dry
sliding, the wear track morphology was first examined by SEM. Figure 6 shows the SEM image of the
worn surface of the steel sample with a grain size of 76 µm after dry sliding test with an applied load
of 150 N. The middle area and front area of the wear track were examined and shown in Figure 6b,d,
respectively. It can be seen that a considerable amount of slip traces was revealed besides the wear
track, as shown in Figure 6b, due to the surface pile-up effect induced by the displacement of the
materials. Figure 6c shows an enlarged view of the morphology in the front part of the wear track.
It can be seen that the direction of the slip traces changes among different grains. Some slip-transfer
effect can be identified in Figure 6c. Moreover, shear band intersection can be observed in Figure 6e,
which can be acted as the nucleation site for stress-induced martensite [27]. Mateo et al. [28] showed
that as the dislocation pile-up at the gran boundaries accumulate to a critical value, shear band forms
and triggers the nucleation of martensite. Some surface wrinkles can be also identified in Figure 6d,e.
The surface wrinkle may affect the tribological properties of 304 stainless steel through two different
ways. First, it changes the surface morphology and affects the volume of the materials that continuous
sliding need to shear [29]. Secondly, it might correspond to the hard martensite phase and affect the
plasticity of the materials in front of the wear track [30]. All these two factors will significantly affect
the plowing effect during dry sliding [31].
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Figure 6. SEM images of the wear track of the 304 stainless steel with a grain size of 76 µm after dry
sliding test with an applied load of 150 N: (a) Middle part of the war track and (b) the slip traces besides
the wear track. (d) Front part of the wear track and enlarged view of some areas showing (c) slip trace
and its transfer between grains and (e) shear band intersection and the formation of surface wrinkles.

To have a better understanding of the friction-induced martensitic transformation behavior,
the front part of the wear tracks was analyzed by EBSD. Figure 7 shows the SEM image of the front
part of the wear track of austenite steel sample with a grain size of 48 µm after dry sliding test with an
applied load of 80 N. The area marked by yellow dash line in Figure 7a was analyzed by EBSD and the
results are shown in Figure 7b–d. It can be seen that some lath-like martensite plates, which are marked
by red color in the phase map in Figure 7b, were formed in the front part of the wear track. Moreover,
it seems that martensite preferentially nucleated in some austenite grains with a {111} texture (marked
by blue color in the IPF map in Figure 7c). One possible reason to account for this phenomenon might
be the fact that those austenite grains have their {111} planes parallel to the sliding direction. Therefore,
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dislocation slips on the {111} planes can be easily activated and trigger the formation of shear bands.
Figure 7d shows the kernel average misorientation (KAM) map of the microstructure in the front part of
the wear track; it can be seen that considerable high misorientation distributions occurs near the wear
track. Moreover, high misorientation distributions can be also found near the martensite-austenite
interface in the front part of the wear track. This local misorientation corresponds to the geometrically
necessary dislocations (GND) induced by the martensitic formation and further affects the continuous
deformation of austenite during dry sliding [32].
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Figure 7. (a) SEM image the front part of the wear track of the 304 stainless steel with a grain size
of 48 µm after dry sliding test with an applied load of 80 N. (b–e) Electron backscattered diffraction
(EBSD) analysis of the transformation of austenite to martensitic in the front of wear track: (b) phase
map, (c) inverse pole figure (IPF) map, and (d) kernel average misorientation (KAM) map.

In-depth analysis of the friction-induced martensite formation was carried out by SEM and EBSD
with a fine step size. Figure 8a shows the SEM image of an area in the front part of the wear track.
Three grains, G1, G2, and G3, with different slip trace directions are marked. EBSD analysis was
performed on the area marked yellow dash line and shows that G1, G2, and G3 correspond to austenite
grains, as shown in Figure 8b. Moreover, a lenticular shape of martensite, which corresponds to the
surface wrinkle in G1 in Figure 8a, can be identified as martensite phase (BCC, in red), is marked as
M. It was also observed that very few ε-martensite islands which have a HCP structure were also
formed. ε-martensite was regarded as an intermediate phase between austenite and α’-martensite [33].
The intermediate step of austenite to ε-martensite with straining is due to the low Gibbs free energy
difference between austenite and ε phases [34]. However, due to its negligible amount, it is not the
focus of this study. Figure 8d shows the crystal unit cells of G1, G2, G3, and M. The slip planes of
austenite grains with respect to the slip traces in Figure 8a are marked by a semi-transparent blue color,
according to the analysis approach in previous research [35]. Schmid factors (SF) are calculated and the
slip direction with the maximum SF are also shown in Figure 8d. It can be seen that the slip directions
between G1 and G3 are almost parallel, which accounts for the large amount of slip-transfer between
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G1 and G3 (Figure 8a) and good strain accommodation compatibility [36]. However, the slip directions
between G1 and G3 shows a large deviation and may induce the stress concentration adjacent to
the grain boundary. The stress concentration due to low strain accommodation compatibility may
trigger the nucleation of martensite near the shear bands. Similar phenomenon was also observed in
the research carried out by Wu et al. [37], in which they found that deformation-induced martensite
in TRIP steels tends to nucleate only from the ferrite/austenite interfaces due to the large plastic
incompatibility stress. Figure 8e,f show the {111} pole figure of the G1 and {110} pole figure of
the M, it can be seen that {110} plane projections in the martensite phase somehow match with
the {111} pole figure of M. Therefore, the orientation relationship between austenite and adjacent
martensite follows the well-known Kurdjumov–Sachs (KS) relationship [38], i.e., {111}A//{110}M
and 〈101〉A//〈111〉M . Moreover, the friction-induced martensite also exhibits some stress orientation
dependent, as evidenced by its 〈101〉 somehow parallel to the sliding direction. Matsuoka et al. [39]
showed that the deformation-induced martensite has a significant transformation texture where the
〈101〉 direction of martensite tends to be parallel to the tensile direction. However, such an argument
may not be robust in this study due to complex stress state in the polycrystalline structure. Further
analysis will be carried out on micro-scale sliding tests on single crystal austenite steel.
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Figure 8. EBSD analysis showing the mechanism of friction-induced martensite transformation: (a) SEM
image showing the different grains with different slip trace directions, (b) IPF map and (c) phase map
of the area marked by yellow dash line in (a). (d) Crystal unit cells of the austenite grain G1-G3 and
martensite grain M. The slip planes and slip directions with maximum SF in austenite crystals are
marked. (e) {111} pole figure of the G1 grain. (f) {110} pole figure of the M grain.

To investigate the effect of grain size on the stress-induced martensitic transformation behavior,
the microstructure in the front part of the wear track of austenite steel samples with different grain sizes
are compared. Figure 9 shows the comparison of the microstructure in the front part of the wear track
for the 304 stainless steel with a grain size of 48 (Figure 9a,b) and 92 µm (Figure 9c,d) after dry sliding
test with an applied load of 150 N. According to the phase map, it can be seen that a considerable
larger amount of martensite was formed in the front part of the wear track of steel sample with a
grain size of 92 µm (Figure 9d) than that of steel with a grain size of 48 µm (Figure 9b). The shape of
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martensite phase in the front part of the wear track in Figure 9a,b mostly shows a lath-like morphology
while it turns irregular and consumes large volume of austenite parent grains, as shown in Figure 9c,d.
Moreover, by comparing Figures 9b and 7c which correspond to the applied load of 80 N and 150 N
in austenite stainless with a grain size of 48 µm, it can be seen that the volume of friction-induced
martensite also increases with the applied load.
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Figure 9. EBSD analysis of the friction-induced martensitic transformation on 304 stainless steel with
grain size of (a,b) 48 µm and (c,d) 92 µm after dry sliding test with an applied load of 150 N. (a,e) are
IPF maps while (b,d) are the corresponding phase maps.

The grain size dependence of deformation-induced martensitic transformation has been studied
experimental and numerically by several researchers. Nohara et al. [40] showed that by decreasing the
austenite grain size, the amount of strain-induced martensite decreases due to improved austenite
stability. Levitas et al. [41] proposed that shear-band intersections are the major nucleation sites
for stress or strain-induced martensitic transformation and the number of shear-band intersections
determines the potential nucleation sites of martensite. In the constitutive model proposed by
Stringfellow et al. [42], the number of intersections of shear bands N can be expressed as N = K

(
Nsb
)n

,
where Nsb is the number of the shear bands, n is a constant, K is a grain size-dependent parameter
and can be described as: k = πd2/16. Therefore, it seems that increasing the grain size leads to
the improved chance of shear band intersection and promote the nucleation of martensite. In our
study, as the normal load is applied by the alumina ball on the stainless steel sample, martensitic
transformation occurs around the indentation to accommodate the local plastic deformation. Austenite
steel sample with a larger grain size results in more martensite phases formed.

4.2. Proposed Mechanism

With the experimental observation and analysis carried out above, the mechanism responsible
for the effect of grain size on the friction-induced martensitic transformation and the tribological
performance of austenite stainless steel is proposed and schematically illustrated in Figure 10. When the
alumina ball slides against the austenite stainless steel, the adhesion component and plowing component
determines the values of COF and wear behavior [43]. As the adhesion component is a function
of material pair, sliding environment, and real area of contact, it is expected that the variation of
austenite grain size influences the adhesion component by affecting the real area of contact in the
present study [44]. According to the experimental observations in Figures 4 and 5, it can be seen that
austenite steel with a coarse grain leads to a wider wear track and a rougher contacting surface, leading
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to a larger real area of contact, as shown in Figure 10b. Therefore, the increase of austenite grain size
increases the adhesion component during dry sliding and lowers the wear resistance of austenite
stainless. The plowing component depends on the degree of plastic deformation taking place at the
asperity level [29,31]. It is presented in Figures 4 and 9 that a severer plastic deformation occurs in
front of and besides the wear track for the sample with a coarser grain size, which is reflected by the
larger amount of friction-induced martensite. Therefore, the amount of materials that the subsequent
sliding needs to plow increases with the increase of grain size (Figure 10b). Moreover, as the amount
of the martensitic transformed increases with the grain size, the larger volume fraction of martensite
acting as a reinforcing phase will more effectively inhibit the movement of the alumina ball, further
increasing the plowing component. These effects discussed above contribute to the friction and wear
performance of austenite stainless steels.
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Figure 10. Schematic illustration of the mechanism of austenite grain size effect on the friction-induced
martensitic transformation and tribological performance: (a) stainless steel with fine austenite grain
size and (b) stainless steel with coarse austenite grain size.

5. Conclusions

The effect of grain size on the friction-induced martensitic transformation and tribological
performance of 304 austenite stainless steels was systematically investigated in this study. The following
conclusions can be drawn:

(1) Austenite grain size has a significant impact on the surface COF and wear resistance of 304 stainless
steels. A larger austenite grain size results in a higher COF and lower wear resistance.

(2) Friction-induced martensitic transformation plays an important role during the dry sliding process
and shows a grain size dependent behavior. A coarser austenite grain size leads to a higher
amount of martensite transformed.

(3) Stress-induced martensite preferentially nucleates at the grain boundaries of the austenite with
a {111} texture in the front of the wear track. The incompatibility of slip-transfer promotes the
formation of martensite. The martensite variant selection tends to occur with its 〈101〉 direction
along the sliding direction.
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(4) The mechanism responsible for the influence of austenite grain size on the COF and wear resistance
of 304 austenite stainless steels is proposed. It is discussed that austenite grain size affects both
the plowing and adhesion effect by affecting the amount of friction-induced martensite.
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