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This study explored the effect of pre-corrosion damage on the tribology behavior of the austenitized and the
different tempered conditions of 13 wt.% Cr martensitic stainless steel under dry sliding conditions using a
“ball on plate” configuration. Corrosion immersion experiments were performed in 5 wt.% HNOj solution
at room temperature for 30 min. The austenitized and the tempered at 300 °C (T300) specimens displayed
the attack along the prior austenitic grain boundaries, whereas the specimens tempered at 550 (T550) and
700 °C (T700) showed intergranular plus interlath corrosion and uniform corrosion, respectively. Sub-
jecting this corrosion-damaged specimens to dry sliding revealed non-monotonic friction and wear behavior
with tempering temperature. The microstructure and the type of corrosion attack together determined the
overall wear performance of the tempered conditions. The specific wear rate (k) decreased in the order
k1700 > Krsso > k1300 ~ Kaustenitizea- The k value of the austenitized and the T300 specimens (~ 32 —
35 X 10~° mm>/Nm) is observed to be 12 and 15 times lower than the k value of T550 (~ 408 x 10~® mm?/
Nm) and T700 (~ 495 X 10~ mm*/Nm) specimens, respectively. The reason for the lower k& value is due to
the continuous, thick (~ 4 pm thickness) Cr-rich tribo-film that formed on the wear track and acted as solid
lubricant. The T550 and T700 specimens had a discontinuous Fe-rich tribo-film on the wear tracks;
therefore, rubbing in the presence of harder and loose Fe-rich oxides particles led to severe adhesion plus
galling in T550 and smearing plus plastic deformation in T700 specimens. It was also found that the wear
rate and surface damage are reduced for pre-corroded austenitized and T300 specimens compared to the
respective unattacked pristine specimens; however, the opposite effect was observed in T550 and T700

specimens.

coefficient of friction, martensitic stainless steel,
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1. Introduction

Martensitic stainless steels (MSSs) are widely used in
different industries including nuclear because of their better
mechanical properties, combined with good corrosion and wear
resistance (Ref 1-3). The corrosion resistance of SSs originates
from a thin (of a few nm thicknesses) passive film composed of
Cr,03 or Cr-containing spinel type oxide (FeCr,O4/NiCr,O4)
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with a self-healing property (Ref 4, 5). This passive film
prevents the interaction of the base material with the environ-
ment and thus, protects it from the environment. The breakage
of the passive film depends on the chemical composition and
microstructure of the material and also on the environment. For
examples, SSs undergo pitting corrosion in chloride solutions
due to collapse of the passive film locally and the intergranular
corrosion (IGC) due to the breakage of the weaker passive film
formed at the Cr-depleted regions near the grain boundaries
(Ref 6, 7).

The protective film may rupture and then, allow the material
to be damaged tribologically either during dry sliding (in air) or
under mild acidic lubrication (Ref 8, 9). It is well known that
the heat generated during the frictional contacts promotes the
formation of tribo-films (of different nature and thickness).
These tribo-films are reported to be capable of preventing the
direct contact of the SS surface with its counterpart and play a
vital role in modifying the wear & friction characteristics (Ref
10-13). Therefore, increasing efforts have been made to
understand the effects of evolution of surface oxidation and
surface layers on the friction and wear properties of steels and
SSs in different microstructural conditions (Ref 11-14). The
tribo-films of SSs, generated under dry sliding conditions, were
composed of oxide particles such as Fe,O3, FeCr,O4 (FeO +
Cr,03), and Fe;Si04. (Ref 13, 14). These oxide particles have
the tendency to undergo mixing and compaction under the
contact stresses between the mating surfaces and act as either a
solid lubricant or abrasive agent (Ref 15, 16). Therefore,
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surface oxide layer formed on the steel surface can change the
tribological characteristics of the lubrication (Ref 17). Solid
lubricants help to reduce friction and wear of steels (Ref 13,
14), whereas abrasive agents act as stress raisers and can result
in higher wear and fluctuating friction (Ref 12). If the oxide
debris formed is free and harder & brittle in nature, then
abrading behavior was noticed, whereas the adhered oxide scale
formed uniformly over the surface, decreased the metal-on-
metal contact during the dry coupling of metallic parts (Ref 13,
14). Because of this, depending on the kind of the lubricating
agent generated during the wear process, both detrimental and
beneficial effects of the tribo-films were observed. Chen et al.
(Ref 14) reported an improvement in wear resistance of
martensite steel in dry sliding conditions due to the formation
of films composed of Fe,03, Cr,O; and FeCr,O4 on the worn
surfaces.

It was also reported that the lubrication offered by the oxide
layer is linked to the evolution of the subsurface microstructural
developments during the dynamic sliding friction process (Ref
16). The stress fields and heat generated within the frictional
contacts can induce the deformation in subsurface and alter the
initial microstructure. The effect of sliding wear-induced
subsurface modifications and oxidation on tribological perfor-
mance was studied in a few materials (Ref 16-22). In a review
by Jacobson et al. (Ref 17) on different tribo-systems concluded
that the surface and subsurface modifications of plate material
are inevitable during dry or boundary lubricated tribological
contacts. The modifications may include topographical changes
such as smoothening or roughing, formation of micro-cracks,
oxides, solid films, deformation hardening, and the transfer of
material from the counter surface. Mashuko et al. (Ref 18)
reported superior tribological performance for SS 440C when
oxide layer is present.

Currently available literature on tribocorrosion of different
MSSs highlights their behavior in chloride containing environ-
ments (Ref 23). The nitric acid-based solutions have been used
for cleaning, descaling and passivation treatments of stainless
steels. The acid concentrations used in such operations are
shown to be sufficient enough to cause IGC in quenched &
tempered MSSs even at room temperature (Ref 1, 7). However,
no tribological studies are reported in such environments.
Therefore, understating the wear behavior of MSSs in such
circumstances (i.e., IGC attacked/undergoing IGC during in-
service) is a topic of paramount relevance and helpful for
selection of materials.

Recently, it has been shown that the microstructural changes
induced by the tribological loadings affected the localized
corrosion behavior of MSSs and is reported to be dependent on
the number of cycles (Ref 24). In a recent work, it was also
observed that the MSS tempered at 550 °C condition which has
the least wear resistance to dry sliding had shown the lowest
specific wear rate in nitric acid (HNO;) sliding conditions (Ref
9). The surface films developed under HNOj sliding conditions
are shown to be Fe-rich oxides and acted as solid lubricant and
shielded the substrate contact with the environment. However,
HNO; trapped locations inside the wear track caused the
enhanced localized corrosion attack (Ref 8, 9). The wear can
accelerate the corrosion mainly by (a) breakage of passive film,
(b) sub-surface microstructural changes/plastic deformation
thereby increase in the dislocation density and (c) generation
of surface irregularities (Ref 24-26).

Practically, engineering materials might undergo corrosion
before deployment into tribological applications either due to
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manufacturing processes (e.g., pickling in HNO;) or due to
material-environment interactions (e.g., oxidation, rusting).
Incidences of occurrence of IGC in valve and stem materials
made of 13 wt.% Cr MSSs, due to fabrication process, have
been reported (Ref 27, 28). Wear studies of such conditions are
of practical importance, and data generated are very useful for
designers and engineers. To the authors’ knowledge, no studies
have yet been reported on the tribological behavior of tempered
13 wt.% Cr MSS (in corrosion attacked conditions) under dry
sliding conditions. Investigating such effects on the wear
behavior will contribute to the basic understanding of the
complex phenomenon of tribocorrosion. Indeed, we are cur-
rently performing the tribocorrosion behavior of these condi-
tions and, the results obtained so far are very insightful in
understanding and explaining the complex tribocorrosion
behavior of MSSs.

Some machine components slide under corrosive lubrication
environments and display synergistic phenomena of tribocor-
rosion due to in situ occurrences of wear and corrosion.
Whereas in dry sliding, the protective oxide films may form
directly on stainless steels to provide resistance to wear (in non-
corroded conditions). The composition and continuity of the
developed oxide layers on stainless steels in dry sliding
contacts play a significant role on their tribological behavior.
These layers can either act as solid lubricant thereby improve
friction and wear performance or act as a stress raiser and
degrade the wear performance (Ref 12, 13). The dry sliding of
corroded conditions is expected to exhibit different wear
performance compared to that of non-corroded conditions
under identical conditions. Since, the nature and continuity of
oxide layers developed on the corroded surfaces may totally
different to that of non-corroded surfaces and wide differences
in their wear and friction behavior are anticipated. The present
work mainly highlights the role of such layers (presented on
corroded materials) on friction and wear behavior. Also, it
brings out the wear performance in pre-corrosion-damaged
conditions in dry sliding conditions.

Therefore, in the present study, a systematic investigation
has been carried out to understand the tribological behavior of
the austenitized and the tempered (at 300, 550 and 700 °C)
13 wt.% Cr MSS in corrosion attacked conditions. Room
temperature immersion tests in 5 wt.% HNOj; solution were
conducted to establish the corrosion behavior of the austeni-
tized and the different tempered conditions. These attacked
specimens were subjected to tribology tests using ball-on-plate
configuration. The developed wear track regions were charac-
terized in-detail and compared to that of respective unattacked
specimens to find out any synergistic/mutual dependence of
mechanical and corrosion effects.

The findings of the study offer a better understanding on the
application of tempered MSSs in corrosion attacked conditions,
which is helpful in the selection of materials involving both
wear and corrosion. It is to be noted that the corrosion behavior
of 13 wt.% Cr MSS in 5 wt.% HNOj; solution was evaluated
for shorter duration, i.e., for 30 min and is reported for the first
time. In one of the author’s previous studies, the corrosion
behavior was reported after immersion for 24 h (Ref 8) and also
oil-quenching was used in the austenitization treatment whereas
in the present study air cooling was used (Ref 8). For the first
time, the wear behavior of pre-corrosion-damaged conditions of
the austenitized, the T300 and T700 conditions, is reported and
compared with behavior of T550 condition reported in (Ref 9)
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and also compared with that of its unattacked counterpart
conditions.

2. Experimental Details

2.1 Material, Heat Treatments and Characterization

The chemical composition of the as-received 13 wt.% Cr
MSS used in the present investigation was analyzed using spark
optical emission spectroscopy and is tabulated in Table 1. The
specimens of size 20 mm (L) x 20 mm (W) x 5 mm (T) were
cut from the as-received condition. These cut specimens were
austenitized at 1020 °C for 30 min followed by air cooling,
subsequently, tempered at 300, 550 and 700 °C for a period of
2.5 h. The detailed procedure and selection of temperatures and
duration were provided in author’s previous work (Ref 9). In
the subsequent sections, the tempered specimens were desig-
nated as T300, T550, and T700. Before tests, each specimen
was wet ground successively up to 1200 grit emery papers and
then, mirror-polished using 1 ym diamond paste followed by
cleaning in soap solution and running water. The hardness and
surface roughness measurements were performed on each
mirror-polished austenitized and tempered specimens as per the
procedures presented in our previous works (Ref 9, 29).

2.2 Immersion Corrosion Tests

The mirror-polished specimens, prepared as per Sect. 2.1,
were exposed to 5 wt.% HNO; solution at room temperature
for a period of 30 min. It is to be noted that the corrosion
behavior of these conditions for shorter duration (30 min in our
case) is not available in the reported literature. The initial and
final weights of the specimens were recorded with an accuracy
of 1 pg, and corrosion rates were calculated in mpy using Eq 1.

KW

Corrosion Rate (CR) = m

(Eq 1)
where K is a constant (3.45 x 10°), 4 is total surface area of
exposed specimen in cm?’; W is weight change in g; T is total
time of immersion in h; p is density of the specimen in g/cc.

The immersion tests were repeated twice, and the average
corrosion rate (along with standard deviation) was reported.
Nature of the attack/damage was examined on exposed surfaces
using field emission-scanning electron microscopy (FE-SEM)
(Model and make: Auriga 4553, Carl Zeiss, Jena, Germany).
The cross sections of the exposed specimens were prepared
using ultra-precision cutting machine followed by hot mounting
using a conductive resin. The mounted specimens were mirror-
polished as per the metallographic procedure described in
Sect. 2.1. The depth of the attack/damage was examined using
FE-SEM.

Table 1 Chemical composition (all in wt.%) of 13 wt.%
Cr MSS used in the present study

C Cr Mn S Ni \% P Cu Fe

0.31 13.3 0.81 0.01 027 0.04 002 0.15 Bal

2.3 Tribology Tests and Post-test Evaluations

The tribology experiments were performed as per ASTM G-
99 using a standard Tribometer (Model& make: TR-20LE-
M110, Ducom Instruments, Bangalore, India) with a “ball on
plate” test configuration under dry sliding conditions. Alumina
ball of 6 mm diameter was used as the counterface material due
to its hard and inert nature. The mechanical properties of the
plate in the austenitized and the different tempered conditions
and alumina ball (supplier data) are provided in Table 2. These
properties were used to calculate the Hertzian contact stress.
Prior to the tribology test, the plate material was exposed to
5 wt.% HNOj; solution for 30 min. The experimental param-
eters for dry sliding are as follows: test duration: 30 min, wear
track diameter: 6 mm, applied load: 20 N, sliding speed:
0.005 m/s, sliding distance: 4.5 m, medium: dry at 25 °C,
mode: unidirectional sliding. The reason for selecting the
aforementioned test parameters is as follows: (a) wear track
diameter was set to 6 mm to utilize the full surface area
available on a test specimen, (b) applied load was 20 N as it
produces the Hertzian contact stress (P) in the range of 2 GPa
and is sufficient to maintain the localized damage in elasto-
plastic zone (c¢) sliding speed maintained at very low level
of ~ 0.005 m/s, since most of the components working in
reactor environments move very slowly (due to high precision
process requirements) and is rarely studied at such a low
speeds, (d) test duration is kept at 30 min as this duration is
long enough to cause corrosion attack and able to generate wear
effects, (e) total sliding distance is about 4.5 m is calculated and
depends on rpm, test duration and track diameter and (f) test
mode was unidirectional sliding as in this mode of sliding, wear
debris generally stays at the contact interface; hence, partici-
pation of debris in the friction, wear and corrosion process can
be studied. Schematic of the test configuration, test parameters,
procedure to calculate steady state coefficient of friction (COF)
from online monitored data along with methods to evaluate
wear depth and specific wear rates of plate and ball as per the
standard procedures were described elsewhere in our previous
works (Ref 9, 29).

Each test was repeated at least thrice on a fresh ball and
plate specimen to ensure reproducibility. Schematic of test
configuration, test parameters, procedure to calculate steady
state COF from online monitored data along with methods to
evaluate wear depth and specific wear rates of plate and ball as
per the standard procedures were described elsewhere in our
previous works (Ref 9, 29). The top surface of wear tracks on
plate specimens was characterized using a FE-SEM equipped
with energy-dispersive spectroscopy (EDS) (Model and make:
X-Max, and Oxford, UK) and Raman spectroscopy (Model and

Table 2 Mechanical properties of the 13 wt.% Cr MSS
plate and alumina ball (Supplier’s data)

Property Values

Material 13Cr MSS Alumina
Density (g/cc) 7.8 39
Elastic modulus (GPa) 200 375
Poisson’s ratio 0.28 0.22

Yield strength, o,(MPa) 1200426 (austenitized); 1133+£91

(T300); 1022+58 (T550); 602+13 (T700)
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make: Invia-Reflex and Reinshaw, UK) to elucidate the wear
mechanisms. Surface roughness (Ra) of each specimen (on and
away from the wear track) was measured using a 3D optical
profilometer (Model and make: Taylor Hobson CCI Optics,
UK). Measurements were performed over an area of 0.25 mm?
at three different locations on each specimen and average
values (along with standard deviation) reported. Few selected
plate specimens were cut from the middle of the wear track
using slow speed precision cutting machine, and the cross
sections of the cut plate specimens were hot mounted using a
conductive resin. Mirror polishing of the mounted specimen
was carried out to examine the subsurface degradation, if any,
using an optical microscope and FE-SEM/EDS.

3. Results and Discussion

3.1 Changes in Localized Corrosion Behavior After
the Austenitization and the Tempering Treatments

Figure 1 shows the corrosion rates (along with their
standard deviation) for the austenitized and the different
tempered conditions after exposure to 5 wt.% HNOj; solution
at room temperature for 30 min. The austenitized and the T300
conditions had almost same corrosion rates (755-968 mpy),
whereas T550 and T700 conditions had corrosion rates of 5025
and 1780 mpy, respectively. The T550 condition showed the
highest corrosion rate, whereas T300 condition showed the
least corrosion rate. The examination of the top (longitudinal)
and cross section of the exposed surfaces revealed different
types of attack in the tempered conditions. The austenitized
condition showed discrete attack along the PAG boundaries as
shown in Fig. 2(a). The top surface examination revealed no
evidence of grain dropping and also none of the martensitic
laths preferentially got attacked during the exposure to 5 wt.%
HNOs; solution in the tested duration (Fig. 2(b)). However, the
attacks along the carbide-matrix interface regions were
observed as shown in Fig. 2(b) indicating the micro-chemical
in-homogeneity at the interface regions. The discrete preferen-
tial attack along the PAGs is mainly due to the formation of Cr-
rich carbides with concomitant Cr-depletion at carbide matrix
interface regions at the PAGs during cooling from the

6000 T T T T
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4000 -

3000 4

2000 4

1000 -

Corroslon Rate (mpy)

.\.

0

Austenitized T300 T550 T700

Fig. 1 Corrosion rate for the austenitized and the different
tempered conditions after 30 min immersion in 5 wt.% HNO;
solution
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austenitization temperature (Ref 30-32). The cross-sectional
examination of the exposed surface revealed attack depth of
about 4.5 ym along the PAG boundary in the austenitized
condition (Fig. 3a) which is less than the grain size, and so no
grain dropping was observed. Similar morphological attack was
seeninT300 specimen too. It was reported that the carbides
formed after tempering at 300°Care Fe-rich, Fe;C type carbides
and formation of such carbides do not induce any Cr-depletion
at the carbide-matrix interface regions. Therefore, the attack in
T300 condition was observed only along the PAG boundaries
in longitudinal (Fig. 2c¢ and d) and cross-sectional examination
of the exposed surfaces as shown in Fig. 3(b). In the present
study, it was observed that the corrosion rate (968 mpy) of the
austenitized condition that was cooled by air cooling is much
higher than the corrosion rate reported for the austenitized
condition that was cooled by oil quenching. This indicates that
shorter durations are sufficient enough to cause sensitization in
13 wt.% Cr MSS during cooling to room temperature for the
martensitic transformation. Figure 2(e) and (f) shows the
unevenly attacked top surface of the TS550 condition after
exposing to 5 wt.% HNOj5 solution for 30 min. Similar type of
surface features was reported in the literature after exposure to
5 wt.% HNOj solution for a period of 24 h and attributed to the
preferential attack along the lath interfaces due to the presence
of narrow Cr-depletion regions associated with nano-sized Cr-
rich carbides (Ref 7).

In the present study, the cross-sectional examination of the
exposed surface (Fig. 3c) of T550 specimen showed the
preferential attack along the lath interfaces and the grain
boundaries. The high rates of corrosion and the attack along the
interfaces and uneven attack observed in T550 specimen
confirm that it is in highly sensitized condition. The nano-sized
Cr-rich carbides formed along the lath and PAG boundary
interfaces are causing the preferential attack at the interfaces
and also uneven surface (Ref 32). The corrosion rates observed
for T700 are lower than T550 specimen but higher than the
austenitized and T300 specimens (Fig. 1). This could be due to
diffusion of Cr from the matrix to depleted regions associated
with Cr-rich carbides and replenishing the Cr-depleted regions
at 700 °C (Ref 7). The diffusion rate of Cr in ferritic/martensitic
matrix is 10 times higher than in austenitic matrix, and shorter
durations are sufficient for replenishing the Cr-depleted regions
in martensitic SS (Ref 7). The examination of the longitudinal
and cross-sectional surfaces revealed no preferential attack
either along the PAG boundaries or along lath interfaces for
T700 specimen as shown in Fig. 3(d). The higher corrosion rate
observed for the T700 specimen is attributed to its lower Cr
concentration in the matrix due to the formation of Cr-rich
carbides at the lath interfaces (Ref 29), thus leading to weaker
passivation in HNOj solution. Subjecting the 13 wt.% Cr MSS
tempered at three different temperatures to HNO; solution,
resulted in IGC along the PAG boundaries in T300 condition,
IGC and interlath in T550 and heavy uniform corrosion in T700
condition as shown in Fig. 2. Naturally, the differences in
corrosive attack could modify the surface appearance and the
corresponding surface roughness.

3.2 Frictional Behavior

Figure 4(a) demonstrates the online monitored COF versus
time curves for the austenitized and the tempered conditions (in
corrosion attacked conditions), against counterface alumina
ball. As shown in Fig. 4(a), starting COF (us) before the onset

Volume 33(2) January 2024—621



Grain Boundaries

Pits type features

. *

et r g
e AP

SRR B S
s TOSub-giicrgseopict {{.},; ‘.a
. o ‘pax_‘bi.g'é_s; i ;
>

LS

Fig. 2 FE-SEM images of 13 wt.% Cr MSS showing exposed surface after 30 min immersion in 5 wt.% HNO; solution, (a)-(b) Austenitized,
(c)~(d) T300, (e)-(f) T550 and (g)-(h) T700

622—Volume 33(2) January 2024 Journal of Materials Engineering and Performance




\I’rior Austenitic

Grain Boundary

Depth Below Surface

' Dépth Below Si_;rface 3

- -
l.Vl;‘ :

&

= S ¢

Depth Below Surface

i
.l; -.,

v

>Depth Below Surface

e

Fig. 3 FE-SEM images of 13 wt.% Cr MSS showing cross section of the exposed surface in 5 wt.% HNOj; solution for 30 min, (a)

Austenitized, (b) T300, (c)T550 and (d) T700

=
o

(a)

o
o
1

o
o
1

o
»

Coefficient of Friction (COF)

—=— Aust —— 550 °C —e—300°C —»— 700 °C

300 600 900 1200 1500
Time (s)

1.0
(b) Austenitised
[ T1300
0.8 EEE] 1550
‘5 T700
. 0.6
o 0.6-
s
(7]
1>,~ 0.4 -
©
2
N 02-
0.0

Fig. 4 (a) Online monitored coefficient of friction curves for 13 wt.% Cr MSS (in corrosion attacked condition) for the austenitized and the
tempered conditions, dry sliding against alumina ball and (b) Average steady state coefficient friction value of the corresponding condition

calculated from (a)

of sliding for the austenitized, T300 and T700 conditions is in
very close range of ~ 0.38-0.41, whereas the pg for T550
condition is about0.18. This is attributed to the differences in
the initial surface roughness (Ra) of the studied conditions. The
austenitized, T300 and T700 conditions after HNO3 exposure
had the Ra values of 120 nm, 110 nm and 160 nm, respec-
tively, whereas the T550 condition had the Ra value of 440 nm.
Therefore, the specimens with similar Ra values (along with
same test conditions) generated almost the same ug. The
increase in surface roughness leads to reduction in real contact
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area between the sliding surfaces. This results into increase in
local contact stresses at the asperity contacts and eventually
reduces the ability of these asperity contacts to carry additional
tangential load (before the onset of sliding); therefore, reduction
in deformation component of friction yields lower COF (Ref
33-38).

In general, tribological contacts in dry sliding show
fluctuations in COF during initial period of sliding and attain
a stable COF after sliding for a sufficient duration. The
austenitized and the T300 specimens attained steady state COF,
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in about z; ~ 150 s after the start of the experiment as shown in
Fig. 4(a). Such a quick stable COF under dry sliding contacts is
possible mainly due to the occurrence of either combined or the
individual phenomenon of (a) negligible wear debris (third
bodies) generation, (b) immediate formation/presence of
stable tribo-film on the surface and (c) attainment of steady
state condition in the generation and removal of wear debris
(Ref 10, 13). The T700 specimen attained steady state COF,
approximately after 950 s from start of the dry sliding and is the
highest among all tested conditions. We believe, this is due to
the longer time taken for the formation of a stable layer of
debris on the track region (Ref 33). The T550 specimen showed
fluctuations in COF, till end of the tribology experiment as
shown in Fig. 4(a). The fluctuations/oscillations seen in the
COF of T550 specimen with sliding distance are similar to that
reported in well-known stick—slip phenomenon (Ref 34, 35).
The stick—slip occurs due to periodic formation and breakage of
asperity junctions during sliding and leads to micro-galling.
Occurrence of stick—slip is usually reflected in (a) oscillations
in COF with time (never attains steady state COF) and (b)
generation of micro-galling features on worn-out surface (Ref
35-38). Indeed, the occurrence of micro-galling was confirmed
through SEM examination of wear track of T550 specimen and
is discussed in the Sect. 3.5. The calculated average steady state
COF for the austenitized and the different tempered conditions
is in the range of 0.36 to 0.62 and is presented in Fig. 4(b).
The COF values of the corrosion attacked conditions were
compared with its respective unattacked conditions (Ref 29)
under identical dry sliding conditions and are provided in
Table 3. The COF values for the corrosion attacked specimens
are lower than that of the values obtained in the respective
unattacked specimens. In our previous work, performed on the
unattacked specimens of the same conditions, the authors had
reported the highest value of steady state friction (4 ~ 0.87) for
the T300 specimen under identical sliding conditions (Ref 29).
This was attributed to higher value of the stress required to
cause the detachment of strongly attached M;C carbides (nano-
sized) from the matrix. Exposure to HNO; solution caused
attack at the carbide-matrix interface regions, leading to
dislodgement of the carbides, both undissolved and formed
during the tempering from the austenitized and the T300 matrix
(Fig. 2a, b, ¢, d, e, f, g and h). This dislodgement of carbides
effectively decreased the contribution of abrasion component of
friction in the austenitized and the T300 specimens, resulting in
almost same COF values (Ref 36, 37). The severe attack
(dislodgement of carbides and loosely held attacked interfaces
(Fig. 2e and f) in T550 specimen resulted further decrease in

COF value (0.36), as shown in Table 3. As shown in Figs. 2(g)
and (h) and 3(d), T700 specimen had uniform dissolution of the
matrix; however, the dislodgement of the carbides is relatively
lesser than that in the other tempering conditions. The presence
of the undissolved and submicroscopic carbides on the attacked
surface of T700 specimen contributed in the abrasion friction
and led to increase in the COF value as compared to the other
conditions (Ref 12). Apart from this, the presence of surface
films developed on the austenitized, T300 and T550 specimens
(confirmed by Raman spectroscopy and presented in Sect. 3.4),
might have contributed in decreasing the COF as these oxide
films reported to be act as solid lubricant (Ref 13).

3.3 Wear behavior

Figure 5(a), (b), (c¢) and (d) shows the typical 3D profiles
and 2D wear depth profiles for the austenitized and the
tempered conditions after dry sliding. Average wear depth
values (from three experiments) for the corrosion attacked
specimens were compared with that of respective unattacked
specimens (Ref 29) under identical dry sliding conditions and
are provided in Table 4.

Material pile up is not considered in wear depth calculations.
As shown in Fig. 5(a) and (b) and Table 4, negligible amount
of material removal was observed in attacked specimens of the
austenitized and the T300 conditions as compared to their
respective unattacked specimens. On the contrary (as shown in
Fig. 5¢ and d and Table 4), increased wear depth for T550 and
T700 in attacked specimens compared to that of their
unattacked specimens was obtained. Since wear is a surface
phenomenon, any surface modifications (due to corrosion
attack in the present case) definitely cause significant changes
in the wear response of the system (Ref 34, 39). Specific wear
rates (k) for the austenitized and the tempered conditions were
calculated (from profilometry data), and their average values
are presented in Table 4. Descending order k for different
studied conditions is:

kT700> kT550> kT300 ~ kAust.

Significant increase in the k value was observed for T700
(15 times) and T550 (12 times) conditions as compared to the
austenitized and the T300 conditions as shown in Table 4. This
suggests that the attacked surfaces of the austenitized & the
T300 conditions display lower material loss in dry sliding,
compared to IGC/inter lath attacked T550 and uniformly
corroded T700 surfaces. Specific wear rate (k) is a useful
parameter to interpret the severity (mild, severe or transition) of

Table 3 Comparison between the steady state COF (n) values of unattacked & corrosion attacked conditions of the
austenitized and the tempered 13 wt.% Cr MSS under identical dry sliding conditions

Material Average steady state COF

Remark

Unattacked (Ref 26)

Corrosion attacked

13 wt.% Cr MSS Variation for min.

Variation for min. Extent of reduction in COF for corrosion attacked compared

condition u and max. n and max. to unattacked condition, %
Austenitized 0.76 20 % 0.44 72 % 42
T300 0.87 0.40 54
T550 0.72 0.36 50
T700 0.74 0.62 16
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Fig. 5 Profilometric (3D/2D) images of the wear track developed on 13 wt.% Cr MSS in corrosion attacked conditions, (a) Austenitized, (b)
T300, (c) T550 and (d) T700 after subjecting to HNO; immersion followed by dry sliding. **yellow dotted lines in the images shown to

indicate wear track boundaries

Table 4 Comparison of average wear depth and specific wear rates for unattacked and corrosion attacked conditions of
austenitized and tempered 13 wt.% Cr MSS under dry sliding against alumina ball

Material Unattacked (Ref 26) Corrosion attacked

13 wt.% Cr MSS Average wear depth, Specific wear ratex107°, k, Average wear depth, Specific wear ratex107°, &,
condition Lm mm>/Nm um mm>/Nm
Austenitized 1.5 56 0.5 32

T300 2 160 0.5 35

T550 5 208 7 408

T700 42 180 7.5 495

abrasive or adhesive wear in dry sliding contacts (Ref 35, 36).
Order of the specific wear rate may vary from 10" mm*/Nm
for very severe wear to 107" mm*/Nm for ultra-mild wear
(very favorable conditions) (Ref 35-38). It is generally believed
that wear rate is indirectly proportional to the hardness of the
softer material in tribo-pair. However, during dry sliding, other
factors, e.g., hardness difference with the counterface (Ref 39,
40), fracture resistance (Ref 41), properties/composition of
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third bodies (Ref 42, 43) and microstructure (Ref 44, 45) can
prompt noticeable changes in the wear rate. Therefore, to
interpret the wear response of a particular material pair, in place
of jumping to a direct conclusion based on standard relationship
between surface hardness and the wear rate (Ref 46), a detailed
investigation of wear behavior is required. It has been shown
that during dry sliding process, friction and wear often causes
mechanical changes, heat transfer and chemical reactions of the
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surface material (Ref 47) and these changes usually result in the
modifications in the surface properties (formation of tribo-
films) and morphologies of materials in contact, being very
different from those of the bulk material. In the present work,
morphology of the austenitized and the tempered conditions
was different at the time of beginning of sliding; therefore, it is
expected surfaces to be modified differently and exhibit
different wear behavior against same counterface. Quinn (Ref
48) reported reduced friction and wear of metallic materials in
dry sliding due to the formation of protective oxide layers by
frictional heating within the dry sliding contacts. Though,
structure of the oxide layer present depends on temperature &
surface conditions at the interface. The breakage of the oxide
occurs after reaching a critical thickness and eventually appears
as wear debris which in turn affects the wear properties of the
sliding interfaces. Properties of debris generated during initial
dry sliding of material pair play a very important role in further
wear of materials (Ref 12, 15).

3.4 Ex situ Micro-Raman Spectroscopy Analysis
on the Wear Tracks

Figure 6(a), (b), (c¢) and (d) shows the Raman spectra
obtained from the wear track region of the pre-corroded
austenitized and the different tempered specimens. The fitted
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peak positions are compared with the peak positions of
different possible compounds that can form on Fe-Cr alloys
in (a) an oxidative environment considering the exposure to
HNO; solution and (b) oxidation during the dry sliding
conditions. Wear track regions of the austenitized and the
T300 conditions showed the Raman peaks corresponding to
Fe,05 and Cr,03, whereas the Raman peaks corresponding to
Fe,O; were observed predominantly on the track regions of
T550 and T700 specimens as shown in Fig. 6 (Ref 49-51). The
austenitized and the T300 specimens also had the low corrosion
rates in immersion tests. This is due to the formation of the Cr-
rich surface film formation (Ref 8). The higher Cr content in the
matrix of the austenitized and the T300 conditions resulted in
formation of Cr-rich oxides on the wear track region during dry
sliding. The formation of Cr-rich carbides in T550 and T700
specimens decreased the matrix Cr concentration and thereby
the formation of Fe-rich oxides on the wear track region of
these conditions during dry sliding.

3.5 Wear Mechanisms

Figure 7(a), (b), (c), (e), (), (g) and (h) shows the typical
SEM images showing the morphology of the wear tracks
developed on the corrosion attacked austenitized and the
tempered specimens under dry sliding conditions. Area marked
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Fig. 6 Raman spectra of worn-out surfaces of 13 wt.% Cr MSS under dry sliding of corrosion attacked conditions, (a) Austenitized, (b) T300,

(¢) T550 and (d) T700
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in blue color(as shown in Fig. 7) is the region used for
acquiring EDS elemental mapping, and only the oxygen (O)
elemental map for each condition is shown in Fig. 8(a), (b), (c)
and (d) for brevity. The optical image of the worn surface of
counterface alumina ball is also shown as an inset in the wear
track image of its corresponding condition. The track region of
the austenitized specimen is relatively smoother, shiny with the
absence of typical wear marks such as plowing, smearing, etc.
(Fig. 7a). This is possible in the dry sliding conditions either
due to polishing wear or formation of continuous protective
tribo-films (Ref 52, 53). Polished worn surfaces are generally
appeared as smoother and shiny suggesting low levels of
material removal without any plowing, cracks, or visible plastic
deformation on the worn surfaces (Ref 52).

Magnified image of the wear track (Fig. 7b) and the EDS
elemental (oxygen) mapping (Fig. 8a) confirm that the track
region is covered with a continuous oxide layer. Indeed, the
surface film was identified as oxides of Cr-rich and Fe using ex
situ micro-Raman spectroscopy (Fig. 6a). Tribo-films of Cr-
rich oxides with higher hardness and adhesion strength act as a
solid lubricant and reduce the friction and wear (Ref 11).
Formation of Cr-rich thick and hard tribo-film has increased the
load carrying capacity of the austenitized specimen, enabling it
to bear applied high contact stress (~ 2.03 GPa). The magni-
fied image (as shown in Fig. 7b) of track region also indicated
ripple types of features almost on the middle of the wear track,
along with mild plowing marks, which were not observed in

low the magnification image (Fig. 7a) of the wear track. Such
features are also observed on the wear track of different
materials such as nano-films, ionic crystals and metallic
materials after repeated scratching tests in dry sliding (Ref
54, 55). Multiple causes were attributed to the formation of
ripples on the track region such as stress-induced micro-
fracture, plastic deformation, surface smoothening, shear
stresses and/or surface re-hybridization. In the present study,
shear stresses (during the repetitive sliding motion between the
film and alumina counter body) would have caused surface
corrugation or rippling on the tribo-film. The formation of
continuous tribo-films (worn surface appeared polished) is the
dominating wear mechanism in pre-corroded austenitized
condition in dry sliding. The wear mechanism reported for
the unattacked austenitized specimen is severe abrasive wear
under similar sliding conditions (Ref 29).

Figure 7(c) shows the typical wear track appearance of T300
specimen. The faint plowing marks which are typical features
of abrasion wear were observed on the wear track surface in the
direction of sliding as shown in Fig. 7(c) and (d). In the dry
sliding of unattacked T300 specimen, deep plowing marks in
the direction of sliding and wear debris were seen on the wear
track (Ref 29). The EDS and Raman analysis of the track region
of attacked T300 specimen revealed the presence of the oxide
layer similar to that observed on the austenitized specimen.
However, the oxide layer formed on T300 specimen did not
cover the attacked grain boundaries completely (Fig. 7a) as

Fig. 8 EDS elemental (O) map of the wear track of 13 wt.% Cr MSS under dry sliding of corrosion attacked conditions, (a) Austenitized, (b)

T300, (c) T550 and (d) T700
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noticed in austenitized specimen’s wear track (Fig. 7b). This is
due to the deeper attack along the PAGBs in T300 specimen
after exposure to HNOj solution (Fig. 3b) or the differences in
the thickness of the oxide layer. Indeed, it was due to the lower
thickness of the oxide film formed on T300 specimen and is
presented in the next section. The faint plowing marks seen in
the track region of T300 specimen were due to the friction from
the hard particles such as the oxides, fine and undissolved
carbides. The transition of wear mechanism from the polishing
to mild abrasive wear is evident from the SEM examination of
wear track of pre-corroded T300 specimen. In both, pre-
corroded austenitized and the T300 conditions, the oxide layer
generated during sliding acted as solid Iubricant and reduced
the friction plus wear rate/damage of the plate/substrate.

The T550 specimen exhibited typical features corresponding
to wear mechanisms of adhesion and abrasion as shown in
Fig. 7(e) and (f). The material agglomeration, wear debris
generated during dry sliding and the alumina particles detached
from the counter face alumina ball were shown by arrow marks
in the wear track image (Fig. 7¢).The material agglomeration
occurs when the size of the debris reduces to sufficiently small,
so that the small debris adheres and clumps together due to
mechanical contacts on the surface (Ref 51-56). As shown in
Fig. 2(e) and (), the surface of the T550 specimen was in IGC/
interlath attacked condition with loosely held lath and grains
before subjecting it to dry sliding test. Therefore, in the early
stage of sliding, the removal of the loosely held material led to
generation of wear debris. This debris has begun to agglom-
erate and adhered on to the surface on repeated sliding. The
further sliding test continued on this adhered debris; therefore,
the wear features changed to severe adhesion (Fig. 7e). It is to
be noted that severe abrasion wear mechanism was observed
for dry sliding of unattacked T550 specimen (Ref 29). Wear
track for T550 specimen showed the disappearance of IGC and
interlath attacked features which were seen just after immersion
test (Fig. 2e and f). The wear depth is observed to be ~ 7 um
which is 3.5 times higher than the depth of corrosion attack
(Fig. 3c). This shows complete removal of attacked layer
during dry sliding. The Raman analysis showed that this debris
is predominantly composed Fe-rich oxides, mainly Fe,Os. The
oxygen EDS map (Fig. 8c) of the region marked in Fig. 7(f)
revealed discontinuous Fe-rich oxide layer. Further, few traces
of Al at distinct locations were found in the area map analysis
(confirmed from analyzing at multiple locations), indicating no
significant material transfer from the alumina counterface on to
the plate during sliding.

Figure 7(g) and (h) illustrates SEM images of the worn
surface of T700 specimen. Material agglomeration, spalling (as
shown in Fig. 7g) and presence of compacted layer were
observed in the wear track region of pre-corroded T700
specimen. Dry sliding of unattacked T700 specimen had the
wear features of plastic deformation and presence of compacted
layer (Ref 29). As shown in Fig. 2(g), the surface of T700
specimen had higher amount of the submicroscopic carbides
even after exposure to 5 wt.% HNO; solution. The carbides
played a dominant role on the wear behavior. This was reflected
in COF versus time as this condition had higher COF value.
The percentage reduction in COF value is about 16% as
compared to that on unattacked condition. The wear mecha-
nisms observed for the attacked T700 specimen were also
similar to that of unattacked specimen reported in (Ref 29). The
magnified SEM image of worn surface as shown in Fig. 7(b)
shows the compaction of wear debris with evident boundaries.
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The EDS analysis revealed a discontinuous Fe-rich oxide layer
as shown in Fig. 8(d). These oxides are mainly Fe,O; as
confirmed by Raman spectroscopy. It is believed that embed-
ment of the submicroscopic carbides in these oxide debris
affected the wear damage.

3.6 Subsurface (Cross section) Characterization Below
the Wear Track of the Austenitized and the Tempered 13
wt.% Cr MSS

The SEM image of the surface below the wear track of
austenitized, T300, T550 and T700 specimens is shown in
Fig. 9(a), (b), (d) and (e), respectively. Elemental mapping was
carried out, and results are presented in Fig. 9(c) and (f) for the
austenitized and T550 specimens, respectively. The austenitized
specimen (Fig. 9a) exhibited a thick layer (~ 4 pum) of oxide
above the wear track. The attack along the PAG boundaries
observed after the immersion (refer Fig. 2a) is still visible
below the oxide layer (Fig. 9a), confirming that the material
removed is less than the depth of attack, during dry sliding.
This is because of the lubricating action offered by the oxide
film. Before beginning of sliding, the austenitized condition had
Cr-rich oxide layer, formed due to exposure to 5 wt.% HNO;
solution, as confirmed by Raman spectroscopy of the unworn
areas. In general, the oxide thickness formed on SSs in aqueous
environments at room temperature is about few nano-meters
(~ 10 nm) (Ref 5, 8). However, almost 4-um-thick oxide layer
was observed in the cross-sectional examination of the wear
track for the austenitized condition. This confirms the occur-
rence of tribochemical reactions and the high flash temperature
generated at the asperity contacts on the wear track during
sliding led to thickening of the oxide layer (Ref 57).

The surface below the wear track ofT300 specimen (Fig. 9b)
also showed the presence of a thick oxide layer (~ 2.5 um),
similar to as observed in the austenitized specimen (Fig. 9a).
The attack along the PAG boundaries is still evident as shown
in Fig. 9(b), confirming the protection offered by the oxide
layer generated during the dry sliding. Trevisiol et al. (Ref 58)
had observed similar wear behavior in differently tempered
martensitic steels because of oxidation during dry sliding(self-
lubricating phenomena). The wear behavior under atmospheric
conditions would be determined the tribo-films containing
CI'203, Fe304 and F6203.

After dry sliding, subsurface examination of the track region
of pre-corroded T550 and T700 specimens showed the absence
of thick and continuous oxide layer as shown in Fig. 9(d), (e)
and (f). The presence of the carbides in the oxide layer of the
worn region is confirmed by EDS elemental mapping
(Fig. 9f).Cross-sectional image (Fig. 9¢) below the wear track
of T700 condition also showed multiple cracks below the wear
track after dry sliding for 30 min. The cracks observed up to
approximately 20 um beneath the wear track surface. As shown
in Fig. 9(e), material peeling from the surface is also observed
below the wear tracks. The material peeling from the surface
occurs when the initiated and propagated cracks cause the
material to breakthrough (Ref 59). It was also inferred from
Fig. 9(e) that a depth of approximately 20 um was affected by
the applied load under dry sliding and caused plastic deforma-
tion in this region. The stresses generated under the continuous
dry sliding caused the crack initiation and propagation at the
defect locations (Ref 39, 48).
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3.7 Protectiveness of Oxide Film on Wear

The pre-corroded specimens of 13 wt.% Cr MSS exhibited a
protective oxidational wear mechanism during dry sliding
experiments. However, the degree of protectiveness on the wear
damage is observed to be dependent on the oxide film
coverage. The pre-corroded austenitized and the T300 speci-
mens developed a thick, continuous, adherent Cr-rich oxide
layer over the worn surface in dry sliding conditions (Fig. 8a),
which protected the surface from direct contact of the
counterface. The Cr-rich oxide layer is preventing the wear of
material and lowering the friction as compared to the dry
sliding of its corresponding unattacked specimen (Ref 29). This
is known as self-lubricating effect and is linked to the formation
of a tribo-film or oxidation of the contact surface (Ref 13).
Further, experimental evidence at different loads, speeds and

630—Volume 33(2) January 2024

durations is necessary to comment on the long-term wear
performance of the pre-corroded austenitized and T300 spec-
imens. In opposite to above, the T550 and T700 specimens
developed a non-uniformly covered Fe-rich oxide layer on the
wear track during dry sliding and thereby adversely affected the
wear performance of pre-corroded specimens.

Protectiveness of oxide layer is attributed to its (a) thickness
and continuity, (b) relative hardness of oxide to the hardness of
counterface materials, (c) the sufficient hardness of substrate to
hold the oxide layer and (d) sufficient yield strength and elastic
modulus to withstand the applied Hertzian stresses (Ref 14, 22,
23, 33). The hardness of the Fe,O;, Cr,O; and counterface
alumina ball are reported to be 6.7 GPa (683 HV), 30 GPa
(3060 HV) and 14.3 GPa (1459 HV), respectively (Ref 40, 41,
60-62). Hardness of Cr-rich oxides is much greater than
hardness of the counterface alumina ball, therefore able to
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provide protection to the austenitized and the T300 specimens.
On the contrary, Fe-rich oxides are much softer compared to
counterface alumina ball; therefore, the absence of self-
lubrication phenomena in T550 and T700 conditions (as
opposed to the austenitized and the T300 conditions) is
observed. Fe-rich oxide layer got damaged due to its interaction
with harder alumina ball and results into formation of loose Fe-
rich third bodies. The relative hardness of the loose oxide
particles in relation to the material surface in contact (Ho/Hy)
has a considerable influence on the wear behavior (Ref 35, 63).
The presence of strong Raman peaks of Fe,O5 (683 HV) on the
worn-out surfaces of T550 (413 HV) and T700 (309 HV)
specimens caused the relative hardness (Ho/Hy) of loose oxide
particles to matrix as ~ 3.16 and ~ 4.23, respectively. It has
been reported that when the relative hardness of the oxide
particles (third bodies) in relation to the matrix in contact is less
than 0.9, then mild abrasion prevails (Ref 44), whereas when
Ho/Hy value is greater than 1.5, then the wear regime tends to
be severe abrasion/adhesion and increases the wear rate
significantly. The wear mechanism tends to be between mild
and severe wear when Ho/Hy; value is between 0.9 and 1.5
(Ref 63). The influence of relative hardness on wear regime
transition in different materials has also been reported (Ref 63-
65). Thus, observance of higher wear in pre-corroded T550 and
T700 specimens compared to unattacked specimens is due to
lower hardness of Fe-oxide compared to counterface alumina
ball and causes a discontinuous oxide layer and consequently
generated loose and hard Fe-rich particles are acting as abrasive
agent to softer matrix.

Indeed, our recent tribocorrosion studies on different
tempered conditions in nitric acid have shown that the wear-
corrosion synergism (tribocorrosion) is an entirely different
phenomenon as compared to the wear behavior of corroded/
oxidized MSS. These results will be published soon.

4. Conclusions

In this study, the tribology behavior of 13 wt.% Cr MSS in
the austenitized and the tempered conditions (at 300, 550,
700 °C) in corrosion attacked (prior immersion of test speci-
mens in 5 wt.% HNOj; solution at room temperature for
30 min) conditions was studied systematically and compared
the behavior with the respective unattacked condition. The
unworn/worn-out regions and subsurface were characterized by
means of FE-SEM coupled with EDS, 3D/2D profilometry and
Raman spectroscopy techniques. The following are the key
findings from the present work and brings out the effects of
deployment of corrosion attacked surface into tribology
applications.

1. Room temperature immersion tests in 5 wt.% HNO;
solution for 30 min resulted in (a) intergranular corrosion
along the prior austenitic boundaries in the austenitized
and the tempered at 300 °C specimens, (b) intergranular
plus interlath corrosion in 550 °C tempered specimen
and (c) heavy uniform corrosion in 700 °C tempered
specimen. In ascending order, the corrosion rate is as fol-
lows: Tempered at 300 °C < Austenitized < Tempered
at 700 °C < Tempered at 550 °C and the variation in
corrosion rates is attributed to microstructural develop-
ments during the austenitization and the tempering.
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2. The calculated average steady state coefficient of friction
(COF) in descending order is as follows: Tempered at
700 °C  (u ~ 0.62) > Austenitized > Tempered at
550 °C > Tempered at 300 °C (i ~ 0.36). The austeni-
tized and the tempered at 300 °C conditions exhibited
stable COF with time; on the other side, high (along with
stick—slip) and moderate fluctuations in COF were ob-
served for tempered at 550 °C and 700 °C conditions.

3. The formation of a continuous Cr-rich oxide layer re-
sulted in a stable COF for the austenitized and the tem-
pered at 300 °C specimens. On the other hand, the
presence of discontinuous Fe-rich oxide layer and a large
amount of third bodies (wear debris, carbides, iron oxide,
alumina, etc.) caused fluctuations in COF for 550 °C and
700 °C tempered specimens.

4. The austenitized and the tempered at 300 °C specimens,
despite having an attack along prior austenite grain
boundaries surface, displayed the lowest wear depth
(< 1 ym) and mild/transition wear (of the order of
32-35 x 107® mm?*/Nm). This was mainly due to its
higher surface hardness and the protective surface film
formed during dry sliding. The severe wear
(~ 107* mm*/Nm) for 550 and 700 °C tempered speci-
mens was due to their lower corrosion resistance and
lower hardness, allowing the easy material removal dur-
ing dry sliding.

5. The predominant wear mechanisms for the austenitized
and the tempered 13 wt.% Cr MSS, in attacked condition
were established to be:

e Austenitized and tempered at 300 °C: Polishing plus
mild abrasion wear with a Cr-rich uniform tribo-film.

e Tempered at 550 °C: Severe adhesion plus material
agglomeration and transfer, galling, and the presence
of loose third bodies.

e Tempered at 700 °C: Smearing, spalling and com-
pacted tribo-film plus subsurface cracking.
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