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In this paper, the effect of aging temperature on the microstructure, local mechanical properties and wear
behavior of a UNS S32750 super duplex stainless steel is investigated. A massive preferential precipitation
of ¢ phase and Cr,N is detected at the periphery of ferrite with an increase in their extent as aging
temperature increases. Simultaneously, the § phase decomposition is accentuated with temperature and
reaches its maximum at 850 °C. This behavior results in an enhancement in hardness and Young’s modulus
accompanied by a higher plasticity ratio. The wear resistance of the aged samples is investigated in terms of
friction coefficients and wear rates against two counterparts. The wear performance follows o phase
presence, the higher o phase extent, the higher the wear resistance. It is found that the change in wear
mechanisms in the 850 °C aged samples from abrasive against AISI-304L counterpart to adhesive-oxida-
tive against Al,O; counterpart is responsible in the increase in wear resistance.

Keywords 2507 SDSS, aging temperature, microstructure,
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1. Introduction

Super duplex stainless steels (SDSSs) with dual-phase
ferrite—austenite microstructure have raised much interest as
structural materials in research and industrial fields (Ref 1).
Thanks to their attractive mechanical properties, (high hard-
ness, strength and ductility) and good resistance to the local
pitting and stress cracking corrosion, especially in chloride
environment (Ref 2, 3), SDSSs are widely designed as a
solution in the marine, electrochemical industries and light-
weight structures (Ref 4). Nevertheless, the above outstanding
properties are strongly dependent on the manufacturing pro-
cesses and the thermal history of the SDSS materials (Ref 5). It
is well-known that annealing treatment of 2507 SDSS at
temperature bellow 1000 °C leads to the phase decomposition
of ferrite phase (J) to sigma (¢) phase and carbides which
results in the increase in Ni concentration in the surrounding
material, consequently, the formation of secondary austenite
(72) (Ref 6). These precipitates deteriorate the toughness of the
SDSS and decrease its corrosion performance by stimulating
local corrosion attack around the precipitates already formed
(Ref 5). Nilsson (Ref 7) highlighted that at temperature range
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between 600 and 1000 °C, close-packed brittle precipitate, e.g.,
o phase is mostly formed. Vahid et al. (Ref 5) reported that the
precipitation of only 5% of ¢ phase breaks down drastically the
mechanical properties of the SDSS to 80% and the corrosion
resistance to 25% (Ref 8). The thermodynamic instability of the
d in 2507 SDSS in the temperature range mentioned above is
deeply investigated in literature, where the phase proportions
changes as exposure time of the SDSS at determined temper-
ature increases (Ref 9, 10). Mahesh et al. (Ref 9) studied the
effect of heat treatment on the mechanical properties and wear
resistance of 2507 treated at 850 °C for 1 h. They found that
the precipitation of ¢ phase with high Cr-content in the ferrite
particles caused an increase in the hardness and wear resistance
of the treated material. Similar results were found by Marques
et al. (Ref 7) where an interesting decrease in abrasive wear
coefficient of about 50% of the sample heat treated at 850 °C
was observed. This behavior is attributed to the hardening
effect induced by the precipitation of ternary phases (¢, ¢ and
chi ‘y’) as a result of 0 phase decomposition at high
temperatures (478, 850 and 950 °C) where an excessive
dissolution of ferrite and the formation of undesirable precip-
itates worsen the ductility of the 2507 SDSS (Ref 11). In other
research work, the tribological behavior of a fritted 2507 SDSS
at elevated temperature under different applied loads was
investigated by Wand et al. (Ref 12). They revealed formation
of oxide layers (Fe,O3 and Fe;0,4) and surface softening as the
working temperature increased to 400 °C. Furthermore, the
wear rate was simultaneously controlled by the interrelated
effect of applied load and working temperature. Numerous
research works studied the effect of aging treatment on the
kinetics of sigma phase precipitation and macro-mechanical
properties of 2507 SDSS (Ref 2, 7, 9, 13). However, few works
employed nano-indentation technique to investigate the local
mechanical properties of the 2507 on the precipitate level
(Ref 14). Hence, it is necessary to point out the nano-
mechanical properties of sigma phase and their effect of the
macro-mechanical behavior and wear performance of the 2507
SDSS subjected to several aging treatments.
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Generally, in nuclear and chemical industries, 2507 SDSSs
are usually used and exposed to high service temperature,
where at specific exposition time, sigma phase, carbides and
secondary phases start to precipitate massively, which alter
significantly the mechanical behavior and the wear resistance.
However, the literature reported limited studies of the sliding
wear behavior of 2507 SDSS at elevated temperature. There-
fore, and taking into account the thermal cycle of the 2507
SDSS adopted in electrochemical industries, the present work
aims to study the influence of phase precipitations on the
microstructure and mechanical properties of the 2507 SDSS
subjected to several aging temperatures (600-1050 °C). The
influence of aging temperature on the dry tribological behavior
and wear mechanisms of the 2507 SDSS under Al,O5 and AISI
304L counterparts are also investigated.

2. Materials and Experimental Procedures

The investigated material is a UNS S32750 super duplex
stainless steel (2507 SDSS) received in pipe form of 160 mm
diameter and 7 mm thick with the chemical composition as
given in Table 1. Solution treatment at 1200 °C is performed
for 1 h holding time followed by water quenching. Subse-
quently, several aging treatments are carried out for the
temperature range 650-1050 °C and that for 1 h holding time.
Thereafter, the obtained samples are polished using standard
techniques of mechanical polishing then electrolytically etched
using LectroPol-5 machine with 1 M KOH solution working at
5V for 6 s. Microstructure examination is conducted using
Nikon optical microscope and a ZEISS Gemini SEM 300
scanning electron microscope (SEM) equipped with energy-
dispersive spectroscopy (EDS) detector for the chemical
analysis of the different constituents. Phase’s fraction of the
samples issued from different aging temperatures is measured
through automatic image analysis using Image-J software. X-
ray diffraction (XRD) analysis is performed to identify the
phases obtained from each aging temperature using Bruker D2
Phaser 2nd generation with Cu (Ko) radiation (0.15406 nm)
operating at 40 kV and 40 mA. The obtained patterns are
characterized by HighScore software using PDF4 database.

The local mechanical properties of the different phases are
evaluated through nano-indentation measurements using An-
ton-Paar NHT-3 nanoindenter with a Berkovich tip under a
20 mN applied load. The tests are conducted in each selected
phase that includes ferrite phase, austenite phase and sigma
phase. Hardness Hjr and Young’ modulus Ejr values are
calculated using the Oliver and Pharr method (Ref 15) for an
average value of 3 indent tests. On the other side, the ratio of
hardness (Hjr) and Young’s modulus (Ejr) is calculated to
evaluate the strain to failure so-called plasticity index of the
aged materials, in order to predict their wear behavior.

The wear behavior of the as-annealed (solution treated at
1200 °C) and aged samples is investigated through oscillating

Table 1 Chemical composition of the UNS S32750 used

sliding test using ball-on disk tribometer (CSM Instruments
Inc-Peseux, Switzerland) and TriboX software, under dry
conditions at room temperature. The tests are performed using
two types of counterpart with 6 mm diameter: (1) alumina
(Al,O3) ball with 16.1 GPa of hardness and 256 nm of root
mean square (RMS) and (2) AISI 304L stainless steel ball
(3 GPa and 220 nm of hardness and RMS, respectively). The
AISI 304L austenitic stainless steel has lower hardness than the
2507 SDSS one, hence adhesion is expected during the tests.
However, the Al,O3 ball with high hardness is quiet suitable to
test and compare the wear behavior of the treated samples
under these two different conditions. During the tests, 10 N
applied load is selected for 200 m sliding distance and 5 sliding
amplitude. The working parameters are summarized in Table 2.
The wear rates (W) is calculated using Eq 1, and the width of
the wear tracks is measured using 2D profilometer software

W =V /dsF (Eq 1)

where V'is the volume loss, d; is the sliding distance (m), and
is the applied load (N).

3. Results and Discussion

3.1 Effect of Aging Temperature on the Microstructural
Evolution

Figure 1(a), (b), (c), (d), (e), and (f) shows the optical
micrographs of the as-annealed sample microstructure and
those obtained from different aging temperatures. It can be seen
in the as-annealed sample (Fig. 1a) an elongated microstructure
of the y phase (bright phase) embedded in the continuous &
matrix (dark phase) along the rolling direction, without
apparent precipitations or secondary phases. The volume
fraction of both phases calculated using Image-J software is
found to be 48 and 52% for y and 0 phase, respectively. Several
research works reported that sigma (o), Chi () and secondary
phases start to precipitate at temperatures below 650 °C (Ref 3,
16, 17). In the present work, precipitation of secondary phases
in the sample aged at 650 °C are barely detected in double and
triple junctions of é phase, due to their small extents (small dark
spots), (Fig. 1b). The precipitates amount is related to their
transformation kinetic that is strongly affected by the exposure
time at the determined temperature, where 1 h allows only the
formation of small amount of precipitates. Nevertheless,
remarkable precipitates nucleate at the periphery of ¢ phase
and at d/y interface in the sample aged at 750 °C (Fig. 1c) and
grow into the ¢ phase as shown in Fig. 2(a), which indicates the
sensitivity of the SDSS to y and ¢ phases’ precipitation at this
temperature. The volume fraction of ¢ phase at 750 °C aging
temperature is about 5% and that of y phases is 8%. As the
temperature is increased to 850 °C, these amounts increase
gradually and reach their maximum values of 17% and 11% for
o and y phases, respectively, as shown in Fig. 1(d). The
nucleation of ¢ phase is generally accompanied by carbides and

Elements, wt.% C Cr Fe Ni Mo

Mn N \4 Al S Si Ti

UNS §32750 0.033 26.5 61.3 6.63 3.51

Bold values are the most influential alloying elements in the SDSS used

0.791 0.236 0.174 0.013 0.014 0.445 0.006
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secondary austenite (y,) formation with a small needle shape
(Widmannstitten) of the later as a result of ¢ phase decompo-
sition (6 — o +79,). At elevated aging temperatures
(950 °C), the extent of  phase increases and keeps that trend
up to 1050 °C aging temperature as illustrated in Fig. 1(e) and
(), respectively. As the temperature is increased (750-850 °C),

Table 2 Wear test parameters

Applied load, N 10

Balls Alumina AL,05
AISI 304L

Balls diameter, mm 6.35

Roughness of the sample surface, pm 0.01

Sliding distance, m 200

Sliding amplitude, mm 5

Linear velocity, m/s 0.048

Temperature, °C 26 £ 2

Humidity, % 45+ 4

the N extent in the ferrite increased. In hors equilibrium
conditions, i.e., during rapid cooling, N exceeds the solubility
limit in ferrite and forms with chromium nitrides as Cr,Nin the
o matrix (Ref 18). At 850 °C (Fig. 2b) Cr,N, ¢ phase, y phase
and austenite are the only stable phases at this temperature,
where 0 phase is thermodynamically instable and will gradually
transform to the equilibrium phases in an adequate time as
indicated in TTT diagram of the 2507 SDSS (Ref 7). Kinetics
of precipitation in 2507 SDSS for long period holding time is
investigated in literature (Ref 7, 18). It was found the
precipitation of sigma and nitrides after few minutes at
850 °C as a result of the eutectoid decomposition of ferrite
(Ref 16). At this temperature, the decomposition of ferrite
continuous until its complete disappearance if sufficient time is
allowed. However, it is found, in the present work, that after
1 h holding time, the dissolution of ferrite is not complete and
the volume fraction of ¢ phase, y phase, y, and nitrides
increases to the detriment of § phase with increasing aging
temperature until its maximum at 850 °C resulting in consid-
erable residual amount of ferrite. The concentration of the

Fig. 1 Optical micrographs of UNS S32750 microstructure of (a) as-annealed specimen and aged at (b) 650 °C, (c) 750 °C, (d) 850 °C, (e)

950 °C and (f) 1050 °C

Fig. 2 SEM microstructure images of UNS S32750 samples aged (a) at 750 °C and (b) at 850 °C
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major constituted elements of J phase, i.e., Cr and Mo elements
is strongly decreased and the Cr content goes below 12 wt.%
(Spot 2 in Fig. 3) which with high extent of Ni allows the
formation 7y, at the surrounding of ferrite phase as a result its
decomposition. The decrease in Cr content (~ 3 wt.%) is far to
be sufficient to ensure the passive protection of J phase,
resulting in the creation of Cr-depletion region susceptible to
corrosion (Ref 19).

The EDS point analysis shown in Fig. 3 reveals a high
concentration of Cr and Mo element in the white phases (Spot
3) in the surrounding of J phase and the §/y boundaries which
corresponds to ¢ phase, while y phase is present as a distinct
white needles (Spot 1) with high Cr ~ 30 and ~ 5 wt.% Mo
constituents. The high concentration of N element (~ 16 wt.%)
in Spot 4 in Fig. 3 suggests the presence of nitrides clusters,
randomly present in/and around J phase.

The evolution of different phases with aging temperature is
in good agreement with the results of their volume fractions
calculated by Thermo-calc software (Fig. 4). Nevertheless, the
amounts of these fractions are much higher compared to the
results obtained using image treatment (image-J software). This
difference is more probably related to (1) the images quality
and the electrochemical etching that may hide some parts of the
phases to be calculated and (2) Thermo-calc software calcula-
tion that does not take in consideration the kinetic of
transformation (time), where the 1 h holding time is insufficient
for the complete decomposition of é phase and the formation of
stable phases.

X-ray diffraction spectra of the as-annealed and the samples
aged at different temperatures are illustrated in Fig. 5. It can be
seen that only 6 and y peaks are present in the as-annealed
sample diffractogram, where J peak appears to be more intense
relative to y phase. This indicates that no sigma phase, carbides
or secondary phases are precipitated in this condition. Similar
results are found in the sample aged at 650 °C, where the
intensity peak of ¢ phase is slightly decreased which confirms
the formation and presence of very low volume fraction of

] Mo | 3.49
\ 0.04

lec300 308 100UV Ot Octane Boe 2500t

secondary phases that are below the detectability limit of the
XRD and/or SEM employed. It is seen from the diffractogram
of the samples aged at 850 °C that the peak of 0 phase is
remarkably reduced, which is related to its low volume fraction
due to its decomposition and formation of Cr,N with ¢ phase.
While at 950 °C, the J phase peak is more intense but less than
the one in the as-annealed sample because of eutectoid
transformation of ¢ into ¢ as well as Cr,N.

3.2 Effect of Aging on the Local Mechanical Properties
of Different Phases

Figure 6(a) shows the load—displacement curves of ferrite,
austenite and sigma phases of the sample aged at 750 °C. The
corresponding hardness (H;t) and elastic modulus (Eyt) values
for each phase are summarized in Table 3. As seen, the
maximum penetration depth is greater in the austenite phase
than that in ferrite, while sigma phase exhibits reduced
penetration, indicating that the latter is the harder phase.
Furthermore, in the unloading segment of the curves, the slope
is steep in ¢ phase than that in the other phases, suggesting its
higher stiffness value. In the most often cases, the hard phases
demonstrates high Young’s modulus (Ref 20), as for ¢ phase
(8.8 and 250 GPa for Hit and Eyr, respectively), whereas the
lowest values are recorded in austenite with 5.9 and 230 GPa
for Hir and E)t, respectively. These values are in coherence
with those obtained by Argandofia et al. (Ref 14) and
significantly higher than those presented by previous research
works (Ref 21, 22). The main reason to this difference can be
attributed, on the one hand, to the indentation size effect (ISE),
i.e., the higher the applied load, the lower the hardness; and, on
the other hand, to the surface characteristics (scratches,
oxides,...) and the emplacement of the indentation into the
microstructure (grain boundary) that may strongly influence the
measurements (Ref 23). As discussed in section 3.1, the
volume fraction of 6 and ¢ phases changes with annealing
temperatures. Knowing the hardness and elastic modulus of
each phase with their respective volume fractions, the global

Mo | 0.02

Cr | 3.69

Fe |71.71

Ni | 7.23

N |16.71
Mo | 0.12

Cr [6.85
Fe [76.23

Fig. 3 Microstructure of the sample aged at 850 °C with the corresponding EDS point analysis conducted in different regions
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Fig. 5 X-ray diffractograms of the as-annealed and aged samples

mechanical properties (Hip and Epr) of the aged samples can
easily be calculated as depicted in Fig. 6(b). The as-annealed
and the sample aged at 650 °C exhibit roughly similar behavior
with the lowest values of H;t and Er. It can be seen that with
increasing aging temperature, remarkable enhancement in the
mechanical properties is obtained. The 850 °C aged sample has
the highest hardness (6.7 GPa) and elastic modulus (247 GPa)
due to the precipitation of high amount of ¢ phase and the
presence of other hard compounds in microstructure such as
Cr,N. It is well documented that the hardness and the elastic
modulus influence the mechanical properties as-well-as wear
resistance (Ref 24, 25). Therefore, it is more suitable to
consider both properties to predict the wear and mechanical
behaviors of the studied material (Ref 20). In this study, the
elastic strain to failure (H/E) so-called plasticity index, is
measured to rank the aged samples according to their limit of

550—Volume 30(1) January 2021

elastic behavior to provide a close agreement in terms of wear
resistance.

As seen in Table 4, the lowest plasticity index is recorded in
the as-annealing condition (1200 °C) and after 650 °C aging
treatment, where no apparent precipitates is observed as seen in
Fig. 1(a) and (b). However, a clear tendency of increase in the
plasticity index (H/E) with aging temperature up to 850 °C
(30.6 x 1073%) followed by a decrease with further aging
temperature. The increase in mechanical properties especially
at 850 and 950 °C is more probably attributed to the
microstructure hardening as a result of ¢ and y phase
precipitation that enhance the surface resistance by increasing
its plastic deformation during loading. Thereby, it is recom-
mended to select these temperatures (750-950 °C) when
hardness, and high elasto-plasticity properties as well as wear
resistance (Ref 24) are the most important requirement.

Journal of Materials Engineering and Performance
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Fig. 6 Local mechanical properties of the aged samples: (a) load—displacement curves of different phases in the sample aged at 750 °C and (b)
hardness (Hir) and Young’s modulus (Ejt) values as a function of aging temperature

Table 3 Hardness (H;t) and Young’s modulus (E;1) measured in different phases of the 750 °C aged sample

Ferrite (0) Austenite (y) Sigma phase (o)
Hardness H;t, GPa 6.6 £0.7 59+0.5 8.8+0.7
Young’s modulus (Eyr), GPa 248 +£2.1 238 +3.7 250 +4.2

Table 4 Plasticity index H/E measured in different aged samples

Aging temperature, °C As-annealed 650 750 850 950 1050
HIE (107%) 25.7+0.5 26.8+0.7 27.6+0.6 306+1.0 29.3+0.6 27.6+0.8
0.7 0.6
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w w
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Fig. 7 Evolution of CoF with distance in samples aged at different temperatures under (a) AL,O3 counterpart and (b) AISI 304L counterpart

3.3 Tribological Behavior Under Different Gonditions different temperatures against alumina (Al,03) and AIST 304L

Figure 7(a) and (b) shows the evolution of the coefficient of counterparts, respectively. Each sample shows typical running-

friction (CoF) with sliding distance for the samples aged at
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in behavior against both counterparts where noises are present
in data due to the vibration during the tests.

e Against Al,O3 counterpart

At the beginning of the test (Fig. 7a), the CoF of the as-
annealed sample is 0.15 and increases rapidly to 0.52 after a
short run-in-period where it stabilizes at this value during the
first 100 m sliding distance. The CoF continues its increasing
trend to 0.68 until the end of the test without reaching the
steady state. The sample aged at 650 °C exhibits the same
tendency with a continuous increasing in CoF to 0.69.
However, dissimilar behavior is observed in the sample aged
at 850 °C. The CoF increases and reaches its maximum value
of 0.7 during the first 80 m run-in-period than it decreases
slightly and stabilizes at 0.58 until the end of the test. The
lowest CoF recorded in 850 °C aged sample is explained by the
highest hardness induced by the precipitation of hard phases
(discussed in section 3.1) that improves the surface resistance
of the 2507 SDSS. This high hardness results in the decrease in
sliding contact areas which consequently lower the frictional
contact. Furthermore, the elastic interaction of Al,O5 ball with
high Young’s modulus obtained at 850 °C, reduces the CoF by
increasing the effective elastic modulus (Ref 26). The similar
microstructure features and roughly identical hardness values of
the as-annealed and the sample aged at 650 °C (245HV and
260HV, respectively) suggest a similar friction behavior with
high CoF. These results line with the findings of similar
research works (Ref 1, 27, 28) Hence, it can be said that the
better tribological behavior under Al,O3 counterpart is obtained
at 850 °C aging temperature.

e Against AISI 304L counterpart

The plots of the CoF evolution of the aged samples against
AISI 304L counterpart, are presented in Fig. 7(b). The as-
annealed and 650 °C aged samples show a very similar
tendency, both samples exhibit decreasing CoF values before
reaching steady state after the first 10 m of sliding. This trend is
more likely attributed to the fracturing of the surface and oxide
layer (Fe3O4) (Ref 12) during the first short run-in period. As
the debris are compacted, the CoF quickly reaches its steady
state with low value (0.44 for both samples). The CoF trend
suggests low adhesion forces in contact zones with more
probably the formation of lubricant layer (Ref 1). The
decreased hardness values in the as-annealed sample and the
one aged at 650 °C promotes a high frictional contact, hence a
lower CoF compared to the one obtained in 850 °C aged
sample (0.52). Based on the CoF values, it can be said that the
best combination sample/counterpart is obtained in the as-
annealed and the 650 °C aged samples against AISI 304L ball,
while against Al,O5; counterpart, the sample aged at 850 °C has
the best tribological behavior.

The wear rates of the as-annealed and aged samples against
alumina and AISI 304L counterparts are shown in Fig. 8. It is
observed that, against both counterparts, the wear rates decrease
with increasing aging temperature. It is found that the lowest
values are recorded in the sample aged at 850 °C (3 x 10~
and 5x 107'* mm’/Nm against alumina and AISI 304L,
respectively) then the wear rates increase to their maximum
values (2.7 x 107" and 1.5 x 107" mm*/Nm against alumina
and AISI 304L, respectively) as approaching 1050 °C. The
presence of high amount of ¢ phase, y phase and Cr,N in the

552—Volume 30(1) January 2021
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Fig. 8 Wear rate histograms of the as-annealed and aged samples
obtained after tribology tests under Al,O; and AISI 304L
counterparts

microstructure of the aged samples promotes a better wear
resistance. This behavior can be explained by the high hardness
induced by ¢ phase precipitates that strengths the surface and
improve its resistance against the stresses caused by the
counterparts. Consequently, small amount of material is lost
resulting from the low sensibility of material to shear and stress
(Ref 9). As expected, the higher wear rates are recorded against
alumina counterpart (roughly two times in the samples aged at
650 and 1050 °C). However, as the samples become harder
(samples aged at 850 and 950 °C) the wear rates become lower,
compared to the ones against AISI 304L counterparts which is
in contrast to their CoF values. In order to elucidate the change
in wear behavior of the aged samples against both counterparts,
worn surfaces analyses are performed to understand the
competition between the wear rate and CoF related to their
microstructure and activated wear mechanisms.

The general aspect of the worn surfaces of the as-annealed
sample against AISI 304L and alumina counterparts can be
seen in Fig. 9(a) and (b), respectively. Both surfaces show
similar surface damage, grooves and scratches are present that
are more accentuated against alumina counterpart due to its
high hardness. The wear tracks exhibit also adhesive mecha-
nism and less debris against AISI 304L counterpart. EDS point
analysis (A and B), conducted in the worn surfaces is
summarized in Table 5. A significant amount of Al and O
elements is detected in the surface worn against alumina
counterpart, whereas only the steel elements with O are
detected on the one against AISI 304 counterpart. The presence
of O element and grooves suggest a combination of oxidative-
abrasive wear mechanism against alumina counterpart, how-
ever, it is more adhesive under AISI 304L counterpart.

In the sample aged at 850 °C (Fig. 10a), the wear mech-
anism is less abrasive against Al,O3 counterpart due to the
surface hardening and reduction in plastic deformation (high H/
E ratio) Furthermore, the extent of oxides islands, (see spot C
and D in Fig. 10b and c) are higher compared to ones against
AISI 304L counterpart. The increase in temperature during the
sliding test promotes the formation of tribofilm, more probably
Fe,0;, which becomes increasingly brittle as the sliding
increase, resulting in the breakup of the tribofilm into oxides
islands (Ref 29). The worn surface of the sample aged at
850 °C against AISI 304L counterpart is shown in Fig. 11(a).
Plowing mechanism is observed with a clear materials dis-
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Fig. 9 SEM micrographs of the worn surfaces of the as-annealed sample: (a) against AISI 304L counterpart and (b) against Al,O; counterpart

Table 5 EDS point analysis of the worn surfaces
targeted in Fig. 9(b), 10(b), and 11(b) and (c)

Elements, wt.% Fe Ni Cr Mo (0] Al
A 614 4.7 24.1 2.3 4.2
B 53.6 5.6 17.6 1.9 14.8 6.5
C 44.8 4.5 19.8 2.1 22.3 8.5
D 35.6 39 18.3 1.1 254 15.7
E 58.4 6.8 21.6 1.6 13.2

F 64.2 6.5 24.8 2.7 1.8

placement outward from the wear track. It is known that this
type of mechanisms does not generate an important material
loss while a remarkable plastic deformation is involved. Vignal
et al. (Ref 3) found that elastic straining of ferrite is generated
during siding test with plastic deformation of austenite. On the
other side, the sliding behavior of duplex stainless steel
investigated by Shtraffelini et al. (Ref 30) revealed the
formation of tribological layer and its fragmentation and
detachment during sliding test. The high magnification of the
worn surface shown in Fig. 11(b) exhibits deep grooves and
microcracks induced by fatigue wear mechanism due to the
shear-stress forces below the worn surface, which is responsible
of the measured wear loss (Ref 29). It can be seen that the
surface is covered by less dark islands reach in O and Ni that
may constitute a compacted oxides which is confirmed by the
EDS point analysis conducted in spot E and F (see Table 5).
The high hardness of the phases induced from ¢ phase
decomposition results in a brittle microstructure that during
wear test and at high temperature generated by sliding may
fragment to form with oxygen oxides (Fe,O5 and Fe;04) which
promotes to tribo-oxidation (Ref 12, 30).

In summary, the abrasive wear mechanism in the as-
annealed sample against alumina is resulted in an increased
wear rate with high CoF, where the low CoF recorded against
AISI 304L is related to the adhesive wear mechanism. For the
850 °C aged samples, combination of adhesive/abrasive and
oxidative wear mechanisms is obtained against alumina
counterpart resulting in lower wear rate, while fatigue, abrasive
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and oxidative mechanisms against AISI 304L are responsible of
the high wear rate and relatively low CoF.

4. Conclusion

In this work, microstructure characteristics of a USN
S32750 super duplex stainless steel aged in the temperature
range of 650-1050 °C was performed and correlated to their
local mechanical properties and wear performances. The main
conclusions can be drawn:

¢ The precipitation of ¢ phase and Cr,N nitride is strongly
affected by temperature. The increase in aging temperature
results in increasing secondary phase’s precipitation with
higher dissolution of ¢ phase at 850 °C.

e The higher hardness and elastic modulus of ¢ phase
played a key role in the macro-mechanical properties of
the aged samples. The 850 °C aging temperature, with
high ¢ phase content, resulted in higher hardness and
Young’s modulus with the best plasticity index, while the
low mechanical properties were recorded in the as-an-
nealed and 650 °C aged samples.

e Based on the CoF values, the best combination sam-
ple/counterpart was obtained in the as-annealed and the
650 °C aged samples against AISI 304L ball while with
Al,O3 counterpart, 850 °C aged sample exhibited the best
tribological behavior.

e Against both counterparts, the wear rates decreased with
increasing aging temperature to 850 °C.

¢ Against alumina counterpart, abrasive wear mechanism in
the as-annealed sample resulted in an increased wear rate
with high CoF. However, the low CoF recorded against
AISI 304L counterpart was related to the adhesive wear
mechanism. On the other side, the high hardness of the
850 °C aged samples against alumina, resulted in an adhe-
sive/abrasive and oxidative wear mechanisms with lower
wear rate, while fatigue, abrasive and oxidative mecha-
nisms against 304L were responsible for the high wear
rate and relatively low CoF.

Volume 30(1) January 2021—553



Sliding direction
B —_—

i

Grooves

300 pum

Oxide islands

Fig. 10 SEM micrographs of the wear tracks of the sample aged at 850 °C: (a) against Al,O3 counterpart, (b) high magnification of oxide
islands and (c) debris stacked on the worn surface
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Fig. 11 SEM micrographs of the wear tracks of the sample aged at 850 °C. (a) Against AISI 304L counterpart and (b) high magnification of
the worn surface
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