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The present study reports on the significant improvement in the wear and corrosion resistance of SS316L by adding gra-
phene nanoplatelets (GNP) of varying wt.% (0.25, 0.5, and 0.75), composites which were prepared by the pressureless sinter-
ing technique. The GNP addition can significantly improve the wear and corrosion resistance of SS316L. The wear and corro-
sion rates for the 0.5 wt.% GNP composite were reduced by 43% and 98%, respectively. The corrosion morphology showed
that pitting corrosion was reduced by reinforcing 316L with 0.5 wt.% GNP. Moreover, the intergranular sites were more vul-
nerable to the corrosion medium when GNP was used at 0.75 wt.%. The worn surface morphology revealed that the tribofilm
reduces the coefficient of friction and wear rate due to the lubricating nature of GNP. The presence of GNP was confirmed by

Raman spectroscopy in terms of the tribofilm.
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INTRODUCTION

Stainless steel 316L particularly, austenitic stainless
steel, has become an active part of the constantly devel-
oping modern technology due to its corrosion resistance
and customized mechanical properties. It finds numer-
ous applications in automotive, structural, and biomedi-
cal fields. However, it exhibits moderate wear and cor-
rosion resistance on account of its low hardness, which
further limits the life of components made of this mate-
rial. Many efforts have been made to increase the corro-
sion and wear performance of 316L. To improve re-
sistance to corrosion and wear, different coatings i.e.
diamond-like carbon [1] Ni-Cr [2] Co-Cr [3] have been
applied. Another method to reinforce SS316L with
a corrosion and wear-resistant material. Kuforiji et al.
developed composites with 50 wt.% SS316L and
50 wt.% Al,Os3 at the pressure of 794.4 MPa; subse-
quently, the liquid phase was sintered at 1400 °C for
1 hour. The inclusion of 50 wt.% aluminum oxide parti-
cles reduced the wear rate by 86% when compared to
the base SS316L [4].

Padmavathi et al. [5] analyzed the addition of
Y203 and yttrium aluminum garnet (YAG) to SS316L
at 1200 °C and 1400 °C, 600 MPa for 60 min. The
316L-5YAG composite was found to be more corrosion
resistant and achieved a high density at supersolidus
temperature conditions. Mahathanabodee et al. added
hexagonal boron nitride (h-BN) to 316L stainless
steel by powder metallurgy at the sintering temperature
of 1200 °C. The SS316L/20 wt.% h-BN composites

achieved a better specific wear rate and coefficient of
friction range of 0.3-0.4 [6]. Kumar et al. fabricated
Y203/TiO, reinforced 304L stainless steel nano-
composites using mechanical alloying (MA). They re-
ported that the hardness and wear resistance grew
with the addition of nanoparticle reinforcement in
a 304L steel matrix [7]. Zou et al. investigated the laser
powder bed fusion (LPBF) of SiC-reinforced 316L
stainless steel metallic matrix composites (MMCs) to
improve the ultimate tensile strength and wear re-
sistance. A 9 vol.% SiC addition greatly improves the
ultimate tensile strength (1.3 GPa) and wear rate
(0.77x107° mm*/Nm) of 316L [8]. Balaji et al. studied
the effect of FesAl and NizAl additions to SS316L at
supersolidus temperatures (1400°C). 316L with the ad-
dition of 5 wt.% NizAl and Fe;Al exhibited an im-
provement in the corrosion and wear resistance [9].

In recent years, some nanoreinforcements have been
widely used in SS316L. These nanoreinforcements ob-
struct grain growth, thereby producing a refined grain
structure, further enhancing the mechanical properties.
Nanoreinforcements like carbon nanotubes (CNTs) and
graphene nanoplatelets (GNP) have been incorporated
into SS316L using diffe rent methods. Zengin et al.
developed 316L/CNT stainless steel nanocomposites
utilizing powder metallurgy (PM). They noticed that the
hardness and wear resistance of the nanocomposites in-
creased with a greater amount of CNTs as a consequence
of better sintering conditions [10]. Radhamani et al.
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reinforced 316L stainless steel (SS) with carbon nano-
tubes using the spark plasma sintering technique at
800 °C. A ball-on-disc tribometer was employed to
examine the tribological behavior of 0.2, 0.5, 1.0, and
2.0 wt.% CNT/SS 316L samples at 28 °C and 300 °C
under a load of 10 N. The microstructural investigations
revealed grain refinement by the inclusion of CNTs,
which improves the hardness and yield strength.
The wear rate also decreased as the CNT content was
increased [11].

The effect of different GNP wt.% additions to
SS316L was presented in our previous publication [12].
However, the wear and corrosion characteristics of
SS316L/GNP composites were not explored. This pre-
sent study exclusively investigates the effect of GNP
additions on the wear and corrosion properties of SS
316L.

EXPERIMENTAL PROCEDURE

In the present work, SS316L with a particle size
of 45 pm as the matrix and GNP with a thickness of
3-5 nm as the reinforcement were taken to fabricate the
composites. Initially, the desired weight fractions 100%
SS316L, 99.5/0.5, 99.25/0.75 SS316L/GNP powders
were ultrasonicated in an ethanol solution at 10 kHz in
a probe sonicator for 1 h. Afterwards, the mixture was
ground in a planetary ball mill (Labindia, BM 1100+,
India), which was operated at 300 RPM, with ball-to-
powder ratio of 10:1 for 2 h. Then the blended mixture
was dried at 100 °C on a hot plate for 2 h. The ethanol
in the milled mixture was evaporated and a fine powder
was obtained. The milled composite powders were
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compacted at 600 MPa to prepare cylindrical specimens
with a diameter of 20 mm and thickness of 6 mm for
the corrosion test and specimens with a diameter of
10 mm and 15 mm in height for the wear test as shown
in Figure 1. All the green SS316L, SS316L-GNP
(0.25 wt.%, 0.5 wt.% and 0.75 wt.%) composite speci-
mens were liquid phase sintered at 1400 °C in a vacuum
furnace for a holding time of 90 min. The rule of mix-
ture formula was used to calculate the theoretical densi-
ties of the composites. The sintered density of the spec-
imens was measured using Archimedes’ principle. The
relative density was calculated by the ratio of bulk to
theoretical density.

The corrosion tests for all the specimens were car-
ried out on a 3-electrode electrochemical potentiostat
(Metrohm Autolab, Netherlands) as per the ASTM
G102-89 standard. Then 3.5 wt.% NaCl was used as the
corrosive medium during the polarization test.
In a 3-electrode electrochemical cell, silver/silver chlo-
ride (Ag/AgCl) was the reference electrode, platinum
(Pt) was the counter electrode and the sintered specimen
functioned as the working electrode with a surface area
of 1 cm?. Cylindrical pins were made according to
ASTM G99 specifications and tested at room tempera-
ture using a pin-on-disc wear tester (DUCOM, India).
As the counterbody, EN 31(62 HRC) hardened steel
was used. The wear parameters for all the specimens
were taken as 900 m sliding distance, 20 N load, and
1 mv/s sliding speed, then the wear rate was calculated
using the equation given in [13]. The surface morphol-
ogy of the SS316L-GNP composites before and after
wear and corrosion testing were examined by means
of a scanning electron microscope (Carl Zeiss, EVO
MA10, Germany).

Planetary ball mill

Hot plate

Development

Fig. 1. Sequence of operations involved in development of composites
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RESULTS AND DISCUSSION

Relative density, phases, and morphology
of composites

Table 1 shows that as the GNP content was in-
creased up to 0.5 wt.%, the relative densities of the
composites grew for some extent, and afterwards de-
creased slightly for 0.75 wt.%. It means that there is no
significant improvement in densification by an increase
in GNP content. Because the powder particles were re-
arranged during sintering process by necking and grain
boundary diffusion (one over the other) causes grain
refinement [14].

TABLE 1. Density, wear, and corrosion results of SS316L. and
SS316-xGNP (x: 0.25, 0.5 and 0.75 wt.%) composites

16L-GNP
Test SS316L SS316L-G Comparison
(a) 0.25 (0.5 wt.% | 0.75 (a)-(b)/(a)
wt.% (b) wt.%
Relative o
density [%] 97.45 | 97.54 97.61 97.11 5%1
Hardness [HV]| 134.50 | 270.10 | 289.70 | 282.60 115%1
Wear rate 0
(10 mmyNm)| 214 | 166 121 1.74 43%)
Coirfﬁc?em ofl 047 | 044 | 039 | 04s 17%
1ction
Ecorr[V] —-397.00| —274.00 | —152.00 |-288.00 --
Leor
(x10°5 A/Cr?) 43.60 2.09 0.93 19.70 -
Corrosion rate 0
(x10-2MPY) 20.00 0.96 0.43 9.00 98%]

Another reason is that higher sintering tempera-
tures, i.e. liquidus temperatures (>1400 °C) [14]. As the
powders were compacted at liquidus temperatures
(> 1400 °C), they form a liquid phase that induces capil-
lary stress. This enables the spread of the liquid phase
to the grain boundaries causing the filling of pores,
thereby improving the densification [15]. Figure 2a
shows the XRD spectrum of the SS316L-GNP
(0.5 wt.% and 0.75 wt.%) milled powder and the com-
posites in as-sintered conditions. No traces of GNP
were detected in the milled powder or sintered speci-
mens because GNP was used in small amounts.
The reason might be that owing to the low scattering
effect of carbon, XRD does not produce peaks (com-
pared to SS) when used in lower proportions [16].
The as-sintered SS316L was characterized by an aus-
tenite phase with 20 values of 44°, 51°, and 75° as con-
firmed by COD card no: 9015774. Nevertheless, M7C3
(M: Cr) carbides were detected with JCPDS card no.
00-036-1482 by increasing GNP to 0.75 wt.%. These
carbids were produced by reacting GNP with Cr in
SS316L. As the GNP content is increased (> 0.5 wt.%),
different intermetallic compounds formed in the matrix,
as reported by other researchers [17-19]. As seen in
SEM micrograph (Fig. 2b), the GNP were pinned at the
grain boundaries of the SS matrix to hinder grain
growth, thereby a refined grain structure was produced
in the as-sintered SS316L-0.5 wt.% GNP composite.

Nonetheless, raising the GNP content beyond 0.5 wt.%
causes agglomeration and grain coarsening of austenite,
as published in the authors’ previous work [12].
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Fig. 2. a) XRD spectrum of SS316L-xGNP composites (0.5 wt.% and
0.75 wt.%), b) SEM micrograph of SS316L-0.5 wt.% GNP
composite

Wear rate

The average hardness values of SS316L and the
SS316L-xGNP (x: 0.25 wt.%, 0.5 wt.%, 0.75 wt.%)
composites were obtained as 134.50, 270.10, 289.70,
and 282.60 HV, respectively, before conducting the
wear test. The coefficients of friction determined as
a function of sliding distance for the SS316L, SS316L-
xGNP (0.25 wt.%, 0.5 wt.%, and 0.75 wt.%) composite
specimens is shown in Figure 3a. Initially, the coefti-
cient of friction rapidly increased from O to the highest
value for the base SS316L, and afterwards it stabilized.
In the case of the SS316L-GNP (0.25 wt.%, 0.5 wt.%)
composite specimens, the coefficient of friction was
lower compared to the base SS316L. Afterwards, it
moved to a steady state. The coefficient of friction for
the 0.75 wt.% GNP specimen was slightly higher com-
pared to the 0.5 wt.% GNP one.

The average coefficients of friction of SS316L
and SS316L with varying xGNP wt.% (x: 0.25, 0.5,
0.75) composites were found to be 0.47, 0.44, 0.39,
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28 K. Veeramallu, A. Gopala Krishna

and 0.45 respectively. The same trend in the wear rate
was observed in all the specimens as shown in Figure 3b.
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Fig. 3. Variation in coefficient of friction with sliding distance (a), wear
rate for different GNP contents (b)

)
scmwmlll [l Scale 15450 cts Cursor: 0.000

The wear rate decreases by introducing GNP to SS
316L at contents of 0.25 wt.% and 0.5 wt.%. Owing to
the self-lubricating property and the high hardness of
GNP, the wear resistance of the GNP-reinforced com-
posites improved. However, the wear resistance in-
creases with hardness according to the Archard equa-
tion [14, 20]. While conducting the wear test, the GNP
comes out when the composite pin comes into contact
with the counterbody, thus forming a black layer. This
layer is called the self-lubricating film. This film is very
soft and that reduces the contact between the pin and
counterbody, which further lowers the COF. The wear
rate increased at 0.75 wt.% GNP due to the coarser
grain structure, which was explained in work [12].

Worn surface analysis

Figure 4 presents the SEM micrographs of the worn
surfaces of the base SS316L and the composites with
the addition of 0.25, 0.5, and 0.75 wt.% GNP. Figure 4a
shows longer and wider grooves (WD) and micropits
(MP) (indicated with yellow color) in the base SS316L
specimen, which arose during sliding due to abrasive
wear or ploughing action [21]. Nevertheless, it is be-
lieved that the presence of GNP in the composites caus-
es a change in the wear mechanism.

Figure 4b and c¢ shows the inclusion of 0.25,
0.5 wt.% GNP in SS316L, in which the grooves were
reduced while smooth and finer tracks with no debris
formation were observed owing to the formation of
a protective layer by the self-lubricating nature of
the GNP. This layer is called tribofilm as shown in
Figure 4e.

T
1000

100 2000 2800
Raman Shift (Cm”)

Fig. 4. Worn surface analysis of base SS316L and composite specimens (a-i)
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The Raman spectroscopy technique was employed
to identify GNP on the worn surfaces. Figure 4i shows
the Raman spectrum comprised of three bands of D
(1342 cm™), G (1570-1580 cm™"), and 2D (2682 cm™),
respectively. This indicates that the tribofilm protected
the surface from ploughing and adhesive wear regimes
and furthermore, the COF and wear rate of the compo-
sites were reduced. Figure 4g reveals that a significant
amount of debris and material adhesion causes adhesive
wear on the wear track surface. This is because of the
poor wettability between the GNP and the matrix,
which leads to more debris formation during the wear
test. This debris acts like a third body and adheres to the
contact surface, which contributes to a higher coeffi-
cient of friction and wear rate [14]. Table 2 displays the
EDS results for the surfaces after the wear test at a 20 N
load. The base 316L steel had large amounts of Fe, Cr,
and Ni resulting from the abrasion mechanism [10].
The carbon content is greater as a consequence of in-
creasing the amount of GNP. The amount of oxygen
(oxidation) might have contributed to reducing the wear
resistance when the GNP concentration was increased
t0 0.75 wt.% [11].

TABLE 2. Elemental composition of worn composite surfaces

Element Composition [wt.%]
FeK CrK | NiK CK OK MoK | SiK
SS316L | 67.97 | 1493 | 8.29 3.45 - 2.31 -
SS316L-
0.5
Wt.% 6191 13.76 | 9.37 8.96 - 279 | 0.73
GNP
SS316L-
0.75 5059 | 1196 | 747 | 1028 | 18.48 | 2.07 | 0.47
wt.% : : : : : : :
GNP

Corrosion behavior

Figure 5a shows the potentiodynamic polarization
plots of the SS316L-xGNP (x: 0.25, 0.5, 0.75 wt.%)
composites in a 3.5 wt.% NaCl solution. It was ob-
served that the anodic passive current densities (Zco:)
were decreased by varying the GNP content up to
0.5 wt.%. The corrosion rate (CR) for all the compo-
sites, obtained by the Tafel extrapolation technique, is
shown in Table 1.

It was observed that the corrosion potential and cor-
rosion current density for the SS316L-0.5 wt.% GNP
composite (Ecorr = —152 mV, Lo = 9.38E-9 A/cm?)
were lower than those of SS316L-0.75 wt.% GNP
composites (Ecorr = —288 mV, Lo = 1.97E-7 Alem?).
By varying GNP content up to 0.5 wt.%, the Ecor
values got increased from —0.39 mV to —0.15 mV. Sig-
nificantly the /I, values decreased for the 0.25 and
0.5 wt.% GNP specimens than base SS316L. The corro-
sion potentials (Eco) shifted towards positive values of
0.39, 0.27, 0.15 mV, indiating that a lower tendency of
corrosion than the other specimens. The polarization

curve for SS316L shifted downward compared to the
others and it was also corroded. Hence, the 0.5 wt.%
GNP composite exhibited the lowest corrosion rate of
0.0043 mils per year compared to all the samples pre-
sented in Figure 5b. It meant that the 0.5 wt.% GNP
addition helps to decrease the corrosion rate.

There are different reasons why the corrosion re-
sistance for the 0.25 wt.% and 0.5 wt.% GNP speci-
mens is enchanced in relation to the base SS316L. First-
ly, the GNP acts as a corrosion barrier with its high
electron density, which slows down the ionic transfer
between the corrosion medium (NaCl) and its reaction
with the metal surface. The higher relative density of
the specimens produced without porosity and voids plays
an important role, reducing the microgalvanic reactions,
which in turn increases the corrosion resistance [22-24].
Secondly, the Cr-carbide formation can also decrease the
corrosion resistance [25]. The aluminides reinforced in
the SS316L composites at the supersolidus temperature
contributed to higher wear and corrosion behavior re-
ported by Balaji et al. [9]. The rising /., values for the
0.75 wt.% GNP composite indicate a lower relative den-
sity, which is shown in Table 1.

0.2

—— §S316L (@
014 —— 0.25 wt% GNP
—— 0.5 wt% GNP

004 —— 0.75 wt% GNP

0.1 4

0.2 4

Corrosion rate (mils/year)

>
W o3
-0.4 4
-0.5 4
06 T T T T T T T
169  1E8  1E7  1E6  1E5  1E4  1E3
Log(i/A),Alcm’
0.20 p (b) '
V77/)) Corrosion rate
0.15
0.10
0.05
0.00 -

0.25 wt% GNP 0.5 wt% GNP

Fig. 5. Corrosion behavior (a), corrosion rate of SS316 (b) and SS316L-
xGNP (x: 0.25, 0.5, 0.75 wt.%) composites

S$S316L 0.75 wt% GNP

Corrosion morphology

The SEM morphology of all the specimens before
and after the corrosion test is shown in Figure 6. Pitting
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corrosion was observed to be significantly dependent
on the porosity but not on the grain size. Pitting corro-
sion was regularly observed on the sub-surface pores.
The base SS316L specimen containing a moderate level
of porosity was consequently prone to pitting. Shallow
pits were found (indicated with yellow arrows) with
a size of approximately 10 um. The SS316L-0.25 wt.%
GNP composite specimen contains a low level of poros-
ity and exhibits the initiation of pitting. The formed pits
were smaller in size, less than 5 pm. The grain bounda-
ries are clearly visible in the SS316L-0.5 wt.% GNP
composite specimen. Pitting and clustering mechanisms
were not found for 0.5 wt.% GNP. Furthermore, the
SS316L-0.75 wt.% GNP composite was severely af-
fected by intergranular corrosion (IGC) at the grain

Before corrosion

SS316L

0.25 wi% GNP

0.5 wt% GNP

Fig. 6. Corrosion morphology of all composites
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boundaries and pitting corrosion was hardly found. IGC
is predominantly localized corrosion that occurs where
the surrounding areas are depleted by carbide (Cr;Cs)
formation. This mechanism would be more influenced
by the reduction in the mechanical and corrosion prop-
erties. The corroded region progressively increases
from 5 um to 25 pum for the SS316L-0.75 wt.% GNP
composite. Another reason is that the SS316L-
0.75 wt.% GNP composite specimen has a smaller rela-
tive density. It is logical to assume that it could have
larger pores, rendering it more prone to pitting, as
explained in Table 1. Finally, the rising corrosion po-
tential (Econ = —288.00 V) and passive current density
(Lcorr =1.97E-7 A/cm?) are responsible for the growing
corrosion rate at 0.75 wt.% [26].

After corrosion

Intergranular
corTosion

7

20pm
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CONCLUSIONS

The present study was focused on the development
of SS316L composites by employing GNP as the rein-
forcement at the liquidus temperature of 1400 °C for
a holding time of 90 min. The major findings are sum-
marized as follows:

e The relative density of the SS316L-0.5 wt.% GNP
composites increased by 5% compared to the base
SS316L and the other composites. The microstruc-
ture of SS316L was refined by reinforcing with
0.5 wt.% GNP, which hinders matrix grain growth
due to the pinning mechanism.

e Owing to the self-lubricating effect of GNP, the
wear rate and coefficient of friction of the SS316L-
0.5 wt.% GNP composites were significantly re-
duced compared to other the composites by forming
a tribofilm.

e The SS316L-0.5 wt.% GNP composite is strongly
corrosion resistant compared to the other composites
because of the higher relative density and lower pas-
sivation behavior.

e By means of the Tafel extrapolation technique, it
was found that the corrosion rate decreased from
0.2 mils per year to 0.0043 mils per year for the
SS316L-0.5 wt.% GNP composite in comparison to
the base SS316L.
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