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Abstract The replacement of carbon steel by stainless
steel in industries where excellent corrosion resistance is
required is currently gaining momentum. The susceptibility
of titanium nitride (TiN)-reinforced austenitic stainless steel
fabricated using sintering technique was investigated in
ferric chloride (FeCl;) and 3.5 wt.% NaCl. Microstructural
observation of the sintered specimens from scanning elec-
tron microscope showed even dispersions of titanium nitride
(TiN) in the matrix of austenitic stainless steel, which fur-
ther confirmed the effectiveness of turbula mixing
technique. Pitting corrosion resistance of specimens rein-
forced with 2 and 4 wt.% TiN was observed to show an
improvement in ferric chloride solution after an immersion
period of 96 h. The phases formed on the surface of the
specimen after electrochemical test is presented in the X-ray
diffraction analysis. The pitting corrosion of the sintered
austenitic stainless steel specimens was also improved upon
the addition of titanium nitride nanoparticles as confirmed
from cyclic potentiodynamic polarization test results.
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Introduction

The extent of damage caused by corrosion in metallic
structures is a function of condition and/or type of engi-
neering application under which the material is utilized. In
comparison with mild steel, stainless steel possesses
excellent characteristics such as cryogenic toughness,
attractive appearance, lower maintenance cost and
improved corrosion resistance [1, 2]. The corrosion resis-
tance of metals can be improved through the addition of
alloying elements which include chromium, nickel and
molybdenum through the formation of oxide layers on the
surface of the metal. This property has made stainless steel
a choice material in the design of various components in
engineering industries, where high corrosion resistance is a
required [3].

Despite the excellent attributes possessed by austenitic
stainless steel, it is known to be susceptible to corrosion by
pitting, which is an insidious form of corrosion that occurs
in passive metals present in aggressive environments [4].
This mode of corrosion which occurs through the formation
of small pits in a small confined area within the metal
surface causes failure as a result of pitting corrosion
resulting from the presence of sulfide ions in formed pits
[5]. The formed pits are covered by corrosion products,
making them undetectable in metallic structures where they
are present. Pitting corrosion has been reported by several
researchers to have affected most process facilities and
power plants in various industries [6, 7].

The improved corrosion resistance of austenitic stainless
steel has made it a candidate material in wide varieties of
engineering applications where higher corrosion resistance
at an elevated temperature is required. This improved
corrosion resistance can be attributed to the presence of
chromium in the range of 16-25% and nitrogen. However,
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several studies have shown the susceptibility of austenitic
stainless steel to corrosion by pitting despite its excellent
corrosion resistance [8, 9]. Moreover, the concentrations of
some essential alloying elements such as molybdenum and
nitrogen in austenitic stainless steel can be increased with
the aim of improving its resistance to pitting corrosion.
Further studies have also confirmed that a higher amount of
these alloying elements could have some adverse effect on
its properties probably due to alteration of phase and
microstructural changes [10, 11].

The application of nanoceramics as an approach to
improving the corrosion resistance of metals and alloys has
been a global area where various researchers have inves-
tigated. Samir [12] in his investigation reported the use of
nanometric sized carbide-based crystallites produced by
nanocrystalline plasma electrolytic method. Application of
nanometric carbide on the surface of austenitic stainless
steel was observed to improve its corrosion resistance.
Shieu [13] also studied the control of corrosion resistance
of TiN-coated stainless steel using a salt spray test. The
result from this study showed an improvement in corrosion
resistance of TiN-coated austenitic stainless steel. In
another study by Hartwig et al. [14], the use of sputtered
titanium dioxide thin films for protecting AISI 304 stain-
less steel against galvanic corrosion was investigated.
Observation from this study shows an excellent corrosion
resistance offered by sputtered titanium oxide films in AISI
304 stainless steel.

The primary elemental composition of titanium nitride
is titanium and nitrogen. However, studies have shown an
improvement in corrosion resistance to pitting corrosion
through the addition of titanium as an alloying element in
minute quantity [15]. The addition of higher volume can
lead to the formation of new phases which are easily
attacked by pitting. Titanium inhibits pitting by strength-
ening the passive films formed by stainless steel, thereby
preventing further attack by chloride ions in the aggressive
environment [16]. Nitrogen has also been reported to
improve the pitting corrosion resistance of stainless steel
through passive range widening [17, 18]. The formation of
nitrates in stainless steel containing nitrogen promotes
repassivation at pit sites through the reduction in molyb-
denum content where high pitting corrosion resistance is
required [19].

Spark plasma sintering technique has been used exten-
sively in the fabrication of metals, composites and ceramics
through a process known as powder metallurgy [20, 21]. The
starting powders are placed in a die, after which a
mechanical pressure ranging between 20 and 100 MPa is
applied in the vertical direction. This is followed by the
application of high amperage voltage within the range of
0.5-40 kVA and a low voltage usually between 4 and 20 V
to the die. The heat generated causes a spark discharge in the
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voids present in-between powder particle surface. This
technique is considered adequate for fabricating composites
reinforced with ceramic particulates to its maximum density
at a faster rate. Studies have shown that spark plasma sin-
tering has other advantages over the conventional method of
fabrication such as casting and hot pressing [22, 23]. This
includes fabrication of sintered compacts at a much lower
temperature with little or no pressure [24, 25] as well as
control of final microstructure [26].

Despite several investigations by researchers, little or no
reference is available on pitting corrosion resistance of
sintered austenitic stainless steel reinforced with nanoce-
ramics. The purpose of this study is to investigate further
susceptibility of sintered 304-grade austenitic stainless
steel reinforced with titanium nitride nanoparticle in
chloride media and attempt to provide a new understanding
of how the combination of titanium and nitrogen in tita-
nium nitride can improve pitting corrosion resistance of
sintered 304-grade austenitic stainless steel.

Experimental Procedure

304 SS (average particle size 22 um, 97% pure, supplied
by Sandvik Osprey Ltd, UK) and TiN (average particle size
of 20 nm, 97% purity, supplied by Nanostructured &
Amorphous Materials, Inc., USA) powders were used as
the starting materials for this study. The chemical com-
positions of the powders are presented in Table 1.

Varying proportions of TiN powder (2, 4 and 6 vol.%)
and 304L stainless steel powders were mixed in a dry
environment using a T2F Turbula mixer at a mixing speed
of 70 rpm for 5 h to ensure homogeneous dispersion of
TiN powders into the matrix of 304L stainless steel. A
Tescan scanning electron microscope (SEM) was used to
examine the morphology of the admixed powders. Ade-
quate powder size required to produce a specimen of
20 mm diameter with a thickness of 5 mm was filled into a
graphite die. A graphite sheet was inserted between the
plunges, powders and die to facilitate easy removal of
sintered compacts after sintering. The fabrication of spec-
imens by sintering technique was carried out in an
automatically controlled spark plasma sintering machine
with model number HHPD-25, manufactured in FCT
Germany. Sandblasting was done to eliminate graphite
depositions formed on the sintered compact surface to
avoid contamination of the sintered compacts. Specimens
for metallographic observations were prepared by grinding
and polishing using different grits of silicon carbide and
diamond suspensions of different microns, respectively, till
a mirror-like surface was achieved.

The resistance of unreinforced (pure) and TiN-rein-
forced sintered 304L stainless steel to pitting corrosion was
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Table 1 Elemental composition of starting powders

Elements Fe C Cr Ni Mo Si Mn S P N Ti
304L SS Bal <0.03 19 10 - <1 <2 <0.03 <0.045 - -
TiN <0.001 0.03 - <0.001 - <0.003 - - - 21.91 77.83

investigated through the immersion of the specimens into a
freshly prepared 6% ferric chloride (FeCls) solution (ac-
cording to ASTM G-48 standard) [27]. All tests were
conducted at ambient temperature for a period of 192 h,
during which the specimens were vertically suspended in
the FeCl; solution. This method has been reportedly used
successfully by various researchers for determining the
susceptibility of stainless steel specimens to pitting corro-
sion [28-30]. To prevent crevice corrosion, measures were
taken to ensure that the specimens were not touching the
base and walls of the container all through the test period.
The morphology of the corrosion substrates was further
investigated for pits formation using a Tescan scanning
electron microscope equipped with energy-dispersive X-
ray spectrometer (EDS). Prior to surface examinations of
the corroded specimens, the corrosion products formed on
the specimen surfaces were removed, washed in acetone
before drying in the air. The XRD analysis of substrates
was carried out using Panalytical X-ray diffractometer, and
diffractograms obtained were carefully analyzed using
X’pert Highscore software.

Cyclic potentiodynamic polarization test was conducted
according to ASTM G61 to complement the immersion
test. Cyclic potentiodynamic polarization technique is a
rapid method qualitatively used in predicting the suscep-
tibility of alloys to pitting and crevice corrosion. This was
performed at ambient temperature using a VersaSTAT
potentiostat equipped with a three-cell setup which consists
of graphite counter electrode, silver/silver reference elec-
trode filled with 3 M KCl solution and a working electrode.
Before mounting, specimens were sectioned to 10 by
10 mm length, and copper wire was attached to one of its
ends using an aluminum foil for accurate conductivity
between the sample and the potentiostat. The test was
initiated in 3.5 wt.% NaCl after the stabilization of the
working electrode in a steady-state open-circuit potential
(Eoc) conducted for 1 h. Prior to each experiment, speci-
mens for the electrochemical test were embedded in resin,
ground to 1200 grits using silicon carbide disks and pol-
ished to 1 micron using diamond suspension. The initial
and vertex potential were kept at 1.0 V, while a final
potential and scan rate of 1.5 V and 2 mV/s, respectively,
were maintained throughout the test.

Results and Discussion

SEM morphologies of 304L austenitic stainless steel and
nanostructured TiN powders are shown in Fig. 1(a) and (b),
respectively. The pure 304L stainless steel and TiN pow-
ders are spherical with non-porous and agglomerated
satellites sticking to particles with larger sizes. This indi-
cates that the powder is produced via gas atomization
route. Figure 1(c) and (d) shows the SEM micrographs of
sintered specimens, which contains a varying proportion of
TiN. A close observation shows a close bonding between
the particles of the stainless steel matrix and the TiN
reinforcements. It could be seen that the TiN is precipitated
along the grain boundaries of the 304L stainless steel
matrix. This observation could be as a result of a different
temperature regime which exists between the stainless steel
matrix and TiN reinforcement. A similar observation was
reported in a study by Hegde et al. [31].

Further, an even distribution of TiN-reinforced powders
within the matrix of stainless steel was also observed to be
more predominant in the composite which contains 6%
TiN reinforcement. Some large irregular pores were also
found in sintered samples which could be as a result of hard
TiN particles distribution within the grain boundary region
of austenitic stainless steel [32]. A recent study has shown
that the matrix/reinforcements interface and grain bound-
aries are favorable sites for the formation of new phases in
sintered samples [33].

The plot of microhardness values obtained for the sin-
tered specimens is presented in Fig. 2. The results
confirmed that the addition of TiN to the matrix of auste-
nitic stainless steel increased the microhardness value
through a network of hard nitrides, which grows as pseu-
domorphic epitaxial layers along the boundaries of
austenitic grains [34]. The hard nitrides impede the
movement of dislocations, thereby improving the
mechanical resistance of reinforced specimens. The highest
microhardness value was however observed in the sintered
304L SS sample with 6% TiN reinforcement, while the
lowest hardness value of 268 HV,; was recorded in pure
sintered stainless steel.

Figure 3 shows the SEM images of specimens immersed
in FeCl; for 192 h. It is evident from microstructures that
lesser pits which are almost hemispherical in shape were
observed in all immersed samples, which is in accordance
with an investigation by Bhandari et al. [35]. An increase in
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Fig. 1 SEM morphology of (a) 304L stainless steel powder, (b) TiN powder, (¢) 304L SS + 2 wt.% TiN (d) 304L SS + 4% TiN and (e) 304L
SS + 6% TiN
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Fig. 2 Hardness plot for sintered austenitic stainless steel composites
(standard errors observed were the estimate of five different
indentations carried out on each sample)

immersion time shows the formation of corrosion scales,
with the thinnest scale observed after 24 h of immersion.
Further observation shows an increase in the thickness of
corrosion scale with an increase in hours of exposure.
Figure 3(a) presents the micrographs which indicate the
formation of pits across the surface of pure sintered 304L
stainless steel, while lesser pits are observed in Fig. 3(b)
and 3(d), and no pits were visually noticed in the specimen
with 4% TiN as presented in Fig. 3(c). This further con-
firms the resistance of this specimen to the aggressive
chloride ions in the test electrolyte. However, rapid for-
mation of pits in the specimen without TiN reinforcement
could be attributed to the presence of iron (Fe) as indicated
by several peaks observed in EDS analysis. The reaction
between iron and oxygen in the electrolyte can promote the
rate at which pits are formed in specimens. The EDS
analysis of the specimen reinforced with 4% TiN shows a
decrease in the peaks of Fe, while an increase is observed
in the peaks of titanium (Ti) and chromium (Cr). Improved
resistance to pit formation in specimens with TiN rein-
forcements can be ascribed to the presence of Ti and Cr in
the matrix of austenitic stainless steel.

Cyclic polarization which combines both anodic and
cathodic polarization to form a single cyclic process is used
in evaluating the susceptibility of the specimen to pitting
corrosion within a given environment. The tendency of
pitting corrosion is obtained by considering the pitting
potential (Epif) and repassivation potential (Erp). An
increase in the hysteresis loop depicts higher susceptibility
of the material to pitting corrosion. Pitting potential is the
smallest negative potential required for pitting initiation on
the surface of a metal in a passive potential region. The
cyclic polarization curves for specimens are shown in
Fig. 4(a-d), the pitting and passivation potentials obtained
from cyclic polarization curves of specimens are presented
in Table 2. The most negative value for pitting potential

was observed in the specimen with 4 wt.% TiN rein-
forcement, while the least negative potential was observed
in pure sintered 304L sintered stainless steel. At high
potentials, stainless steel is said to undergo oxygen evo-
lution, where chromium and titanium formed become
unstable [36]. This is accountable for rapid corrosion
observed on the surface of the pure sintered specimen. The
occurrence of pitting corrosion in specimens subjected to
the corrosive medium can be ascribed to the adsorption of
chloride anions on the protective layer formed on the
specimen [37]. Dissolution of stainless steel occurs due to
anodic overvoltage whenever there is contact between
chloride ions and adsorbed oxygen, resulting in the for-
mation of pits on the specimen surface [38]. Pits can also
be formed on the specimen when there is reversible
adsorption of chloride ions present in the corrosive med-
ium. Although oxygen has a better affinity for chlorine at
the adsorption site, it is reversibly adsorbed into the liquid
oxygen interface, rupturing the passive protective layers
formed by oxygen [39]. The improved pitting corrosion
resistance observed in samples reinforced with TiN can
thereby be ascribed to the protection offered by titanium
and nitrogen present as the major elements in TiN utilized
in reinforcing the sintered austenitic stainless steel matrix
[40]. A noticeable pitting resistance observed in specimens
with TiN reinforcement can also be attributed to their lower
current density. The least current density was however
recorded by the specimen with 4 wt.% TiN reinforcement.

Further, no current oscillation was observed in the pre-
pitting potential region along the surface of TiN-reinforced
composites. The breakdown of the passive layers in the
specimens can be attributed to the formation of several
layers of Fe;O4 on pre-existing chromium oxide species
present in the test electrolyte. This could lead to loss of
chromium oxide by dissolution through a thin pre-formed
passive layer in the aqueous phase, thereby preventing the
formation of a passive region in the anodic scan.

Figure 5(a) and (b) shows the SEM microstructure and
EDS analysis of pure sintered austenitic stainless steel and
specimen reinforced with 4% TiN. Figure 5(a) shows the
presence of pit formation across the surface of pure sin-
tered austenitic stainless steel. This could be as a result of
the constant and rapid dissolution of metallic ions by
adsorbed oxygen present in the corrosive medium. Pit
formation was observed to reduce in specimen reinforced
with 4% TiN, as shown in Fig. 5(b). The presence of
chromium and titanium observed from EDS analysis
played an important role in improving the corrosion
resistance of the substrate. The role played by titanium,
chromium and oxygen dissolution during the corrosion of
stainless steel is demonstrated in the equations below
[41-43].
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«Fig. 3 SEM and EDS microstructure for (a) pure sintered 304L
austenitic stainless steel (b) 304L + 2% TiN (c¢) 304L + 4% TiN (d)
304L + 6% TiN

2Fe*™ + 60H™ — Fe,05 + 3H,0 + 2¢~
Cr — Cr’t 4+ 3e”

Ti*" +40H™ — TiO, + 2H,0

2Cr** 4+ 60H™ — Cr,0; + 3H,0

Fe?* + Fe,03; + 20H™ — Fe;0,4 + H,0

During the transformation from active to a passive state,
there is the formation of thick oxide layers which consists
of mixed titanium and ferric oxide. These oxides help in
reducing the rate at which dissolution of metal ions occurs
on the surface of the substrates.

P = Pyre 304L
0,0
0,5

1,0 4

4,5 4

Potential vs Ag/gCl (v)

2,0

T
1E-8

T T J

T T T T
1E-7 1E-6 1E5 1E4 1E-3 0,01 0,1

Current Density

T
1E-10 1E-9

(a

1,04

v | ——Pure304L +4%TiN|

0,6 4
0,4
0,2+

0,0

Potential vs Ag/AgCl (v)

0,4

0,6

)

T
1E-9

T T il T T
1E-6 1E-5 1E-4 1E-3 0,01

Current density

T T
1E-8 1E-7

Table 2 Pitting and passivation potential for specimens

Specimen Epit (V) Erp (V)
Pure sintered 304L — 0.105 - 02
Pure sintered 304L + 2% TiN —0.144 — 0.0152
Pure sintered 304L + 4% TiN — 0.684 — 0.589
Pure sintered 304L + 6% TiN — 0.448 —0.145

The results obtained from XRD analysis were further
analyzed using an X’pert Highscore software to reveal the
compounds formed on the surface of the substrates, as
shown in Fig. 6. Some major peaks were observed in
specimens used for cyclic polarization. The peaks of Fe;O4
and TiSi, were observed to be stronger in the austenitic
stainless steel specimen reinforced with 2 and 4% TiN.
However, a slight phase shift in the values of 2 ® from 49°
to 50° in TiSi, can be attributed to the presence of silicon
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Fig. 4 Cyclic polarization curves for (a) pure sintered 304L austenitic stainless steel (b) 304L + 2 wt.% TiN (c¢) 304L + 4 wt.% TiN (d)

304L + 6 wt.% TiN
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in the compound, as a similar trend was observed in peaks
of CrgN. Some traces of TiO, and SiO, detected on the
surface of the specimen with 2% TiN reinforcement could
be the reason for its improved corrosion resistance. A
similar observation was reported in a recent study by
Grycova et al. [44].

Conclusion

Microstructural and pitting resistance of pure and titanium
nitride-reinforced sintered austenitic stainless steel was
investigated by immersion in ferric chloride and electro-
chemically in 3.5 wt.% NaCl. The scanning electron
micrographs of the as-received TiN powder showed an
agglomerated satellite-structured particle stacked together.
Some irregular pores observed in sintered specimens were
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as a result of TiN settling along grain boundaries of aus-
tenitic stainless steel matrix. Immersion test carried out in
6% ferric chloride for 96 h confirmed an improved corro-
sion resistance of specimen with 2 and 4% TiN
reinforcements, while more bottomless pits were formed on
the surface of pure sintered stainless steel. Similar results
were further obtained in the electrochemical test conducted
in 3.5 wt.% NaCl using cyclic polarization. The presence
of titanium and nitrogen as the significant compositional
elements was confirmed to increase the pitting resistance of
TiN-reinforced specimens.
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