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Abstract
Stainless steel is mostly used in applications where resistance to corrosion is of prime importance. The surface-treated stain-
less steels are widely used in many applications. AISI304 stainless steel has a low surface hardness and a relatively high wear 
rate. AISI304 stainless steel bar and Tungsten (W) were chosen as the substrate and the alloying material, respectively. The 
W powder was pasted over the surface of the AISI304 stainless steel using a PVA binder. The surface modification process 
was carried out using the heat generated by a Gas Tungsten Arc (GTA). The corrosion behavior of substrate and surface 
alloyed. AISI304 stainless steel was studied using the TAFEL polarization test. The corrosion was studied in Hanks balance 
salt solution. The study revealed that pitting corrosion occurs on the surface of the specimens, but Icorr value increased by an 
order of magnitude two. The increase in corrosion current is attributed to the formation of the oxides, and carbides formed in 
the surface of the modified layer. This implies that surface alloying with W enhances the corrosion resistance of the AISI304 
stainless steel. The investigation concludes that the surface alloying process with W using GTA is effective for modifying 
the surface properties of AISI304 stainless steel.
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1  Introduction

Stainless steel (SS) is mainly used in places where high sur-
face hardness and high wear rate has been key obstacles to 
extensive application. SS has been extensively utilized in 
aeronautical, aerospace, food processing, nuclear and bio-
medical and maritime industry because of its high corrosion 
resistance. In the atmosphere, chromium combines with oxy-
gen to form a thin passive coating of chrome oxide on the 
surface of the SS. However, in case the SS is brought into 
contact with corrosive fluid, such as hydrogen sulfide, chlo-
rine ion, and hot water containing oxygen, pitting corrosion 
or cracks due to corrosion are liable to occur in the surface 

of the SS. Typical products of SS such as surgical instru-
ments, control rod cases in nuclear power plants, tools, and 
mold, gears, screws, valves, pump parts, bearings, filters, 
orthopedic parts are subjected to surface treatment processes 
to increase the surface properties without influencing the 
bulk properties [1, 2].

The 18–8 stainless steel has excellent resistance to cor-
rosion by weak bases such as ammonium hydroxide and 
organic compounds like aniline, pyridine, and aliphatic 
amines. Type 304 SS can be used for such equipment as 
ammonia stills and certain types of amination reactions. The 
performance of stainless steels in solutions of strong bases 
may be illustrated with results of tests in sodium hydroxide 
solutions, the 18–8 steel usually shows a very slight attack 
in solutions up to 50% NaOH. In higher concentrations and 
temperatures corrosion rates are likely to be appreciable. 
Under conditions of stress, stress corrosion cracking of stain-
less steels may occur in hot sodium or potassium hydroxide 
solutions. Hot metal surfaces wetted by dilute solutions may 
be so affected due to the concentration of the caustic by 
evaporation [3]. To increase the corrosion resistance of SS 
implants a big effort has been developed to form a bioactive 
titanium oxide layer on the metal surface using several ways 
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as chemical, electrochemical, thermal treatment, and anodi-
zation methods among others [4, 5]. Titanium offers advan-
tages such as good mechanical properties as well as corro-
sion resistance under biological fluid conditions, although 
the material high cost is a holdup. Similar behavior of the 
Ti alloyed SS implant obtained by maintaining titanium in 
contact with bone and body tissue (aqueous solution) with-
out diminishing its mechanical properties, at a lower cost 
[6]. It also indicates that the Ti sub-layer can enlarge the 
pseudo-diffusion layer and enhance the adhesion strength of 
TiN coatings. For the TiN/Ti double-layered coating, good 
corrosion resistance can be obtained with the measured ulti-
mate shear stress higher than 10 GPa and the inter-diffusion 
zone thicker than 0.2 mm [7]. Ti ions were implanted into 
electroless nickel coating at 100 keV and 5 × 1016–3 × 1017 
ions/cm2 using a metal plasma ion implantation apparatus. 
The corrosion resistance of Ti-implanted electroless nickel 
was improved by the formation of chemically inert titanium 
oxides and Ti–Ni alloys in the ion-implanted layer, which 
leads to the increase of polarization resistances in the EIS 
analysis [8].

The Cr23C6 precipitation was observed after the sensitiza-
tion of AISI304 SS specimens in the neutral flame by using 
oxy-fuel and slowly cooled in the air. The microstructure of 
AISI304 SS shows the pitting corrosion resistance properties 
as the sensitization time increases. As the specimens were 
rapidly cooled due to quenching the Cr23C6 precipitate was 
dissolved and improved corrosion resistance [9]. Corrosion 
behavior of TiN coated SS was studied on the specimens 
with the controlled coating thickness. The electropolariza-
tion technique was used to evaluate the corrosion resistance 
of the coated samples under 5% NaCl and 1 N H2SO4 + 0.05 
KSCN. The effect of coating thickness and the packing fac-
tor plays an effective role in the corrosion resistance of the 
coated samples [10]. Duplex TiN coatings were deposited 
on AISI 304 stainless steel with arc-ion plating. The cor-
rosion performance of the duplex TiN coatings was evalu-
ated in an acidic chloride solution by using electrochemical 
techniques such as potentiodynamic polarization and EIS 
analysis. The oxide film formed on the TiN coating is an 
important factor influencing the corrosion performance of 
the coated substrate [11]. Pressurized metallurgy remark-
ably enhanced nitrogen (N2) content in martensitic stain-
less steel. Increasing N2 content firstly decreased and then 
increased the content of precipitates. With increasing N2 
content, precipitates were converted from M23C6 to M2N 
high nitrogen martensitic stainless steels exhibiting excellent 
corrosion resistance. Excess nitrogen deteriorated corrosion 
resistance of martensitic stainless steel [12].

The surface of AISI304 SS was melted in argon (Ar) and 
nitrogen (N2) atmosphere using different laser beam scan 
rate and gas flow. The electrochemical studies reveal the 
reduction in the formation of pits in the surface melted under 

the N2 gas environment [13]. Laser surface alloying (LSA) 
under optimum conditions significantly improves the pit-
ting corrosion resistance in terms of critical potential for 
pit formation and pit growth. Besides, the erosion resist-
ance in 20 wt% and in 3.56 wt% NaCl solution registers a 
marked improvement. Thus, it is concluded that the LSA 
of 304 SS with Mo is an appropriate technique to enhance 
the resistance to pitting and erosion in stainless steel [14]. 
To improve the surface properties ofAISI304 SS, laser 
surface alloying was performed on the surface of AISI304 
SS coated WC, Ni, Co, and Cr. The surface properties of 
the substrate increased drastically [2, 15, 16]. The surface 
of AISI304 SS was alloyed with W + Ti under Ar and N2 
using GTA to improve the mechanical and corrosion prop-
erties. The surface of AISI304 SS was refined by Ti, and 
W particulates were dispersed on the alloyed surface thus 
increasing the mechanical properties and corrosion resist-
ance of the alloyed layer [17, 18]. A vacuum arc remelting 
furnace was used to remelt SUS 304 stainless steel with 
various added Cu contents. The corrosion test indicates that 
the pitting potential declines as the Cu content in SUS 304 
steel increases. The results of the antibacterial test reveal 
that adding a proper amount of Cu gives SUS 304 stainless 
steel an excellent antibacterial property [19].

Previous studies report the occurrence of pitting cor-
rosion of various alloying elements alloyed using vari-
ous alloying techniques in saline medium evaluated using 
TAFEL polarization testing. The objective of this study is to 
evaluate the corrosion nature of the pure W powder alloyed 
on the surface of AISI304 SS under the Ar and N2 shielding 
environment in a simulated bio-fluid extracted from bone 
and body tissues which is Hanks Balanced Salt Solution 
without phenol red.

2 � Experimental Procedure

A standard dimension (150 × 30 × 30 mm3) of AISI304 SS was 
procured and cleaned with acetone to remove dust, oxides, and 
other containments on the top surface and then taken to arc 
spectroscopic analysis. The arc spectroscopic analysis reveals 
the chemical composition of the substrate. Table 1 shows the 
chemical composition of the AISI 304 stainless steel. The sub-
strate was pasted with a mixture of W powder on the surface 
of the substrate using poly-vinyl alcohol (PVA) as a binder. 
The pasted substrate was kept in resistive type heat treatment 
furnace at 90 °C for 30 min to remove moisture on the pasted 
surface. The GTA heat source shielded with Ar and mixed 
constant flow of N2 was used to modify the surface of the 
substrate and the pasted surface. The samples were named 
as A, N, W, and WN, respectively. Samples A and N repre-
sent the only surface-refined layer under Ar and N2 shield-
ing environment, respectively. Similarly, samples named W 
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and WN represent the surface-modified in the W pasted layer 
under Ar and N2 shielding environment, respectively. Table 2 
shows the process parameters used for the surface modifica-
tion process (SMP). Figure 1 shows the experimental setup 
of SMP. After the surface modification, the modified samples 
were sliced using electric discharge machine wire cutting and 
the sliced samples were finely polished for electropolariza-
tion testing. The substrate and the surface-modified specimens 
were sliced to a dimension of 15 mm × 5 mm × 4 mm for cor-
rosion testing. These specimens were mechanically polished 
using different grades of emery paper followed by diamond 
polisher to achieve a mirror finish and cleaned with acetone 
to remove the impurities. Potentiodynamic polarization tests 
were conducted in Hanks Balance Salt Solution (HBSS) which 
is a synthesized bio-fluid. Table 3 shows the composition of 
the HBSS. The potentiodynamic polarization curve of each 
specimen was measured between − 0.5 and 0.5 mV/s of open 
circuit potential (OCP) at a potential scan rate of 0.1 mV/s 
was measured. Saturated calomel electrode (SCE) was used as 
the reference electrode, the platinum wire is used as a counter 
electrode, and the surface-modified specimens were used as a 
working electrode.   

3 � Results and Discussion

3.1 � Surface Alloying Process

The temperature at the outer edge rapidly rises well above 
the solidus and the W dissolves into solution. The composi-
tion shifts toward the W-rich side of the miscibility gap in the 
intermetallic phases. The formation of intermetallic phases 
and the dispersion of W particles near the grain boundaries 
is due to the rapid cooling in the alloyed layer. The melting 
efficiency of GTA welding increases with the increase in cur-
rent intensity. Fine-grained material is harder and stronger 
than coarse-grained. The Hall–Petch equation shows the yield 
strength which varies with grain size. Equation 1 shows the 
Hall–Petch equation

 where σy is the yield strength, σ0 and ky are the constant for 
particular materials, and d is the average grain diameter. 
The grain size may be regulated by the rate of solidification 
from the liquid phase. The grain size reduction improves 
the strength and toughness of AISI304 SS. The alloys are 
stronger than pure metals because impurity atoms that go 
into solid solution ordinarily impose lattice strains on the 
strains on the surrounding host atoms. Lattice strain interac-
tions between dislocation and the impurities atoms results 
and consequently restricted the dislocation movement [20]. 
The W particles in the alloyed surface are dispersed in the 
interstitial position of the lattice strain, thus restricting the 
dislocation movement and formed the smaller grain improv-
ing the surface hardness of the AISI304 SS from 277 to 1489 
HV for W and 2010 HV for WN specimens, respectively. 
Figure 2 shows the surface hardness of the alloyed layer 
along the depth direction. Figure 3 shows the SEM micro-
graph of the surface alloyed layer reveling the dispersion of 

(1)�y = �0 + kyd

Table 1   Chemical composition 
of AISI 304 SS

Element Cr Ni W N Ti C Fe

Wt% 18.25 8.18 0.047 0.031 0.004 0.003 Balance

Table 2   GTA process parameter

Sample ID Process parameters

Current Travel speed Electrode Gas flow Standoff distance Electrode diameter

A, NW, WN 200 A 2 mm/s 2% Thoriated tungsten 12 L/min 3 mm 3 mm

Fig. 1   Experimental setup of surface modification process

Table 3   Chemical compositions 
of HBSS

Element Nacl KCl CaCl2 MgSO4 MgCl2 – 6H2O Na2HPO4 – H2O KH2PO4 NaHCO3 C6H12O6

Wt% 0.14 0.05 0.13 0.14 0.05 0.003 0.04 0.04 0.03
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W in the alloyed layer and the refinement of grain structure. 
From Fig. 3a, b it is seen that the equiaxed grain structure 

has been transformed to refined dendrites structures. The 
reason for obtaining the dendritic structure is the large dif-
ference between the melting points of iron and other phases 
formed by the dissolution of N2 gas in the modified layer. 
From Fig. 3c, d, the W particles have dissolved and dis-
persed in the modified layer uniformly throughout the den-
dritic structure as there is an increase in temperature at the 
outer edge of the W particle. 

3.2 � TAFEL Polarization

The electrochemical impedance spectrum (EIS) of the sub-
strate and the modified surface layer is shown in Fig. 4. From 
Fig. 4 it is seen that the alloying under the N2 atmosphere 
has a higher impedance in the EIS spectrum. The TAFEL 
polarization corrosion test was conducted to evaluate the 
anodic and cathodic behavior of the substrate and the alloyed 
layer. The TAFEL polarization curves of the substrate and 
the alloyed layer in HBSS is shown in Fig. 5. From the 

Fig. 2   Hardness along the depth direction

Fig. 3   SEM image of the modified layer a, b Sample A and N c, d Sample W and WN
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TAFEL polarization curve, the potential at which the rate 
of cathodic reaction equals the rate of anodic dissolution is 
known as corrosion potential (Ecorr) [7, 8]. The corrosion 

potential (Ecorr), the equilibrium corrosion current den-
sity (iCorr), and the corrosion rate of the substrate and the 
SAL specimens were determined using Tafel extrapolation 
method and are summarized in Table 4. Moreover, increased 
surface hardness in W and WN specimens, especially the 
formation of intermediate phases on the surface, may also 
significantly improve the corrosion resistance of the modi-
fied layer. The evolution of H2 gas from the electrolyte is the 
primary reaction in the cathodic reaction stage, as given by 
Eq. 2 [21, 22]. The dissolution of iron is the primary reaction 
in the anodic dissolution stage, as given by Eq. 3 [23, 24].

In the base material, the current increased with an 
increase in potential beyond the Ecorr, which indicates a high 
anodic dissolution rate of iron. In the SAL, increase in cur-
rent from 7.697 × 10–4 to 1.023 × 10−4A was observed with 
an increase in potential up to − 0.412 mV and − 0.380 mV, 
similarly in the SML with N2 a small increase in current 
was observed with an increase in potential up to − 0.498 mV 
and − 0.397 mV. The presence of a protective film of cor-
rosion products is attributed to this passivation tendency in 
the composite specimen. Further, the increase in potential 
beyond caused the breakdown of the film of corrosion prod-
ucts and increased the anodic dissolution of iron. Hence, an 
increase in the magnitude of current was observed.

In the potentiodynamic polarization plot, the region 
between Ecorr ± 20 mV is the TAFEL region. The tangents 
were drawn for the cathodic polarization branch and anodic 
polarization branch of the potentiodynamic polarization 
curve to intersect in the TAFEL region. The intersection 
point of the tangents corresponds to the corrosion current 
(icorr) [25–27]. The icorr was used to calculate the corrosion 
rate of the specimens using Eq. 4 [28, 29].

 where k is a constant for representing the corrosion rate in 
terms of mm/year, icorr is corrosion current in Ampere, E′ 

(2)2H2O + 2e− → H2 ↑ +2OH

(3)Fe → Fe2+ + 2e

(4)Corrosion Rate =
k × icorr × E�

A × �

Fig. 4   Electrochemical impedance spectrum

Fig. 5   TAFEL polarization curve

Table 4   TAFEL polarization 
curve result

Sample ID Potentiodynamic scan

Ecorr (mV) ICorr (A) (× 10–4) Corroded area 
(E’) (cm)

Equivalent 
weight (A)(g)

Corrosion 
rate (mmpy)

Base − 0.412 7.697 0.37 0.09 0.628
N − 0.498 6.152 0.26 0.09 0.502
W − 0.380 1.023 0.35 0.09 0.167
WN − 0.397 4.152 0.33 0.09 0.339
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is the equivalent weight of the corroding specimen, given 
by the ratio of molecular weight to the number of electrons 
involved in the electrochemical reaction, A is exposed area 
in cm2, and ρ is the material density of specimen in g cm−3. 
It is observed from the results that the corrosion potential of 
the alloyed layer shifted cathodically compared to the sub-
strate. This indicates that the modified specimens have better 
corrosion resistance in the HBSS in which the measurement 
was taken. The corrosion resistance (Rp) is a quantitative 
parameter that indicates the degree of protection offered by 
the passive layer formed over the SAL [30–32]. Rp is defined 
as the slope of the polarization curve at the corrosion poten-
tial, whose mathematical representation is given by Eq. 5. 
Stern–Geary Eq. 6 describes the relationship between the 
polarization resistance and corrosion current [33].

The Rp of the base material was 0.53 kΩ and that of 
the N, W, and WN SAL was 0.81 kΩ, 3.714 kΩ, and 0.95 
kΩ, respectively. Comparing the Rp values, the polariza-
tion resistance of N, W, and WN SAL is ∼ 1.5, ∼ 7 and ∼ 
1.7 times higher than that of the base material in HBSS, 

(5)Rp =
ΔE

ΔI

(6)Rp =
�a × �c

2.3 ×
(

�a + �c
) +

1

icorr

respectively. This is a clear indication of higher corrosion 
resistance of the composite. The corrosion current density 
of the N, W, and WN modified specimen was about 20%, 
86%, and 46% lower than that of the substrate, indicating a 
substantial improvement in the corrosion resistance. TAFEL 
curves of both the substrate and the modified specimen’s 
show the initial anodic passivation, followed by strong local-
ized corrosion, and further passivation. The modified surface 
shows passive corrosion at much higher corrosion currents, 
though for a slightly lower potential window. From Fig. 6 
the base and the alloy exhibit a similar type of cathodic 
reaction. This indicates the triviality of the W – particles 
on the cathodic reaction. The W – particles are influential 
on the anodic dissolution of the alloyed layer. Eventually, 
all the SEM micrograph results portray a stable protective 
film developed on the surface of the modified layer. Hence, 
GTA treatment and W addition have a positive influence on 
the corrosion behavior of the AISI304 stainless steel. It is 
found from the TAFEL analysis that the corrosion rate of 
N modified (0.502 mmpy), W-modified (0.167 mmpy), and 
W-modified under nitrogen (0.339 mmpy) layers is much 
lower than that of the substrate (0.628 mmpy). Figure 5a, 
b shows SEM images of pitting corrosion after the corro-
sion test on the substrate and N-modified layer. Figure 6c 
shows the protective coating over the W specimen. It was 
noticed that the pitting corrosion is narrow and smaller for 
W specimen as compared to the substrate surface as shown 

Fig. 6   Surface morphology of the specimens after potentiodynamic polarization analysis (a) Substrate, (b–d) sample N, W and WN
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in Fig. 6d. During electrochemical analysis, the modified 
layer which acts as a passive layer attributes to the reduc-
tion in the pitting corrosion. The HBSS is rich in hydrogen 
phosphate, phosphate, and chloride ions. The small radius of 
chloride ions favors preferential adsorption of chloride ions 
on the surface of iron hydroxide. This subsequently favors 
the formation of iron chloride by replacement of hydroxide 
ions in iron hydroxide, as described by Eq. 7. The solubility 
of iron chloride is higher than that of iron hydroxide, which 
increases the sites for corrosion and promotes more disso-
lution of iron. Hence, the corrosion rate was quite higher 
during the initial period of immersion

 
The elemental composition of the corroded region 

was analyzed using EDS. The EDS spectrum is shown in 
Fig. 7. It is observed that the analytical region consisted 
of iron, chromium, nickel, tungsten, titanium, nitrogen, 
sodium, calcium, phosphorus, potassium, chlorine, mag-
nesium, sulfur, and oxygen elements. The elemental map 

(7)Fe2+ + 2Cl− → FeCl2

(8)3Ca2+ 2PO3−
4

→ Ca3(PO4)2

(9)3Fe2+ + 2PO3−
4

→ Fe3(PO4)2

of the corroded region with corrosion products formed 
in A, N, W, and WN is shown in Figs. 8, 9, 10, and 11, 
respectively. Figure 8 confirms that oxygen and carbon 
have entirely covered the surface of the corroded speci-
men, which indicates the formation of corrosion prod-
ucts or corrosion layers rich in calcium and phosphorous. 
Similarly in Figs. 9, 10, and 11 confirms that carbon, 
oxygen has entirely covered the surface of the corroded 
specimens. The major element next to iron, chromium, 
and nickel was found to be carbon, which is indicative of 
the corrosion product or corrosion layer rich in carbon. 
The elements sodium, chlorine, and calcium were also 
found to be deposited on the surface. Figure 12 shows 
the XRD graph of the corroded specimens. The major 
and minor peaks are between 43° to 44° and 70° to 80°, 
which is an indication of the presence of corrosion prod-
ucts. The XRD spectrum proves the corrosion formed are 
carbides and oxides. The formation of such an adherent 
layer of corrosion products decreased the corrosion rate 
of the specimens in the later stages of TAFEL polariza-
tion. A fine dispersion of W particulates and the forma-
tion of corrosion products decreases the corrosion rate 
of the SAL. The corrosion products formed were found 
using the XRD spectrum. The formed corrosion prod-
ucts are found to be NiC, NiO, Cr23C6, and Fe3C on the 
substrate, and NiO, NiC, Cr3O, W3O, and Fe2O4 on W 
and WN specimens. The formed corrosion products were 

Fig. 7   EDAX spectrum on the pitting corrosion of the substrate (a) N, W, WN specimens (b–d)
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Fig. 8   Elemental mapping on the corroded surface of the substrate

Fig. 9   Elemental mapping on the corroded surface of the N specimen
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Fig. 10   Elemental mapping on the corroded surface of the W specimen

Fig. 11   Elemental mapping on the corroded surface of the WN specimen
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confirmed with the 03-0920, 83-0878, 65-4828, 89-7069, 
and 79-2159 ICDD – JCPDS data of NiO, NiC, Cr3O, 
W3O, and Fe2O4 intermetallic phases.     

4 � Conclusions

The corrosion behavior of the 304 SS substrate and the 
modified layer was studied using Potentiodynamic polari-
zation analysis in HBSS (pH ⁓ 7.2). The result observed 
is summarized as follows.

•	 The surface alloying process of AISI304 stainless steel 
with Tungsten increases the corrosion resistance of the 
AISI304 stainless steel.

•	 The corrosion potential value is found to increase 
from − 0.412 V for the substrate to − 0.380 V, − 0.397 V 
for the tungsten surface alloyed layer under argon and 
nitrogen environment, respectively.

•	 The corrosion current value is found to increase from 
7.697 × 10˗4 A for the substrate to 1.023 × 10˗4 A for the 
W surface alloyed layer which delays corrosion.

•	 The corrosion resistance is found to increase from 
0.628 mmpy for the substrate to 0.167 mmpy for the 
tungsten surface alloyed layer

•	 The corrosion mechanism occurring in the AISI304 
stainless steel substrate and W surface alloyed layer is 
found to be galvanic pitting corrosion.

•	 The formation of oxides, chlorides, nitrides, and car-
bides improves the corrosion resistance of the W sur-

face alloyed layer under the argon and nitrogen atmos-
phere.

•	 The surface alloying of AISI304 stainless steel with W 
using GTA under argon and nitrogen atmosphere can be 
identified as a worthy method to improve the corrosion 
resistance of the AISI304 stainless steel.
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