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Abstract

Coatings of Ni-17 at.%W were electroplated on a steel substrate, and their corrosion behavior was inves-
tigated between 600 and 800

o
C in an Ar-0.2%SO2 atmosphere. They delayed the corrosion of the steel substrate.

They were corroded into an outer NiO-rich layer, and an inner (WO3+NiO+NiWO4)-mixed oxide layer. Below
these oxide layers, a sulfide layer gradually formed. 
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1. Introduction

Electrodeposited hard Cr coatings are widely applied

as wear- and corrosion-resistant ones, but the Cr-

plating solution is based on environmentally hazardous

hexavalent Cr ions. Hence, the Ni-W coatings were

developed as an alternative electrodeposit1,2). They

have high hardness, good resistance to wear and

corrosion, a smooth surface, chemical stability in a

fluoride-containing atmosphere, and thermal stability

as protective coatings3,4). In this study, Ni-17at.%W

coatings were electrodeposited, and their corrosion

characteristics in the Ar-SO2 atmosphere were studied. 

It is noted that tungsten displays the sulfidation

resistance because it sulfidizes to WS2, which exhibits

a very low deviation from stoichiometry. WS2 is an

exceptional sulfide that grows slowly in sulfur

atmospheres. However, sulfidation-resistant tungsten

oxidizes catastrophically to volatile W-oxides at high

temperatures. Hence, one would need to compromise

between oxidation resistance and sulfidation resistance

when designing a Ni-W coating to utilize in the SO2

environments. On the other hand, nickel has reasonable

oxidation-resistance by forming NiO, although its

sulfidation-resistance is poor because of rapid diffusion

of ions through the highly nonstoichiometric Ni-

sulfides formed5). This study was initiated with the

expectation that the combination of Ni and W may

provide the Ni-W coatings with the necessary

oxidation-resistance owing to the presence of Ni and

sulfidation-resistance owing to the presence of W.

The aim of this study is to characterize the corrosion

behavior and to find the corrosion mechanism of Ni-

W coatings in the Ar-SO2 atmosphere, which was not

adequately investigated before. 

2. Experimental Procedure

Ni-17at.%W coatings were electrodeposited from

NiSO4·6H2O (i.e., Ni source) and Na2WO4·2H2O (i.e.,

W source) solution on both sides of the STD 61 (4.5

wt.% Cr-containing steel) plate to 40 µm-thickness.

The electrodepositing procedure is described elsewhere

in detail6). The Ni-17W coated steel specimens

were corroded between 600 and 800oC in Ar-0.2%

SO2 atmosphere for up to 5 hr, and were investigated

utilizing a scanning electron microscope (SEM)

equipped with an energy dispersive spectrometer (EDS),

an Auger electron spectroscope (AES), and an X-ray

diffractometer (XRD) with Cu-K
α
 radiation.
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3. Results and Discussion

Fig. 1 shows the analytical results of the Ni-17W

coating after corrosion at 600oC for 5 hr. The scale

that formed on the sound coating consists primarily

of an inner, thick layer, and an outer, thin layer that

was detached (Fig. 1(a)). The corrosion products are

mainly WO3, together with some NiWO4 and a small

amount of NiO (Fig. 1(b)). No sulfides are however

detected from XRD owing to their small amount, as

can be noticeable from the low counts of S in Fig. 1(c).

From Fig. 1, it can be seen that the thin, outer scale

consists mainly of NiO, while the thick, inner scale

consists of a mixture of WO3, NiWO4 and NiO. It is

Fig. 1. Ni-17W coating after corrosion at 600oC for 5 hr in Ar-0.2%SO2. (a) cross-sectional SEM image, (b) XRD
pattern, (c) EDS line profiles across A-B.

Fig. 2. After corrosion at 700oC for 5 hr in Ar-0.2%SO2. (a) cross-sectional SEM image of the uncoated steel substrate,
(b) EDS elemental line profiles of (a), (c) cross-sectional SEM image of the Ni-17W coating, (d) EDS elemental
line profiles of (c).
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clear that NiO partially reacted with WO3 to be the

more stable NiWO4 at the inner scale. The uneven

thickness of inner, mixed scale shown in Fig. 1(a) is

mainly originated from the uneven distribution of Ni

and W in the coating. The composition of Ni-17W

denoted in this study is the average value determined

by EPMA. It varied locally, which was difficult to

avoid during electroplating. The corrosion products

of the Ni-W coatings would depend on potential of

oxygen and sulfur in the gas, and activities of Ni and

W in the coating. In this study, the oxidizing tendency

was stronger than the sulfidizing tendency, implying

that the oxides were the more stable than the sulfides

under the current Ar-0.2% SO2 gas atmosphere. 

Fig. 2 compares the uncoated steel specimen and

the Ni-17W coated specimen, when they were

corroded at 700oC for 5 hr. The scale formed on the

uncoated specimen was quite thick, non-adherent,

and susceptible to cracking (Fig. 2(a)). The scale

consists primarily of the (Fe,Cr)-oxides and sulfides

(Fig. 2(b)). In contrast to the rapid corrosion of the

steel specimen displayed in Fig. 2(a), the steel

substrate was effectively protected from corrosion by

the coating in Fig. 2(c). Here, the scale consisted

primarily of an outer NiO layer and the inner

(WO3+NiO+NiWO4)-mixed layer, as shown in Fig.

2(d). Iron diffused out from the substrate to be

incorporated in the oxide-rich scale. The retained

coating on the steel substrate was rich in Ni, but

deficient in W (Fig. 2(d)). Nickel partly penetrated

inwardly from the coating to the substrate, according

to the concentration gradient. A large portion of W in

the coating was consumed to form the oxide scale.

Sulfur penetrated beyond the coating/substrate interface.

At the coating just above the substrate, numerous

white dots are seen. They were previously found to

be as the Ni-Fe-W precipitates that were formed

mainly by the reaction of outwardly transported Fe

with Ni and W next to the coating/substrate interface6).

Because of the high atomic number of W, the Ni-Fe-

W precipitates show up as white dots in Fig. 2(c).

Although the upper part of the Ni-W coating has the

corrosion layers and sulfur has diffused beyond the

coating/substrate interface, the substrate appears to be

sound in Fig. 2(c), which is quite different from

Fig. 2(a). Nevertheless, the formation of various

oxides and sulfides in the corroded specimen would

eventually lead to the failure of the coating and the

substrate.

A marker experiment was performed to study the

corrosion mechanism of the Ni-17W coating, and the

result is shown in Fig. 3. From the location of Pt, it

is seen that Ni and some W diffused outward, while

oxygen diffused inward simultaneously. Platinum was

sputter-deposited on the sample surface prior to

corrosion to indicate the original sample surface. The

outer NiO-rich layer grows by the outward transport

of Ni via doubly charged cationic vacancies, because

the self-diffusion of oxygen is smaller than that of

nickel by several orders of magnitude in NiO7). Ni

atoms diffuse about 3~4 times faster than W atoms

in the Ni-W alloy system at high temperatures8). The

inwardly transported oxygen forms the inner (WO3+

NiO+NiWO4)-mixed layer. Sulfur was not detected

in Fig. 3 owing to its meager amount during the

initial corrosion stage.

Fig. 4 shows the analytical results of the Ni-17W

coating after corrosion at 800oC for 5 hr. In Fig. 4(a),

the layer I is the outer NiO-rich scale, which was

formed by selective oxidation of Ni at the outer

surface. The layer II is the inner (WO3+NiWO4+

NiO)-mixed scale, as can be seen in Fig. 4(b).

Together with oxides of WO3+NiO+NiWO4, a small

amount of NiS was also detected in Fig. 4(c). The

presence of Fe in the layer III, i.e., in the middle of

the corroded Ni-W coating, again indicates that Fe

diffused out from the substrate owing to the

concentration gradient between the coating and the

substrate during corrosion. At the same time, Cr

diffused outwardly from the substrate, but to a lesser

amount owing to its low concentration in the substrate.

Around the coating/substrate interface, Fe existed as

FeWO4 and FeS, although their amount was small

(Fig. 4(d)). Besides FeWO4 and FeS, the XRD tests

also sometimes indicated the presence of NiFe2O4

Fig. 3. AES depth profile of Ni-17W coating after
corrosion at 800oC for 2 min in Ar-0.2%SO2. The
penetration rate is 180 Å/min for the reference
SiO2.
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and Fe2O3 as the corrosion products of Fe. Dark spots

in the layer II are either internal oxide precipitates or

micropores. Pores can be formed by either outward

diffusion of Ni, which forms the outer NiO-rich

layer, or the anisotropic volume expansion during

oxide formation. Scattered dark spots in the layer IV

correspond with sulfide precipitates of Ni, W, Fe, and

Cr, which were formed by the sulfur that diffused

inwardly from the atmosphere. White dots shown in

Fig. 2(c) are no longer seen in Fig. 4(a) due to the

excessive corrosion in the layer IV. Beneath the

corroded Ni-W coating, not W but Ni has diffused

significantly into the substrate (see the Ni map in

Fig. 4(b)). The diffusion of oxygen, sulfur and cationic

species along short-circuit paths such as the grain

boundaries of nanocrystalline Ni-W coatings would

be fast6). As the oxide layer thickens from the upper

part of the coating, the oxygen potential underneath

is continuously decreased. This, in turn, increases the

activity of S in the lower part of the coating, leading

to the formation of the sulfides in the layer IV (Fig.

4(b)). The above results indicate that, from the

surface, there are an outer, thin NiO-rich oxide layer,

an inner, thick mixed oxide layer of (WO3+NiO+

NiWO4), a thin, intermediate Fe-rich oxide layer, and

a thick, bottom layer that consisted mainly of

sulfides of (Ni + some Fe, Cr and W). In the scale,

NiO and FeO frequently combine WO3 to become the

more stable NiWO4 and FeWO4 spinels, respectively.

The formation of these spinels would reduce the

cross-sectional area available for ionic diffusion.

Unfortunately, the sulfidation-resistant phase, WS2, was

not detected from any XRD tests, due to either its

small amount or absence. Most of W in the coating

was consumed to form WO3, NiWO4 and FeWO4,

owing to their thermodynamic stability. Diverse

corrosion products such as NiO, WO3, NiWO4, NiS,

FeWO4 and FeS were detected in this study. 

4. Conclusions

The principal mode of corrosion and scale

morphologies of the Ni-W coatings in the SO2-

containing atmosphere was examined. The sulfides

formed were NiS and FeS. The oxides formed were

WO3, NiO, NiWO4 and FeWO4. The corrosion

started from the formation of the outer NiO-rich

layer, an inner (WO3+NiO+NiWO4)-rich mixed layer.

Below these oxide layers, a thin, intermediate Fe-rich

oxide layer, and a thick, bottom layer that consisted

mainly of sulfides of (Ni + some Fe, Cr and W)

gradually formed, as the corrosion progressed. During

corrosion, Ni and some W and Fe diffused outwardly

toward the outer NiO-rich layer, and oxygen and

sulfur diffused inwardly to form the internal layers of

oxides and sulfides.

Fig. 4. Ni-17W coating after corrosion at 800oC for 5 hr in Ar-0.2%SO2. (a) cross-sectional SEM image, I=outer NiO-
rich layer, II=inner mixed oxide layer, III=intermediate oxide layer, IV=bottom sulfide layer, (b) EDS elemental
mappings of Ni. W, Fe, Cr, O and S, (c) XRD pattern taken from the surface side of the scale, (d) XRD pattern
taken after removing most of the surface scale.
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