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Improvement of Corrosion Resistance of
High-Velocity Oxyfuel-Sprayed Stainless Steel
Coatings by Addition of Molybdenum
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To improve the marine corrosion resistance of stainless steel coatings fabricated by high-velocity oxyfuel
(HVOF) spraying with a gas shroud attachment, the molybdenum (Mo) content of stainless steel was in-
creased to form coatings with a chemical composition of Fe balance-18mass% Cr-22mass%Ni-2~8mass%Mo.
These coatings were highly dense, with <0.1 vol.% in porosity, and less oxidized, with 0.5 mass% in oxygen
content at most. The corrosion mechanism and resistance of the coatings were investigated by electrochemical
measurement, chemical analysis, and statistical processing. The general corrosion resistance of the coatings in 0.5
mol/dm? sulfuric acid was improved with increases in Mo content, and the corrosion rate could be decreased to 8.8
x 1072 mg/cm? per hour (~1 mm/year) at 8 mass% Mo. The pitting corrosion resistance of the coatings in artificial
seawater was improved with increases in Mo content and was superior to that of the 316L stainless steel
coating. The crevice corrosion resistance of the coatings in artificial seawater was improved and the number
of rust spots at 4 mass% Mo was decreased to 38% of that for the 316L coating. Accordingly, Mo is highly

effective in improving the corrosion resistance of the stainless steel coatings by HVOF spraying.

Keywords corrosion resistance, gas shroud, high-velocity oxy-
fuel, molybdenum, stainless steel

1. Introduction

1.1 Requirements for Anticorrosion Coating

The high-velocity oxyfuel (HVOF) technique can make a
dense metal coating with comparatively little change in the com-
position of the sprayed materials during spraying. This high per-
formance is caused by characteristics of HVOF spraying that
enable sprayed particles to have a supersonic speeds (>500 m/s)
and to have lower temperatures (up to 2000 °C) compared with
particles in other conventional spraying methods such as plasma
spraying. The anticorrosion coatings demand an impermeable
nature, above all, because any path to the substrate would allow
ingress of the corrosive media to the interface between the coat-
ing and the substrate. At the interface, the electrochemically less
noble steel substrate is expected to have severe corrosion dam-
age due to the galvanic effect. Second, the intrinsic corrosion
resistance of the coatings is also important because this deter-
mines the service life of coated steels if the coatings have no
penetrating path. In fact, the intrinsic corrosion resistance of the
HVOF-sprayed coatings is different from that of bulk plates of
the same type as the coatings and depends mainly on the oxida-
tion level of the coatings (Ref 1-3).

1.2 Past Results for Development

When the porosity is plotted against the oxygen content for a
number of coatings that were prepared under various HVOF
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spray conditions, these two parameters show a somewhat in-
versely proportional relationship (Ref 3), thus indicating that it
is difficult to minimize porosity and oxidation simultaneously.
Therefore, a mechanism to surround the in-flight spray particles
with an inert gas was developed (Ref 4, 5). Such gas-shrouding
techniques have been reported (Ref 6-8). The aim was to control
the oxidation of in-flight particles during thermal spraying, lead-
ing to improvement of the coating performance in corrosive en-
vironments due to a decrease in the oxidation level of the result-
ing coatings. The gas shroud mechanism developed in this work
has a unique feature of permitting high rates of nitrogen flow
over the long entrainment distance within the shroud. This
mechanism can accelerate the in-flight particles, cool them, as
well as prevent them from encountering oxygen in the ambient
air. When American Iron and Steel Institute 316L stainless steel
(SUS316L) was used as the feedstock, the average flight veloc-
ity of the sprayed particles was over 750 m/s at the substrate
position, and their molten fraction was a maximum of approxi-
mately 40 mass% (Ref 5). Impingement on the target with such
a high speed enables the particles to be highly deformed, leading
to a dense coating with a closely packed structure. The coating
formed with the gas shroud exhibited significantly low open po-
rosity, which was less than the detection limit of mercury intru-
sion porosimetry (Ref 5). In addition, the low molten fraction of
the in-flight particles contributes to a decrease in the oxidation
level of the coating to 0.2 mass% in oxygen content. In this ar-
ticle, HVOF spraying with the gas shroud is termed GS-HVOF.

Coatings of the nickel-base alloy HastelloyC formed by GS-
HVOF spraying, when formed on steel substrates, had zero
through porosity, which resulted in no sign of substrate corro-
sion in artificial seawater for three months (Ref 9). In addition,
the intrinsic corrosion resistance of the coatings in artificial sea-
water was comparable to that of a bulk plate of HastelloyC276.
These coatings protected the low-carbon steel substrates, with
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Table 1 Spray conditions

Parameter Unit Value
Fuel flow rate L/min 0.49
Oxygen flow rate L/min 760
Combustion pressure MPa 0.69
Fuel-oxygen ratio(a) .. 1.2
Barrel length mm 204
Powder feed rate g/min 60
Torch velocity mm/s 700
Spray distance(b) mm 380
Powder feed gas Nitrogen (N,)
Film thickness pum 400

(a) 1.0 corresponds to the stoichiometric mixture ratio. (b) From exit of com-
bustion chamber

no corrosion damage being exhibited over 10 months in a marine
exposure (Ref 3). HastelloyC is a suitable spray material be-
cause it has a high resistance against crevice corrosion in the
presence of chloride. The sprayed deposits inevitably have pores
and voids, which may act as a crevice to initiate corrosion; there-
fore, materials with a high crevice corrosion resistance are de-
sirable (Ref 2).

1.3 Objectives of This Study

Iron-base alloys are attractive as feedstock for thermal spray-
ing because they have the advantage of low material cost. Even
with the shroud attachment, however, HVOF-sprayed coatings
of SUS316L could not attain the corrosion resistance as high as
the corresponding bulk plate. In fact, rust spots were observed on
the surface of the 316L coating after immersion in artificial sea-
water for three days. The primary reason for this poor corrosion
resistance was that the 316L coating is susceptible to crevice
corrosion in the presence of chloride ions. To improve the crev-
ice corrosion resistance of the stainless steel coatings, the mo-
lybdenum (Mo) content was increased. Mo is known to be an
effective element for increasing the corrosion resistance of the
stainless steel, especially against localized corrosion (Ref 10).
The alloy composition of the coatings was assigned on the basis
of the 316L composition. The nominal composition of the coat-
ings was Fe balance-18mass%Cr-22mass%Ni-2~8mass%Mo.
Nickel was also added to the 316L composition to maintain the
austenite phase at 8 mass% of Mo, which is an element in the
formation of the ferrite phase. The effect of Mo addition on coat-
ing properties such as oxygen content and porosity were inves-
tigated in the present work. The corrosion mechanism and resis-
tance of the high-Mo coatings was revealed and compared with
those of the 316L coating.

2. Experimental

Coatings were fabricated by HVOF spraying (JP-5000;
TAFA, Concord, NH) with kerosene used as the fuel. The pri-
mary spray conditions are listed in Table 1. The feedstock pow-
der was prepared by gas atomization under an argon atmosphere
by the apparatus of Nissin Giken (Iruma, Saitama, Japan). The
chemical composition of the obtained powder is listed in Table
2. The substrate material used was a nickel-base alloy so that the
corrosion reaction of the coatings alone could be determined.
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Table 2 Chemical composition of feedstock powder and
coating with Fe balance

Element, mass%

Coatings Cr Ni Mo C o N
Mo-2
Powder 18.3 22.5 1.88 0.005 0.0331 <0.001
Coating 18.2 22.5 1.86 0.01 0.165 0.003
Mo-4
Powder 18.1 222 3.74 0.004 0.0389 <0.001
Coating 18.1 22.1 4.13 0.012 0.301 0.004
Mo-8
Powder 18.2 222 7.88 0.004 0.0417 <0.001
Coating 17.8 222 7.64 0.013 0.455 0.005
316L
Powder 16.8 10.8 2.05 0.026
Coating 16.7 10.8 2.06 0.163 0.219 0.036

The substrate of 5 x 50 x 100 mm was grit blasted with alumina
and degreased ultrasonically in acetone prior to spraying. A pipe
was attached to one end of the barrel of the HVOF gun to form
the gas shroud (Ref 3-5). Nitrogen gas was injected from both
ends of this pipe at flow rates of 2.5 m*/min from upstream and
at 0.45 m*/min from downstream.

The crystalline phases of the HVOF-sprayed deposits were
characterized by the x-ray diffraction (XRD) measurement us-
ing a Rigaku apparatus (RINT 2500; Rigaku, Tokyo, Japan) with
Cu Ka radiation.

The cross section of the specimens was examined by optical
microscopy (BX60M microscope; Olympus, Tokyo, Japan).
The cross section of the specimen was prepared by embedding
the specimen into an epoxy resin, part of which was removed by
abrading and polishing treatments.

The chemical composition of the deposits was determined by
x-ray fluorescence spectrometric analysis for metal elements,
and by the inert-gas fusion method for oxygen, nitrogen, and
carbon.

The open porosity was determined by mercury intrusion po-
rosimetry (Autopore II 9220; Micromeritics, Gosford, NSW,
Australia).

The corrosion mechanism and resistance of the specimen was
investigated by an electrochemical polarization measurement
with the three-electrode system (Ref 3). The sample electrode
was prepared as follows: (a) the coated specimen was sectioned
into 2.5 cm square pieces, and these were cleaned ultrasonically
in acetone and ion-exchanged water; (b) the stainless steel lead
was connected to the back surface of the substrate plate; and (c)
a spray area of 2 cm® was left exposed, and the rest of the speci-
men surface was insulated with a silicon resin. The reference
electrode was an Ag/AgCl electrode in a saturated KCl solution.
The electrolyte was 0.5 mol/cm® sulfuric acid and artificial sea-
water of pH 8.3 at 300 K. The reference electrode was placed
into glass tubes that were filled with the saturated KCI solution.
One end of the tube was closed, and the small hole was filled
with a glass filter to ensure contact of the internal solution with
the electrolyte. The polarization measurement allowed the po-
tential-current curve to be recorded by measuring the current
value when the electrode potential of the sample was scanned at
arate of 10 mV/s using a potentiostat with a function generator
(HAB-151; Hokuto Denko, Tokyo, Japan). The sample elec-
trode was immersed in the electrolyte for 24 h to reach the steady
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state. In this case, the counterelectrode was a platinum plate with
dimensions of 0.2 x 100 x 100 mm, and continuous nitrogen
bubbling was carried out for deaeration of the electrolyte. In ad-
dition, the electrode was immersed in a sulfuric acid (H,SO,)
solution at 300 K with a concentration of 0.5 mol/dm?.

The corrosion rate of the specimen was determined by chemi-
cal analysis of dissolution rate of the specimen immersed in the
sulfuric acid. At every predetermined time, 5 mL of the test so-
lution (0.5M H,SO,) was sampled, and the iron and nickel ele-
ments dissolved in the sampled solutions were determined by
inductively coupled plasma (ICP) atomic emission spectrometry
using an analyzer (SPS 3000; Seiko Instruments Inc., Chiba, Ja-
pan). Iron and nickel were the major elements in the deposits.

The number of rust spots observed on the surface of the speci-
men that was immersed in artificial seawater for 3 days were
counted using photographs obtained by digital video microscope
(VH-6300; KEYENCE, Osaka, Japan).

3. Results and Discussion

3.1 Physical and Chemical Properties of Coatings

The chemical composition of the coatings of high-Mo stain-
less steel formed by GS-HVOF spraying is listed in Table 2. All
the coatings exhibited almost the same amounts of metallic ele-
ments (i.e., Cr, Ni, and Mo) as the corresponding feedstocks,
indicating no remarkable occurrence of evaporation or sublima-
tion of metallic components during the spraying process. Taking
into account such a considerable similarity in terms of metallic
elements, the increase in Mo content only at 4 mass% Mo may
have been due to experimental error in the analytical method. On
the other hand, along with an addition of Mo, there was an in-
crease in nonmetallic elements (O, N, and C) in the coatings.
This is possibly due to the strong affinity between Mo and oxy-
gen, and the difference in the molten fraction of the in-flight
spray particles, which is related to the melting point of the feed-
stock, depending on the Mo content. Oxygen should exist as
some oxides or in the solid solution of the alloys. In the XRD
pattern of the coating with 2 mass% Mo (Fig. 1a), all of the
diffraction lines were assigned to the face-centered cubic (fcc)
structure (i.e., the austenitic phase). In this article, the coatings
with x mass% Mo are represented as Mo-x below. The peak po-
sitions of these lines were shifted to the lower angle with an
increase in the Mo content (Fig. 1b and c). This arises because
the lattice parameter was increased by the substitution of iron by
Mo, which has a larger atomic radius, or by the solid solution of
an oxygen atom into an interstitial site. As for the Mo-8 coating,
additional lines attributed to the body-centered cubic structure
(i.e., the ferrite phase) were observed, and the diffraction lines
assigned to any oxide did not appear (Fig. 1c). The feedstock
powder of Mo-8, however, consisted of the single austenite with
the fcc structure. Accordingly, the formation of the ferrite phase
in the Mo-8 coating was due to an excess of the content limit of
Mo in the austenite phase in a part of the sprayed particles during
the coating fabrication process.

The coating of high-Mo stainless steel by GS-HVOF spray-
ing had open porosity below 0.1 vol.% under the detection limit
of the instrument of mercury porosimetry. Figure 2 shows the
cross-sectional images of the coatings. All of the coatings seem
to have a slight number of pores or voids and ambiguous bound-
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Fig.1 XRD patterns of GS-HVOF-sprayed coatings of high-Mo stain-
less steel with Mo contents of (a) 2 mass%, (b) 4 mass%, and (c) 8
mass%

aries between the stacked particles. These results indicate that
the high-Mo stainless steel coatings have a dense nature regard-
less of the Mo content up to 8 mass%.

3.2 General Corrosion Behavior of Coatings

Figure 3 shows the anodic polarization curves of the coatings
formed on the HastelloyC276 substrate in the sulfuric acid. In
this research, no corrosion was considered to take place on the
HastelloyC276 substrate. Even if an electrochemically less
noble material such as carbon steel is used as the substrate, how-
ever, the substrate corrosion is almost negligible because the
coatings are highly dense. On the polarization curves, all of the
coatings, including the 316L coating, indicate the corrosion be-
havior that is characteristic of typical stainless steels in the sul-
furic acid. The active state at a corrosion potential of approxi-
mately —250 mV was turned through the passivation region
(approximately —250-400 mV) into the passive state (~400-900
mV) with the scanned electrode potential. However, all of the
coatings seem to have less sharp passivation peaks and to show
larger anodic currents in the passive region, compared with the
bulk plate of a common stainless steel, which is typically at 10~°
A/cm?. These phenomena are due to the difficulty of forming a
homogeneous and dense passive film on the coatings. This is
because there is some concentration gradient of oxygen between
the coating surface and the inside of the pores or voids of the
coatings. In addition, the surface of the sprayed particles was
covered with as-formed oxides during the spraying process. The
anodic current of the high-Mo stainless steel coatings was
smaller than that of the 316L coating over the whole scanned
electrode potential, regardless of the Mo content, particularly at
2 mass% Mo, even with the same content as at the 316L coating.
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Fig. 2 Optical microscopic images of a cross section of GS-HVOF-

sprayed coatings of high-Mo stainless steel with Mo contents of (a) 2
mass%, (b) 4 mass%, and (c) 8 mass%
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Fig. 3 Anodic polarization curves of GS-HVOF-sprayed coatings of
high-Mo (Mo-x) and 316L stainless steel in deaerated 0.5 M sulfuric
acid at 300 K. x is the Mo content.

This smaller anodic current, in other words, the improvement of
corrosion resistance, might be due to the higher content of Ni
and the lower content of C in the high-Mo stainless steel coat-
ings, compared with those in the 316L coating (Table 2). Over
900 mV, the anodic current increases rapidly, indicating the
break out of the pitting corrosion. Figure 4 shows the depen-
dence of the dissolution rate of the coatings on the Mo content at
the corrosion potential in the sulfuric acid. In this case, the cor-
rosion of the substrate was almost negligible because the sub-
strate was the HastelloyC276 plate. Under this condition, the
coatings kept the active state, and therefore the general corrosion
proceeded. In Fig. 4, the dissolution rate was calculated by di-
viding the dissolution rate of Fe and Ni from the coating by the
content ratio of Fe and Ni in the coating, respectively. These
calculations could estimate the uniform loss of the coatings (i.e.,
its corrosion rate), assuming that the weight loss was caused by
the general corrosion. Actually, each dissolution rate that was
calculated from Fe dissolution was very consistent with that
from Ni dissolution. As the Mo content of the coatings in-
creased, the resistance against general corrosion improved, and
the dissolution rate of the coatings decreased to 8.8 x 10 mg/
cm? per hour (~1 mm/year) at 8 mass% Mo. The coating with
the Mo content >5 mass% was estimated to exceed the 316L coat-
ing in terms of corrosion resistance. Although the 316L coating
has 2.0 mass% Mo at most, its coating showed a higher corrosion
resistance than the coating with an Mo content up to 4 mass%.
This result is different from the order of the specimens in terms
of corrosion resistance estimated from the anodic current in the
polarization curves (Fig. 3). This may be due to the difference in
the impact of the dynamic and static corrosion states upon two
types of measurements in addition to the effect of the additional
elements of 316L such as N on the corrosion resistance.
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Fig.4 Dependence of the dissolution rate of GS-HVOF-sprayed coat-
ings of high-Mo stainless steel on Mo content in deaerated 0.5 M sulfu-
ric acid at 300 K

3.3 Pitting Corrosion Behavior of Coatings

Figure 5 shows the anodic polarization curves of the coatings
formed on the HastelloyC276 substrate in artificial seawater.
Unlike the results of the polarization measurements of the same
coatings in sulfuric acid, the coatings did not show the active
state at the corrosion potential as they did in the passive state. As
the electrode potential of the coatings was scanned in the anodic
direction, their passive state was turned into the transpassive
state over the pitting potential. As for the Mo-8 coating, the an-
odic current increased rapidly over 200 mV, the increasing slope
of the polarization curve became gentle from 400 to 1100 mV,
and the anodic current increased rapidly again over 1100 mV.
The former rapid increase of the anodic current and the succes-
sive gentle slope may be due to the formation of oxide, which is
not so dense. In fact, the surface color of the Mo-8 coating after
the polarization test was changed from gray to dull gray as a
whole. A similar behavior was observed in the HastelloyC de-
posit by HVOF spraying (Ref 2). Figure 6 shows the dependence
of the pitting potential of the coatings on the Mo content in ar-
tificial seawater. In this article, the electrode potential was de-
fined as the pitting potential when the anodic current density
reached 10 uA/cm? in the polarization curve. As the Mo content
of the coatings increased, the pitting potential of the coatings
was shifted to the noble potential, indicating that the pitting cor-
rosion resistance had improved. The coatings with a Mo content
>2.0 mass% can be estimated to exceed the corrosion resistance
of the 316L coating. The improvement of the pitting corrosion
resistance even at 2.0 mass% Mo content may be due to the
higher Ni content of the coatings.

3.4 Crevice Corrosion Behavior of Coatings

Figure 7 shows the appearance of the test pieces immersed in
artificial seawater for three days. The inside of the circle on the
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Fig. 5 Anodic polarization curves of GS-HVOF-sprayed coatings of
high-Mo (Mo-x) and 316L stainless steel in deaerated artificial seawater
at 300 K. x is the Mo content.
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Fig.6 Dependence of the pitting potential of GS-HVOF-sprayed coat-
ings of high-Mo stainless steel on Mo content in deaerated artificial
seawater at 300 K

test pieces was the coating formed on the HastelloyC276 sub-
strate, and the outside was the silicon resin. The spots can be
seen on the coatings’ surfaces. The scanning electron micro-
scope observation performed with microscopic elemental analy-
sis revealed that these spots were iron oxide corresponding to the
corrosion products of the coatings. Taking into account both the
existence of pores or voids in the outer layer of the coatings and
the passive state near the corrosion potential on the polarization
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Fig. 7 Photographs of GS-HVOF-sprayed coatings of (a) 316L and
high-Mo stainless steel with Mo contents of (b) 2 mass%, (c) 4 mass%,
and (d) 8 mass% after immersion in aerated artificial seawater at 300 K
for 3 days

curve (Fig. 5), such rust spots were considered to be caused by
the crevice corrosion. The number of rust spots on the coatings
was counted and compared in Fig. 8. All of the high-Mo coatings
had a smaller number of rust spots than the 316L coating. The
number of rust spots in the Mo-4 coating was smaller than that of
the Mo-2 coating and larger than that of the Mo-8 coating. The
decrease in the number of rust spots in the coating was due to the
addition of Mo in the coating, and its increase at 8§ mass% Mo
may be due to the predominant corrosion of the ferrite phase in
the coating (Fig. 2), which is expected to be less corrosion-
resistant than the austenite phase. The content of the ferrite
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Fig.8 Relationship between the number of rust spots and the Mo con-
tent of GS-HVOF-sprayed coatings of high-Mo stainless steel

phase is too small to contribute average or macroscopic corro-
sion, including general and pitting corrosion.

4. Conclusions

The coating of austenitic stainless steel with coatings of the
chemical composition Fe balance-18mass%Cr-22mass%Ni-
2~8mass%Mo was carried out by the GS-HVOF-spraying tech-
nique. These coatings have significantly small porosity (<0.1
vol.%) and a low oxygen content (0.46 mass%, at most).

The corrosion resistance of the coatings was improved by the
addition of Mo. As a result, molybdenum was highly effective in
improving the corrosion resistance of stainless steel coatings by
HVOF spraying. The corrosion mechanisms were classified into
three types and are summarized below.

*  General corrosion resistance: the corrosion rate in sulfuric
acid improved with increases in the molybdenum content.
The minimum corrosion rate attained was 8.8 x 1072 mg/
cm? per hour (i.e., ~1 mm/year) at 8 mass% Mo.

«  Pitting corrosion resistance: the pitting potential of the coat-
ings in artificial seawater was shifted toward the noble di-
rection with increases in the molybdenum content.

*  Crevice corrosion resistance: the number of rust spots
formed by crevice corrosion in artificial seawater decreased
after the addition of molybdenum to the coatings. At a mo-
lybdenum content of 4 mass%, the number of rust spots be-
came minimal and decreased to 38% of those on the 316L
coating.
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