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The corrosion characteristics of two Ni-Cr-Mo-B alloy powders sprayed by the high-velocity oxy-fuel
(HVOF) process have been studied using potentiodynamic and potentiostatic corrosion analysis in 0.5 M
H2SO4. The deposits were also microstructurally characterized using x-ray diffraction (XRD), scanning
electron microscopy (SEM) (utilizing both secondary electron and backscattered electron modes), and
transmission electron microscopy (TEM). Results from the microstructural examination of the two al-
loys have revealed a predominantly amorphous/nanocrystalline face centered cubic (fcc) matrix contain-
ing submicron boride precipitates as well as regions of martensitically transformed laths.

Apparent recrystallization of the amorphous matrix has also been observed in the form of cellular crys-
tals with a fcc structure. The oxide stringers observed at splat boundaries were found to be columnar
grained α-Cr2O3, though regions of the spinel oxide NiCr2O4 with a globular morphology were also ob-
served. The coatings of the two alloys exhibited comparable resistance to corrosion in 0.5 M H2SO4, as
revealed by potentiodynamic tests. They both had rest potentials approximately equal to –300 mV satu-
rated calomel electrode (SCE) and passive region current densities of ~1 mA/cm2. Microstructural ex-
amination of samples tested potentiostatically revealed the prevalence of degradation at splat
boundaries, especially those where significant oxidation of the deposit occurred.

1. Introduction

High-velocity oxy-fuel (HVOF) thermal spraying has been
widely used to deposit low porosity, wear resistant cermet coat-
ings based on materials such as WC-Co. In recent years the proc-
ess has been extended to deposit metallic coatings with low
porosity for corrosion resistant applications, using alloys such
as Inconel 625 (Ref 1, 2). There are now, however, growing de-
mands for the deposition of coatings with good corrosion resis-
tance combined with high hardness and wear resistance. Several
authors (Ref 3-5) have demonstrated that both high hardness
(~1000 kgf/mm2) and excellent corrosion resistance can be
achieved in iron or nickel-base alloys containing metalloid ele-
ments such as boron when melt spun to form ribbons in which
the high cooling rate of ~106 K/s leads to an amorphous structure
being formed. Thus, this class of material should be attractive

for deposition by thermal spraying in which similarly high cool-
ing rates can be attained. 

Only a limited amount of work has been done on the produc-
tion and properties of air and vacuum plasma sprayed amor-
phous/nanocrystalline NiCrB and FeCrB based alloys (Ref 3,
6-10), but the work has demonstrated that excellent wear and
corrosion resistance is possible. However, the existence of fea-
tures such as splat boundaries and oxides within thermally
sprayed coatings necessitates a detailed and specific study of
HVOF deposits, particularly with regard to their ability to pro-
tect against aggressive environments as demonstrated (Ref 11)
for HVOF sprayed FeCrB base alloys. 

The purpose of the present article is to report the results of
producing HVOF sprayed coatings of two experimental
NiCrMoB alloys using hydrogen as a fuel gas. In this work the
influences of alloy composition and HVOF process parameters
on phase formation, microstructure development, and the corro-
sion behavior in 0.5 M H2SO4 were examined. 

2. Experimental Procedures

The two nickel-base alloy powders employed were produced
using inert gas (argon) atomization by Phoenix Scientific Indus-
tries (Farnborough, U.K.) and sieved to a particle size range of
25 to 63 µm. Table 1 shows the chemically analyzed composi-
tions of the alloys, designated A and B.

Both alloy powders were HVOF sprayed using a Miller ther-
mal spray system (Praxair Surface Technologies, Appleton, WI)
with hydrogen as a fuel gas, onto 2 mm thick mild steel coupons
grit blasted and cleaned with acetone prior to deposition. The
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samples were mounted on a horizontal turntable and rotated at a
surface speed of ~1 m/s, with the HVOF gun being traversed
vertically at 5 mm/s. Air jets operating at 6 bar pressure were
used to cool the substrates during deposition. The stand-off dis-
tance was 250 mm, and the gun was operated with a 19 mm com-
bustion chamber. Table 2 lists the spray parameters, which were
varied in the deposition of the powders for this study. Alloys A
and B were both deposited using settings labeled 1 and 2 to give
four sets of samples designated A1, A2, B1, and B2, respec-
tively. Table 2 presents the spray parameters used to deposit the
two alloys.

X-ray diffraction (XRD) of the powders and resultant coat-
ings was undertaken on a diffractometer using copper Kα radia-
tion, a scanning rate of 1.5°/min and a step size of 0.05°. A Jeol
6400 (JEOL (UK) Ltd., Welwyn Garden City) scanning electron
microscope (SEM) was employed to examine the corroded sur-
faces as well as mounted and polished cross sections of the as-
sprayed coatings using both the secondary electron (SE) and
backscattered electron (BSE) signals. A Jeol 2000FX transmis-
sion electron microscope (TEM) was used to investigate the fine
structure of the as-sprayed deposits. Thin foils for TEM were
prepared from samples taken parallel to the substrate-coating in-
terface. These samples were ground and dimpled prior to final
ion beam thinning to electron transparency. The SEM and TEM
instruments both incorporated quantitative energy dispersive x-
ray (EDX) analysis facilities. Microhardness measurements
were performed on coating cross sections using a load of 300 g.

Potentiodynamic corrosion tests of anodically polarized
samples of each coating (100 mm2 surface area) were carried out
at a scanning rate of 10 mV/min in accordance with the ASTM
G 5-94 standard procedure (Ref 12). The tests were performed
both on deposits removed from the substrates and on coatings
still adhered to the mild steel coupons. Potentiostatic corrosion
tests were also carried out on a number of the coatings from both

alloys for periods of up to 600 s. Two voltages were used, a pre-
passive and a transpassive value; exact voltages were dependent
upon the form of the potentiodynamic curve for each particular
coating.

3. Results

3.1 Microstructural Characterization 

X-ray diffraction indicated that the as-received powders both
had predominantly cubic-F structures, and SEM showed spheri-
cal powder morphologies consistent with inert gas atomization.
X-ray diffraction scans of powder A and coatings obtained from
A and B under spray condition 2 (labeled A2 and B2, respec-
tively) are shown in Fig. 1. It is clear that A2 and B2 also exhibit
predominantly crystalline fcc matrices as indicated by the peaks
marked X. There is, in addition, evidence for α-Cr2O3 and Cr5B3
in both coatings as seen from peaks labeled O and B, respec-
tively. The significant broadening of the fcc nickel peak at 2θ ≅
44° indicates the presence of amorphous material within both
the powder and the deposits. The XRD spectra from powder B
and coatings A1 and B1 were broadly similar, respectively, to
those shown in Fig. 1.

Estimates for the relative oxide contents of the materials
were obtained from the ratio of the intensities of the α-Cr2O3

Table 1 Compositions of alloy powders A and B as
obtained by chemical analysis

   Alloy A     Alloy B
Element wt% at.% wt% at.%

Ni 56 55 50.6 50
Cr 22.5 25 22.5 25
Mo 20 12 25 15
B  1.5  8  1.9 10

Fig. 1 X-ray diffraction spectra from the as-received powder A and
from high-velocity oxy-fuel sprayed coatings A2 and B2 

Table 2 Spray parameter settings used in the deposition

  Parameter value
Spray parameter Setting 1 Setting 2

Total gas flow, NL/min 980 915
Oxygen flow, NL/min 245 240
Hydrogen flow, NL/min 735 675
H2 to O2 gas ratio 3 to 1 2.8 to 1
Powder feed rate, kg/h ~1.9 ~1.9

Table 3 X-ray diffraction intensity ratios in different
samples

Oxide: Matrix
Material peak ratio

A 
Powder 0.048
Coating A1 0.105
Coating A2 0.093

B 
Powder 0.054
Coating B1 0.107
Coating B2 0.105
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peak at 2θ ≅ 36.5° to the {111} nickel fcc peak at 2θ ≅ 44°.
These values are listed in Table 3, and it is clear that the oxide
contents of the coatings were somewhat higher than those of the
starting powders. However, the oxide contents of A and B were
similar and depended little on whether conditions 1 or 2 were
used. The microstructure of the as-sprayed coating, for all the
samples observed, appeared to be of low porosity and well
bonded to the substrate. A BSE image of a typical cross section
is shown in Fig. 2. This reveals a splatlike morphology typical of
thermally sprayed deposits, although a small number of near-
spherical unmelted particles are also visible. The splats them-
selves appeared to exhibit one of the two types of contrast
visible in Fig. 2. Energy dispersive x-ray analysis did not reveal
significant composition differences between splats of different
contrast. However, similar contrast differences were also noted
on powder particle cross sections imaged using the BSE signal,
with smaller particles and the mantles of larger particles exhibit-
ing the lighter contrast. This could suggest that the lighter areas
were amorphous and the darker regions crystalline in both pow-
ders and coatings. In addition layers of oxide were observed at
intersplat boundaries, as confirmed by EDX analysis.

The plan view TEM investigation of the alloy coatings re-
vealed a predominantly nanocrystalline/amorphous matrix
though regions of microcrystallinity (grain sizes of the order of
0.2 to 1 µm) were also observed. Figure 3 is a TEM micrograph
of a plan view of coating B1 and shows the amorphous and crys-
talline regions separated by a splat boundary. The inset diffrac-
tion pattern from both areas comprises a diffuse amorphous
diffraction ring as well as rings of discrete spots from fine
grained crystalline material. Some areas of the matrix were
noted to have formed martensitic-type, highly faulted 10 to 50 nm
wide laths up to 500 nm in length, while cellular-type grains 100 to
500 nm in size, with a nickel-base fcc structure, were also found
within amorphous regions. Figure 4 shows the latter feature.

Boride precipitates in the size range 10 to 50 nm, correspond-
ing to the Cr5B3 phase identified by XRD analysis (see Fig. 1),
were found embedded within both the amorphous and nanocrys-
talline regions of the metallic matrix, whereas stringers of α-
Cr2O3 were present predominantly at intersplat boundaries as
shown in the TEM image of Fig. 5. Globular spinel oxide crys-

tals, NiCr2O4, were also observable, but the absence of these
spinel peaks from the XRD spectra suggests that their overall
percentage was <3%.

Coatings of A1 and A2 had average hardnesses, from ten
measurements, of 610 and 710 ± 10 kgf/mm2, respectively,
whereas B1 and B2 were significantly harder with values of 745
and 810 ± 15 kgf/mm2, respectively.

3.2 Corrosion Testing 

Anodic polarization curves representative of the thermally
sprayed coatings from alloys A and B are shown in Fig. 6 as the
curves labeled 1 and 2, respectively. The corrosion potentials of
the coatings were similar at approximately –280 mV relative to
the saturated calomel electrode (SCE). They exhibited simi-
lar current densities (≅2 mA/cm2) in the passive region and the

Fig. 2 Back scattered electron micrograph of high-velocity oxy-fuel
sprayed coating A1 showing a characteristic, splatlike layered mor-
phology together with isolated, near-spherical unmelted particles. Two
different contrast levels of the metallic matrix are also apparent.

Fig. 3 Transmission electron micrograph of a typical region of
coating B1 showing amorphous and nanocrystalline regions with a
splat boundary separating them. The inset diffraction pattern, show-
ing amorphous and polycrystalline ring patterns, is from the entire
region.

Fig. 4 Dark field transmission electron microscope image of crystal-
line cellular crystals (C) within an amorphous matrix (A)
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onset of transpassive behavior occurred at around +900 mV
SCE. The coatings from alloy powder B, with the higher molyb-
denum and boron contents, are seen to have, however, a more
pronounced two stage passivation behavior than those from
powder A. For comparison the polarization curves for a HVOF
sprayed coating of Inconel 625 and wrought Inconel 625 are also
shown in Fig. 6, by plots 3 and 4, respectively. The wrought In-
conel displays a low passive current density of around 10
µA/cm2, as expected; whereas the passive current densities of
the three coatings are similar at ~2 mA cm2. Transpassive be-
havior is observed in all materials at similar anodic potentials of
around 900 mV (SCE), and all exhibit similar corrosion poten-
tials of around –300 mV (SCE).

It was found that the polarization curves obtained from coat-
ings that had been removed from their mild steel substrates were
of an identical form to those displayed in Fig. 6. Furthermore,
the values of corrosion potential, passive current density, and the
potential for the onset of transpassive corrosion were broadly
similar to those obtained from adherent coatings, thus indicating
that the substrate was not influencing the behavior in the poten-
tiodynamic tests. 

In the potentiostatic tests on coatings from powders A and B
two different types of attack were observed to take place de-
pending on whether the sample was anodically polarized into
the passive or transpassive region. In the passive region attack
was predominately around intersplat boundaries, as shown in
the SE image of the corroded surface of coating B2 seen in Fig.
7. Here it is apparent that there are relatively deep corrosion fur-
rows along splat boundaries, whereas the central regions of
splats still exhibit 1200 grit grinding scratches arising from sam-
ple preparation. In the transpassive region a much more general
form of attack occurred in which both splats and splat bounda-
ries were severely corroded.

4. Discussion

The development of a layered microstructure in these HVOF
sprayed coatings is typical for metallic alloys. The formation of
the Cr2O3 phase at intersplat boundaries is also to be expected
for a number of reasons, even though the fuel to oxygen ratio
was only around 67% of the stoichiometric requirement (see Ta-
ble 2). First, there is a small concentration of unreacted oxygen
within the spray gun because of nonequilibrium combustion
conditions. Secondly, molten alloy particles are inevitably ex-
posed to air, entrained into the hot gas free jet, and thirdly, oxi-
dation can also occur at the exposed surface of splats, solidified
on the substrate, prior to deposition of a subsequent layer. How-
ever, the susceptibility to oxidation does not appear to depend on
alloy composition for the powders examined and, for the spray
conditions reported, process parameters also had little effect. 

Fig. 6 Anodic polarization curves in 0.5 M H2SO4 for high-velocity
oxy-fuel sprayed coatings of alloy A (1), alloy B (2), Inconel 625 (3),
and wrought Inconel 625 (4) 

Fig. 5 Transmission electron microscope image of coating B2 show-
ing a layer of columnar-grained α-Cr2O3 (O) separating amorphous
(A) and nanocrystalline (N) metallic matrix regions

Fig. 7 Secondary electron micrograph of the surface of coating A2
potentiostatically corroded in 0.5 M H2SO4 at +400 mV saturated calo-
mel electrode. The retained grinding marks in intrasplat regions and
deep furrows at intersplat boundaries are visible.
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The diffuse diffraction haloes in the XRD spectrum of Fig. 1
are indicative of some fraction of amorphous structure in the
coating and has been confirmed by the plan view TEM study. In-
deed, the TEM work has revealed that the coating structures are
far from homogeneous with a range of microstructural features
including Cr5B3, Cr2O3, and NiCr2O4 in addition to the principal
nickel-base amorphous/crystalline matrix. This inhomogene-
ous, partly amorphous structure is entirely consistent with pre-
vious studies on alloys of similar compositions, although
plasma sprayed, by Sampath et al. (Ref 6) and Das et al. (Ref 3).
A possible explanation of the mixed crystalline/amorphous ma-
trix structure is the different cooling rates experienced by differ-
ent splats or even regions within single splats. The reheating of
splats by the deposition of subsequent layers could also promote
solid state crystallization of material, which formed initially
with an amorphous structure. It is also not clear whether borides
formed directly from the melt or through a solid state precipita-
tion reaction. Further investigations are underway.

The effect of increasing the amounts of molybdenum and bo-
ron present in the feedstock powder (and hence coating) was to
increase significantly the deposit microhardness from around
660 kgf/mm2 for coatings from powder A to around 770
kgf/mm2 for coatings from powder B. 

With regard to the corrosion properties, it is important to em-
phasize that the behavior of coatings adhered to mild steel sub-
strates was identical to those removed from the substrates. This
indicates that the deposits were dense and continuous and that
there was not a path for the sulfuric acid to permeate to the mild
steel base material. Siitonen et al. (Ref 13) have, by contrast, ob-
served marked differences between free standing coatings and
coatings on substrates when significant connected porosity was
present.

It is apparent from Fig. 6 (plots 1 and 2) that the molybdenum
and boron content of the deposit, over the range studied, only in-
fluenced the prepassivation corrosion behavior. The higher mo-
lybdenum and boron coatings (from alloy B) had significantly
lower current densities when polarized to between –100 and
+100 mV (SCE) than did the lower molybdenum and boron
coatings (from alloy A). Das et al. (Ref 3) observed similar fea-
tures in anodically polarized melt spun ribbons of NiCrMoB al-
loys of compositions close to those used in the current study.
However, the passivation current densities of these melt spun
ribbons containing 20 to 25 at.% Cr were of the order of 10
µA/cm2 compared to the values of around 103 µA/cm2 for the
present deposits. It is believed that preferential attack at in-
tersplat boundaries, as evidenced in Fig. 7, is responsible for the
much higher current densities in sprayed deposits. This is con-
firmed by the comparisons between HVOF-sprayed and
wrought Inconel 625 shown by plots 3 and 4 in Fig. 6. The pas-
sivation current density values for the NiCrMoB coatings in this
study are, nevertheless, comparable to that for sprayed Inconel
and those reported previously by Kishitake et al. (Ref 8) and
Dent et al. (Ref 11) for the corrosion of thermally sprayed iron-
chromium based amorphous coatings in 0.5 M H2SO4. It seems
probable, therefore, that the oxidation of particles/splats during
spraying must be significantly reduced in order to achieve a low-
ering of the passivation current density in thermally sprayed
coatings. Work is continuing to achieve this.

5. Conclusions

The following conclusions can be drawn:

• High-velocity oxy-fuel spraying was employed to success-
fully deposit coatings of two different NiCrMoB alloys
with substantially amorphous/nanocrystalline matrices and
hardness values in excess of 610 ± 10 kgf/mm2. Higher
molybdenum and boron levels led to higher hardness val-
ues of up to 810 ± 15 kgf/mm2.

• The deposited layers were found to contain fine Cr5B3 pre-
cipitates within the metallic matrix phase. The predominant
oxide phase, Cr2O3, occurred principally with a columnar
grained morphology at intersplat boundaries. 

• Anodic polarization curves showed that in 0.5 M H2SO4 a
passive region occurred between approximately +100 and
+900 mV (SCE). Increased molybdenum and boron levels
modified the prepassivation corrosion current density but
had little effect on either passive current density or the onset
of transpassive corrosion. 

• The potentiodynamic corrosion testing also demonstrated
that the corrosion behavior of the experimental coatings A
and B was similar to that of HVOF sprayed Inconel 625.
However, the presence of oxides at intersplat boundaries
leads to passive current densities higher than those ob-
served in wrought alloys or melt spun ribbons.
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