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High-Temperature Corrosion Performance of 
Plasma-Sprayed CrNiMoSiB Coatings 

E Longa-Nava, M. Takemoto, and K. Hidaka 

This study examined the effects of application parameters for plasma spraying and CO2-1aser glazing of 
two types of chromium-base coatings. Coatings were deposited by low-pressure and atmospheric plasma 
spraying. The high-temperature corrosion resistance of Cr-Ni-2.5Mo-ISi-0.SB (55 and 58 % Cr) coatings 
was evaluated with respect to structural and compositional changes both in the as-sprayed condition and 
after CO2-1aser glazing. Coatings that were deposited by atmospheric plasma spraying and subsequently 
laser glazed showed excellent resistance to oxidation and sulfate-vanadate attack at 900 ~ due to the for- 
mation of a protective chromia film and a high silica concentration on the top layers of the oxide. 

1. Introduction 

PLASMA spraying of nickel-base superalloys is widely used to 
combat high-temperature degradation. However, to produce 
coatings with high performance in aggressive environments at 
elevated temperatures requires advanced deposition and modifi- 
cation of new alloys. A high-chromium concentration (>50 
wt%) in NiCr binary coatings provides effective high-tempera- 
ture corrosion resistance. Such coatings, however, are expen- 
sive and generally difficult to produce because of their high sen- 
sitivity to cracking and exfoliation during the coating process 
(Ref 1), caused by high residual stresses. Properties of plasma- 
sprayed coatings depend on diverse variables, including the 
characteristics of the spraying material as it interacts with the 
plasma jet. This material, in the molten or semimolten state, will 
deposit on the substrate as stacked layers. Therefore, good flow 
characteristics of the melt will produce better bonding of the de- 
posited material and better coating quality. Suitable amounts of 
silicon in ferrous alloys improve high-temperature oxidation 
and carburization resistance; however, high quantities are detri- 
mental in terms of the physical and mechanical properties of the 
alloy at elevated temperatures. The recently developed Cr-Ni- 
Mo-Si-B alloys containing 55 or 58 wt% Cr (designated CrNiX, 
where X represents minor amounts of molybdenum, silicon, and 
boron; the nickel composition is the balance), have sufficient 
hardness for use as hardfacing materials and have been used suc- 
cessfully for plasma-transferred arc welding. Silicon and boron 
improve the flow properties of CrNiMoSiB alloys. These alloys 
also possess higher resistance to hot corrosion than 50Cr-Ni al- 
loys (Ref 2). 

Laser glazing applied to thermal-sprayed coatings allows 
densification and homogenization of the modified surface and 
eliminates pores and permeable networks that may exist within 
the coating. It also provides a very fine microstructure (Ref 1, 3). 
These properties are a consequence of the high power density 
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(-104 to 107 W/cm 2) and the high supercooling velocity that oc- 
curs in the treated surface (-104 to 106 K/s). Although field ap- 
plications have not yet been reported, plasma-sprayed coatings 
subjected to laser-glazing treatments are an effective barrier to 
high-temperature degradation (Ref 1, 4). Laser glazing also ac- 
celerates reactions between the components in the alloy and 
modifies their distribution. These properties favor the evalu- 
ation of reactive elements in coatings or alloys employed in 
high-temperature processes. For example, the behavior of yt- 
trium in MCrAIY coatings subjected to corrosive environments 
at high temperature has been evaluated (Ref 5). 

The purpose of the present research is to determine the opti- 
mal parameters for depositing plasma-sprayed CrNiMoSiB 
coatings in an argon atmosphere and in air, and to produce a 
CrNiMoSiB coating by a combined technique of plasma spray- 
ing and CO2-1aser glazing. The effect of the coating components 
on the corrosion resistance of the coatings in an oxidizing envi- 
ronment and when coated with a sulfate-vanadate molten salt at 
900 ~ in air also is investigated. 

2. Experimental 

Compositions of the CrNiX alloy powders were (1) 55.0Cr- 
41.0Ni-2.5Mo- 1.0Si-0.5B (55Cr-Ni-X) and (2) 57.9Cr-38.0Ni- 
2.5Mo-I.0Si-0.6B (58Cr-Ni-X) (in weight percent). Powders 
were produced by fusion of the parent materials in a high-fre- 
quency induction furnace followed by gas (nitrogen) atomiza- 
tion of the molten stream. The presence of silicon and boron, 
which considerably reduces the melting temperature of the 
stream, contributed to a higher production efficiency of the pow- 
der during the gas atomization process. 

The metallographical structure of the cast alloys consisted of 
chromium-rich primary crystals and eutectic phases. The eutec- 
tic phases consisted of a nickel-chromium solid solution and 
fine, needle-shaped chromium boride dispersions (Ref 2). For- 
marion of chromium boride contributes to increased hardness. 

Powders approximately 50 to 100 lam in diameter were 
plasma sprayed using a 12 kW argon-helium (3:1) gas plasma, 
by lateral injection of the powder toward the torch, in an argon 
atmosphere at 100 torr (low-pressure plasma-spraying, or 
LPPS) and at atmospheric pressure in air (atmospheric plasma 
spraying, or APS). Selection of appropriate spraying material 
size and spraying distance was important in both environments 
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Fig. 1 Weight loss for 80Ni-Cr, 50Ni-Cr, 55Cr-Ni-X, and 58Cr-Ni-X 
spraying materials subjected to immersion tests in 85 tool% V205- 
Na2SO 4 at 900 ~ in air 

Plasma-sprayed coatings were subsequently laser glazed in 
air using a continuous-wave CO2 laser. Optimal laser-process- 
ing conditions were sought using the scanning beam method 
(Ref 3), and glazing was performed in air to favor the formation 
of  an oxide film on the top surface of the coating. The optimal 
conditions proved to be as follows: 

�9 Method: Scanning beam 

�9 Defocus distance: +2 mm 

�9 Laser power: 800 to 900 W 

�9 Irradiation time: 2.27 x 10 -3 s 

�9 Beam frequency: 50 Hz 

�9 Spot diameter: 0.203 mm 

�9 Power density: (2.46 to 2.77) • 106 W/cm 2 

�9 Overlap number: 37 

Oxidation resistance was evaluated under stagnant'air condi-  
tions at 900 ~ for 200 h. Molten salt corrosion tests of  the speci- 
mens coated with 20 mg/cm 2 of  a mixed salt (85 mol% 
V2Os-Na2SO4) were conducted for 10, 20, and 70 h (continuous 
tests) in air at the same temperature. Progression of  the oxidation 
process was measured according to the growth of  the oxide 
layer, the thickness of  which was determined by electron micro- 
probe analysis (EMPA). The molten salt attack was similarly 
evaluated as the maximum penetration depth of  vanadium into 
the coating. 

The hot corrosion resistance of  55Cr-Ni-X and 58Cr-Ni-X 
cast rods and that of other cast Ni-Cr alloys (80Ni-Cr and 50Ni- 
Cr) was examined by conducting molten salt immersion tests at 
900 ~ in air atmosphere. The weight loss data (Fig. 1) show that 
the 58Cr-Ni-X alloys were most resistant. 

3. Results and Discussion 

Fig. 2 (a) Scanning electron micrograph (SEM) of a cross section 
of the APS 58Cr-Ni-X coating subsequently glazed in air. (b) Cor- 
responding x-ray dot mapping of oxygen 

because of the good flow characteristics of the melt. Dense, uni- 
form coatings could not be obtained with smaller-diameter (e.g., 
-15 to 35 I~m). The distance between the torch and the substrate 
was varied according to the spraying environment. For APS the 
appropriate standoffdistance was about 12 cm; for LPPS, about 
20 cm. Coatings 300 to 400 ~tm thick were deposited onto a 
sandblasted AIS1304 substrate using a NiCrA1 (Ni- 19.5Cr-4AI) 
bond coat. The sprayed coatings had a Vickers hardness of 615 
+ 20 HV. According to x-ray diffraction analysis, Cr-Ni-X coat- 
ings deposited by APS contained Cr203, NiCr204, NiO, SiO 2, 
and NiMoO 4. Coatings deposited by LPPS contained small 
quantities of  chromium and molybdenum borides (CrB and ~/- 
Mo2B) and perhaps NiB. 

3.1 Laser Glazing 

Laser irradiation in air was limited to the top layers of  the 
coating to prevent alloying with the bond coat. The melt was 
able to flow, presumably due to the presence of silicon and bo- 
ron. Therefore, despite the higher hardness of glazed 55Cr-Ni-X 
and 58Cr-Ni-X coatings (-800 HV), cracking and exfoliation of 
the coating during laser glazing, which often occurred for 50Cr- 
Ni binary alloys (-420 HV) (Ref 1), were not observed. The la- 
ser-glazed surface of  the sprayed coatings was homogeneous, 
with very fine equiaxed and columnar grains in the alloy phase 
(provided by the rapid supercooling), and covered with Cr203- 
SiO 2 film. These oxides are the most stable oxides for the coat- 
ing. Figure 2 shows the oxide layer for laser-glazed APS 
58Cr-Ni-X coating. The oxide film is produced during glazing 
by an oxidation process for LPPS coatings (because laser glaz- 
ing was performed in air) and by both oxidation and flow of the 
original oxides for APS coatings. Therefore, the oxide film was 
well defined and thicker for laser-glazed APS coatings ( -4  to 8 
ktm, as shown in Fig. 2) than for the LPPS coatings (-  1 to 2 lam). 
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Fig. 3 Growth of oxide scale as a function of time for LPPS 55Cr-Ni- 
X and 58Cr-Ni-X coatings, as sprayed and after laser processing 
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Fig. 4 Electron microprobe analysis of the distribution 
profile of chromium, nickel, silicon, and oxygen for the 
glazed LPPS 55Cr-Ni-X coating subjected to 200 h of oxi- 
dation at 900 ~ in air 
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Fig. 5 Penetration of molten salt for as-sprayed and glazed LPPS 
55Cr-Ni-X and 58Cr-Ni-X coatings and for as-sprayed APS 58Cr-Ni- 
X, covered with the vanadate melt at 900 ~ 

3 .2  Low-Pressure Plasma-Sprayed CrNiMoSiB 
Coatings 

Figure 3 shows the progression of  oxidation in air for the 
LPPS coatings. Laser-glazed LPPS coatings exhibited very 
slow oxidation after 120 h due to the formation of  protective ox- 
ides and, thus, better resistance. X-ray diffraction analyses of 
both types of  Cr-Ni-X coatings revealed the presence of Cr203, 
NiCr204, and NiMoO4; silica was not detected. However, as 
shown in Fig. 4, the free surface of the oxide was enriched in sili- 
con and was expected to contribute to greater oxidation resis- 
tance in the presence of  fused vanadate salts, due to its low 
dissolution in acidic melts (Ref 6). Figure 5 shows the molten 
salt penetration depth of vanadium into the coatings covered 

2 o with 20 mg/cm of85V2Os-Na2SO4at900 Cinai r .As-sprayed 
LPPS coating was unable to effectively resist the molten salt at- 
tack and began to exfoliate from the NiCrA1 bond coat after 20 h 
of  exposure. Conversely, the fused salt penetrated only about 20 
~tm into the laser-glazed LPPS coating after 70 h of  exposure, 
accounting for the better hot corrosion resistance of the glazed 
coatings. 

3 .3  Air Plasma.Sprayed CrNiMoSiB Coatings 

As-sprayed APS coatings exhibited good resistance to oxida- 
tion and molten salt film attack, with a maximum penetration of 
100 lam after 70 h (Fig. 5). The higher oxidation and corrosion 
resistance ofAPS Cr-Ni-X coatings can be attributed to the pres- 
ence of oxides, which provide nucleation sites for further oxide 
formation. These oxides act as a diffusion barrier to deleterious 
species. A similar effect was observed for high-chromium NiCr 
alloys, for which APS coatings were superior to LPPS coatings 
(Ref 4). Figure 6 shows a cross section of the APS 58Ni-Cr-X 
coating after 120 h oxidation tests in air. The free surface of  the 
coating was oxidized (growth of the top scale), while oxidation 
of  the inner portion of the coating was prevented. Figure 6(a) 
shows an inclined shear crack within the oxide caused by intrin- 
sic residual stresses, but no spallation is visible. This crack prob- 
ably originated during cooling, as no further oxidation is 
observed in the alloy. Silica forms internal precipitates beneath 
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Fig. 7 SEM of a cross section of the APS 58Cr-Ni-X coating subjected 
to a 70 h test, covered with the vanadate melt at 900 ~ with distribu- 
tion profiles of chromium, silicon, molybdenum, and oxygen corre- 
sponding to the line on the micrograph 

Fig. 6 SEM of a cross section of the APS 58Cr-Ni-X coating 
subjected to 120 h of oxidation in air, and corresponding x-ray 
dot mappings of chromium and silicon 

the chromia layer, toward the alloy/scale interface, and appears 
to be continuous in some regions. Formation of short silica-con- 
taining stringers or intrusions into the alloy contributes to 
greater scale strength. 

Furthermore, as shown in Fig. 7, the coating underneath the 
attacked layer becomes dense and free of oxides. This phenome- 
non was observed only for the APS coating exposed to the mol- 
ten salt and can be considered a "self-refining process." The 
detailed mechanism of the self-refining process is not well un- 
derstood at present; however, it could be correlated to a self- 
fluxing action of the oxides occurring in NiCrSiB self-fluxing 

Fig. 8 SEM of a cross section of the glazed APS 58Cr-Ni-X 
coating after 3 h of oxidation in air and the corresponding x-ray 
dot mapping of silicon 

coatings. Indeed, the concentration of silicon in the self-refined 
layer was lower than that in the as-sprayed layer. Because of the 
presence of the salt and corrosion products over the top layers, 
oxygen diffusion into the coating was restricted, and oxidation 
was no longer sustained. It is possible that the fluxes of chro- 
mium and nickel in the internal layers might be insufficient to 
form oxides, instead favoring dissociation of the already exist- 
ing oxides. The layer attacked by the fused salt film was de- 
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Fig, 9 SEM of a cross section of the glazed APS 58Cr-Ni-X coating subjected to a 70 h test, covered with the vanadate melt at 900 ~ with distribution 
profiles of chromium, silicon, and oxygen corresponding to the line on the micrograph 

herent chromia-silica protective oxide, which resisted the highly 
acidic salt. For 85V2Os-Na2SO 4 in 0.1SO2-O 2 at 900 ~ the 
basicity of  the melt (-log aNa20) is 16.55, where a is the Na20 
activity in the melt (calculated assuming unit activities of  the 
condensed phases). X-ray diffraction indicated Si t2 ,  Cr203, 
NiCr204, and corrosion products as CrVO4 and Ni3(VO4)2. 

Figure 9 shows a cross section and concentration profiles of 
chromium, silicon, and oxygen for the laser-glazed APS coating 
after 70 h of hot corrosion. Glazed APS coatings exhibited (Ref 
7) a double oxide with enrichment of  silicon in the top surface. 
The silica film, in addition to chromia, is expected to improve 
corrosion resistance. Glazed APS coatings also formed highly 
crystalline protective oxides that, in some cases, appeared to be 
partially spalled. Susceptibility to spallation appeared to in- 
crease at the chromia/silica interface. They also demonstrated 
slow oxidation and little evidence of  salt attack. 

Fig. 10 SEM of a cross section of the APS 58Cr-Ni-X 
coating (strongly etched) after a 3 h oxidation test in air. 
(a) Continuous scale/alloy interface. (b) Inner spallation 
of the scale 

pleted in molybdenum (Fig. 7). Because a sustained hot corro- 
sion was not established in the coating covered with the fused 
vanadate salt, MoO 3 formed and subsequently evaporated from 
the top layers of  the coating. 

Glazed APS 55Cr-Ni-X and 58Cr-Ni-X coatings effectively 
resisted oxidation. Figure 8 illustrates a cross section of APS 
58Cr-Ni-X after 3 h oxidation and the corresponding x-ray dot 
mapping for silicon. The silica was enriched toward the free sur- 
face of the oxide, although it was difficult to determine whether 
it formed a continuous layer. A similar phenomenon was ob- 
served for LPPS coatings (Fig. 4); however, because of  the thin- 
ness of the oxide, the distribution of  silicon could not be 
discerned by x-ray dot mapping. In the molten salt tests, laser- 
glazed APS coatings exhibited good resistance to the vanadate 
film attack up to an exposure of  70 h. The molten salt penetrated 
a few micrometers into the first layers of the coating; therefore, 
the data were not represented in Fig. 5. The good performance of  
laser-glazed APS coatings can be attributed to the thick and ad- 

3.4 Adhesion of the Oxide Layer in Glazed Coatings 

In general, the oxide layer of the thermal sprayed coatings 
that were subsequently laser glazed exhibited good adhesion to 
the metallic phase (Ref 1, 5). This was also observed for glazed 
APS and LPPS CrNiMoSiB coatings, which indicates that the 
oxide has the ability to deform and to resist growth and thermal 
stresses and, consequently, to withstand spallation. The oxide 
layer possesses original residual stresses from the rapid cooling 
that occurs during glazing. 

Shear cracks were observed within the oxide layer, but the 
metal/oxide interface consistently showed good continuity. Fig- 
ure 10 illustrates this for a glazed APS 58Cr-Ni-X coating. The 
bond continuity implies that the strength of  the metal/oxide in- 
terface is higher than the strength within the oxide (Ref 8). Fine- 
grained areas offer a rapid means of  stress relaxation by 
grain-boundary diffusion. Relatively abundant grain bounda- 
ries, which act as vacancy sinks, promote a lasting interface be- 
tween the metal and the oxide. The alloy grain boundaries also 
provide a sufficient supply of  chromium by continuous diffu- 
sion from the chromium-base alloy to the alloy/oxide interface. 
Hence, the volume fraction is high enough to continuously form 
the oxide top layer. 
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Another property of the glazed coating that favors stress re- 
laxation within the scale is the presence of metal phases inside 
the oxide layer formed during glazing (Ref 4), permitting defor- 
mation of the oxide. The metallic phase would release the 
stresses during deformation caused by cooling. 

Additionally, boron is also expected to segregate as an impu- 
rity into the grain boundaries (Ref 9), which may increase alloy 
deformation. The oxide scale formed during the glazing process 
is very thin compared to the alloy phase; therefore, the oxide 
may deform together with the alloy and resist spallation. 

4. Conclusion 

New Cr-Ni-2.5Mo- 1Si-0.5B alloys containing 55 or 58 wt% 
chromium were deposited by LPPS and APS. The thermally 
sprayed coatings were subsequently modified by CO2-1aser 
glazing. Oxidation and corrosion resistance of the as-sprayed 
and laser-processed coatings were examined in the presence of 
85V205-Na2SO 4 fused salt at 900 ~ in air. 

Because of the high flow characteristics of the melt, deposi- 
tion of  CrNiMoSiB alloys by plasma spraying in both air and ar- 
gon atmosphere was possible through use of an appropriate 
powder size (50 to 100 I-tin diameter) and torch standoffdistance 
(12 cm for APS, 20 cm for LPPS). Coatings exhibited no crack- 
ing or exfoliation during laser glazing or after the high-tempera- 
ture tests. 

Hot corrosion resistance of the CrNiMoSiB coatings in- 
creased in the following order: LPPS, APS, laser-glazed LPPS, 
and laser-glazed APS. Laser glazing enriches the silicon content 
in the top layers of  the coating. Laser-glazed APS CrNiMoSiB 
coatings exhibited excellent corrosion resistance due to the con- 
tinuous adherent oxide film of chromia and silica formed on the 
top surface of  the coating. Susceptibility to spallation occurred 
at the chromia/silica interface. 

Costs are lower for Cr-Ni-X powder alloys than for binary 
Cr-Ni alloys. This is due to the presence of  silicon and boron, 
which reduces the melting temperature of the alloy and hence 
energy consumption during production. 
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