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Thermal-Sprayed Fe-10Cr-13P-7C 
Amorphous Coatings Possessing 

Excellent Corrosion Resistance 
K. Kishitake, H. Era, and F. Otsubo 

An alloy of Fe-10Cr-13P-7C was thermally sprayed by three different processes: (1) 80 kW low-pressure 
plasma spraying (LPPS), (2) high-velocity oxyfuel (HVOF) spraying, and (3) 250 kW high-energy plasma 
spraying (HPS). The as-sprayed coating obtained by the LPPS process was composed of an amorphous 
phase. In contrast, the as-sprayed coatings obtained by the HVOF and HPS processes were a mixture of 
amorphous and crystalline phases. The as-sprayed coatings showed a high hardness of 700 DPN. A very 
fine structure composed of ferrite, carbide, and phosphide was formed, producing a maximum hardness 
of greater than 1000 DPN in the LPPS coating just after crystallization on tempering. The corrosion re- 
sistance of the amorphous coating was superior to a SUS316L stainless steel coating in 1 N H2SO4 solution 
and 1 N HCI solution. Furthermore, the amorphous coating underwent neither general nor pitting corro- 
sion in 1 N HCI solution and 6 % FeCIy6H20 solution containing 0.05 N HCI, whereas the SUS316L stain- 
less steel coating was attacked aggressively. 
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1. Introduction 

IRON-METALLOID amorphous alloys are unstable chemically 
compared with pure iron or steels and exhibit a very high corro- 
sion rate. Naka et al. (Ref 1) found that Fe-Cr-P-C amorphous al- 
loys obtained by centrifugal quenching from liquid exhibited 
higher corrosion resistance than stainless steels in acid or neutral 
solutions. They also investigated the effect of  alloying elements 
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and heat treatment on the corrosion behavior and passive film of  
Fe-Cr-P-C amorphous alloys containing nickel, molybdenum, 
and tungsten (Ref2-5). However, these iron-base amorphous al- 
loys have not been put to practical use as corrosion-resistant ma- 
terials. 

The present authors have investigated the formation and 
properties of  amorphous phases in rapidly solidified high-carb- 
on iron alloys containing chromium and molybdenum in order 
to develop thermal spray materials of  great wear resistance. We 
have reported that decomposition of  the amorphous phase 
brings about a very high hardness due to the precipitation of  fine 
carbides, although the hardness of  the amorphous phase is also 
high itself (Ref 6-8). High-carbon iron alloys were sprayed by 
plasma and high-velocity oxyfuel (HVOF) techniques to pro- 
duce coatings with great wear resistance at high temperature. 
We have also found that as-sprayed coatings composed of  an 

Table I Spraying conditions 

Current, Voltage, Oxygen pressure, Fuel pressure, Spray distance, 
Method Atmosphere A V MPa MPa mm 
LPPS In chamber 1200 60 . . . . . .  300 

(6500 Pa) 
HVOF Air . . . . . .  ! .38 1.79 300 
HPS Air 450 430 . . . . . .  200 

Fig. 1 Optical micrographs of as-sprayed coatings. (a) LPPS. (b) HVOE (c) HPS 
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amorphous phase reveal not only high hardness but also higher 
corrosion resistance than an austenitic stainless steel (JIS- 
SUS316L) coating in H2SO 4 solution (Ref 9, 10). 

The aim of this study was to investigate the possibility of 
thermally spraying amorphous alloys having extremely high 
corrosion resistance. The work was carried out to obtain amor- 
phous coatings of  an iron-base alloy with a composition similar 
to the Fe-Cr-P-C amorphous alloy reported by Naka et al. (Ref 
1) by means of  three different thermal spraying methods and to 
investigate the tempering behavior and corrosion resistance of 
the coatings. 

2. Experimental Procedure 

Iron-base alloy powders of  a given composition of Fe-Cr-P- 
C were produced using a gas atomization method after melting 
electrolytic iron, graphite, and ferroalloys in an induction fur- 
nace. The chemical composition of  the alloy powders was Fe- 
10.9Cr-13.1P-8.36C-0.77Si (atomic percent). The small 
amount of silicon was added to prevent oxidation through at- 
omization. Alloy powders smaller than 45 pm in diameter were 
used for spraying. Coatings about 500 lam thick were obtained 
on mild steel using (1) 80 kW low-pressure plasma spraying 
(LPPS), (2) HVOF spraying, and (3) 250 kW high-energy 
plasma spraying (HPS) under the conditions shown in Table 1. 

The coatings were heated under vacuum at various tempera- 
tures up to 1073 K for 1 h and air cooled. Structures of  the coat- 
ings were observed using optical and transmission electron 
microscopy (TEM). X-ray diffraction (XRD) patterns (Fe-Kct 
radiation) were also obtained for powders and for as-sprayed 
and heat-treated coatings. Hardness measurements were carried 
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out using a microhardness tester with a 0.49 N load. Differential 
thermal analysis (DTA) was performed to study the macro- 
scopic crystallization behavior of the amorphous phase. 

Polarization curves were obtained for the as-sprayed and 
heat-treated coatings to evaluate corrosion resistance using a po- 
tentiostat. Deaerated 1 N H2SO4 and 1 N HCI solutions were 
used for the electrolyte. A platinum counterelectrode and a satu- 
rated calomel reference electrode (SCE) were used. The electro- 
chemical measurement of  the coatings was carried out by 
scanning the corrosion potential to +1.1 V (versus SCE) with a 
scanning rate of 60 mV/min after keeping the potential at-0.7 V 
(versus SCE) for 10 min at 303 K. Immersion tests were also car- 
ded out to confirm the corrosion resistance of the amorphous 
coatings in two kinds of acid solutions. The coatings were im- 
mersed in deaerated 1 N HC1 solution at 0.5 V (versus SCE) for 
1 h at 303 K to investigate the general corrosion behavior and in 
6% FeCly6H20 + 0.05 NHCI solution at the corrosion potential 
for 100 h at 308 K to test the pitting corrosion behavior. The 
coatings were polished with alumina powders of 0.05 ~tm and 
were masked with an acid-resistant lacquer to form an exposure 
area of 1 cm 2 before the electrochemical measurements and im- 
mersion tests. 

3. Results and Discussion 

3.1 As-Sprayed Coatings 

Figure 1 shows optical micrographs of the as-sprayed coat- 
ings. Very thin oxide films are visible, but pores are rarely ob- 
served in the LPPS coatings. Only a few pores and very thin 
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Fig. 3 XRD patterns of powder and as-sprayed coatings 
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oxide films are contained in the HVOF coatings, and pores and 
thicker oxide films exist in the HPS coatings. 

Chemical analysis of  the coatings was carried out to investi- 
gate the change in composition produced by the three kinds of 
thermal spraying processes (Fig. 2). The chemical composition 
of  the LPPS and HVOF coatings was unchanged compared with 
the powder. The carbon content of the HPS coatings decreased, 
and the phosphorus content increased slightly as a result of the 
decrease in carbon. 

X-ray diffraction patterns of  the powder and the as-sprayed 
coatings are shown in Fig. 3. Only a broad peak (i.e., a halo pat- 
tern) appears for the powder and the LPPS coatings. An amor- 
phous coating is formed by the LPPS process, and a minute 
quantity of  crystalline phases is contained in the HVOF coat- 
ings. The HPS coating is composed of a mixture of a small quan- 
tity of  ferrite phase and an amorphous phase. The difference in 
the occurrence of crystalline phases may result mainly from dif- 
ferences in the cooling rates of  the three processes. 

3.2 Structure and Hardness of Amorphous 
Coatings on Tempering 

An XRD analysis was carded out to study the crystallization 
of  the amorphous coating by heat treatment at different tempera- 
tures for 1 h. Figure 4 shows the results for the LPPS coating. 
The amorphous phase is retained on tempering up to 673 K. The 
amorphous phase crystallizes, and the diffraction peaks of t~- 
phase, M3C carbide, and M3P phosphide appear on tempering at 
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773 K. These peaks become sharp on tempering at 973 K. The 
amorphous phase in the HVOF and HPS coatings also crystal- 
lizes at 773 K and forms a mixture of  or-phase, M3C carbide, and 
M3P phosphide. Differential thermal analysis curves of  the coat- 
ings are shown in Fig. 5. The exothermic peaks attributed to 
crystallization of  the amorphous phases are seen in the range of  
about 740 to 820 K. The exothermic peaks of the HVOF and 
HPS coatings are lower than that of the LPPS coating because of  
a smaller volume fraction of  the amorphous phase. 

Figure 6 shows the effect of  tempering on coating hardness. 
All the as-sprayed coatings exhibit a high hardness of about 700 
DPN. The hardness is not changed by tempering up to 673 K. 
The hardness of  all coatings was enhanced by tempering at 773 
K because of  crystallization of  the amorphous phase and 
reached a maximum of 1000 to 1100 DPN when tempered at 773 
or 873 K. The hardness of the HPS coating is low compared with 
the LPPS and HVOF coatings over the crystallization tempera- 
ture. The difference is mainly attributable to the difference of  
volume fraction of the amorphous phase and carbon content in 
the as-sprayed coatings. The hardness decreases on tempering 
above 900 K. 
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Figure 7 shows bright-field TEM images of the LPPS coat- 
ings tempered at 873 K (Fig. 7a) and 1073 K (Fig. 7b). Ex- 
tremely fine equiaxed grains smaller than 0.1 I.tm in diameter are 
visible in the coating tempered at 873 K. The coating tempered 
at 1073 K reveals very fine grains. It is known that a nanostruc- 
ture is formed by crystallization and remains even after temper- 
ing at 1073 K. 

3.3 Corrosion Resistance 

Anodic polarization curves of  the as-sprayed and tempered 
coatings were measured in deaerated 1 N H2SO 4 solution and 1 
N HCI solution at 303 K. Figure 8 shows the results of  the as- 
sprayed coatings obtained by the LPPS, HVOF, and HPS proc- 
esses in 1 N H2SO 4 solution. The anodic polarization curve of  an 
18-8 stainless steel (JIS-SUS316L) coating is also shown for 
comparison. All the coatings exhibit active-passive transitions. 
The corrosion potential of  the LPPS coating is the highest of  
these coatings. The difference in corrosion potential among the 
LPPS, HVOF, and HPS coatings probably is attributable primar- 
ily to the presence of crystalline phases and oxide films in the 
coatings. The current density of  the LPPS coating is the lowest 
of  the three tested coatings in the measured potential range. 
Therefore, the corrosion resistance of the LPPS coating is the 
best of  these coatings. The corrosions resistance of  the HPS 
coating, despite being the worst of  the three, is comparable to a 
SUS3 ] 6L stainless steel coating. 

Z 
O L  

0 

E 

=E 

> 

1 2 0 0  , v , i , i , i T 

1000 

500 

O LPPS 

i HVOF 

[ ]  HPS 

, I I 1 v I , I I 

200 400 600 800 1000 1200 

Tempering Temp. (K) 

Fig. 6 Change in hardness as a function of tempering temperature. 
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coating. 

Fig. 7 Bright-field TEM images of coatings by LPPS process tempered at (a) 873 K and (b) 1073 K 
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Figure 9 shows anodic polarization curves of  the LPPS coat- 
ing in 1 N H2SO 4 before and after crystallization. The crystal- 
lized coatings reveal low corrosion potential and high current 
densities compared with the as-sprayed amorphous coating. 
Therefore, the corrosion resistance of  the amorphous coating 
deteriorates with crystallization. However, the corrosion resis- 
tance of the crystallized coating is comparable to a SUS316L 
stainless steel coating. 

Figure 10 shows anodic polarization curves of the as-sprayed 
coatings obtained by the LPPS, HVOF, and HPS processes in 1 
NHC1. As was the case in 1 N H2SO4, the corrosion potential of  
the LPPS coating is the highest and its current density is the low- 
est. Therefore, the corrosion resistance of the LPPS coating in 1 
N HCI is also the best of these coatings. Furthermore, the LPPS 
coating possesses higher corrosion resistance in 1 N HC1 than in 
1 N H2SO4. This result can be contrasted with a SUS316L stain- 
less steel coating, which exhibits a high anodie current density in 
1 N HC1. When compared with the electrochemical measure- 
ment results of an amorphous alloy ribbon (Ref 1), which has a 
composition similar to this work, the corrosion potential of the 
LPPS coating is lower than the ribbon and the current densities 
are higher by about one order of  magnitude than that of the rib- 
bon in 1 N H2SO4. The LPPS coating shows an active and pas- 
sive state in 1 N HCI, whereas the ribbon shows a 
self-passivation in the anodic polarization curves (Ref 3). Thus, 
the passivation behavior differs between the coating and ribbon, 
although the amorphous alloys have a similar composition. This 
may be due to the existence of oxide films in the sprayed coat- 
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ing. It is thus expected that the amorphous coating would passi- 
vate spontaneously in acidic chloride environments if free from 
oxide films. 

Immersion tests were performed to confirm coating corro- 
sion resistance in 1 NHC1 solution at 0.5 V (versus SCE) and 6% 
FeCI3.6H20 solution containing 0.05 N HCI at the corrosion po- 
tential. Figure 11 shows the cross sections of the coatings where 
the top part is of  the polished exposure surface. Photographs Ato  
C are the cross sections of the coatings before immersion, and D 
to F are the cross sections after immersion in 1 N HC1 solution at 
0.5 V for 15 min (D) and 1 h (E and F). It is clear that the 
SUS316L stainless steel coating (D) corrodes over 100 ~tm 
depth after immersion in 1 N HCI for 15 min. In contrast, prefer- 
ential attack occurs slightly through oxide films near the surface 
in the HPS coating (E), and the LPPS coating (F) is not attacked 
at all. These results are in fair agreement with the electrochemi- 
cal measurement results. 

Photographs G to I in Fig. 11 show the cross sections after 
immersion in 6% FeCIy6H20 + 0.05 N HC1 solution at corro- 
sion potential for 10 h (G) and 100 h (H and I). This solution is 
conventionally used for the pitting corrosion test of  stainless 

steel. The SUS316L stainless steel coating (G) is attacked ag- 
gressively in I 0 h. Internal corrosion occurs partially in the HPS 
coating after immersion for 100 h, but the extent of  corrosion is 
fairly low compared with the SUS316Lcoating immersed for 10 
h. On the other hand, neither general corrosion nor pitting takes 
place in the LPPS coating after immersion for 100 h as well as 
the immersion test in 1 N HC1. These results indicate that the 
amorphous coating possesses better corrosion resistance than 
other iron-base alloy coatings in acidic solutions for the test 
conditions. 

4. Conclusions 

The Fe-10Cr-13P-7C alloy powders were thermally sprayed 
by 80 kW LPPS, HVOF, and 250 kW HPS. The tempering be- 
havior and corrosion resistance of  the coatings were investi- 
gated. The results can be summarized as follows: 

�9 An amorphous coating is obtained by the LPPS process, 
and a mixture of amorphous and crystalline phases is 

SUS316L HPS ] LPPS 

Fig. 11 Optical micrographs of coatings before and after immersion test in various conditions. A to C, before immersion; D to F, after immersion in 1 N 
HCI solution at 0.5 V; G to I, after immersion in 6% FeCI 3 6H20 solution containing 0.05 NHCI  
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formed in the HVOF and HPS coatings. The as-sprayed 
coatings show a high hardness of greater than 700 DPN. 

The amorphous phase in the coatings crystallizes at about 
740 K. The LPPS coating shows a maximum hardness of 
1050 DPN just after crystallization. This high hardness is 
attributable to the very fine structure composed of u-phase, 
M3C carbide, and M3P phosphide. 

The corrosion resistance of the amorphous LPPS coating is 
the best of the three coatings and superior to a SUS316L 
stainless steel coating in 1 NH2SO4 and I NHC1 solutions. 
The amorphous coating also shows outstanding corrosion 
resistance compared with the SUS316L stainless steel coat- 
ing in 1 N HCI solution at 0.5 V (versus SCE) and 6% 
FeCt3-6H20 solution containing 0.05 N HC1 at the corro- 
sion potential. 

The amorphous LPPS coating is expected to have good wear 
resistance and excellent corrosion resistance in acidic chloride 
environments. 
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