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Crystallizing at Extremely High Temperature

Characterization of Plasma Sprayed
Fe-17Cr-38Mo-4C Amorphous Coatings

K. Kishitake, H. Era, and F, Otsubo

A Fe-17Cr-38Mo-4C alloy powder was plasma sprayed by three processes: an 80 kW low-pressure
plasma spray (LPPS), a 250 kW high-energy plasma spray (HPS), and a 40 kW conventional plasma
spray (APS). The as-sprayed coating obtained by the LPPS process is composed of only amorphous
phase. As-sprayed coatings obtained by the HPS and APS processes are a mixture of amorphous and crys-
talline phases. The three as-sprayed coatings exhibit a high hardness of 1000 to 1100 DPN. The amor-
phous phase in these coatings crystallizes at a high temperature of about 920 K. A very fine structure
composed of hard y-phase and carbides is formed after crystallization. The hardness of the coating ob-
tained by LPPS reaches a maximum of 1450 DPN just after crystallization on tempering and retains a
high hardness more than 1300 DPN after tempering at high temperatures of 1173 or 1273 K. The corro-
sion potential of the amorphous coating is the highest among the three coatings and higher than that of a
SUS316L stainless steel coating. The anodic polarization measurements infer that the corrosion re-
sistance of the amorphous coating is superior or comparable to SUS316L stainless steel coating in

——

H3S04 solution.
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1. Introduction

NONEQUILIBRIUM phases in rapidly solidified high-carbon
iron alloys have been investigated to develop thermal spray
materials for wear resistance. The nonequilibrium phases,
such as amorphous phase (Ref 1, 2), y-phase (Ref 3, 4), %-
phase (Ref 5, 6), e-phase (Ref 7, 8), and y-phase (Ref 9, 10)
arise in rapidly solidified high-carbon iron alloys. A large
amount of fine carbides are formed in the alloys by the de-
composition of these nonequilibrium phases and bring about
a very high hardness (Ref 2, 11, 12). The high-carbon iron al-
loys, composed of amorphous phase or a mixture of non-
equilibrium €- and y-phases, have been plasma sprayed for
wear-resistant applications. These coatings retain a very high
hardness up to 1000 K, and the corrosion resistance of amor-
phous coatings is superior to SUS316L stainless steel coating
in H,SO,4 solution (Ref 13-15). Also, the alloy powders,
forming nonequilibrium phases through rapid solidification,
have been used as thermal spray materials for wear resistance
at high temperatures (Ref 16).

On the basis of prior work, it is expected that an amorphous
phase having a high decomposition temperature is available for
wear and corrosion resistance up to the crystallizing tempera-
ture. The present work was carried out to obtain amorphous
coatings of a high-carbon iron alloy having a composition simi-
lar to the iron-base amorphous alloy crystallizing at an ex-
tremely high temperature reported by Inoue et al. (Ref 17).
Three plasma spraying methods were performed, and charac-
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terization and the tempering behavior of the coatings were in-
vestigated.

2. Experimental Procedure

The iron alloy powder was produced by gas atomization
after melting electrolytic iron, graphite, and ferroalloys using
an induction furnace. The chemical composition of the alloy
powder (in wt%) is 16.9 Cr, 37.9 Mo, 3.95 C, 0.84 Si, bal Fe.
A small amount of silicon is added to prevent oxidation dur-
ing atomization. Alloy powders smaller than 45 pm diameter
were used for spraying in this study. The coatings were
sprayed onto mild steel by 80 kW low-pressure plasma spray-
ing (LPPS), 250 kW high-energy plasma spraying (HPS), and
40 kW conventional plasma spraying (APS) under the condi-
tions shown in Table 1. The coating thickness was 100 pm
only for the LPPS process and about 500 pm for the other

Table1 Plasma spraying conditions

LPPS

Atmosphere In chamber at 6500 Pa
Current, A 1200
Voltage, V 60
Spray distance, mm 300
HPS

Atmosphere In the air
Current, A 450
Voltage, V 430
Spray distance, mm 200
APS

Atmosphere In the air
Current. A 30
Voltage, V 600
Spray distance, mm 100
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Fig. 1 Optical micrographs of as-sprayed coatings. (a) LPPS. (b) HPS. (c) APS
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Fig.2 Change in content of alloying element by plasma spraying

three processes. The coatings were heated in vacuum at various
temperatures up to 1273 K for 1 h.

The characteristics of the coatings were investigated by
means of x-ray diffraction (XRD) (Fe-Ko radiation), micro-
hardness test (30 tests per specimen with a 50 g load), optical mi-
croscopy, scanning electron microscopy (SEM), and
transmission electron microscopy (TEM). Also, the macro-
scopic crystallization behavior of the amorphous phase in the
coatings was examined by means of differential thermal analy-
sis (DTA) at a heating rate of 20 K/min.

The coatings were also evaluated from the anodic polariza-
tion curves using a potentiostat. Prior to the electrochemical
measurement, the coatings were polished with an alumina pow-
der up to 0.05 um and were masked with an acid-resistant lac-
quer to form an area of 1 cm?. The electrolyte used was
deaerated 1N H,;SOy4 solution at 303 K, and the opposite elec-
trode and reference electrode used were platinum and a satu-
rated calomel electrode (SCE), respectively. The
electrochemical measurement of the coatings was carried out by
scanning the corrosion potential to +1.1 V (versus SCE) at a
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Fig.3 X-ray diffraction patterns of as-sprayed coatings

scanning rate of 60 mV/min after stabilization at —0.7 V (versus
SCE) for 10 min.

3. Results and Discussion

3.1 Structure of As-Sprayed Coatings

Figure 1 shows the optical micrographs of the as-sprayed
coatings. Very thin oxide films can be seen; however, few pores
are visible in the LPPS coatings. Some pores and oxide films are
included in the coatings obtained by HPS, and significant pores
and oxide films exist in the APS coatings.

Chemical analysis of the coatings was carried out to investi-
gate the change in chemical composition for the three kinds of
plasma spraying processes (Fig. 2). The chemical composition
of the LPPS coating was not different from the feedstock pow-
der. The carbon content of the coatings by HPS and APS proc-
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Fig. 4 X-ray diffraction patterns of coatings tempered at various
temperatures

esses decreased considerably, and the molybdenum content in-
creased slightly as the result of the carbon decrease.

Figure 3 shows XRD patterns of the as-sprayed coatings.
Only a broad peak, i.c., a halo pattern, appears for the coatings
obtained by LPPS. It is noted that the peak position of the halo
patterns is different between the 100 pum thick and the 500 pm
thick coatings. On the other hand, some broad diffraction peaks
attributed to crystalline phases arise in addition to a halo pattern
for the coatings obtained by the HPS and APS processes. It is
seen that an amorphous coating is formed by the LPPS process
and a mixture of amorphous and crystalline phases by HPS and
APS processes. This may result from the difference of the cool-
ing rate and carbon content in the coatings between the LPPS
process and the other processes.

3.2 Decomposition of Amorphous Phase on
Tempering

X-ray diffraction was carried out to investigate the crystal-

lization of the amorphous coatings after heat treatment at differ-
ent temperatures for 1 h. Figure 4 shows the XRD patterns of the
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Fig. 6 Change in hardness as a function of tempering temperature.
Longitudinal bars at open circles show standard deviation of LPPS
coating.

100 um thick coating obtained by the LPPS process. It is seen
that the amorphous phase is retained on tempering up to 873 K,
and the peak position of the halo pattern shifts from 57 to 54°.
This change of the halo pattern also occurred on tempering at
473K.
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Fig.7 SEM images of coatings by LPPS process tempered at (a) 1073 K and (b) 1273 K

Fig. 8 Bright field images of coatings by LPPS process tempered at
{a) 1073 K and (b) 1273 K

The halo pattern of the LPPS coating tempered at 873 K is
very similar to that of the 500 um thick as-sprayed coating
shown in Fig. 3. It seems that the atomic configuration was
changed by tempering in excess of 473 K. The amorphous struc-
ture of the 500 um thick LPPS as-sprayed coating exhibited a
halo pattern centered on 54° may arise from heating induced
during thermal spraying. On tempering at 973 K, the amorphous
phase crystallizes and the diffraction peaks of x-phase, M33Cq,
and M¢C carbides appear. On tempering at 1073 and 1173 K,
these peaks become sharp. The amorphous phase in the HPS and
APS coatings also crystallizes at 973 K and forms a mixture of
%-phase, M13Cq and MgC carbides.

Figure 5 shows DTA curves of the coatings. The exothermic
peaks attributed to crystallization of the amorphous phases are
seen in the range of about 920 to 1050 K. The exothermic peaks
of HPS and APS are low compared with that of the LPPS coat-
ing because of a smaller volume fraction of the amorphous
phase. The amorphous phase in the coatings crystallizes at a
temperature of 920 K. This temperature is higher by about 160
K than that of the amorphous phase of the Fe-Cr-Mo-C alloy
coating (Ref 15).
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3.3 Hardness

Figure 6 shows the effect of tempering on coating hardness.
All the as-sprayed coatings exhibit a very high hardness of 1000
to 1100 DPN. The hardness is not changed significantly by tem-
pering up to 873 K. The coating hardnesses begin to rise on tem-
pering at 973 K because of crystallization of amorphous phase,
then reached a maximum hardness of 1200 to 1400 DPN when
tempered at 1073 K. The hardness of the LPPS coating is higher
than the HPS and APS coatings over the crystallization tempera-
ture. The difference is mainly attributable to the difference of a
volume fraction of the amorphous phase and carbon content in
the as-sprayed coatings. The hardness decreases on tempering
over 1100 K and reaches 1200 to 1300 DPN after being tem-
pered at 1173 and 1273 K.

Scanning electron micrographs of the LPPS coating tem-
pered at 1073 and 1273 K are shown in Fig. 7(a) and (b), respec-
tively. The coating showing a peak hardness of 1450 DPN
reveals a fine structure of (-phase, M53Cg and M¢C. The coating
tempered at 1273 K reveals a coarsened structure compared with
the structure showing the peak hardness. Figure 8 shows TEM
bright field images of the LPPS coatings tempered at 1073 K
(Fig. 8a) and 1273 K (Fig. 8b). Fine equiaxed grains smaller than
0.1 um in diameter are seen in the coating tempered at 1073 K,
as also exhibited by the coating tempered at 1273 K. This nanos-
tructure is formed by crystallization and remains after tempering
at 1273 K. Consequently, this amorphous coating exhibits ahigh
hardness at high temperature due to high crystallization tem-
perature and formation of a nanostructure composed of hard -
phase and carbides at high temperature. It is expected that the
amorphous coating is suitable as a wear-resistant coating athigh
temperature.

3.4 Electrochemical Properties

Anodic polarization curves of the as-sprayed and tempered
coatings were measured in deaerated 1N H,SO, solution at 303
K (Fig. 9). The 18-8 stainless steel (JIS-SUS316L) coating is
also shown for comparison purposes. The anodic polarization
curves of all the coatings exhibit an activation-passivation tran-
sition. The corrosion potential of the LPPS coatings is the high-
est of these coatings. The difference of corrosion potential
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Fig.9 Anodic polarization curves of as-sprayed coatings

among LPPS, HPS, and APS coatings may be attributable to the
presence of crystal phases and the occurrence of oxide films in
the coatings. The current density of the LPPS coating is the low-
est of the three coatings in the measured potential range. There-
fore, the corrosion resistance of the LPPS coating is the best of
the three coatings. When compared with the SUS3 16L stainless
steel coating, the LPPS coating exhibits higher corrosion poten-
tial and lower passivation current density in the active state. In
the passive state, the current density of SUS316L stainless steel
coating is unchanged, but that of the LPPS coating increases
with increasing potential. Accordingly, the LPPS coating is
readily passivated, but its passive state is unstable compared
with the SUS316L stainless steel coating.

Figure 10 shows the anodic polarization curves of the
LPPS coating in H,SO4 solution before and after crystal-
lization. The crystallized coatings reveal a low corrosion po-
tential and high current densities compared with the
as-sprayed amorphous coating. This deterioration of the cor-
rosion resistance may be attributable to the existence of crys-
tals as second phases.

4. Conclusions

Alloy powders of Fe-17Cr-38Mo-4C were plasma sprayed
by 80 kW low-pressure plasma spraying, 250 kW high-energy
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Fig. 10 Anodic polanzation curves of coatings obtained by LPPS

plasma spraying, and 40 kW conventional plasma spraying. The
tempering behavior and electrochemical character of the coat-
ings were investigated. The results obtained are summarized as
follows:

e Anamorphous coating is obtained by the LPPS process and
a mixture of amorphous and crystalline phases is formed by
the HPS and APS processes. The as-sprayed coatings show
a high hardness of over 1000 DPN.

e  The amorphous phase in the coating crystallizes at about
920 K. The coating obtained by the LPPS process shows a
hardness of 1450 DPN just after crystallization and retinas
ahardness >1300 DPN after tempering at 1273 K. This high
hardness is attributable to a very fine structure composed of
hard x-phase and carbides.

e  The corrosion resistance of the as-sprayed amorphous coat-
ing obtained by LPPS is the best of the three coatings and
superior or comparable to the SUS316L stainless steel coat-
ing. The amorphous coating is easily passivated, but the
passive state is unstable compared with SUS316L stainless
steel coating in H2SO4 solution.

This amorphous coating is expected to have good wear resis-
tance and corrosion resistance up to the crystallization tempera-
ture of 920 K.
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