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Characterization of Plasma Sprayed

Fe-10Cr-10Mo-(C,B) Amorphous Coatings

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

Alloys of Fe-10Cr-10Mo containing a large amount of carbon and/or boron were plasma sprayed by low-
pressure plasma spraying (LPPS) and high-energy plasma spraying (HPS). The as-sprayed coatings ob-
tained by the LPPS process are composed of only an amorphous phase, while as-sprayed coatings
obtained by the HPS process are a mixture of amorphous and crystalline phases. The amorphous phase
in these coatings crystallizes on tempering at about 773 to 873 K, and the crystallization temperatures de-
pend on the content of carbon and boron. Thermal stability of the amorphous phase containing boron is
higher than those phases containing carbon,

A very fine mixed structure of ferrite and carbide, borocarbide, or boride is formed by decomposition of
the amorphous phase, bringing about a hardness of 1200 to 1400 DPN (Vickers hardness). The coatings
containing carbon retain a hardness of more than 1000 DPN, even on tempering at temperatures of 1073
K or higher. The anodic polarization behavior of the coatings exhibits an activation-passivation transi-
tion in 1 N H2SOy4 solution. The active and passive current densities of the as-sprayed amorphous and
tempered crystalline coatings containing carbon is lower than the coatings containing boron. The corro-
sion resistance of the as-sprayed and crystallized coatings containing carbon is superior to a SUS316L

stainless steel coating.

1. Introduction

IT 1S KNOWN that nonequilibrium phases such as amorphous
phases (Ref 1, 2), w-phase (A13 structure, B-Mn type) (Ref 3, 4),
X-phase (A12, a-Mn type) (Ref 5, 6), e-phase (A3, hcp) (Ref 7,
8). and y-phase (A1, fcc) (Ref 9, 10) are formed in rapidly solidi-
fied high-carbon iron alloys. The authors have investigated the
formation and tempering behavior of the nonequilibrium
phases in rapidly solidified ribbon of high-carbon iron alloys
containing chromium and molybdenum (Ref 11, 12). The
nonequilibrium phases showed a high hardness just after de-
composition and retained a high hardness up to high tempera-
tures (Ref 2, 4, 12).

The high-carbon iron alloys composed of the nonequilibrium
crystalline € and y phases were also applied as plasma spray
coatings. The coatings retained a high hardness (1100 DPN, or
HV) after tempering at temperatures up to 1000 K; just as in the
case of rapidly solidified ribbons (Ref 13, 14). The alloy pow-
ders have been put into practical use as thermal spray materials
for wear resistance at high temperatures (Ref 15). The hardness
at high temperatures was attributed to the formation of a large
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Table 1 Chemical composition of powders

amount of very fine carbides by decomposition of the nonequili-
brium phases. Therefore, the amorphous coatings may possess
greater hardness properties at high temperatures than the non-
equilibrium crystalline coating due to a larger amount of solute
elements compared with the nonequilibrium crystalline phases.
Also, it is well known that amorphous metal-metalloid alloys
have outstanding corrosion resistance. However, there have
been no reports on the corrosion resistance of an amorphous
metal-metalloid alloy coating prepared by thermal spraying.

On the basis of such experimental results, the present work
was carried out to obtain amorphous coatings of iron alloys con-
taining chromium and molybdenum with carbon and/or boron
by use of plasma spraying and to investigate its tempering be-
havior and corrosion resistance.

2. Experimental Procedure

The iron alloy powders were made by a gas atomization
method after melting electrolytic iron, graphite, and ferroalloys
by using an induction furnace. The chemical compositions of the
alloy powders are shown in Table 1.The alloy powders less than
45 um diameter were used for spraying in this study. The iron al-
loys have a base composition of 10 wt% Cr and 10 wt% Mo and
carbon and/or boron as alloy additions. A small amount of sili-
con is added to prevent oxidation during powder production. Al-
loys A, B, and C contain carbon, carbon and boron, and boron,

Composition, wt%

Alloy Cr Mo
A 8.37 10.0
B 101 100
C 101 941

(a) This code refers to the approximate carbon and boron concentrations

C B Si Fe Remarks(a)
4.39 096 bal 4C
208 112 0.73 bal 2C-1B

393 0.73 bal 4B
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respectively. The coatings of about 500 pm thick were ob-
tained on mild steel by using an 80 kW low-pressure plasma
spraying (LPPS) and 250 kW high-energy plasma spraying
(HPS) under the conditions shown in Table 2. The coatings
were heated in vacuum at various temperatures up to 1173 K
for 1 h.

The characteristics and structures of the coatings were inves-
tigated by means of X-ray diffraction (Fe-ka radiation), micro-
hardness test (30 tests per specimen with a 50 g load) and
scanning electron microscopy (SEM). Crystallization behavior
of the amorphous phase in the coatings was examined by means
of differential thermal analysis (DTA) at a heating rate of 20
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K/min. The corrosion resistance of the coatings was evaluated
by the anodic polarization curve, which was carried out by use
of a potentiostat. Prior to the electrochemical measurement, the
coatings were polished with an alumina powder up to 0.05 pm
and were masked with an acid-resistant lacquer to form an area
of I cm?. The electrolyte used was deaerated 1 N H,SOy4 solution
at 303 K, and the opposite electrode and reference electrode
used were platinum and a saturated calomel electrode, respec-
tively. The electrochemical measurement was carried out by
scanning the corrosion potential to +1.1 V (versus SCE) with a
scanning rate of 60 mV/min after keeping at -0.7 V (versus
SCE) for 10 min.
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Fig. 1 Optical micrographs of as-sprayed coatings of alloy A. (a) LPPS (b) HPS
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Fig.2 X-ray diffraction patterns of as-sprayed coatings
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Fig.3 X-ray diffraction patterns of coatings tempered at 773 K
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3. Results and Discussion

3.1 Structure of the As-Sprayed Coatings

The structures of the coatings sprayed by LPPS and HPS
processes are shown in Fig. 1. Very thin oxide films are visible,
but pores are rarely observed in the coatings sprayed by LPPS.
On the other hand, some pores and oxide layers existin the coat-
ings obtained by the HPS process.

The chemical compositions of the as-sprayed coatings are
shown in Table 3. The content of chromium, molybdenum, and
silicon are virtually unchanged by the plasma spraying process
regardless of the LPPS and HPS processes. However, the con-
tent of carbon and boron are appreciably reduced by the HPS
process.

Figure 2 shows the XRD patterns of the as-sprayed coatings.
Only a broad peak, that is, halo pattern, centered on 56 to 57° is
observed for the coatings obtained by LPPS. On the other hand,

Table2 Plasma spraying conditions

LPPS
Atmosphere In chamber at 6500 Pa
Currrent, A 1200
Voltage, V 60
Spray distance, mm 300
HPS
Atmosphere In the air
Current, A 450
Voltage, V 430
Spray distance, mm 200
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Fig. 4 X-ray diffraction patterns of coatings tempered at 873 K
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broad diffraction peaks attributed to crystalline phases are ob-
served for the coatings obtained by HPS. It is inferred from the
diffraction patterns that perfect amorphous coatings are ob-
tained by the LPPS process and mixtures of amorphous and
crystalline phases are formed in coatings obtained by HPS for
the three alloys. This difference may result from the difference
of the cooling rate between the LPPS and HPS processes and the
loss of metalloid elements during HPS.

3.2 Decomposition of the Amorphous Phase by
Tempering

X-ray diffraction analysis was carried out to investigate the
phases in the amorphous coatings after heat treatment at various
temperatures for 1 h. Halo patterns are observed in the diffrac-
tion patterns of the amorphous coatings obtained by LPPS even
after tempering up to 673 K. On tempering at 773 K, alloy C still
retains an amorphous phase and alloy B begins to crystallize, as
seen from Fig. 3. However, alloy A crystallizes to form ferrite
and M,3C¢ carbide when tempered at this temperature.

Figure 4 shows the diffraction patterns of the coatings tem-
pered at 873 K. Adiffraction peak of M¢C carbide appears in ad-
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Fig.5 X-ray diffraction patterns of coatings tempered at 973 K
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dition to ferrite and M>3Cq in alloy A and the peaks of ferrite and
M,3(C,B)g borocarbide appear in alloy B, similarly to the dif-
fraction patterns of alloy A tempered at 773 K. The amorphous
phase of alloy C decomposes around this temperature and forms
ferrite, a-Mn type -phase, and (Fe,Cr);3Mo0,B5 boride.

On tempering at 973 K (Fig. 5), a peak of Mg(C,B) borocar-
bide appears in addition to ferrite and M»3(C,B)¢ for alloy B; a
similar peak appears for the coating of alloy A tempered at 873
K. Itis seen that MgB phase begins to form with decomposition
of x-phase and (Fe,Cr);3Mo;B5 phase in the coating of alloy C
tempered at 973 K. As shown in Fig. 6, the peaks of ferrite,
M23Cg0r M13(C,B)g, MC or Me(C,B) become sharp on temper-
ing at 1073 K in alloy A and alloy B. In alloy C, ferrite and M¢B
remain after tempering at 1073 K.

On the basis of XRD results, the phases in the coatings are
summarized in Table 4. Itis clear that on tempering at 773 K, the
amorphous phase in the coatings crystallizes in alloy A, begins
to crystallize in alloy B, and is still retained in alloy C. Figure 7
shows DTA curves for the coatings. The exothermic peaks of
HPS are rather low compared with that of the LPPS peaks be-
cause of.the small volume fraction of the amorphous phase com-
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Fig. 6 X-ray diffraction patterns of coatings tempered at 1073 K
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pared with that of the LPPS material. The beginning temperature
of the first exothermic peak, which is attributable to crystal-
lization of the amorphous phase, is seen in the temperature range
of about 760 to 820 K for the three coatings. The crystallization
temperature of the amorphous phase in the coatings shifts to
higher temperature in the order of alloy A, B, C. On tempering at
1073 K, the phases in the coatings are composed of ferrite and
carbides, borocarbides, or borides. The volume fraction of car-
bides, borocarbides, or borides decreases and the volume frac-
tion of ferrite increases in the order of alloy A, B, C, as seen from
Fig. 6.

T I 1 ' T r L) ' L
LPPS 20 K/min
—————— HPS
:
_]
"
© ':k
e r/_/,,,_,/“’f: _'//\\‘*—-__~
(oY P
e [}
4> /'___/ \‘
o [ e =T \-_,,\\
o A (4C) AR

-~ -
-

"B (26-18)

L e

- -

-
-

L | | | | | L | \
600 700 800 900 1000 1100
Temperature (K)

Fig.7 Differennal thermal analysis curves during heating at a rate of
20 K/min

Journal of Thermal Spray Technology



3.3 Hardness of the Coatings

Figure 8 shows the effect of tempering on the hardness in the
coalings obtained by LPPS. All the as-sprayed coatings revealed
a high hardness of around 800 to 900 DPN. The hardness is un-
changed by tempering up to 673 K. The hardness of all the coat-
ings begins to increase at 773 K and reaches a peak hardness of
about 1400 DPN in alloy A and B on tempering at 873 K. The
hardness of alloy C, which exhibited a high crystallization tem-
perature compared with alloy A and B, reaches a peak hardness
of about 1300 DPN on tempering at 973 K. It is found that the
peak hardness is attained by tempering at a temperature just over
the crystallization temperature. The hardness of alloy A and B,
however, retains a high hardness of more than 1000 DPN even
on tempering at 1173 K. The hardness of alloy C appreciably de-
creases on tempering at 1073 K or above. Accordingly, it seems
that the degradation of hardness predominantly increases with

Table3 Chemical composition of coatings

———————

decreasing volume fraction of carbides, borocarbides, or
borides. It is important to increase the crystallization tempera-
ture of the amorphous phase to achieve a high hardness at a
higher temperature, but the addition of boron degrades the hard-
ness on tempering at temperatures of 1073 K.

Figure 9 shows the effect of tempering on the hardness in the
coatings obtained by HPS. The hardness of all the coatings is
nearly constant up to 673 K and reaches a peak hardness at 873
K0 973 K, and then decreases with tempering temperature; just
asin the case of the coatings produced by the LPPS process. The
hardness of HPS coatings tempered above the crystallization
termperature is lower than that of LPPS coatings. However, even
the hardness of the coatings of alloy A processed by HPS re-
vealed a hardness of 1000 DPN or greater after tempering at
1173 K. The difference of the hardness between LPPS and HPS
coatings is attributed mainly to the difference of a volume frac-
tion of amorphous phase.

Composition, wt %

Alloy Cr Mo C B Si Fe Remarks
A(4C) 834 10.1 434 1.02 bal LPPS
8.26 10.2 351 0.92 bal HPS
B(2C-1B) 9.92 10.6 204 0.92 0.78 bal LPPS
9.96 104 1.96 0.81 0.72 bal HPS
C(4B) 9.52 10.0 . 3.30 0.78 bal LPPS
9.86 9.94 2.97 0.74 bal HPS
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Fig. 8 Change in hardness as a function of tempering temperature
(LPPS)
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Figure 10 shows SEM pictures of LPPS coatings tempered at
various temperatures. The coatings, which reached a peak hard-
ness of 1300 to 1400 DPN, reveal a fine structure of ferrite
and/or y-phase and carbides, borocarbides, or borides, as
shown in Fig. 10(a), (c), and (e). The enhancement of hard-
ness is attributed to the crystallization of the amorphous
phase bringing about a fine structure and a large volume frac-
tion of carbides, borides, or borocarbides. The coatings tem-
pered at 1073 K reveal a coarsened structure compared with
those showing the peak hardness, as shown in Fig. 10(b), (d),
and (f).

3.4 Polarization Curves of the Coatings

Anodic polarization curves of the as-sprayed coatings and
subsequently tempered coatings were measured in deaerated 1
N H,S804 solution at 303 K. Figure 11 shows the anodic polari-
zation curves of the as-sprayed coatings obtained by LPPS. An
18-8 austenite stainless steel (JIS-SUS316L) coating is also em-
ployed for comparison purposes. The anodic polarization curves
of all the coatings exhibit activation-passivation transitions. The
coating of alloy A shows the highest corrosion potential and the
lowest active and passive current densities. The coating of alloy

Fig. 10 SEM images of coatings obtained by LPPS at various temperatures (a) and (b) Alloy A (c) and (d) Alloy B (e)and () Alloy C. (a), (c), and (e)

Peak hardness. (b), (d), and () Tempered at 1073 K
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C reveals the lowest corrosion potential, and the highest active
and passive current densities among these coatings. The anodic
polarization curve of alloy B lies between those of alloy A and
alloy C. Accordingly, it is found that the addition of carbon is
better than boron for corrosion resistance. It is noteworthy that
the corrosion resistance of the as-sprayed amorphous coating of
alloy A is superior to the SUS316L stainless steel coating.
Figure 12 shows the anodic polarization curves of the as-
sprayed coatings obtained by HPS. The three coatings exhibit
similar behavior. The active and passive current densities of the
HPS coating of alloy A is considerably high compared with the
LPPS coating. This deterioration of the corrosion resistance

Table4 Phases in coatings

B —

may be due to the existence of crystal phases and oxide as sec-
ond phases.

Figures 13 through 15 show the effect of tempering on the an-
odic polarization curves of the LPPS amorphous coatings. The
anodic polarization curves of the coatings tempered at 873 and
1073 K reveal two active states, and active and passive current
densities of all the crystallized coatings is higher than those of
the as-sprayed coatings. The anodic polarization curves of the
coatings of alloy B tempered at 873 and 1073 K exhibit appre-
ciably high current density compared with that of the alloy A
coatings. The anodic polarization curve of the alloy C coating
tempered at 1073 K exhibits higher current density than that of

Tempering Temperature
temperature As-sprayed 773K 873K 973K 1073K Remarks
AMC Amorphous o, M23Cs . M23Ce,MsC 0, M23C6, MeC o, M23Ce, MsC LPPS
Amorphous, o, M23Ce o, M23Cs, M6C o, M23Ce, MsC o, M23Ce, M6C HPS
crystalline
B(2C-1B) Amorphous Amorphous, a, M23(C,B)s 0, M23(C,B)s, M6 (C,B) &, M23(C,B)e, M6(C.B) LPPS
crystalline
Amorphous, Amorphous, o, M23(C.B)e o, M23(C,B)s, Mg (C,B) @, M23(C,B)s, Mo(C.B) HPS
crystalline crystalline
C(4B) Amorphous Amorphous a, Y, (Fe,Cr);3Moz2Bs o, %, (Fe.Cr);3Mo2Bs, M¢B o MeB LPPS
Amorphous, Amorphous, o, %, (Fe.Cr)13Mo2Bs  «, %, (Fe,Cr)13Mo2Bs, MgB o, MgB HPS
crystalline crystalline
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Fig. 11  Anodic polarization curves of as-sprayed coatings (LPPS)
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Fig. 12 Anodic polarization curves of as-sprayed coatings (HPS)
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Fig. 13 Anodic polarization curves of coatings of alloy A(4C)

the coating of alloy B. Itis found that the corrosion resistance of
the LPPS coating of alloy A is the best among the tempered coat-
ings and superior to the SUS316L stainless steel coating. Also,
the addition of carbon is more conducive to corrosion resistance
in 1 N H,SO, solution than the addition of boron, even in tem-
pered coatings having the equilibrium phases.

4. Conclusions

Alloy powders of Fe-10Cr-10Mo containing a large amount
of carbon and/or boron were plasma sprayed by LPPS and HPS
processes. Tempering behavior and corrosion resistance of the
coatings were investigated. The results are summarized as fol-
lows:

*  Anamorphous coating is obtained in the iron alloys by the
LPPS process and a mixture of amorphous and crystalline
phases is formed in the coatings of the alloys by the HPS
process. The as-sprayed amorphous coatings show a high
hardness of around 900 DPN.

e The amorphous phase decomposes at 773 to 873 K depend-
ing on the composition of the alloys. The LPPS coatings
show a high hardness of about 1400 DPN due to a large vol-
ume fraction of very fine carbides, borocarbides, or borides
resulting from decomposition of the amorphous phase.

152—Volume 5(2) June 1996
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Fig. 14 Anodic polanization curves of coatings of alloy B(2C-1B)

¢  The addition of carbon allows retention of a higher hard-

ness on tempering at high temperatures of 1073 K orabove,
compared with boron, because of the smaller volume frac-
tion of ferrite in the coatings with carbon than the coatings
with boron.

e The addition of boron deteriorates the corrosion resistance
in H2SO4 solution of both the as-sprayed amorphous and
tempered crystalline coatings compared with carbon. The
corrosion resistance of as-sprayed amorphous and tem-
pered crystalline coatings of alloy A(4C) is superior to a
SUS316L stainless steel coating in H2SO4 solution.
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