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1. Introduction

Nickel-base self-fluxing alloys for thermal spraying contain
nickel, chromium, boron, and silicon. Chromium and boron are
effective in increasing the hardness. Boron and silicon depress
the melting temperature and enhance wettability by combining
with oxides. The coatings have no pores and adhere well to the
substrate after the fusing process and are used widely for com-
ponents requiring wear and corrosion resistance.

Although the mechanical[1–7] and chemical[2,7–9] properties of
nickel-base self-fluxing alloy coatings are well known, the con-
stituents of the metallographic structure have not been fully an-
alyzed. Bell[10] reported at first that the constituents of the coating
were carbides, chromium borides, a solid solution, and a eutec-
tic phase. After that, it was reported that (chromium, molybde-
num) carbide and (chromium, molybdenum) boride,[2] Ni3B and
chromium carbides,[4] and chromium carbide and chromium
boride[11,12) were present in the nickel matrix of the coating. In
these works, the phases in the coating were determined from the
results of composition analyses by electron probe microanalysis
(EPMA), but the species of the carbides and borides were not
identified.

Spridonov et al.[13] and Panin et al.[14] examined the structure
and phases in the coatings metallographically and crystallo-
graphically. Spridonov reported that nickel, Cr7C3, CrB, Ni3B,
and Ni5Si2 phases were in a coating remelted by a gas torch or a
laser beam. Panin indicated that the as-sprayed coating was com-
posed of a face-centered cubic nickel solid solution containing
chromium, carbon, Ni3B, CrN, CrB, Fe3Al, and SiO2.

Thus, the identification of the constituents appearing in
nickel-base self-fluxing alloy coatings is not sufficient, and, as

well, there is no correspondence between the constituents and
the microstructure of the coatings.

In this study, the structure of the nickel-base self-fluxing
alloy coating after fusing was investigated by scanning electron
microscopy (SEM), EPMA, transmission electron microscopy
(TEM), and x-ray diffractometry (XRD). The constituents re-
vealed in the coating were all identified and related to the micro-
structure.

2. Experimental Procedure

Nickel-base, self-fluxing alloys are classified by the hardness
depending on the quantity of chromium and boron. A self-flux-
ing alloy of high chromium and boron content was investigated
in this study. The alloy corresponds to JIS-MSFNi4, as shown in
Table 1.[15] The alloy powder was sprayed onto a mild steel plate
by means of a 40 kW plasma spraying apparatus under the con-
ditions of 600 A, 26 V, and 100 mm spray distance. The coating
thickness was about 500 µm. Subsequently, the coating was heat
treated at 1323 K for 300 s in air for fusing. Some specimens
were heat treated at 1323 K for 18 ks to create a coarse structure.

The specimen for TEM was prepared by means of an ion
milling method at 5 kV at a tilting angle of 10° for the argon ion
dual beam. Phases revealed in the coating were also examined by
electron beam diffraction.

3. Results and Discussion

3.1 Structure and Constituents in Coating

Figure 1 shows backscattered electron (BSE) images of the
alloy coating. It can be seen from Fig. 1(a) that a fine structure
without pores forms in the as-sprayed condition. Rodlike crystals
of dark image and a bright image matrix are observed after fusing,
as shown in Fig. 1(b). Fig. 2 shows the BSE and SEM images of
the same area of the coating, which was heat treated at 1323 K
for 18 ks to coarsen the structure. There are two types of rodlike
crystals of dark and gray images in addition to lumpy crystals of
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light image (Fig. 2a). It is difficult to distinguish the lumpy crys-
tals from the matrix in the BSE image because the contrast of the
crystals to the matrix is diffuse. To better demark the lumpy crys-
tals, the same area was deeply etched by aqua regia and observed
using SEM. The lumpy crystals are clearly seen as indicated by ar-
rows in the SEM image (Fig. 2b). Figure 3 shows a SEM image
of the matrix after a light etch. It is also clear from Figure 3 that

the matrix exhibits eutectic structure. This eutectic is considered
to be Ni-Ni3B eutectic from the nickel-boron phase diagram.[16]

Thus, the coating structure after fusion is composed of lumpy
crystals, two types of rodlike crystals, and Ni-Ni3B eutectic.
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Fig. 1 BSE images of coating: (a) as-sprayed and (b) after fusing.

Fig. 2 Microstructure of coating heat treated at 1323 K for 18 ks: 
(a) BSE and (b) SEM image of same area as (a) after deep etching.

Fig. 3 SEM image of caoting heat treated at 1323 K for 18 ks.

Table 1 Chemical composition of powder (mass%)

Element Composition, wt.%

Ni Bal
Cr 16.6
B 3.9
C 0.6
Si 4.1
Fe 2.4
Mo 4.0



3.2 Lumpy Crystal

Line analysis by EPMA was performed to examine the ele-
ments contained in the lumpy crystal. Figure 4 shows that the
lumpy crystal contains molybdenum, chromium, nickel, and car-
bon, but no boron, suggesting that the lumpy crystal is a carbide
containing the transition metals. Figure 5(a) shows a bright-field
image of a lumpy crystal by TEM observation. Figure 5(b) shows
a selected area diffraction pattern of the lumpy crystal. The dif-
fraction pattern indicates that the crystal has a cubic structure with
a lattice constant of approximately 1.08 nm. It is clear from the re-
sults of EPMA and TEM analyses that the lumpy crystal is of M6C
carbide, where M contains molybdenum, chromium, and nickel.

3.3 Rodlike Crystals

Figure 6 shows the x-ray intensity profiles obtained by
EPMA for two types of rodlike crystals. Figure 6(a) and (b) cor-
respond to the rodlike crystals of dark and gray contrast, respec-
tively, in the BSE image shown in Figure 2(a). It is shown that
the crystal of dark contrast has chromium, molybdenum, and
boron, while the other crystal of gray contrast contains mainly
chromium and carbon with minute amounts of molybdenum and
nickel. Therefore, the crystal of dark image corresponds to a

chromium boride containing molybdenum, and the other crystal
of gray contrast is a chromium carbide.

Transmission electron microscopy observation was carried
out to distinguish further detail. Figure 7 shows a bright-field
image and the diffraction patterns obtained from the coating. The
microstructure consists of three types of crystals labeled “b”
through “d.” The diffraction pattern shown in Fig. 7(b) was ob-
tained from the crystal labeled b in Fig. 7(a). It was found that
the crystal labeled “b” is of Ni3B with an orthorhombic structure
(a = 0.53, b = 0.66, and c = 0.44 nm). The region labeled “d” is
a nickel solid solution with an ordered structure (a = 0.35 nm),
which is described in the following section. The diffraction pat-
tern shown in Fig. 7(c) was taken from the rodlike crystal labeled
“c” in Fig. 7(a). It is clear from analysis of the diffraction pattern
that the crystal is of M3B2 boride with a tetragonal structure (a =
0.58 and b = 0.31 nm), corresponding to the rodlike crystal with
dark contrast in the BSE (Fig. 2a) image. The chromium carbide
(Fig. 6b) is regarded to be M7C3 or M23C6 because the ratio of
metal to carbon fraction in the carbide is relatively large com-
pared with that of metal to boron fraction in the M3B2, as ex-
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Fig. 4 X-ray intensity profiles across a lumpy crystal.
Fig. 5 TEM image of a lumpy crystal in coating: (a) bright-field image
and (b) diffraction pattern.
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Fig. 6 X-ray intensity profiles across two kinds of rod like crystals: (a) dark image in Fig. 2(a) and (b) gray image in Fig. 2 (a).

(a) (b)

pected from the image contrast of BSE (Fig. 2a). Figure 8(a)
shows a bright-field image of the rodlike crystal, which is
viewed along the longitudinal direction of the crystal. A selected
area diffraction pattern of the crystal exhibits a sixfold symme-
try (Fig. 8b and c), indicating that the crystal is of a hexagonal
structure with a lattice constant of a = 1.41 nm. It is apparent
from the trace analysis that the habit planes are parallel to {10
0}; the crystal is surrounded by the six habit planes. From these
results, it is concluded that the rodlike crystal of the gray image
in the BSE (Fig. 2a) image is of M7C3 carbide, which consists
mainly of chromium and a small amount of nickel and molyb-
denum (Fig. 6b). Thus, the coating is composed of M6C, M3B2,
and M7C3 in addition to nickel and Ni3B phases as a eutectic.

3.4 Nickel Phase

The nickel phase in the alloy is of eutectic, as shown in Fig.
7(a), by the label of “d.” It is seen that the diffraction patterns of
the nickel phase taken from the coating exhibit weak spots in ad-
dition to the fundamental spots. The fundamental spots corre-
spond to a disordered nickel solid solution with an A1 type
structure. The weak spots are extra reflections from an ordered
structure with the L12 lattice. It was found by energy dispersive
x-ray analysis that the nickel phase of the coating has an atomic
ratio of Ni;Fe;Cr;Si = 76;11;6;7, where the atomic ratio of Ni
to X is 3 to 1 (X = iron, chromium, and silicon). Therefore, the
nickel and X atoms (X = iron, chromium, and silicon) may oc-
cupy the sites of copper and gold atoms, respectively, in the or-

1

dered Cu3Au prototype. Fig. 9 shows a dark-field image of the
nickel phase obtained by (110) reflection of the L12 phase in the
coating. It is seen that the fine spheroidal precipitates of the L12

type structure are dispersed and coherent with the matrix of the
nickel solid solution. It was found that the nickel phase in the
coating is accompanied with a fine dispersion of L12 phase pre-
cipitates.

As mentioned previously, the structure of the coating consists
of several phases. To confirm the revealed constituents, an XRD
pattern taken from the coating is shown in Fig. 10. All peaks re-
vealed in the XRD correspond to nickel, Ni3B, M6C, M3B2, and
M7C3 phases. Table 2 summarizes the lattice constants of the re-
vealed phases, which are determined from the peak position. The
Ni3B phase crystallizes as a eutectic with the nickel solid solu-
tion, and the lattice constants are consistent with those reported
by Shapiro and Ford.[17] Kuzma et al.[18] reported that (Mo,
Cr)3B2 boride with a tetragonal structure forms in the Mo-Cr-B
ternary system, where the boride has a composition of 29 to 40
at.% Mo, 31 to 20 at.% Cr, and 40 at.% B and the lattice constants
of a = 0.583 to 0.577 nm and c = 0.312 to 0.308 nm. The M3B2

phase appears even in the nickel-base self-fluxing alloy coating,
and the boride has a relatively lower value in the range of the
previously mentioned lattice constants. The authors reported that
M3B2 boride forms and is accompanied with M23B6 in an iron-
base alloy with a composition of 10 wt.% Cr, 10 wt.% Mo, and
3.4 wt.% B.[19]. With increasing carbon and decreasing boron in
the iron-base alloy containing carbon and boron, the M3B2 boride
diminishes and M6C carbide becomes predominant, coexisting
with the M23B6 or M23C6 type phase. Thus, the M3B2 and M6C
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Fig. 7 TEM images of coating: (a) bright-field image, (b) diffraction pattern of crystal indicated by b in Fig.7(a), (c) diffraction pattern of rodlike
crystal indicated by c in Fig. 7 (a), and (d) diffraction pattern of crystal indicated by d in Fig. 7(a).

type phases appear together in the iron-base alloy containing
chromium, molybdenum, carbon, and boron. Formation of the
boride of M3B2 and the carbide of M6C in the nickel-base alloy
coating is similar to that in the iron-base alloy, although the
M23(C, B)6 is not present. The M7C3 carbide, in turn, appears in
the nickel-base, self-fluxing alloy coating. This can be attributed
to the higher content of chromium in the coating rather than the
iron-base alloy.

4. Conclusions
The structure and phases in commercial nickel-base, self-

fluxing alloy coating (JIS-MSFNi4) after fusing were investi-
gated in detail by means of SEM, EPMA, XRD, and TEM. The
results are summarized as follows.

• Lumpy crystals and two types of rodlike crystals in addition to
the Ni-Ni3B eutectic phase form in JIS-MSFNi4 alloy coating.
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Fig. 8 TEM images of coating: (a) bright-field image, (b) diffraction
pattern, and (c) indexed results.

Fig. 9 Dark-field image obtained by (110) reflection of Ll2 phase in
coating.

Fig. 10 XRD pattern of coating after fusing.

• The lumpy crystal is of M6C carbide containing chromium,
molybdenum, and nickel.

• Two types of rodlike crystals correspond to M3B2 boride of
tetragonal structure with chromium and molybdenum and

Table 2 Phases revealed in coating

Phase Structure Lattice constant, nm

Nickel (SS plus Ll2) Cubic a = 0.354
Ni3B Orthorhombic a = 0.528
. . . . . . b = 0.662
. . . . . . c = 0.439
M6C Cubic a = 1.077
M3B2 Tetragonal a = 0.578
. . . . . . c = 0.309
M7C3 Hexagonal a = 1.413
. . . . . . c = 0.460

M7C3 carbide of hexagonal structure with a large amount of
chromium.

• Extremely fine spheroidal precipitates of L12 structure are
extensively dispersed in a nickel phase of solid solution in
the MSFNi4 alloy coating.
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