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Abstract The directional structure of Ni60/high-aluminum
bronze composite coating was formed using induction
remelting and forced cooling. The microstructural evolu-
tion and the characteristics of interface growth were stud-
ied. The results showed that the remelted coating formed
metallurgical bonding with the substrate. The microstruc-
tures changed from plane crystal to dendrite, cellular
dendrite, fine cellular dendrite, and then to dendrite again
with the increase in the cooling rate. The crystal grew
along the heat flow direction and had (111) and (200)
preferred orientations when the cooling rate was
1.886 ml-min~"-mm 2. The plane crystal, dendrite and
cellular dendrite were mainly composed of compounds and
solid solutions with Ni, Fe and Cu, and they were sur-
rounded by strengthening phases composed of Cr, C and B.
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The grain boundary of directional structure coatings
showed the characteristic of regular eutectic growth, but
grain boundary of remelted coating presented characteristic
of divorced eutectic growth. The wear resistance of
directional structure coatings is better than that of remelted
coating.

Keywords Aluminum bronze composite coating;
Induction remelting; Directional structure; Grain
boundaries; Preferred orientation

1 Introduction

At present, the coatings with high hardness and wear
resistance are the research hot spots in the field of surface
engineering. Ni60 self-fluxing alloy powder has good
processing properties, corrosion resistance, oxidation
resistance and excellent wear resistance at both room and
high temperatures [1-3]. Hence, it is widely used as the
coating materials. However, due to complex specifications
of products in industries, the single coating cannot meet the
requirements of severe working conditions. To improve the
coating anti-wear properties, the researchers have added
various reinforcements to the matrix materials (such as
Ce0,, WC, Al,O3 and Cu,0) [4-7]. However, the addition
of the second strengthening phase usually causes the
uneven structure, the unreliable micro-interface between
the strengthening phase and matrix materials, and the stress
crack due to the interface micro-stress concentration [8, 9].
In order to overcome these problems, high-aluminum
bronze powder which has good anti-friction properties
[10, 11] was added to Ni60 alloy powder to prepare multi-
component composite coatings. The result showed that two
kinds of powders have good compatibility performance and


http://orcid.org/0000-0001-8265-5147
https://doi.org/10.1007/s12598-020-01563-6
www.editorialmanager.com/rmet
http://crossmark.crossref.org/dialog/?doi=10.1007/s12598-020-01563-6&amp;domain=pdf

The microstructural evolution and wear properties of Ni60/high-aluminum bronze composite 953

give full play to multi-component and multi-functional
performance [12].

It has been reported that directional microstructures can
control grain orientation to obtain columnar or single-
crystal organization, eliminate the transverse grain bound-
aries and improve the longitudinal mechanical properties
[13—16]. In order to further improve the fusion rate of multi-
component coatings and optimize the structure, the direc-
tional structure of Ni60/high-aluminum bronze composite
coating was prepared by the induction remelting and forced
cooling method, and the formation characteristics and
mechanism of the composite coatings were studied.

2 Experimental
2.1 Sample preparation

The S45C steel was employed as the substrate material
with the size of 100 mm x 100 mm x 13 mm. The feed-
stock powders were self-fluxing Ni60 alloy powder and
high-aluminum bronze alloy powder, and the two powders
were mixed with a weight ratio of 8:2. The chemical
compositions of two kinds of powders are given in
Tables 1 and 2.

The substrate material was roughened by using sand-
blast, and then the coatings with the thickness of ~ 0.7
mm were prefabricated by the supersonic plasma spraying
system (DH-2080), with the following parameters: spray-
ing distance of 125 mm, spraying voltage of 150 V,
spraying current of 315 A and feeding voltage of 10 V. The
primary gas was Ar, and the secondary gas was H,.

The as-sprayed coating was remelted by using high-
frequency induction heating equipment (SPG-30B) and
then was forced-cooled by using tap water to make it form
directional structure. The plane heating was adopted during
the induction remelting, and the distance between the coil
and the specimen surface was 3-4 mm with the heating
power of 3.2 kW and the frequency of 175 kHz. The
cooling rate was 0, 0943, 1415, 1886 and
2.358 ml-min~'-mm ™2, respectively.

2.2 Friction and wear testing

The friction and wear properties were tested using MMW-
1A friction tester with the revolution rate 50 r-min~' and

Table 1 Chemical composition of Ni60 alloy powder (wt%)

Cr B Si Fe C Ni

15.0-17.0 3.0-4.0 3.5-5.0 0-15.0 0.6-1.2 Bal.
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Table 2 Chemical composition of high-aluminum bronze powder

(Wt%)
Cu Al Mn Fe Co Ni
70.0-80.0 12.0-16.0 0.5-2.0 2.04.0 0.2-0.5 0.2-.5

the load of 50 and 150 N, respectively, for 10 min at room
temperature. The wear resistance of coatings was evaluated
by the wear weight loss of specimens using an analytical
balance.

2.3 Characterization methods

The microstructure of the coatings was observed by optical
microscope (OM, MEF3A). The surface morphology and
worn surface morphology were studied by scanning elec-
tron microscope (SEM, QuantaFEG450). Electron probe
micro-analysis (EPMA, EPMA-1600) was used to analyze
the distribution of elements. The phases were analyzed by
X-ray diffractometer (XRD, D/MAX2500 type PC).

3 Results and discussion
3.1 Microstructures

As presented in Fig. 1, the as-sprayed Ni60/high-aluminum
bronze coating forms typical lamellar structure with the
mechanical bonding at the coating interface. The
microstructures consist of flattened particles, unbelted
particles and defects such as oxides and pores.

The microstructures of composite coatings under
induction remelting and forced cooling are shown in Fig. 2.
It can be clearly observed that the white bright band formed
at the interface of the induction remelting coating and all of

Fig. 1 OM images of as-sprayed coating: a cross section and
b surface
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Fig. 2 OM images of coating cross section and surface under different cooling rates: al, a2 0 ml-min~"mm~2; b1, b2 0.943 ml-min~"-mm~2;

cl, ¢2 1.415 ml'min~"mm~2; d1, d2 1.886 ml-min~'‘mm~%; and el, €2 2.358 ml-min~'-mm 2

the coatings under different cooling rates, as shown in
Fig. 2al—el. The element contents of the white bright band
were analyzed by energy-dispersive spectroscopy (EDS),
as shown in Table 3. The results show that Fe, Ni, Cr and
Cu are all enriched in white bright band of both coatings. It
indicates that elements of the coating and substrate under
high temperature completely diffused in the remelting
process, which could reduce or eliminate the cracks. The
diffusion layer is obvious and the metallurgical bonding
can be observed, signifying an enhanced interfacial adhe-
sion compared with the as-sprayed coatings [17].

It also can be concluded that from EDS results the
content of Fe is higher near the interface of remelted
coating than that of directional structure coating due to that
the skin effect [18] of the simple remelting process makes
the interface maintain a higher temperature and establishes
a positive temperature gradient from the interface to the
coating surface, and there is a sufficient time to make
elements of the substrate diffuse to the coating, but the
phenomenon is obviously inhibited under the condition of

forced cooling because of rapid cooling in larger temper-
ature gradients. EPMA maps (Figs. 3, 4) present the major
elemental distributions of the remelted coating and direc-
tional structure coating. Excessive Fe needs good metal-
lurgically compatible elements to react with and reach the
stable state, resulting in a negative diffusion gradient of Ni
and Cu in the coating [19], as shown in Figs. 3 and 4.
Therefore, it is regarded that the formation of the white
bright band is a metallurgical reaction result induced and
involved by substrate elements and driven by thermody-
namics and dynamics.

Furthermore, during the process of the interface for-
mation, the coating elements continue to diffuse to the
interior of the substrate along the grain boundary, forming
the pinning effect, as shown by the arrow pointed in Fig. 4,
which would enhance the bond strength of interface.
However, the coating elements strongly penetrate to the
substrate in directional structure coatings, which forms the
wrap-around on the substrate grains and has better pinning
effect compared to the remelted coating, but the diffusion

Table 3 EDS results of metallurgical bond of remelted coating and directional structure coating (wt%)

Main element Fe Ni Cr Cu C Si Al B Co Mn (0]

Remelting coating 73.0 11.2 3.0 3.1 7.3 1.2 1.0 1.5 0.1 0.2 1.0
Directional structure coating 61.4 15.4 4.0 3.8 11.1 1.0 0.3 1.0 0.5 0.5 1.0
@ Springer Rare Met. (2021) 40(4):952-960
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Fig. 3 a Backscattered electron (BSE) and corresponding EPMA maps for different elements (b Ni, ¢ Cr, d C, e Fe, f Cu g Al and h B) of

remelted coating cross section

Coating
element
penetration

Fig. 4 a Backscattered electron (BSE) and corresponding EPMA maps for different elements (b Ni, ¢ Cr, d C, e Fe, f Cu g Al and h B) of

directional structure coating cross section

of the substrate elements of the remelted coating is more
stronger than that of the directional structure coating due to
rapid cooling.

EPMA maps (Figs. 3, 4) also show that Fe, Ni and Cu
form the atom-rich zones in the crystal axis of both coat-
ings, and Cr, C and B are rich in the crystal boundary. This
is due to the fact that Fe and Cu preferentially form com-
pounds or solid solutions with Ni during the solidification
process, but Cr, C and B precipitate and wrap the crystal
axis, forming grain boundary reinforcement phase. There-
fore, the organization structure formed is tough inside and
hard outside. For the forced cooling coating, it is like the
trunk wrapped a hard bark, which will have an important

Rare Met. (2021) 40(4):952-960

influence on the mechanical properties and tribological
properties of the coating. It makes the coating have low
hardness, but good wear resistance because of enhanced
ability of lateral shear [20].

Compared with forced cooling coatings, the remelted
coating exhibits cross-shaped and granular equiaxed grains,
which are disordered and larger near the substrate. This is
because that the interface is in the melting state for the
longer time, and grains have more time to grow up [21, 22].

Figure 2b shows the microstructure of coatings when
the cooling rate is 0.943 ml-min~'-mm 2. The smaller
temperature cannot provide sufficient conditions for the
rapid solidification of the grains, which makes grains

@ Springer



956

X.-T. Yang et al.

possess a distinct coarser dendritic character. Moreover,
the grains show competitive merger growth and competi-
tive elimination mechanism and have rightward angles of
25° to 30° deviating from the heat flow direction, as shown
in Fig. 2b1. The surface structures have the sheet character
of the lateral expansion growth, as shown in Fig. 2b2.

Figure 2c shows the microstructure of coatings when
the cooling rate is 1.415 ml-min~'-mm™2. The directional
structure is more evident, the dendrites are significantly
refined, and the dendritic spacing significantly reduces, as
shown in Fig. 2c1. The stronger cooling rate suppresses
the lateral extension of the secondary dendrite and makes
the surface show a cross-shaped structure with regular
alignment, as shown in Fig. 2c2. The grains of the lon-
gitudinal structure have divergent growth character, but
the competition growth is not obvious, and the grains
deviate from the heat flow direction to the left with the
angle of o = 17° and to the right with the angle of 0 = 23°
(Fig. 2c1).

Figure 2d1 shows that the columnar cellular crystal
structure is very distinct and grains can grow along the heat
flow direction when cooling rate is 1.886 ml-min~'-mm 2.
Under such circumstances, the initial grain orientation,
temperature field, solute field and external environment
have a good fitting relationship, which makes the grain
grow linearly in a very steady state with a certain incli-
nation by repeated adjustment of the dynamic equilibrium
relationship [23-25]. Figure 2d2 shows the tiny cross-
shaped and small equiaxed structure that is similar to that
in Fig. 2c2, but the structure alignment is not so regular
and neat, as shown in Fig. 2c2.

Figure 2el shows the “X-shaped” structure in longitu-
dinal section of the coating, indicating that the grains of the
preferential formation prevent the other grains from
growing continuously when the cooling rate is
2.358 ml-min~'-mm~2. Thus, the grains show directional
tendency on the whole, but the formation of directional
structure is inhibited in the short distance. The result shows
that the grains grow and merge (Circle 1 in Fig. 2el),
compete and are eliminated (Circle 2 in Fig. 2el), con-
verge and form new growth direction (Circle 3 in Fig. 2el),
and this process is repeated, but the grains are coarser
compared with those in Fig. 2¢2, d2, as shown in Fig. 2e2,
which is thought to be that the overlarge cooling rate does
not provide stable growth interface but rather promotes
competition and merge of grains.

On the whole, with the increase in the cooling rate, the
structure transformation is as follows: dendrite — cellular
dendrite with directional orientation — fine cellular den-
drite with directional orientation — dendrite. But it can be
regarded that the directional structure is not easy to form in
the coatings under too low or high cooling rate.

@ Springer

3.2 The micro-interface morphology

Figure 5 shows the micro-interface morphology of forced
cooling coating and remelted coating. The grain boundary
of forced cooling coating is smooth due to rapid solidifi-
cation of the melts, forming a nanoscale symbiotic eutectic
band at the edge of the matrix phase (as marked in Fig. 5a),
which obstructs continuous precipitation of matrix com-
position. Simply considering the temperature and ignoring
constitutional undercooling, the planar growth condition
equation is as follows [26]:
@ Z ’fnLCO(1 B k) (l)
R Dy k

where Gy is the temperature gradient, R is the velocity of
growth, my is the slope of the liquidus, Cy is the initial
alloy composition, k is solute partition coefficient, and Dy,
is solute diffusion coefficient. Under forced cooling
condition, there is a larger temperature gradient (Gp) at
the interface front. The velocity of growth can be generally
expressed as [26]:

. Gs)us — GLZL
= 7;)[,

R (2)
where R is the velocity of growth, G and Gg are tem-
perature gradients in the liquid and solid phase, respec-
tively, Ag and A are thermal conductivities of crystals and
melts, respectively, p is melt density near the melting
point, and L is crystallization latent heat released by unit
mass of crystals.

The increase in the temperature gradient inevitably
makes the growth velocity decrease, which provides con-
ditions for regular symbiotic eutectic growth of non-face-
ted—non-faceted planes; according to the actual
solidification conditions, this organization should be a
pseudo-eutectic organization.

In the wider region of the crystal boundary, the pre-
cipitates reach dynamic equilibrium and form lamellar
and granular eutectic structure, which also belongs to the
non-faceted—non-faceted regular eutectic growth charac-
ter, as marked by A in Fig. 5a and shown in Fig. 5b. The
solute phases that remain in the matrix are solidified
rapidly and become strengthening phases, showing white
dots or distributed spherules (as marked by B in Fig. 5a).
Combined with the preparation process of the coating, it
can be regarded that the main branch of the grains has
higher heat conductivity coefficient than the crystal
boundary, which results in the main branch being
undercooling untimely; thus, a lateral temperature gradi-
ent is formed between the main branch phase and crystal
boundary. The lateral temperature gradient affects inter-
face morphology, solute diffusion, phase composition and
the size of grain boundary.

Rare Met. (2021) 40(4):952-960
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Fig. 5 Micro-interface SEM images: a directional structure coating, b partial enlarged detail of a, ¢ remelted coating and d partial enlarged

detail marked in ¢

However, the grain boundary of remelted coatings
exhibits rough divorced eutectic character with non-face-
ted—faceted irregular structure (Fig. 5c), which is non-
symbiotic eutectic microstructure and Widmanstatten
structure (as marked by C in Fig. 5a and shown in Fig. 5d).
There are a little bit of solute phases remaining near the
grain boundary, but there are few in middle part of the
matrix phase (marked in Fig. 5c, d), which is due to that
the precipitation phases do not completely reach the grain
boundary in precipitation process and aggregate in the form
of small particles near the grain boundary during the
solidification.

The content of precipitates and their distribution in the
coatings were analyzed by using Image-Pro Plus 6.0. To
obtain more detailed information and more accurate
results, the micrographs with different magnifications are
taken, and the average values of multiple specimens are
counted. The percentage of precipitates and their average
value of different magnifications are given in Table 4. It
indicates that the remelted coating has higher precipitate
content than the directional structure coating, due to that
forced cooling inhibits the precipitation of solute elements,
which is identical with the interface growth theory previ-
ously discussed.

Table 4 Content of precipitates of remelted coating and directional structure coating (vol%)

Magnification 100 500

1000 Average value

Remelting coating 143 894 732 631 3.64
Directional structure coating  0.77 2.5 6.86 7.3 3.01

705 6.07 879 561 958 7.14
794 674 633 436 893 7.27 9.12 5.78

10.63  6.61

Rare Met. (2021) 40(4):952-960
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Fig. 6 XRD patterns of coating surface: a as-sprayed coating, b remelted coating and ¢ directional structure coating

3.3 Phase analysis

XRD patterns of the coatings are depicted in Fig. 6. It is
notable that the y-(Fe, Ni) and Cuj gNi phases form in the
remelted coating and directional structure coating com-
pared with as-sprayed coating due to the redistribution of
elements, but there is no evident difference between
directional structure coating and remelted coating. Com-
bined with the distribution of elements discussed above, it
can be concluded that the equiaxed crystal, plane crystal
and dendrite crystal are all mainly composed of the solid
solution with Ni, Fe and Cu;gNi compounds, and they are
surrounded by Cr,3C¢ and Cr,B phases which play a sig-
nificant role in intergranular strengthening [27, 28]. The
Cuy.g1Nig 19 phase is transferred into Cuj; gNi phase at high
temperature [29]. The o phase in the three kinds of coatings
is the Cu-based solid solution with face-centered lattices.
The o phase is ductile, which can not only support and
connect the hard phases, but also disperse the stress sus-
tained by the hard phase, to some extent; it has an
important role in the densification of the organization and
the anti-friction property [30].

Also, the peak shape and diffraction angle have signif-
icant differences in three kinds of coatings. The as-sprayed
coating shows the diffused peak shape and the main peak at
44°. The remelted coating exhibits relatively stable peak
shape and stronger peak intensity at 52°. The significant
reduction in half-peak breadth indicates obvious crystal-
lization tendency and larger grain size from Scherrer for-
mula. The main peak position shifts to a large angle, which
implies smaller interplanar spacing according to Bragg
equation. Figure 6¢ presents hybridized peak shape and
multiple main peaks with broadening phenomena. Not only
the diffuse main peaks appear at 44° and 52°, but also some
appear in larger angles, which implies there is the amor-
phous tendency in condition of forced cooling, and the
structure of different interplanar spacing is formed.

Compared with the (111) preferred orientation of the as-
sprayed coating, (200) plane is the preferred orientation in

@ Springer

the remelted coating. However, the (111) and (200) planes
all have strong growth orientation in directional structure
coating, indicating that there is fierce competition in the
grain growth.

3.4 Wear resistance

The weight loss of the coatings under the loads of 50 and
150 N and with test duration of 10 min is shown in Fig. 7.
It can be seen that the weight loss of three kinds of coatings
under the load of 50 N is lower than that under 150 N.
Under the condition of the same load, the weight loss of the
remelted coating and directional structure coating was
much lower than that of the as-sprayed coating, and the
weight loss of directional structure coating is lower than
that of the remelted coating, as shown in Fig. 7. The result
indicates that directional structure coating has the best wear
resistance among the three kinds of coatings. It may be
attributed to the elimination of defects, the reduced
porosity and the micro-cracks during induction remelting.
In addition, the forced cooling makes the coating solidify
rapidly and form the directional structure, which eliminates
the transverse grain boundaries. Thus, the wear resistance
of directional structure coating is greatly enhanced.

[ As-sprayed coating
[ Induction remelting
coating

I Directional structure
coating

HH

—
[\

(=]

Weight loss / mg

~

™ e |

150N

50N

Fig. 7 Weight losses of coatings under loads of 50 and 150 N and
test duration of 10 min
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Fig. 8 Wear SEM images of different structure-orientation coatings under 150 N: a as-sprayed coating, b induction remelting coating and

¢ directional structure coating

The worn surface morphology of different structure-
orientation coatings under 150 N observed by SEM is
shown in Fig. 8. The wear track and fatigue cracking can
be observed on the worn surface of the as-sprayed coatings
due to stripping along grain boundaries between layers.
Many tiny abrasive particles are attached on the worn
surface of the remelted coatings, and the main wear
mechanism is a mild regime of smear and adhesive wear.
A handful of wear debris adhered to the surface of the
directional structure coating during the friction process,
and the wear debris would continue to accumulate. It can
be attributed to the migration of the stripping materials and
the effect of directional structure orientation.

4 Conclusion

In this study, the structure, interface, distribution of ele-
ment, grain boundary and phase composition of remelted
coating and forced cooling coating have been investigated.
Experimental results show that the metallurgical bonding is
formed in forced cooling coating and remelted coating. The
coating elements diffuse along the grain boundary of sub-
strate and form the pinning effect, but forced cooling
makes the diffusion more stronger and forms wrapped-
pinning in substrate. The microstructures of grains wrapped
by crystal boundary precipitation Cr,3Cg and Cr;B, etc., are
formed, and the microstructures are transferred from
directional dendrite crystal to cellular dendrite with direc-
tional orientation, fine cellular dendrite with directional
orientation, and then to directional dendrite crystal again
with the increment of the rate of cooling, but overlarge
cooling rate is adverse to forming directional crystals.
Remelted coating has the evident crystallization phe-
nomenon and the (111) preferred orientation. However, the
directional structure coating has (111) and (200) preferred
orientations and has diffraction peak differentiation and
broadening phenomenon. The directional structure coating

Rare Met. (2021) 40(4):952-960

has the best wear resistance compared to remelted coating
and as-sprayed coating.
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