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Effects of Ce in novel bronze and its plasma sprayed coating
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Abstract: A novel aluminum bronze over the Cu—Al binary alloy eutectoid Cu—14Al-4.5Fe was prepared by a jointly-charging
one-melting technique and conventional sand casting. The bronze coatings were atmospherically plasma sprayed on the 45# medium
carbon steel substrate. The effect of rare earth Ce on the microstructures and Vickers hardness of the cast alloy and coatings were
characterized by scanning electron microscopy, X-ray diffraction, electronic probe microanalysis, transmission electron microscopy
and microhardness measurements. The results indicate that the hardness of both as-cast alloy and coating are enhanced by the
addition of 0.6% Ce due to the refinement of x phases which are well distributed in the matrix. The rapid solidification in the plasma
spray processing retains Fe-supersaturated in the Al-bronze alloy coatings, which avoids the formation of eutectoid (a+y,) phase and
stacking faults are found in the coatings with Ce added, accordingly improves the mechanical properties.
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1 Introduction

Aluminum bronze alloy has low shear strength in
nature, good tribological properties and high strength,
which is comparable to mild steel [1]. A novel aluminum
bronze has been developed for precision stainless steel
and thin ferrous sheet forming dies [2,3], with the Al
content over the Cu—Al binary alloy eutectoid of about
14%. However, the equilibrium solubility of Al in
bronzes is less than 9.4%, conventional sand casting
techniques are not feasible to fabricate high aluminum
bronze because of foundry complications associated with
the narrow range of solidification and the eutectoid
reaction that occurs at 565 °C (which results in the S
phase breaking down to a+y, phases) [4,5]. This eutectic
reaction can cause embitterment and is especially likely
to occur at low cooling rates [6]. To achieve high rates of
cooling and thus to avoid the formation of y, phase, a
low-pressure atmospheric plasma spraying technique is
employed. This technique gives very high rates of
cooling because of the high droplet velocity and small

droplet size of the molten powder[7,8].

With strong chemical activities and rather large
atomic radius, rare earths (RE) can react easily with
many elements such as H, O, N, S and Si, and play a
favorable role in molten metals refining and successfully
have been applied to modify the Mo/Ni/Co baized
surface properties of the thermal spray coatings, thermal
spray welding coatings and laser alloyed coatings [7—10].
There is an increasing interest in understanding the rapid
solidification, particle re-melting and precipitation,
interface transformation, interface moving effect, counter
flow pattern, alloying reaction and the relationship
between microstructures and properties of surface
modified layers [11,12]. RE in the as-casts bronze has
been studied but less in bronze coatings.

In this study, an attempt of rare earth Ce element
addition was made to assess the potential of Ce in the
aluminum bronze and its coatings synthesized by
low-pressure atmospheric plasma on a medium steel
substrate. The effects of Ce on the microstructures and
Vickers hardness were also studied.
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2 Experimental

2.1 Materials

The chemical composition of the novel bronze is
listed in Table 1. The specimen was prepared by
jointly-charging one-melting technique [2,13]. The
as-received metals are of electrolytic purity >99.95%.

Table 1 Chemical composition of Cu—14Al—4.5Fe alloy (mass
fraction, %)
Cu Al Fe Co Ni Others
80 13 3.0 0.8 0.6 2.6

In the preparation process, Cu and Al were placed
into a furnace. The other metals Co, Ni, Fe and Mn were
then mixed into the copper and aluminum pieces.
Furthermore, about 5% Al (part of the 13% Al in the
composition of the alloy as listed in Table 1) was left as
pre-deoxygenating and temperature-tuning reagents. The
furnace was pre-heated for 5 to 8 min at a low heating
rate in order to exclude the oil and gas, and then a higher
heating rate was used to melt all the raw materials as
quickly as possible. After all the raw materials were
completely melted, a layer of charcoal with a thickness
of 20-30 mm was used to cover the molten surface.
During the processing, inert gas of nitrogen or argon was
used. Then, a process of pre-deoxygenating was carried
out using the residual of about 5% Al. Meanwhile, the
melting temperature was adjusted to 1200—1260 °C. A
chemical refining was then performed using C,Cly and/or
C,Cl, refining reagents with an amount of 0.1% to 0.15%
of all the molten materials. Following that, an eventual
deoxygenating process was taken using rare earth (Ce).
Before pouring, a gas check was done to ensure the
Chinese standard GB/T 1176—1987. Finally, the melted
materials were poured into sand moulds at 1180—1240
°C or gas atomized by nitrogen with cool water.

2.2 Processing of coating

In order to assess the effect of rare earth addition to
plasma sprayed components, the samples of
Cu—14Al-4.5Fe bronze coatings with and without 0.6%
Ce were prepared and deposited under the same
conditions. The powders of Cu—14Al-4.5Fe—Ni alloy
were produced by gas atomization in a nitrogen
atmosphere with cool water. The pre-alloy was prepared
by a jointly charging one-melting technique.

The coating was deposited with a plasma gun. The
schematic diagram of the device is shown in Fig. 1. A
high voltage (about 120 kV) between the tungsten
cathode and the copper anode ionized the plasma gas to
form the plasma flame. The current for the plasma
formation was 170 A. The bronze powder is fed via the

exit point of the flame from the aperture of the device
(feed rate of 60—120 g/min). The molten droplets formed
after being accelerated by the plasma gas. They stroke
the surface of the substrate and formed thin platelets that
conformed, adhered and interlocked with each other and
with the substrate surface [8,9,14] to build up a coating
layer up to thickness of 0.8—2.0 mm. The deposited
material was gas-atomized powder with an average
diameter of 70—145 pm and the gun-substrate distance
was 50—100 mm. The coated material was cooled down
naturally.

Cooling Metal
water  powder

Plasma

gas ] Plasma

jet

Substrate
Fig. 1 Schematic diagram of low-pressure plasma spraying gun

2.3 Microstructure analysis and hardness test

The micro-hardness of as-cast alloy and coatings
was determined by a Vickers microhardness tester
(Shimadzu Micro-hardness Tester Type M) under a load
of 0.98 N. A JEM 6700F scanning electron microscope
(SEM) was used. Micro-analysis and chemical mapping
were performed by an EPMA—1610 electronic probe
microanalysis (EPMA) equipped with an OXFORD ISIS
300 EDS analyzer. A D/MAX2500PC diffractometer
was used with Cu K, (A=1.54186 A) radiation at a
scanning rate of 0.02(°)/s and step of 5 s. Transmission
electron microscopy was used for structure
determination.

The specimens for optical, SEM and EPMA
observations were etched using a solution consisting of 5
g FeCl;, 10 mL HCIl and 100 mL distilled water (CS
solution). A solution containing 5 g (NH4),SO,, 10 g
citric acid, 30 mL H;PO, and 1000 mL distilled water
(SS solution) was used for identifying the x phases. The
TEM specimens were prepared using electro-polishing
solution of 20% HNO;, 15% 2-butoxyethanol and 65%
methanol, and observed at 300 kV.

3 Results

3.1 Microstructures of as-cast alloy and coatings

The optical microscope images of the as-cast
Cu—14Al-4.5Fe without and with 0.6 % Ce addition are
presented in Fig. 2. The microstructures are characterized
by grey grains, white matrix phase and dot-like dark
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phases. Furthermore, the dot-like dark phases (Fig. 2 (b))
in Cu—14Al-4.5Fe bronze with 0.6% Ce addition are
more refined and homogeneously distributed than those
without Ce addition (Fig. 2 (a)).

Fig. 2 Optical metallographs of Cu—14Al—4.5Fe bronzes: (a)
Without Ce; (b) With 0.6% Ce addition

Figure 3(a) shows the SEM backscattered electron
image of the as-cast Cu—14Al—4.5Fe bronze with 0.6%
Ce addition which was electrolytic alloy etched in the SS
solution. The dot-like dark phases in Fig. 2(b) are
presented in a stereo-dimensional appearance. Figure 3(b)
shows the SEM image of as-cast Cu—14Al—4.5F¢ bronze
with 0.6% Ce addition, which was etched in the CS
solution. When the Vickers microhardness tester indenter
moved across, a scratched trace is left on the surface,
except for a break point on the dot-like dark phases, as
shown in Fig. 2(b). It reveals that the dot-like dark
phases are harder and stronger than the matrix.

The microstructures of the plasma sprayed coatings
of Cu—14Al-4.5Fe bronze with and without 0.6% Ce
addition are shown in Figs. 4(a) and (b), respectively. It
reveals that the bronze coatings with 0.6% Ce addition
have finer crystals with an approximately spherical/
rod-like appearance. In contrast, the Cu—14Al—4.5Fe
bronze coating without Ce addition consists of dendrites
with high aspect ratio similar to the typical thermal spray
coating.

The XRD patterns of the Cu—14Al—4.5Fe bronze
with 0.6%Ce addition of as-cast alloy and plasma
sprayed coating are presented in Fig. 5. The peaks are
consistent with the ones from /', a, y, and « phases. The

Fig. 3 SEM images of Cu—14Al-4.5Fe bronze with 0.6% Ce
addition: (a) Electrolytically etched in SS solution; (b) Etched
in CS solution

Fig. 4 Optical metallographs of aluminum bronze coatings:
(a) Without Ce; (b) With 0.6% Ce addition

as-cast alloys have a complex phase combined with f', a,
y2 and x,. In contrast, the plasma sprayed coatings are
dominated by two phases of f" and «,. The difference is
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Fig. 5 XRD patterns of with 0.6% Ce: (a) As-cast; (b) Coating
of Cu—14Al1-4.5Fe bronze

Table 2 Characteristics of equilibrium phases in aluminum bronze
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considered to be caused by the different cooling rates.

The characteristics of the equilibrium phases in
aluminum bronze alloy are listed in Table 2 [2,6].

The EDS results [2,3] showed that the grey phases
in the microstructure of Cu—14Al—4.5Fe as-cast bronze
are retained S or f' phase and a phase with a
micro-composition of 9.35% Al, 1.01% Fe, 0.64% Mn,
0.08% Co and 88.1% Cu, etc, and have a micro-hardness
of HV 264. The light areas are most likely eutectoid
(aty,) phases, with a composition of 9.52% Al, 0.7% Fe,
0.58% Mn, 0.19% Co and 87.6% Cu, etc, and a
micro-hardness of HV 314. The fine dot-like dark phases
dispersed in the alloys are the intermetallic x, phases,
with a micro-hardness of HV 413.

Different from the microstructures of Cu—14Al—
4.5Fe as-cast bronze, the microstructures of the coating

(Figs. 4(a) and (b)) are composed of grey ' and Fe

Phase Description Crystal structure Lattice spacing/nm Hardness (HV)

a Copper-rich solid solution Al 0.364 200-270

” Intermetallic comp.o.und CuyAly with wide D8, 0.869 360-570
solubility range

p Intermetallic compqund CuzAl with wide L12 0.353 200407
solubility range

K Intermetallic compound AlFe; DO; 0.571 >700

) Intermetallic compound AlFe B2 0.29 >413
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Fig. 6 Second electron image of Cu—14Al-4.5Fe coating (a) and element maps of Cu (b), Fe (¢) and Ce (d)
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enriched intermetallic x; phases, with hardness of HV
289 and 440, respectively. The EDS mapping shown in
Fig. 6 on coating clearly shows a Cu rich matrix and a Fe
rich phase, which corresponds to ' phase (Cu;Al) and
(AlFes) phase.

3.2 Ce in as-cast alloy and coatings

Figure 7(a) presents an EPMA high-resolution
backscattered electron image of the as-cast aluminum
bronze with 0.6% Ce addition, which was electrolytically
etched by SS solution to enhance the existence of Ce.
The EDS analysis of Fig. 7(a) shows Ce (white point)
appears along the grain boundaries. Figure 7(b) presents
the EPMA electron image of the coating with 0.6% Ce
addition. Ce (white point) is found along the boundaries
of the x| (AlFes;) phase, as shown in Fig. 6, the shape of
which is influenced by Ce [12]. The compositional
profile in Fig. 8 also shows the existence of lead and
oxygen, in the possible form of Ce oxides and PbCe
compound [11,12].

Figure 9 shows the TEM images of Ce-added
coating. Stacking faults are clearly seen, which
contributes to the strengthening [15].

Fig. 7 EPMA backscattered electron images of Cu—14A1-4.5Fe
bronze with 0.6% Ce addition and its coating: (a) As-cast alloy
electrolytically etched in SS solution; (b) Coatings etched in CS
solution

3.3 Hardness
The mechanical properties of the as-casts and
coatings are presented in Table 3. It can be seen that the

hardnesses of the as-cast alloy and coating with 0.6 % Ce
addition increase by 4% and 9%, respectively, compared
to those without Ce addition. The plasma sprayed bronze
coatings possess higher hardness than the as-cast alloy.
Therefore, it can be concluded that the coating with Ce
addition has the best hardness, which would have the
best wear resistance.

Cu

Cu

d

Fig. 8 EDS analysis result of grain boundary

24 6 8§ 10 12 14 16 18 20

Energy/keV

Table 3 Hardness of Cu—14Al-4.5F¢ bronze of as-cast alloy
and coating

Hardness With 0.6% Ce addition Without Ce
HV) 1 2 3 Average 1 2 3 Average
As-cast 294 290 281 288 284 266 279 276

Coating 321 332 325 326 297 305 289 297

4 Discussion

4.1 Effects of plasma spraying process on coatings

In plasma spraying process, the Cu—14Al—4.5Fe
powder begins to melt when the temperature reaches its
melting point of 1085 °C. As the temperature further
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increases, the liquid infiltrates the substrate surface and
then wets and completely covers the substrate surface
[9,10]. A high cooling rate is achieved for plasma spray
because of its droplet velocity and small droplet size.
The formation of the eutectoid (a+y,) phase is avoided,
compared to the slow cooling rate for the as-casts where
the eutectoid (aty,) phase exists [2,6] in addition to S’
and x; phases, as indicated in Fig. 5.

4.2 Effects of Ce on microstructures of as-cast alloy
and coating

As shown in Figs. 2(a) and (b) and Figs. 4(a) and
(b), x phases with 0.6% Ce addition tend to be round
shape. In contrast, the coating without Ce addition
appears to be dendrite with high aspect ratio of
needle-like grains that are commonly seen in the typical
thermal sprayed coating. In the as-cast alloy without Ce
addition, x phase appears to be coarse and uniform.
Those are due to the refining effects of Ce to the as-cast
alloy and powder atomization pre-alloy [11,16].

As there is a lot of oxygen in the molten
Cu—14Al1-4.5Fe metal, CeO, is formed when Ce is
added [11,12,16]. CeO, has a dual effect on either the
nucleation during as-cast solidification and/or the
inhibition of grain growth during spraying. The
nucleating effects make the powder spherical and
uniformly distributed. The melting point of CeO, is
about 2500 °C, therefore CeQ, particles are not melted
during the spraying process and can act as heterogeneous
nucleation sites for the crystal nucleation during
solidification. This will increase the grain density in the
coating, as shown in Fig. 6(d). Ce fits well to the
distribution of the dark x phases in Fig. 6(a). In addition,
during the growth of the nucleated grains, CeO, particles
are pushed by the solid/liquid interface to the grain
boundaries as observed in metal matrix composites
[12,16], as shown in Figs. 7(a) and (b). Ce can also
purify the oxygen in molten metal. On the other hand,
the segregated CeO, along the grain boundaries tends to
hinder further grain growth by pinning the grain
boundaries [11,12]. As a result, the as-cast alloy and
coatings are refined and strengthened. This also accounts
for the differences in the coarse needle-like
microstructures as observed in Fig. 4(a) and the large
number of small spherical/rod-like x| phase as shown in
Fig. 4(b).

4.3 Hardness of as-cast alloy and coating

Because the cooling time of the deposited particles
is very short, a high rate of cooling is achieved after
plasma spraying, and the formation of the eutectoid (a+y,)
phase in aluminum bronze is avoided. Coatings are
composed of " matrix and the Fe enriched intermetallic
x; phase, which exhibit a higher hardness than the as-cast

alloy with a microstructure consisting of a, f’, y, and «;
phases, since a phase is softer than f phase (as listed in
Table 2) and the eutectoid (o+y,) phase is brittle in
nature.

The difference between the hardness of the two
coatings might be due to the fact that the average grain
size in Cu—14Al-4.5Fe bronze coating with 0.6% Ce
addition is smaller than that in Cu—14Al—4.5Fe bronze
coating without Ce as shown in Fig. 4.

5 Conclusions

1) The plasma spray deposition process possesses a
rapid solidification to prevent the formation of the
eutectoid (a+y,) phase in aluminum bronze. The coatings
are mainly composed of 4’ phase matrix and Fe enriched
intermetallic x; phase, which results in a higher hardness.

2) As the increase of heterogeneous nucleation site
for crystal nucleation during solidification, the as-cast
alloy and coating with 0.6% Ce addition exhibit refined x
phases which are well distributed in the matrix. The
stacking faults are found in the coatings with Ce addition,
which contributes to the strengthening.
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