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JET EIECTRDEPOSITED Cu-Al,0; NANOCOMPOSITE COATINGS

College of Mechanical and Electrical Engineering,

Jin-song Chen, Yin-hui Huang , Zhi-dong Liu, Zong-jun Tian

Nanjing University of Aeronautics & Astronautics, Nanjing, jiangsu, China

ABSTRACT

A jet electrodeposition device was carried out to
prepare Cu-Al,O; nanocomposite coatings. The influence
of the concentration of Al,O; in the electrolyte and
parameters, such as cathodic current density, the
electrolyte temperature as well as the electrolyte jet
velocity, on the content of the Al,O; in the deposite were
investigated. The coatings ingredient and microstructure
was measured by the scanning electron microscope(SEM)
with energy dispersive analyzer system (EDX), the
microhardness tests were conducted on an microhardness
tester. The results show that the jet electrodeposition can
fine crystalline particles. The copper deposited layers have
nanocrystalline microstructure with grain size of about
50nm . The amount of Al,O;in composites first increased
and then decreased with an increase in the concentration of
Al,O;, current density, temperature and jet velocity. The
composite with optimum atomic percent of Al,O; (14.4
at%) can be obtained at the concentration of 30 g/l ,
cathodic current densities 300 A/dm?, temperature 30°C,
and electrolyte jet velocity 8 m/s . The addition of Al,O5 in
copper increases the microhardness of the electrodeposited
coatings.
Keywords: jet , electrodeposition, , nanocrystalline,
current density , grain size, nanocomposite coatings

1.INTRODUCTION

Metal-matrix nanocomposites are materials in which
the properties of a metallic host material are modified
with the addition of a second phase . Electrodeposition of
nanocomposite coatings, based on second phase hard
particles dispersed in a metallic matrix, is gaining
importance for potential engineering applications. The
second phase can be hard oxide (Al,O;, TiO,, SiO,) or
carbides particles (SiC, WC). However, the very low
depositing rate of the conventional electrodeposition has
limited the practical application of electrodeposition as a
mean to prepare the composite materials. Then, the jet
electrodeposition as a new technique with the special
flow characteristics, has been used for local coating
reaction on an unmasked cathode. During the jet
electrodeposition process, the electrolyte is jetted on a
cathode surface directly because of the existence of
electric field between the cathode and anode located in
the jet nozzle, as the electric current travels along the jet
stream to the cathode, the deposition takes place only on
the local cathode surface area where the jet impinges on.
thus, jet electrodeposition possesses high depositing rate.
In addition, the grain size refining effect of jet
electrodeposition is more efficient because a much higher
overpotential of cathodic substrate can be used with much
higher current density. the articles reported that the
deposit layer have crystalline microstructure .

2. EXPERIMENT
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2-1. Experimental principle

The schematic representation of the equipment and
measurement circuit of jet electrolyte conducted in the cell
are shown in Fig. 1. The electrolyte was pumped from the
vessel with invariable temperature electrolyte, and then
reflowed to the vessel from the output of electrodeposting
room via the bump of filter, and the flowmeter. The
electrolyte temperature was measured by the heater and
temperature transducer. the jet velocity was adjusted by
control valve.

current power -
P anode

i{|i! nozzle
~  flowmeter

cathode VAN

o+
|

g 7 |

) x I
electrodeposting room |

fiter—— €

|
i control valve ) }
| centrifugal bump ||

heater

vessel with electrolyte

Fig.1. Diagram of measurement circuit applied for jet
electrodeposition .

2-2. Electrolyte ingredient and experimental

parameters

A initially device was designed for the fabrication of
composite coatings. A electrolyte was used to deposition on
the flat stainless steel substrate under the following
condition:

electrolyte: Cu,S04i15,0 (250 g/1); HSO,4 (50 g/h)

concentration of Al,O3(50 nm): 10-40 g/l
current densities: 200-500 A/dm?
jet velocity: 4 -10 m/s
temperature: 20-40 C

pH: 4.0

2-3. Composition analysis

The composites ingredient and microstructure was
measured by using a field emission scanning electron
microscope  with energy dispersive analyzer system
(EDX), The SEM samples were vibrated by ultrasonic
vibrator and washed in distilled water and alcohol. Vickers
microhardness tests were conducted on an HXS-1000A
microhardness tester using a load of 50 g, applied for 10 s.
Each hardness value was an average of five measurements.

3. RESULTS
3-1. Effect of concentrations and current density

The incorporation of Al,O; in the copper deposit with
different contents (1040 g/L) of Al,O; particles suspended
in the electrolyte at current densities 300 A/dm? 30 C
and jet velocity 8 m/s , pH 4.0 is shown in Fig. 2(a).
According to the data obtained, the at% of Al,O; in the
deposit increases sharply with increasing the concentration
of Al,Oj; in the electrolyte and attains the optimum values
at 14.4 at% at30 g/l Al,O; suspension in the bath. With
further additions, the amount of Al,Oj; slightly decreases.
These phenomena play an especially considerable role in
particle codeposition with copper, due to the high
adsorption affinity of copper for the solid particles. The
data obtained in this investigation can be explained in terms
of adsorption of Al,O; on the cathode surface. With
increased amount of Al,O; in the electrolyte copper will be
deposited with a higher amount of Al,0O; and a large area of
the cathode surface covered. The optimum value of Al,O;
(14.4 at%) means that the all surface area of the cathode
is approximately covered with Al,O; and copper ions.

The current density on the cathode surface is a
measure of the volume of Al,O; in the deposit. The effect
of current density on the at% of the Al,O;incorporation in
the deposits at 30 g/l Al,O;, pH 4.0, 30 °C. particles in the
bath is shown in Fig. 2(b). It was found that, the at% of
AlL,O; increases with increasing current densities and
maximum incorporation (14.0 at%) could be achieved at
400 A/dm?. With further increase in the current densities
than 400 A/dm? the extent of codeposition of Al,O;
decreases to 12.0 at% at 500 A/dm®. As the current density
increases the solution in the vicinity of the cathode tends to
become depleted of metallic ions and polarization increases
and codeposition rate increases, the content of Al,O3
adsorbed on the cathode increases. The maximum current
density is reached when the rate of movement of metallic
ions and Al,O; particles from the bulk solution to the
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cathode surface is equal to the rate of deposition. At current
density above 500 A/dm? the metal is being deposited
under conditions of charge transfer overpotential control.
As a result, the reduction of copper ions is controlled by
concentration overpotential, the amount of codeposition of
AlLO; parficles gradually decreases.

®
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The concentration of A1,OJ( g/l)

(a) the concentration of Al,O3
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Density current /(A/dm?)

(b) current density

Fig. 2 The at% of Al,O3 in composite.

3-2. Effect of elecrolyte temperature and jet velocity

The influence of electrolyte temperature(20-40°C) on
Al,O; incorporation at 30 g/l Al,Os, current densities 300
A/dm? jet velocity 8 m/s, and pH 4.0 is shown in Fig. 3(a).
It is clear that the temperature of the solution noticeably
influences the amount of Al,O; in deposit. The result
indicates that Al,O3 incorporation increases from 11.2 at%
at 20 C to 144 at.% at 30 ‘C With further increase of
the temperature, a decreasing trend is observed, resulting
from decrease in the current efficiency of the bath. The
electrolyte jet velocity also plays an important role in the
electrodeposit process for the transportation of Al,O;
particles to the cathode for the codeposition. Fig.3(b).
shows the effect of jet velocity on the at% of Al,O; in the
composite at pH 4.0, 30 °C, current densities 300 A/dm?,
and 30 g/l AlL,O; in the electrolyte. It is seen that the
amount of Al,0O; in the composite increases with increasing
jet velocity up to 8 m/s. The highest at% of Al,O5 in the
composite is obtained at 8 m/s. The at% of AlL,O; in the
composite decreases beyond 8 m/s.

Increasing the jet velocity of the electrolyte flow in jet
deposition is equivalent to increasing the stirring intention
of the electrolyte. This results in the reduction of the
diffusion layer thickness and it is accompanied by the
increasing of the metallic ion concentration in the diffusion
layer. The Al,O; particles concentration in the diffusion
layer is therefore increased, Hence, the increasing of jet
velocity results in the increase of Al,O; content in the
deposit. under high jet velocity, the AlL,O; particles

absorbed on the cathode are partly taken away, which
resulted in a decreased amount of the Al,O; codeposition
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Fig. 3 The at% of Al,O3 in composite.
3-3 Surface microstructure analysis

The SEM surface morphologies of electrodeposited
pure Cu and Cu-Al,O; nanocomposites is represented in
Fig. 4. It shows that there is the formation of finer grains in
the deposited layer. It seems as compact and smooth.

(C) 9.7 at % AloOs (d) 14.4 at% AlO,
Fig .4 SEM surface micrographs of the copper

Fig. 5 SEM image of deposited layer.
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Fig.5 is a high magnified view of Fig.6(d), displaying
the typical nanostructure of copper electrodeposite layer, it
clear see that average grain size is various from 50nm to
60nm evaluating by the staff in SEM graph.

3-4 Microhardness

The microhardness of materials depends upon many
factors and the most important factor is the composition of
the electrodepositing bath. The relation between the
incorporation of Al,O; in deposit and microhardness is
shown in Table 1.

Tab.1 Microhardness of Cunc-AlbO3 composite
coatings

Example Microhardness/GPa
Crude Cu 0.2

pure Cu, 1.2

Cu,/A1,05(5.7 at%) [

Cu,/Al1,03(9.0 at%) 1.9
Cu,/Al,05(14.4 at%) 2.1

The results indicate that the pure Cu, provide the far
higher microhardness than crude Cu, it is up to 1.2 Gpa ,
about 6 time as high as the latter, additional , the
incorporation of Al,O; particles with copper also gives
much higher values . The hardness increases with increasing
of the Al,O3 particles in the deposit. The higher hardness is
produced due to the dispersion hardening effect of the
Al,O; particles and also as a result of the fine-grained
structure of the composites. During microhardness
measurements, the dispersed particles in the fine-grained
matrix may obstruct the easy movement of dislocations and
resist plastic flow. This resistance to deformation is shown
by an increasing hardness value for Cu-Al,O3 composite.

4. CONCLUSIONS

The results of this investigation suggest some general
conclusions, which can be summarized as follows.

1. The electrodepsited layer grain size was greatly
finned because of supply of much more current density
nanostructured  composites were obtained through jet
electrodeposition.

2. The amount of Al,O; in composites first increased
and the decreased with an increase in the concentration of
AlLLO;, cathodic current density, eletrolyte temperature and
jet velocity. The composite with maximum value (14.4 at%)

can be obtained at the concentration of 30 g/l current
densities 300 A/dm?electrolyte temperature 30 ‘C,and jet
velocity 8 m/s.

3. The microhardness of the composites increases
gradually in the direction of the growth of the deposit. The
top hardness is high up to 2.1Gpa.
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ABSTRACT

One kind of jet electrodeposition machine with multi-
spindle function has been successfully designed and launched.
With the jet electro-deposition device, Al,O3 particles of average
size 30 nm were co-deposited with Copper on a steel substrate using a
Watts bath at 50°C and the compound layer was processed by
laser in order to make the layer clad on the substrate in a well
binding force. The compound layer’s microstructure was
examined by scanning electron microscopy (SEM), the
mechanical properties of the coated steels were examined with
hardness and tensile tests. The effects exerted by the current
density, weight percentage of Al,O; in electrolyte and the
presence of laser treatment was investigated respectively .It
shows a relatively small current density and a certain of Al,O5
particles have a positive effect on both surface morphology and
coated material ’s mechanical behavior .In addition, result also
shows the coating processed by laser, attained a hardness up to
820 HV, which is considerably increased than substrate.
Keywords: electrodeposition; copper; nanosized Al,Os; laser;

Mechanical properties;

1. INTRODUCTION

30CrMnSiA is a kind of high strength structural steel,
which has been found well suited for applications on aircraft
and aerospace vehicles manufacturing. To improve wear
performance and strength, as well as other surface properties
such as oxidation and corrosion, these materials are generally
surface coated and the resulting coatings are expected to
achieve a particular property. Nowadays, many surface
techniques have been applied to improve the surface properties

of metals. Among them, electro methods are considered as the
comparatively economical ways involved in surface
modification [1]. Electrodeposition of composite coatings,
based on hard particles dispersed in a metallic matrix, is
attracting much interest in recent years.

The second phase in composite particles can be hard oxide
(AL20s, TiO2, Si0O2), carbides particles (SiC, WC), diamond,
solid lubricate (PTFE, graphite, MoS2), and even liquid
containing microcapsules [2].

However, due to the limit of electro chemistry mechanism,
the mechanical bond of deposit layer and substrate tends to
break away and shell under adequate force outside. As a
potential solution, the present work was undertaken, by
conducting the intensification of laser surface with deposit
coating. A new method called jet electrodeposit was used to
deposit a Copper-nanoAl,O; layer and another procedure of
laser scanning on compound layer follows last one to melt the
layer to turn mechanical bond between deposit layer and matrix
into a metallurgical bond, thereby strengthening the binding
force and enhancing the characteristics of the material [1][2].

The compound layer was examined by microhardness
measurements, stretch test and scanning electron microscopy
(SEM) in this work.

2. EXPERIMENTAL DEVICE AND PARAMETER SET

The Jet electrodeposition system is composed of CNC unit
and electrolyte circulation unit. CNC unit includes industrial
PC, software and servo system, in charge of the desired
movements of nozzle. Electrolyte circulation unit was
responsible for the management of electrochemistry parameters
including voltage, current, and temperature.

1 Copyright © 2007 by ASME



The schematic representation of the equipment and
measurement circuit of jet electroplating is shown in Fig 1.The
apparatus fundamentally consists of a electrodepositing section,
a set of circulation system and stirrer.

11

i

Fig.1. Schematic diagram of circuit applied for jet
electrodeposition. (1) normal temperature water bath for
electrolyte; (2) electrolyte; (3) pump; (4) PVC pipe; (5)
electrolyte valve; (6) Cu anode; (7) nozzle; (8) electrolyte
stream; (9) substrate (cathode); (10) worktable; (11)power
supply and current circuit; (12) churn-dasher

Table 1. Composition of the electrolytic

ElectrolyteMaterial Amount(g/L)
CuS0O,4-5H,0 250
Surfuric. acid 50
Dodecyl sodium sulphate 0.1

3.EXPERIMENTAL PROCEDURE

To provide uniform surface activity, prior to
electrodeposition, cleaning and conditioning treatments were
necessary to be performed on 30CrMnSiA with the following
steps. Initially, the substrate was polished with diamond
abrasive to obtain an extreme smooth surface and degreased
with acetone to remove oil and grease. Further more,
30CrMnSiA should be fully immerged in 15% nitric acid for 20
minutes to clear away rust and other contamination [3].

After cleaning, specimens were immediately taken on the
electrolytic worktable as a cathode. The electrolyte’s
temperature was kept around 50 °C through the whole
experiment and the composition of electrolyte was given in
Table 1. In procedure, nozzle, controlled by CNC, continued
scanning backwards and forwards alone the worktable with a
constant distance of 1 mm between anode (nozzle) and cathode
(substrate). For an optimal deposition, the cathode current was
precisely set in a range of 0.0l to O0.1A. All the
electrodeposition experiments were carried out in the bath for 1
h with constant stirring by a magnetic stirrer so that all the

Al O; particles could be sufficiently wetted and remained
suspended uniformly in the electrolyte.

One 2 kW transverse-flow CO, laser made by Prima Laser
Machinery Company, was used to melt the electrodeposited
compound layer together with 30CrMnSiA substrate. Laser
process was performed with optimized parameters, including
laser power of 1 KW, scan speed of 1 m per min, a constant
beam diameter of 3 mm. Fig 2 illustrates the process.

laser beam

nozzle
inert gas] laser beam
coated layer
substrate
worktable
).

Fig. 2. Diagram of laser processing on the compound
deposition layer

4. RESULTS AND DISCUSSION

4-1. Effects from nanosized AlI,O; on surface
morphology of deposition layer

Fig 3 shows surface morphology, which was respectively
obtained under different current density. From SEM, we can
find under a condition of low current density, a flat coating
surface on which the grain size seems obviously decreased can
be obtained. With the current increasing, coating surface begins
with a transition to growth morphology of cystiform grain. On
the contrary, when the current was set relatively high, a
dramatically growth of cystiform grain occurred and as a
response, a tendency of deposit layer deteriorating off
compactness and flatness appeared in the end.

(a) 150 A/dm? (b) 300 A/dm’

Fig.3. SEM photographs of Cu-Al,O; layer with relatively low
current density
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