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 In this research, the effect of heat treatment 
Ni-Al composite coatings were applied on 6061 Al alloys by pulse current from a modified Watts bath containing suspended Al particles.
The coated samples were then heat-treated at 450 ºC for 2 hours 
treatment were identified by means of SEM and EDS. Moreover, 
on disk method. It was found that Al3Ni and Al
Ni matrix were transformed to Al3Ni2. The tribological results showed that 
increasing the content of Al particles in nickel matrix. However, for the heat treated samples, a reverse trend was observed. It was due to 
the formation of intermetallic particles in nickel matrix during heat treatment.

Keywords: Ni-Al composite coating; electrodeposition; heat  

INTRODUCTION  
 
 In recent decades, the demand for Al and its 
alloys due to low density, high specific strength, high 
thermal and electrical conductivities, corrosion 
resistance and abundant availability is
many industries such as aerospace and automobile 
[1-3]. However,  poor wear resistance can restrict 
their extensively usage [4]. Different surface 
treatments namely plasma sprayed alloy coating [5], 
sputter deposited thin film [6], PVD coating [7], 
micro-arc discharge oxide coating [8], plasma 
nitrided coating [9], ion implantation coating [10], 
electroplating and electroless plating [11,12] have 
been developed to improve the wear resistance of Al 
alloys. Among these methods, electroplating and 
electroless plating are known as 
economical and simple technique commonly used for 
preparation of metallic and composite coatings [13
16]. Plated composite coatings produced by 
dispersion of particles into the metal matrix show 
better mechanical properties than pure 
coatings [17].  
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ABSTRACT 

In this research, the effect of heat treatment on wear resistance of electrodeposited Ni-Al composite coatings was investigated
on 6061 Al alloys by pulse current from a modified Watts bath containing suspended Al particles.

treated at 450 ºC for 2 hours under argon atmosphere. The intermetallic phases fo
identified by means of SEM and EDS. Moreover, the tribological properties of the coatings were studied by means of pin 

Ni and Al3Ni2 phases were formed at coating – substrate interface, whereas Al particles presented in 
. The tribological results showed that the wear resistance of as-deposited samples decreased with 

cles in nickel matrix. However, for the heat treated samples, a reverse trend was observed. It was due to 
the formation of intermetallic particles in nickel matrix during heat treatment. 

Al composite coating; electrodeposition; heat treatment; tribological properties.

In recent decades, the demand for Al and its 
alloys due to low density, high specific strength, high 
thermal and electrical conductivities, corrosion 
resistance and abundant availability is growing in 
many industries such as aerospace and automobile 

3]. However,  poor wear resistance can restrict 
Different surface 

treatments namely plasma sprayed alloy coating [5], 
r deposited thin film [6], PVD coating [7], 
arc discharge oxide coating [8], plasma 

nitrided coating [9], ion implantation coating [10], 
electroplating and electroless plating [11,12] have 

to improve the wear resistance of Al 
mong these methods, electroplating and 

electroless plating are known as a relatively 
commonly used for 

preparation of metallic and composite coatings [13-
Plated composite coatings produced by 

particles into the metal matrix show 
better mechanical properties than pure metallic 

 Nickel-based composite coatings have been 
widely used to improve wear resistance of different 
components. For example, Ni
reinforced with Al2O3 particles enhanced the wear 
resistance of Al alloys. The further impr
wear resistance has been obtained by appropriate 
heat treatment. Indeed, the crystallization of nickel 
and the formation of fine particles of Ni
heat treatment led to increase of hardness and, 
consequently, the enhancement of 
properties [18, 19]. In this research, the same method 
has been used for improving the wear resistance of 
aluminum alloys. In fact, the effect of heat treatment 
on tribological properties of electrodeposited Ni
composite coatings was examined
 
2. Experimental Procedure: 
 Ni-Al composite coatings were electrodeposited 
from a modified Watts solution. The composition of 
the bath was presented in Table 1. The aluminum 
particles were spherical shaped with 3.5 µm mean 
diameter, as shown in Fig. 1. To prevent the 
agglomeration of Al particles, the electrolytes 
containing different amounts of Al particles were 
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on 6061 Al alloys by pulse current from a modified Watts bath containing suspended Al particles. 
. The intermetallic phases formed during heat 

the tribological properties of the coatings were studied by means of pin 
substrate interface, whereas Al particles presented in 

deposited samples decreased with 
cles in nickel matrix. However, for the heat treated samples, a reverse trend was observed. It was due to 

. 

 
based composite coatings have been 

widely used to improve wear resistance of different 
components. For example, Ni-P matrix coating 

particles enhanced the wear 
resistance of Al alloys. The further improvement of 
wear resistance has been obtained by appropriate 
heat treatment. Indeed, the crystallization of nickel 
and the formation of fine particles of Ni3P during 
heat treatment led to increase of hardness and, 
consequently, the enhancement of tribological 
properties [18, 19]. In this research, the same method 
has been used for improving the wear resistance of 
aluminum alloys. In fact, the effect of heat treatment 
on tribological properties of electrodeposited Ni-Al 

was examined[25].   

Al composite coatings were electrodeposited 
from a modified Watts solution. The composition of 
the bath was presented in Table 1. The aluminum 
particles were spherical shaped with 3.5 µm mean 
diameter, as shown in Fig. 1. To prevent the 

Al particles, the electrolytes 
containing different amounts of Al particles were 
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premixed and stirred by a magnetic stirrer for 12 h 
and then by ultrasonic agitation for 30 min just prior 
to electrodeposition. The pH and temperature of the 
bath were fixed at 4 and 50 °C, respectively. Ni-Al 
composite coatings with 20 µm thickness were 
prepared using square pulsed current at 50% duty 
cycle, 10 Hz frequency at the peak current density of 
2 A dm-2. During electrodeposition, the bath was 
agitated by means of magnetic stirrer (250 rpm) to 
prevent the sedimentation of Al particles. Plates of 
6061 aluminum alloys were used as cathode. The 
chemical composition of the alloy was given in Table 
2.The plates with a size of 2 cm × 3 cm × 0.2 cm, 
were mechanically ground to 2000 grit SiC papers. 
The anode was a nickel plate with 99.9% purity. 

Prior to electroplating, aluminum substrates were 
first degreased in 50 g L-1 NaOH solution at 70 °C 
for 15 s. They were rinsed with distilled water and 
dipped in 65 vol.-% nitric acid solution for 5 s. They 
were then cleaned with distilled water and dipped in 
a zincate bath  (30 g L-1 Ni (SO4)2, 40 g L-1 ZnSO4, 
106 g L-1 NaOH, 10 g L-1 KCN, 40 g L-1 KHC4H4O6, 
5 g L-1 CuSO4 and 2 g L-1 FeCl2). Finally, the 
specimens were placed in the electrolyte for 
electrodeposition of Ni coatings[23]. The coated 
samples were then heat-treated at 450 °C in a tube 
furnace under argon protective atmosphere. The 
duration of heat treating varied from 2 to 6 h 
depending on sample and then the specimens were 
cooled in the furnace to room temperature[24].  

 
Table 1: The composition of electroplating bath. 

Nickel sulfate (NiSO4.6H2O) 300 g L-1 
Nickel chloride (NiCl2.6H2O) 45 g L-1 

Boric acid (H3BO3) 45 g L-1 
Sodium Dodecyl Sulphate (SDS) 0.25 g L-1 

Aluminum particles 0, 30, 70 g L-1 
 
Table 2: Compositions of 6061 aluminum alloy used in this research (wt.%). 

Si Fe Cu Mn Mg 
0.36 0.2 0.01 0.02 0.52 

Cr Zn Ti Al 
0.03 0.01 0.02 Bal. 

 

 
 

Fig. 1: SEM image of as-received Al particles. 
 
 After heat treatment, the specimens were 
sectioned, ground and polished using 1µm diamond 
paste. Then, the cross sections of the samples were 
characterized using a VegaTescan scanning electron 
microscope (SEM) equipped with energy dispersive 
X-ray spectrometer (EDS). 
 The hardness of the coatings was measured 
using HXD-1000 microhardness tester with Vickers 
indenter, employing a load of 25 g for 10 s. Dry 
sliding wear tests were carried out using a pin on 
disk wear apparatus at room temperature. The normal 
load of 2 N was used in the wear tests and the 
rotation speed was 0.1 m s-1 with a radius of 10 mm 
for 300 m sliding. The pin material was AISI 52100 
hardened steel with the hardness of 45–50 HRC. The 
pins, with 6 mm diameter, had a tip radius of 5 mm. 
Before wear tests, all contact surfaces were cleaned 
with acetone and dried. The weight loss of disk 

specimens and steel pins was measured by an electric 
balance with 0.1 mg accuracy. 
 
Results And Discution 
 
3.1. Microstructural evolution: 
 Backscattered electrons images of the cross 
sections of as-deposited specimens are presented in 
Fig. 2. The SEM micrographs show that the Al 
content in composite coating depends on the amount 
of suspended particles in the electrolyte. The EDS 
analyzing results of these coatings presented in table 
3 reveal that the weight percentage of Al particles in 
the coating increases with increasing the Al 
concentration in the bath. This trend is in good 
agreement with the Guglielmi’s model [20]. 
According to this model, co-deposition of solid 
particles into the coating takes place in two 



29                         M. Adabi and A. Amadeh, 2015 /Journal Of Applied Sciences Research 11(24), Special, Pages: 27-33 

successive steps. In the first step named loose 
adsorption, with physical nature, the particles are 
weakly absorbed on cathode surface. In the second 
step called strong adsorption, which has 
electrochemical nature, the strong adsorption of the 
particles occurs by reduction of enough amounts of 
absorbed metal ions on the particles. The probability 

of the presence of Al particles on cathode surface, 
i.e. loose adsorption, is promoted by increasing the 
particles concentration in the bath. In the subsequent 
step, i.e. strong adsorption, the higher percentage of 
the particles will be embedded into growing metal 
layer via discharging of nickel ions. 

 

 
 

Fig. 2:  SEM micrographs showing the distribution of Al particles in composite coatings prepared at given Al 
      concentration: a 10 g L-1; b 30g L-1; c 70 g L-1. 
 
Table 3: EDS analysis of the cross sections of as-deposited specimens. 

The concentration of Al particles in the bath       (g L-1) The coating prepared at given Al concentration 
0 Pure nickel 
30 Ni-11 wt.% Al 
70 Ni-18 wt.% Al 

 
 Figure 3 shows the backscattered electrons 
images of cross-sectioned samples after heat 
treatment. The heat treatment of the coated samples 
leads to the formation of two layers between coating 
and substrate. Moreover, Al particles presented in Ni 
matrix are transformed to nickel-aluminide particles. 
The EDS analyzing results of these layers and 
transformed particles listed in Table 3 show that the 
layer adjacent to the Al substrate contains 
approximately 25 at.% Ni and 75 at.% Al 
corresponding to Al3Ni phase. The chemical 
composition of the transformed aluminum particles 

and the zone located between Al3Ni and residual 
nickel are also close to Al3Ni2 phase. 
 
3.2. Microhardness: 
 The Vickers hardness of as-deposited and heat 
treated Ni–Al composite coatings at different 
concentration of Al particles in nickel matrix are 
listed in table 5. As shown in this table, the 
microhardness of the coatings increases by 
increasing the content of Al particles. The increment 
in hardness of heat treated coatings is higher than as-
deposited ones. It is due to the formation of the hard 
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intermetallic particles in nickel matrix during heat 
treatment.  

 

Table 4: EDS analyses of the cross section of heat treated specimens at 450°C for 2 hours. 
Region Al(at.%) Ni(at.%) 

A 0 100 
B 58.4 41.6 
C 74.5 25.5 
D 58.1 41.9 

 
Table 5: The microhardness of as-deposited and heat treated coatings. 

Coating As-deposited coatings (HV) Heat treated coatings (HV) 
Pure nickel 210 190 

Ni-11 wt.% Al 270 380 
Ni-18 wt.% Al 285 520 

 

 
 

Fig. 3: SEM images of the cross sections of heat treated specimens prepared at given Al concentration: a 0 g L-1;            
     b 30g L-1; c 70 g L-1. 
 
3.3. Wear behavior: 
 The wear rate of as-deposited and heat treated 
samples are shown in Fig. 4. As shown in this figure, 
with increasing the content of Al particles in nickel 
matrix, the wear resistance of as-deposited samples 
decreases. According to Archard’s wear equation 
[21], by increasing the hardness, the wear of 
materials decreases. However, as shown in table 5, 
Ni coating with lower hardness shows almost lower 
wear rate in comparison with Ni-Al coatings. To 
explain this behavior, the wear tracks of coatings 
were investigated. The backscatter electron images of 
worn surfaces of as-deposited samples are presented 
in Fig. 5. It is shown that a region of the worn 
surface of coatings is covered with a darker layer. 

EDS analysis listed in Table 6 reveals that an oxide 
layer is formed on worn surfaces. It is also noted that 
the region covered with the oxide layer on Ni coating 
is larger than Ni-Al composite coating. The reason of 
this matter is explained in the following:  
 During sliding, high stresses take place at and 
below the sliding surface [22]. Thus, the soft 
aluminum particles having a weak interface bonding 
with nickel matrix cannot support these stresses and, 
therefore, leave nickel matrix. Hence, a continuous 
oxide layer does not form on worn surface of Ni-Al 
composite coating. On the other hand, the formation 
of a continuous oxide layer on the worn surface 
during sliding can reduce the wear rate of the coating 
by decrease of the metallic contact at the interface of 
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pin-coating. Therefore, it can be concluded that the 
wear rate of Ni coating due to the formation of a 
continuous tribological layer is lower than Ni-Al 
composite coatings. 
 It can be also observed in Fig. 4 that the increase 
in content of Al particles in nickel matrix enhances 
the wear resistance of the heat treated samples. It is 
due to the following reasons:  

 During heat treatment, the Al particles presented 
in nickel matrix are transformed to Al3Ni2 phase. The 
high hardness of Al3Ni2 particles increases the 
hardness of composite coating. Furthermore, a strong 
chemical bond is established at Al3Ni2 particles-Ni 
matrix interface.  Consequently, the wear rate of Ni-
Al composite coatings is lower than nickel coating. 

 

 
 
Fig. 4: Variation of wear rate of as-deposited and heat treated coatings as a function of Al concentration. 
 
Table 6: EDS analysis of the worn surfaces of Ni coating (at.%). 

Sample Region Ni Fe O 

Ni coating 
A 42.4 8.8 48.8 
B 100 0 0 

 

 
 
Fig.  5: SEM images of worn surface of: a as-depsoited pure Ni coating b, as-deposited Ni-Al composite coating 
      and c heat treated Ni-Al composite coating. 
 
Conclusions: 
 Experiments were conducted to identify the 
effect of heat treatment on microhardness and wear 
resistance of Ni- Al composite coatings. The 

following results can be made from the present 
study: 
 With increasing the concentration of Al particles 
in plating bath, the Al amount in composite coating 
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increased and reached its maximum value of 18 wt.% 
at 70 g L-1. 
 Heat treatment of Ni-Al coated Al alloy resulted 
in the formation of Al3Ni and Al3Ni2 at substrate-
coating interface. Furthermore, Al particles presented 
in nickel matrix are transformed to Al3Ni2 phase. 
 The microhardness of as-deposited and heat 
treated coatings increased by increasing the 
concentration of Al particles in nickel matrix. 
 With increasing the content of Al particles in 
nickel matrix, the wear resistance of as-deposited 
samples decreases whereas, the wear resistance of 
heat treated samples increases.  
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