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The effect of heat treatment on tribological properties of Cu-Al-Fe-Ni alloy under 
dry conditions was investigated. Scanning electron microscopy (SEM) associated 
with energy-dispersive X-ray spectroscopy (EDX) was used to evaluate the micro-
structure. Dry sliding wear tests were conducted on the as-cast and heat treated 
samples using pin on disc machine at different applied loads (10,15,20,25 and 30 
N) and sliding speed ( 1.0 , 2.0,3.0 ,4.0 and 5.0 m/s). The results showed that aging 
the alloy at 350 °C resulted in formation of fine alpha grains and fine κ-phase com-
pared with the cast condition. These fine phases could improve the wear resistance 
of the investigated alloy. However, the hardness and the wear resistance decreased 
when the aged temperature increased. Furthermore, the results indicated that the 
average contact surface temperature in the wear test increased with increment of 
aging temperature. On the other hand, the worn surfaces revealed that the predomi-
nant wear mechanism was abrasive wear.    
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1. Introductions  

 
        Copper-based alloys have been extensively used 
in many industrial applications, such as aerospace, 
automobile, marine and machinery owing to their 
thermal conductivity, good electrical conductivity, 
excellent ductility and corrosion resistance [1–4]. Fur-
thermore, the copper-based alloys have ability to ex-
hibit the shape memory effect within a certain range of 
compositions which have a disordered body center 
cubic structure (bcc), called β-phase, which is stable at 
high temperature [5]. Shape memory alloys (SMAs) 
belong to a group of functional, smart materials with 
the unique property of ‘‘remembering” the shape they 
had before pseudo plastic deformation. Such an effect 
is based on crystallographic reversible thermo-elastic 
martensitic transformation [6]. Cu-based SMAs, espe-
cially Cu–Al–Ni and Cu–Al–Mn, are commercially 
available and they have some advantages over Ni–Ti  
and other shape memory alloys such as low melting 
point , composition control, good castability, better 

machinability and higher Young’s modulus [7,8]. 
Aluminum as the major alloying element would result 
in higher strength and enhancement in the corrosion 
resistance by formation of an oxide/hydroxide film.  
Cu–Al–Ni alloy do not contain any solid lubricant like 
lead in leaded bronzes. Therefore, their wear behav-
iour should be different than that of leaded bronzes in 
identical operating conditions [9]. Cu–Al–Ni can be 
heat treated to produce different structures with many 
phases. Recently, considerable research has been car-
ried out to characterize microstructure, mechanical 
properties and corrosion behaviors of as-cast Cu–Al 
alloy [10]. It was reported that the precipitation of k-
phases with different chemical composition from dif-
ferent heat treatment conditions led to the changes of 
mechanical behaviours of Cu–Al alloy [11]. Chen et 
al. [12] found that heat treatment, in the sequence of 
quenching, normalizing and aging, improved the ten-
sile strength but at the expense of ductility. 
Furthermore, the shape memory properties of Cu–Al –
Ni can be modified by several factors.  The heat treat-
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ment is one of them that can control the shape and size 
of these precipitates [8]. However, the data available 
on their wear behaviour is low.    
 In the present study, an attempt has been made to in-
vestigate the effect of heat treatment on the tribologi-
cal properties of Cu-Al-Fe-Ni alloy under dry condi-
tions. The effects of normal load and sliding velocity 
on wear performance were investigated. The morphol-
ogy and composition of the worn surface were also 
analysed. The corresponding mechanism was also dis-
cussed. 
 
2. Materials and methods 

2.1. Materials 

    The investigated alloy was fabricated from high 
purity Cu, Al, Fe and Ni.  A measured weight of Cu 
was melted in a muffle furnace to a temperature of 
1200°C.  After melting appropriate amounts of Al, Fe 
and Ni were added gradually and respectively under 
nitrogen gas. The melt was mechanically stirred for 5 
min.  A Schematic diagram during melt stirring is 
shown in Fig.1. The melt was casted into stainless 
steel mold of dimensions (200×50×20 mm) and natu-
rally cooled down to room temperature. The chemical 
composition of the alloy as shown in Table 1 was de-
termined by X-ray fluorescence (XRF). The alloy was 
cut into samples with dimensions of 50×10×10 mm.  
 
Table1. Chemical Composition (wt %) of the Investi-
gated Alloy 

 
Element Al Fe Ni Pb Sn Cr Cu 

Wt.% 11.13 2.32 1.71 0.016 0.02 0.001 Bal. 

 
 2.2. Heat-treatment 
 
       The heat treatment of the investigated alloy was 
performed in electric muffle furnace.  The temperature 
was regulated using a temperature regulator of accura-
cy ± 1.0°C coupled with thermocouple (K-Type) to 
obtain the actual sample temperature. The as-cast sam-
ples were first heat treated at 960 °C for 5 hours to 
dissolve all phases and transform the entire matrix into 
martensite phase. Then they removed and directly 
quenched in the water for 5 minutes. After that these 
samples were aged at different temperatures (350, 450, 
550 and 650 °C respectively) for 5 hours and cooled in 
water. 

 

 
 

Fig.1. A Schematic diagram for melt stirring 
process 

 

2.3. Microstructure evolution 

        The microstructure of as-cast and heat treated 
samples were analyzed using scanning electron mi-
croscopy (SEM) with energy-dispersive X-ray spec-
troscopy (EDX) (model JEOL JSM-6330F at a voltage 
of 20 keV).  All samples were prepared by grinding 
with 500, 600 800, 1000 and 1200 grit SiC paper re-
spectively. After that, these samples were polished 
using 6, 3 and 1 µm diamond paste. The surfaces of 
samples were cleaned using acetone and dried in air. 
The samples were etched in solution composed of 5g 
FeC13+25 mL HC1+50 mL H2O. 

 
2.4. Hardness 

      The hardness of the as-cast and heat treated sam-
ples was measured in a Vickers hardness tester using a 
load of 5 kg. In each sample, 10 indentations were 
taken and the average hardness value was taken. 
 
2.5. Sliding wear test 

      The wear behaviour of the as-cast and heat treated 
samples was evaluated using pin-on-disc machine. The 
applied loads were 10, 15, 20, 25 and 30 N respective-
ly.  The sliding speeds were 1.0, 2.0, 3.0, 4.0 and 5.0 
m/s at a constant time limit of 10 minutes. Fig. 2 
shows the schematic diagram of pin-on-disc machine. 
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Fig.2. Schematic diagram of pin-on-disc test set up  
 
 The sliding was performed on 600 grit SiC paper 
fixed on an aluminium wheel on the pin-on-disc ma-
chine. During sliding, the load was applied on the 
specimen through a cantilever mechanism and the 
specimen brought in intimated contact with a rotating 
disc with a diameter of 140 mm.     
The specimens were weighed with a digital balance 
with a sensitivity of 10-4 g.  The wear rates were ob-
tained from the volume lost after sliding wear tests 
using Archard equation [9]:  
 
                   𝑉𝑉 =  𝐾𝐾𝐾𝐾

𝐻𝐻
                        (1)      

                                                                            
where V is the volume loss of the abraded material per 
unit sliding distance, K is the wear coefficient, W is 
the applied normal load and H is the hardness of the 
abraded material.  
 After wear test the abraded material was collected and 
analyzed using XRD diffraction to determine the dif-
ferent phases of abraded material. A computer con-
trolled X-ray (Philips Analytical X-ray B.V. Machine) 
with monochromatic Cu-K radiation was used.  
The morphology of wear tests for all specimens was 
also investigated using optical microscope. Moreover, 
the surface roughness was evaluated using mountain 
software (MountainsMap® Premium 7.4) after wear 
tests. 
 
 
 

2.6. Temperature measurement 
 

      Temperature measurements of wear pin during the 
sliding were carried out with thermocouple (K-Type). 
Thermocouples were placed into a hole of 2 mm diam-
eter at 1.5 mm away from sliding surface drilled up at 
axis of cylindrical pin. Temperature was recorded with 
help of digital temperature indicator. 
 

3. Results and Discussions 

3.1 Microstructure evolution 

      The microstructure of as-cast and heat treated Cu-
Al-Fe-Ni alloy is presented in Fig. 3. The structure as 
shown in Fig. 3(a) is characterized by course α- phase 
and coarse martensite β-phase. The white regions in 
SEM micrographs represent primary α structure, while 
the black regions on the grain boundaries are second-
ary phase (β). The micrographs   show that the β-phase 
distributes along the grain boundaries.  
Fig.3 (b) reveals that water quenching of the alloy 
from the solutionization temperature of 960 °C to 
room temperature transformed all the β phase into ß' 
phase structure which is a supersaturated solid solu-
tion. The volume fraction of ß’ increases due to the 
dissolution of α and κ phases. Therefore, the micro-
structure of the alloy is significantly different from 
those of the as-cast, although the sample still consists 
of˛, α-phase and β-phase. Wu et al. [10] found that the 
volume fraction of the β- phase increases greatly, 
which is attributed to the transformation of the initial α 
and k phases into β-phase.  
On the other hand, aging the solution heat treated sam-
ple at 350 and 450 °C as shown in Fig.3 (c&d) trans-
forms certain amount of martensitic (β) phase into fine 
α grains and dispersed precipitates of k and γ2 phases.  
Increasing the aging temperature to 550 °C and 650 °C 
transforms martensitic (β) phase into dispersed pre-
cipitates of α and γ2 phases with large amount of 
course α- phase as shown in Fig.3(e &f). The results 
are in a good agreement with the literature values [9 - 
11].  The EDX analysis as shown in Fig 4 reveals that 
the α-phase and β-phase at spot sites are composed of 
Cu and Al.  
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Fig.3. Microstructure of heat treated Cu-Al-Fe-Ni  

alloy. [(a) As-cast (b Sol. heat treated, (c) 350 °C, (d) 
450 °C, (e) 550 and (f) 650 °C 

 
 

Fig.4. EDX results of as-cast Cu-Al-Fe-Ni at spotted 
points 

 
3.2. Hardness measurements 

 
       Vickers hardness values of as-cast and heat treated 
Cu-Al-Fe-Ni alloy are shown in Fig. 5.  It is obvious 
that increasing aging temperature, the hardness value 
decreases. It reaches its minimum  peak at 650 °C. 
This behaviour is attributed to transforming martensit-

ic phase into dispersed precipitate of α phase. It is 
known that α-phase is softer than the β phase, so the 
hardness decreases.  Moreover, Fig. 5 shows that the 
specimen aged at 350 oC has the highest hardness val-
ues when compared with the other samples. This be-
haviour is attributed to the k-phase precipitated during 
aging at 350 °C is finer than that precipitated during 
other aged conditions [6,8]. The hardness values are in 
agreement with the microstructural findings. 
 

 
 
Fig. 5. Effect of heat treatment on hardness of Cu-Al-

Fe-Ni alloy 
 
 
3.3. Wear behaviour  
 
    3.3.1. Effect of normal load    

 
           The wear rate of the as-cast and heat treated 
specimens as a function of applied load is shown in 
Fig. 6.  It can be seen that increment of the  normal  
load,  an  increase  in  wear  rate  is  obtained  for  all 
specimens. The behaviour may be attributed to at low-
er load the contact area is less and hence reduces wear 
rate for the investigated samples while at higher loads, 
the contact area is more, causing an increase in wear 
rate [9]. Comparing the results of the investigated 
samples presented in Fig 6, it can be observed that the 
aged sample at 350 °C offers a superior wear re-
sistance. Furthermore, the result in Fig. 6 shows that 
the wear rate increases with increasing aging tempera-
ture.  Additionally, transition zones were observed for 
the as-cast and aged samples at 550 and 650 °C. These 
transition zones are established due to a sudden in-
crease in the wear rate. However, these zones depend 
on the aged conditions. Clearly, the sample aged at 
550 and 650 °C indicate transition zones from mild to 
severe wear at applied load of 25 N. The behaviour is 
attributed to transforming large amount of β-phase into 
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α–phase which is softer than β-particles for aged al-
loys. Further, the as-cast shows transition zone at a 
lower value (20 N) comparing to samples aged at 550 
and 650 °C.   This is due to as-cast alloy contains huge 
grains of α–phase.   
 

 
Fig.6. Effect of normal load on wear rate of the as-cast 

and heat treated Cu-Al-Fe-Ni  alloy 
 
 
3.3.2. Effect of sliding speed    
   
      The variation of wear rate with respect to sliding 
speed at a constant load of 15 N is shown in Fig. 7. It 
is obvious that increment of sliding speed from 1.0 to 
5.0 m/s, the wear rate increases. However, the gradient 
of increasing in wear rate is not the same for the dif-
ferent heat treatment samples. It can be noted that the 
aged sample at 350 °C offers the lowest wear rate due 
to precipitating of fine k-particles. Also it can be seen 
that the wear rate increases with rising the aging tem-
perature. This behaviour as discussed before is at-
tributed to decreasing the ß'-phase content.  Moreover, 
Fig. 7 reveals that the as-cast and aged samples at 550 
and 650 °C suffer from sudden increase in the wear rate 
at sliding speed of 4m/s. This is due to presence of 
coarse particles of k and α which are softer than both 
fine k and ß'-phase. 
 
3.3.3. Morphology 
 

      Fig. 8 shows the micrographs of the worn surfaces 
of as-cast and heat treated Cu-Al-Fe-Ni alloy at load of 
15N and sliding speed of 3.0 m/s. It is obvious that the 
worn surfaces of all samples are covered with continu-
ous grooves and scratches parallel to the sliding direc-
tion. The grooves and scratches resulted from the 
ploughing action [13-19]. Moreover, Fig. 8 shows that 

the predominant wear mechanisms are abrasion for all 
samples. However, the aged sample at 350 °C offers 
poorer wear behaviour and narrow grooves with lower 
depth on the worn surfaces. This behaviour is due to 
the k-phase precipitated during aging at 350 °C is finer 
than that precipitated during other aging conditions.  
On the other hand, Fig. 8 shows that the width and 
depth of the grooves increase with the increase of age-
ing temperature due to transforming large amount of 
β-phase into precipitates of α–particles which are soft-
er than β- particles.  
The XRD analysis was performed on the abraded 
powder for specimen aged 350 °C as shown in Fig 9.  
The results show that the powder composed of Cu, 
Cu4Al9, β- and Fe3Al phases.  
 
 

 
 

Fig.7. Effect of sliding speed on wear rate of the as-
cast and heat treated Cu-Al-Fe-Ni alloy 

 
The surface roughness of heat treated specimens at an 
applied load of 15 N and a sliding velocity of 3.0 m/s 
is presented in Fig. 10. It can be seen that the surface 
roughness increases with rising aging temperature. 
This means that increasing aging temperature increases 
the deformation zones by stimulating the plastic flow 
of the material during abrasive action of grit [16]. The 
presented results are in agreement with the results of 
the other sections. 
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Fig.8. SEM micrographs of worn surfaces of heat 
treated Cu-Al-Fe-Ni alloy[(a) as-cat , (b) Sol. heat 
treated at 960 oC, (c) 350 °C, (d) 450 °C, (e) 550 °C  
and (f) 650 °C 
 

 
 
Fig.9. XRD of the abraded powder for specimen aged 
350 °C 
 
 

 
Fig.10. The 3-dimensional surface profiles of heat 
treated Cu-Al-Fe-Ni alloy at an applied load of 15 N 
and a sliding speed of 3.0 m/s. [(a) as-cat , (b) Sol. heat 
treated at 960 oC, (c) 350 °C, (d) 450 °C, (e) 550 °C  
and (f) 650 °C] 
 
3.3.4. Effect of heat treatment on temperature rise  

 
      The temperature rise of the as-cast and heat treated 
specimens at an applied load of 15 N and a sliding 
velocity of 3.0 m/s is shown in Fig. 11. It is obvious 
that at the initial stage of the wear tests the temperature 
increases rapidly with increasing the time of wear for 
all specimens to about 100 Sec. This behaviour is at-
tributed to the high hardness of the oxide layer on the 
surfaces of samples. After certain time   the tempera-
ture rise tends to reach a steady value due to the abrad-
ed particles which work as a lubricant. However, sam-
ple aged at 350 °C exhibits the lowest temperature rise 
comparing to the other samples, which implies the 
lowest energy and dissipation.  Therefore it has the 
lowest coefficient of friction. On the other hand, in-
creasing the aging temperature as shown in Fig.11 
leads to increasing temperature rise. This behaviour is 
due to transforming large amount of β-phase into pre-
cipitates of α–particles with large size which are softer 
comparing to β-phase. This means that increasing ag-
ing temperature leads to increasing the energy and 
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dissipation of Cu-Al-Fe-Ni alloy and consequently 
increasing the coefficient of friction. 
 

 
Fig.11.The temperature rise of as-cast and heat treated 

Cu-Al-Fe-Ni alloy at an applied load of 15 N and a 
sliding speed of 3.0 m/s 

 
4. Conclusions 
 
      In this paper, the effect of heat treatment on micro-
structure and dry sliding wear behaviour of Cu-Al-Fe-
Ni alloy was investigated. The following conclusions 
were reached: 

1- Quenching of Cu-Al-Fe-Ni causes all ß phase 
transformed into ß' phase. However aging 
heat treatment causes the transformation of ß' 
martensite into α and fine κ phases. 

2- Hardness  of  Cu-Al-Fe-Ni   can  be signifi-
cantly   improved  by solution heat treated  at  
960°C  for  5h  followed  by aging at 350°C 
for 5h. 

3- Increasing the aging temperature causes the 
grains and the eutectoid precipitates to coars-
en. 

4- Increasing the applied load and sliding speed 
increased the wear rate. However, the aged 
sample at 350°C offered the highest wear re-
sistance. 

5- The worn surfaces revealed that the predomi-
nant wear mechanism was abrasive wear for 
as-cast and heat treated Cu-Al-Fe-Ni alloy.   
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