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Abstract: To investigate the effect of grain refinement on the material properties of recently developed Al−25Zn−3Cu 
based alloys, Al−25Zn−3Cu, Al−25Zn−3Cu−0.01Ti, Al−25Zn−3Cu−3Si and Al−25Zn−3Cu−3Si−0.01Ti alloys were 
produced by permanent mold casting method. Microstructures of the alloys were examined by SEM. Hardness and 
mechanical properties of the alloys were determined by Brinell method and tensile tests, respectively. Tribological 
characteristics of the alloys were investigated by a ball-on-disc type test machine. Corrosion properties of the alloys 
were examined by an electrochemical corrosion experimental setup. It was observed that microstructure of the ternary 
A1−25Zn−3Cu alloy consisted of α, α+η and θ (Al2Cu) phases. It was also observed that the addition of 3 wt.% Si to 
A1−25Zn−3Cu alloy resulted in the formation of silicon particles in its microstructure. The addition of 0.01 wt.% Ti to 
the Al−25Zn−3Cu and Al−25Zn−3Cu−3Si alloys caused a decrement in grain size by approximately 20% and 39% and 
an increment in hardness from HRB 130 to 137 and from HRB 141 to 156, respectively. Yield strengths of these alloys 
increased from 278 to 297 MPa and from 320 to 336 MPa while their tensile strengths increased from 317 to 340 MPa 
and from 334 to 352 MPa. Wear resistance of the alloys increased, but corrosion resistance decreased with titanium 
addition. 
Key words: Al−Zn−Cu alloy; as-cast microstructure; characterization; corrosion; fracture; friction and wear 
characteristics; mechanical properties 
                                                                                                             

 

 

1 Introduction 
 

A series of zinc (Zn)−aluminum (Al) based 
alloys have been developed in order to replace the 
high density and expensive traditional alloys such 
as bronze, brass and cast iron used in engineering 
applications [1]. Among these alloys, Zamak, ZA 
and ALZEN series are commercialized and used 
successfully in some industrial applications [2,3]. 
Detailed research and development studies have 
shown that Zn−Al based alloys have the lower 
density, higher specific strength, wear resistance, 
and corrosion resistance compared to traditional 
alloys [4−8]. In addition to these advantages, 
because of their low melting point, their 
productions are easy and the casting costs are low. 

However, despite these advantages, Zn−Al based 
alloys are known to have some disadvantages. The 
main disadvantages of these alloys are inadequate 
hardness and mechanical strength for some 
applications and lower operating temperature due to 
their low melting points [9]. Some studies have 
been made on eliminating their disadvantages by 
increasing the aluminum content of Zn−Al based 
alloys and/or adding alloying elements [6,10−12]. 
These studies showed that the usage temperature is 
increased and the hardness and mechanical 
properties are improved, as the aluminum content 
increases in the Zn−Al alloys. Research studies 
have also shown that the specific strength of Zn−Al 
alloys increases with increasing aluminum content. 

Due to the positive effect of high aluminum 
content on the mechanical properties of Zn−Al 
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alloys, recent studies have focused on Al−Zn  
based alloys containing more than 50 wt.% 
aluminum [11−16]. These studies have shown that 
the Al−Zn alloys containing 70%−80% aluminum 
have the highest strength and specific strength 
among the binary Al−Zn alloys [11,12]. In addition 
to high aluminum content, the hardness and 
strength values of binary Al−Zn alloys have been 
found to be increased even further with the addition 
of copper, silicon and titanium [14,17−21]. The 
improvement obtained in the mechanical properties 
of Al−Zn alloys by the addition of copper and 
silicon was explained in terms of solid solution and 
dispersion hardening mechanisms [11,12]. The 
increase in the hardness and strength of these alloys 
caused by the addition of titanium was related to the 
mechanism of grain refinement [20,21]. Recent 
studies [12,14,20,21] on the high aluminum 
containing Al−Zn alloys have resulted in the 
development of Al−25Zn−3Cu, Al−25Zn−3Cu−3Si 
and Al−25Zn−0.01Ti alloys having superior 
mechanical properties. Detailed information on the 
structural, mechanical and tribological properties of 
these alloys is available in the literatures [11,12,14]. 
However, less work has been carried out to 
investigate the effect of grain refinement on the 
structural, mechanical, tribological and corrosion 
properties of the Al−25Zn−3Cu and Al−25Zn− 
3Cu−3Si alloys. Therefore, the aim of this study is 
to determine the effects of grain refinement caused 
by titanium addition on the structural, mechanical, 
tribological and corrosion properties of Al−25Zn− 
3Cu and Al−25Zn−3Cu−3Si alloys. 
 
2 Experimental 
 
2.1 Alloy preparation and microstructure 

The Al−25Zn−3Cu (Alloy A), Al−25Zn− 
3Cu−0.01Ti (Alloy B), Al−25Zn−3Cu−3Si (Alloy 
C) and Al−25Zn−3Cu−3Si−0.01Ti (Alloy D) alloys 
were produced by using commercially pure 
aluminum (99.8 wt.%), high purity zinc (99.9 wt.%) 
and silicon (99.9 wt.%). Copper and titanium 
additions were made using Al−50Cu and Al−10Ti 
master alloys, respectively. Titanium addition level 
(0.01 wt.%) was determined by taking into 
consideration the previous studies [18,20,21] on 
structural and mechanical properties of Al−Zn−Ti 
alloys. The alloys were melted in an induction- 
melting furnace with medium frequency and poured 

into SAE 8620 steel mold at temperature of 
approximately 700 °C. The castings of the alloys 
were carried out in room conditions. Figure 1 shows 
a technical drawing of the mold used for casting of 
the alloys. Chemical compositions of the produced 
alloys were verified by inductively coupled 
plasma−optical emission spectrometry (ICP−OES) 
technique. 
 

 

Fig. 1 Technical drawing of mold used in castings 

 
Metallographic samples were polished with 

standard metallographic techniques, etched with 3% 
sodium hydroxide solution, and examined by SEM. 
SEM examinations were carried out using 
backscatter electron imaging mode at an 
accelerating voltage of 15 kV. The phases present in 
the microstructure of the alloys were identified by 
metallographic observations, energy dispersive 
spectroscopy (EDS) and X-ray diffraction (XRD) 
method. These analyses were performed at 30°−80° 
scan range using a Cu Kα radiation source with a 
scan rate of 3 (°)/min on flat samples and a 
wavelength of 1.54059 Å. The grain sizes of the 
alloys were measured using the linear intersection 
method on photographs taken in backscatter 
electron mode according to ASTM E112-10 
standard. For each alloy, the average of the grain 
size value obtained with at least one hundred 
measurements in different sections was given as 
grain size. 
 
2.2 Mechanical tests 

The hardness of the experimental alloys was 
determined by Brinell hardness measurement 
method by using a load of 612.5 N and a ball with 
the diameter of 2.5 mm. The hardness value of each 
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alloy was determined by averaging at least fifteen 
measurements. Tensile tests were carried out with 
the specimens having the gauge length of 8 mm × 
40 mm at a strain rate of 10−3 s−1. At least six tensile 
tests were carried out for each alloy and the yield 
and tensile strengths, and elongation to fracture 
were determined by taking the average of the test 
results. By using the data obtained from these tests, 
the quality indexes of the alloys were calculated 
with Eq. (1) [22,23]: 
 
Q=σb+k1lg δ                             (1) 
 
where Q is the quality index, σb is the tensile 
strength (MPa), δ is the elongation to fracture value 
(%), and k1 is the material constant for aluminum 
alloys (150 MPa). Microhardness of the tested 
alloys was measured under a load of 98.12 mN 
using a Vickers microhardness tester. 
 
2.3 Tribological tests 

Tribological tests were performed by using a 
ball-on-disc type tribotester according to ASTM 
G99 Standard. The schematic illustration of the 
machine is shown in Fig. 2. Detailed information 
about the design and operation of the machine is 
given in the literature [24]. The test specimens were 
prepared from the alloy ingots by machining with 
the dimension of 7 mm in thickness and 22 mm in 
diameter. They were polished with abrasive paper 
with 2000 grit number before the test. Wear samples 
were tested against a 100Cr6 steel ball with 6 mm 
in diameter. The tests were carried out under a load 
of 5 N and at a sliding speed of 0.15 m/s for a 
sliding distance of 1000 m. These test parameters 
were determined by considering the studies made 
on aluminum alloys with this kind test setup. Each 
friction−wear test was performed with a new 
sample and ball. The coefficients of friction of the 
alloys were calculated by dividing the frictional 
force by normal load. The change of friction 
coefficient was continuously recorded during the  

 

 
Fig. 2 Schematic illustration of wear test machine 
 
tests. The amount of wear occurring in the test 
samples was calculated as volume loss. The volume 
loss values of the alloys were determined by 
dividing the measured mass loss values by the 
density values. A balance with an accuracy of  
±0.01 mg was used to determine the mass loss 
values. 
 

2.4 Corrosion tests 
Corrosion tests of the alloys were carried out 

in an electrochemical test apparatus whose 
schematic representation is given in Fig. 3. Test 
specimens were produced by machining with a 
surface area of 1 cm2 and a height of 5 mm from the 
alloy ingots. They were cold mounted and the 
surfaces to be tested were polished with 320, 600, 
1200 and 2000 grit number abrasive paper, 
respectively, before the corrosion tests. Corrosion 
tests were performed in pure water + 3.5% NaCl 
solution. At least five corrosion tests were 
performed for each alloy and Tafel polarization 
curve was obtained. Corrosion rate (R) of each alloy 
was determined by using the Jcorr value obtained 
from Tafel curve in Eq. (2) [25]: 
 
R=(3272JcorrꞏW)/(DꞏA)                     (2) 
 
where Jcorr is the corrosion current, W is the 
equivalent mass of the tested alloy, D is the density 
of tested alloy, and A is the surface area (1 cm2) of 

 

 

Fig. 3 Schematic illustration of corrosion test setup 
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the test sample. In the corrosion tests, the difference 
between the anode (sample) and the cathode 
(reference calomel electrode) was −0.93 V. For the 
potentiodynamic polarization cycle, the starting 
voltage (φstart), −0.25 V, the end voltage (φend), 
+0.25 V, the voltage step (φstep), 1 mV and the 
scanning speed, 5 mV/s, were taken. 
 

3 Results and discussion 
 
3.1 Microstructures 

Chemical compositions of the experimental 
alloys are given in Table 1. 

The microstructures of the tested alloys are 
shown in Figs. 4−7 and EDS analysis results of the 
phases observed in the microstructures of these 
alloys are given in Table 2. SEM mapping analysis 
results showing the existence and distribution of all 

the alloying elements and only titanium in the 
matrix of Alloys B and D are presented in Figs. 8 
and 9, respectively. The microstructures of Alloys A 
and B were observed to consist of primary alpha (α) 
dendrites, α+η and theta (θ) phases (Figs. 4 and 5). 
These phases are formed by the eutectic reactions of 
S α+θ and S β+η which take place during 
solidification of the alloys. It is known that these 
reactions take place in both Al−Cu and Al−Zn 
systems at temperatures of approximately 548 and 
382 °C, respectively [26,27]. However, the α and η 
phases may also be formed by the eutectoid 
reaction of β α+η which takes place in Al−Zn 
system after forming of β phase by the peritectic 
reaction of α+s β. The microstructure of the 
silicon containing Alloy C was observed to be 
composed of needle-shaped silicon and irregular 
polygonal-shaped silicon particles in addition to the 

 
Table 1 Chemical compositions of experimental alloys (wt.%) 

Alloy Zn Cu Si Ti Al 

Al−25Zn−3Cu (Alloy A) 26.0 3.3 − − Bal. 

Al−25Zn−3Cu−0.01Ti (Alloy B) 26.3 3.4 − 0.013 Bal. 

Al−25Zn−3Cu−3Si (Alloy C) 26.0 3.3 3.2 − Bal. 

Al−25Zn−3Cu−3Si−0.01Ti (Alloy D) 26.4 3.4 3.1 0.014 Bal. 

 

 
Fig. 4 Low (a) and high (b) magnification SEM micrographs showing microstructure of Alloy A 

 

 
Fig. 5 Low (a) and high (b) magnification SEM micrographs showing microstructure of Alloy B 
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Fig. 6 Low (a) and high (b) magnification SEM micrographs showing microstructure of Alloy C 

 

 
Fig. 7 Low (a) and high (b) magnification SEM micrographs showing microstructure of Alloy D 

 

Table 2 EDS analysis results of phases observed in 

microstructures of tested alloys 

Alloy Phase 
Chemical composition/wt.% 

Al Zn Cu Si 

A 

α+η 41−68 23−32 2.6−5.6 − 

α 62−74 22−29 1.8−3.6 − 

θ 26−33 11−16 50−57 − 
Peritectic 

 (α+η) 
25−35 40−60 5−19 − 

B 

α+η 65−72 26−30 2.5−3.8 − 

α 65−76 17−28 2.5−3.4 − 

θ 27−45 12−15 20−56 − 
Peritectic  

(α+η) 
19 45−60 5−16 − 

C 

α+η 34−62 14−35 2.5−5.3 0−0.7

α 72−77 18−23 0−3.8 0−0.6

θ 35−40 4−8 50−55 0−0.5
Peritectic 

 (α+η) 
27−32 40−63 5−22 − 

D 

α+η 62−66 27−30 2.4−3 0−0.6

α 63−77 21−29 3−3.2 0−0.8

θ 34−41 5−10 46−54 0−0.5
Peritectic 

 (α+η) 
30−35 50−60 5−20 − 

phases observed in Alloy C (Fig. 6). The needle- 
shaped silicon particles are known to occur by 
eutectic reaction during cooling in aluminum and 
silicon containing alloys. Therefore, they are called 
as eutectic silicon particles [14]. The irregular 
polygonal-shaped coarse silicon particles are known 
as primary silicon particles. These may have been 
caused by the non-equilibrium cooling of the alloy. 
Figures 5 and 7 show the microstructures of the 
titanium-containing Alloy B and Alloy D, 
respectively. We could not detect a different phase 
in these alloys besides those seen in Alloys A and C, 
but the size of the α grains was reduced and the 
number of them was increased. Not detecting of any 
new phase in the microstructure of the titanium 
containing alloys can be explained with the help of 
Al−Ti and Zn−Ti phase diagrams [24]. According 
to these phase diagrams, aluminum and zinc can 
solute low rates of titanium in the solid state. 
Therefore, the 0.01 wt.% titanium can be fully 
dissolved in the α and α+η phases of these alloys. 

The grain size measurement results and bar 
charts showing the average grain size of the tested 
alloys with the titanium addition are given in    
Fig. 10. The average grain sizes of Alloys A, B, C 
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Fig. 8 SEM mapping analysis results showing existence and distribution of all alloying elements (a) and only   

titanium (b) in matrix of Alloy B 

 

 
Fig. 9 SEM mapping analysis results showing existence and distribution of all alloying elements (a) and only   

titanium (b) in matrix of Alloy D 

 

 

Fig. 10 Bar charts showing grain numbers and sizes (a) and average grain sizes (b) of tested alloys 

 
and D were calculated to be 104, 84, 101 and 62 µm, 
respectively. These results show that the titanium 
additions caused a decrement in grain size of the 
Alloy A (Al−25Zn−3Cu) and Alloy C (Al−25Zn− 
3Cu−3Si) from 104 to 84 µm and from 101 to    
62 µm, respectively (Fig. 10). In other words, 
approximately 20% and 39% refining in grain size 
is achieved in the Alloy A and Alloy C, respectively, 
with titanium additions. Different theories have 

been presented on the mechanisms of grain 
refinement in aluminum alloys by grain refiners 
containing titanium [28]. Among these theories, the 
carbide−borides, peritectic, peritectic hulk, duplex 
nucleation and solute theories are widely used for 
the explanation of grain refinement mechanism in 
the Al based alloys. Our results are more consistent 
with the solute theory because titanium is 
completely solved in the microstructure of the 
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alloys and no new phase is observed with the 
titanium addition. 

The reduction in the grain size of α phase due 
to the addition of titanium can be explained by the 
MAXWEELL and HELLAWELL [29,30] growth- 
restriction factor: 
 
Q′=C0m(k2−1)                            (3) 
 
where Q′ is the growth-restriction factor, C0 is the 
average bulk solute content, m is the gradient of the 
liquidus line, and k2 is the partition coefficient. 
From this correlation, it is understood that 
increasing the solubility in a phase causes an 
increase in the growth restricting factor and thus 
leads to a limitation of grain growth. The 
dissolution of titanium in the α-phase of Alloy A 
and Alloy C could have limited the growth of this 
phase and caused a reduction in its grain size. The 
reduction in grain size is known to cause 
solidification to continue around more nuclei and to 
increase the number of grains [29,31]. It is also 
known that the nuclei grow by taking the element 
having higher solidification temperature from the 
liquid metal [32]. This can lead to the reduction or 

depletion of aluminum having higher solidification 
point than zinc in liquid metal within an earlier 
period of cooling. Reduction or depletion of 
aluminum in the liquid metal in an early stage of 
the solidification, in addition to the growth- 
restriction mechanism mentioned above, may  
have limited the growth of α dendrites during 
cooling [31]. 

The XRD patterns obtained from the sample of 
the tested alloys confirmed the presence of the 
phases observed in the micrographs (Fig. 11). In the 
Alloy A, Al peaks were observed at 2θ degree of 
38°, 44°, 64°, 77°, Zn peaks were observed at 2θ 
degree of 36°, 38°, 42°, 53°, 69°, and Al2Cu peaks 
were observed at 2θ degree of 42°, 58°, 68°    
(Fig. 11(a)). No titanium peak was detected in the 
Alloy B (Fig. 11(b)). In addition to the peaks 
observed in the alloys A and B, silicon peaks were 
observed at 2θ degree of 47°, 56°, 78° in Alloys C 
and D (Figs. 11(c) and (d)). When the results of the 
XRD studies and microstructural investigations are 
evaluated together, it is seen that the addition of 
0.01 wt.% titanium does not lead to the formation 

 

 

Fig. 11 XRD patterns showing phases in Alloys A (a), B (b), C (c) and D (d) 
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of any visible new phase in Alloys A and C. This 
can be due to the dissolution of the added titanium 
in other phases. It has been suggested in   
literature [21] that titanium-containing phases in 
Al−Zn alloys are clearly visible after 0.01 wt.% Ti. 
Our results are consistent with this literature 
knowledge. 
 
3.2 Mechanical properties 

The hardness, yield strength, tensile strength 
and elongation to fracture of the tested alloys are 
given in Fig. 12. It is shown that titanium addition 
resulted in a significant increase in these values. 
The improvement in the hardness and mechanical 
properties of Alloys A and C with the titanium 
addition can be explained with the effects of grain 
size reduction and solid solution mechanism formed 
by solution of the titanium in the α and α+η phases. 
Relation between grain size and strength in 
polycrystalline metals is generally expressed by the 
Hall−Petch formula [32] 
 
σ=σ0+k3d

−1/2                                              (4) 
 
where σ is the strength, d is the average grain size, 
σ0 is the strength of the single crystal, and k3 is a 
constant depending on material. It is indicated that 
the strength of an alloy is inversely proportional to 
the square root of the grain size. The relation 
between grain size and strength is rationalized by 
dislocation theory. This theory assumes that grain 
boundaries behave as a barrier to slip dislocations 
and cause dislocations to pile up on their slip planes 
behind the grain boundaries. It is also assumed that 
the number of dislocations in these pile-ups 
increase with both increasing grain size and 
magnitude of the applied stress. In addition, these 
pile-ups produce a stress concentration in the grain  

next to that containing a pile-up that varies with the 
number of dislocations in the pile-up and magnitude 
of the applied stress. Thus, fine-grained materials 
have less stress multiplication in the next grain 
compared to coarse-grained materials. This means 
that slip to pass through the boundary needs a 
greater stress in the fine-grained materials than 
coarse-grained materials [33]. Therefore, a 
reduction in the grain size causes an increase in the 
strength of the alloys. Microhardness of α phase 
alloys increased with titanium additions (Fig. 13). 
From these data, it can be understood that titanium 
increases the strength of aluminum−zinc based 
alloys by not only grain refinement but also solid 
solution formation and hardening mechanism. 

Titanium addition to alloys A and C resulted in 
an increase in their quality index values (Fig. 14). 
This is due to the increase in both their tensile and 
elongation with titanium additions. Among the 
titanium containing alloys, Alloy B has higher 
quality index value than Alloy D. This is due to the 
fact that the Alloy B has a higher elongation to 
fracture than Alloy D. 

 
3.3 Fracture surfaces 

SEM micrographs of the tensile fracture 
surfaces of the tested alloys are given in Fig. 15. 
Fracture surfaces of Alloys A and B are composed 
of mainly cups and cones or dimples (Figs. 15(a) 
and (b)). Dimples formation is explained based on 
nucleation and growing of the microvoids in the 
central region of the tensile test samples, where the 
diffuse notch (created by necking) causes separation 
due to triaxial (hydrostatic) tension. These 
microvoids merge, resulting in forming of larger 
voids. Simultaneously, smaller voids are formed 
and dispersed in the remainder of the test samples.  

 

 
Fig. 12 Bar charts showing values of hardness, yield strength, tensile strength, and elongation to fracture of alloys 
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Fig. 13 Bar charts showing microhardness values of α 

phase of tested alloys 

 

The cross section of the tensile test samples 
includes a plurality of voids at a stage between the 
neck and the final fracture. The fracture process is 
based on combining these cavities in a plane 
perpendicular to the loading direction and becoming 
a central crack [34]. This crack progresses towards 
the outer surface of the sample and changes its path 
as the process approaches to the final fracture. The 
fracture occurs along the shear plane and leads to 
forming of slip lip. These kind of fracture surfaces 
are characterized by dimples. These dimples 
represent the numerous concave depressions left on  

 

 
Fig. 14 Bar charts showing quality indexes of tested 

alloys 

 

the opposite fracture faces of the broken specimen. 
The voids are generally known to initiate from 
inclusions or intermetallic particles [35]. However, 
no inclusions or intermetallic particles were observed 
on the fracture surfaces. This can be due to the high 
purity of the alloys produced and the low 
proportion of intermetallic particles they contain. 

In addition to dimples, cleavage planes were 
observed on the fracture surfaces of the silicon 
containing Alloys C and D (Figs. 15(c) and (d)). 
Cleavage is a sign of brittle fracture. Cleavage 
fracture is well known for occurring in materials 

 

 
Fig. 15 SEM micrographs showing fracture surfaces of tensile test sample of Alloys A (a), B (b), C (c), and D (d) 
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with little or no plastic deformation capacity, and 
fracture mechanism is known by separation of 
atomic bonds. The reason for the formation of 
cleavage planes in Alloys C and D is explained by 
the fact that the silicon particles present in the 
microstructure cause brittle fracture of the     
alloy [34]. The fracture mechanism in Al based 
alloys containing silicon is suggested to be related 
to the bond strength of the matrix with the silicon 
crystals and the ease of fracture of the silicon 
crystals [36−38]. The fracture originating from 
silicon crystals shows the intergranular damage 
character and more cracks are formed in silicon 
crystals. This is because the stresses formed in the 
matrix are transferred to the silicon crystals at a 
higher rate. Therefore, the strength values of the 
silicon crystals overcome more easily. As a result, 
the primary silicone particles crack in the cleavage 
form [39]. 

The micrographs of the longitudinal sections 
below the fracture surfaces of tensile test samples 
of the alloys are presented in Fig. 16. These 
micrographs show that the fracture occurs in the 
zinc-rich interdendritic regions of the tested alloys 
and when the fracture line reaches the α dendrites, it 
preferably propagate along dendrite boundary. This 
can be due to the properties of α+η phase regions 

surrounding the aluminum-rich α dendrites. It is 
known that the η phase is more brittle than the α 
phase because zinc has a higher shear modulus than 
aluminum [23]. Therefore, η phase regions are easy 
and much deformable in the strain field of a moving 
dislocation and so cracks preferably initiate and 
progress in this phase regions. 

 
3.4 Tribological properties 

Wear volume of Alloys A and C decreased 
with titanium addition (Fig. 17). This can be due to 
the increase in the strength of these alloys by the 
addition of titanium. It is known [5], that the wear 
resistance of both Zn−Al and Al−Zn based alloys is 
directly proportional to the strength values. Friction 
coefficient of Alloys A and C also decreased with 
titanium addition (Fig. 17). This may be caused by 
decreasing in the ductility. It is known that less 
plastic flow occurs on the surface of the materials 
as the ductility decreases and this leads to a 
reduction in frictional forces [40]. Decrease in the 
friction force results in low friction coefficient. 

The wear surface micrographs show that 
smearing and microcracks form on the wear 
surfaces, but smearing is main mechanism for the 
tested alloys (Fig. 18). The smearing layers can be 
formed by back transferring the wear particles on  

 

 
Fig. 16 SEM micrographs showing longitudinal sections below fracture surfaces of tensile test sample of Alloys A (a),  
B (b), C (c), and D (d) 
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Fig. 17 Bar charts showing wear volume and friction 

coefficient of tested alloys 

 

the sample surfaces by the effect of the applied 
force. Therefore, it can be said that the type of wear 
in the alloys tested is mainly adhesive. The 
microcracks result from the brittleness of the 
smearing layer as reported in previously published 
work [41]. 

The micrographs showing the wear debris 
collected from the disc surface are given in Fig. 19. 
This debris appears to consist of a mixture of 
particles with different sizes and shapes. It was 
also observed that the titanium additions had no  

significant effect on the size and shape of the wear 
particles. This can be due to the brittleness of the 
surface layer as described in the literature [3]. The 
brittleness of smearing layer facilitates cracking and 
grinding of the wear particles, and this results in the 
formation of similar wear particles. 

 
3.5 Corrosion resistance 

SEM micrographs showing the surfaces of the 
corrosion test samples before and after the tests are 
given in Figs. 20 and 21, respectively. Corroded 
surface photographs show that the corrosion is 
generally formed on the boundary of the dendrites 
and/or in the interdendritic regions (Fig. 21). This 
behavior can be explained based on the properties 
and distribution of phases in microstructures of 
alloys and intergranular corrosion mechanism [42]. 
The dendritic α phase is surrounded by α+η phase, 
and there are also θ phase and eutectic silicon 
particles along dendrite borders and/or within η 
phase. The α phase is a solid solution rich in 
aluminum, the θ is an intermetallic compound 
containing aluminum and copper, and the η phase is 
a solid solution rich in zinc. According to the 
galvanic series [23], zinc is a more anodic element 
than the others. Therefore, it is more prone to 
corrosion in the case of contact with these  
elements. The titanium-containing alloys have higher  

 

 

Fig. 18 SEM micrographs showing wear surfaces of Alloys A (a), B (b), C (c) and D (d) 
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Fig. 19 SEM micrographs showing wear debris of Alloys A (a), B (b), C (c) and D (d) 

 

 

Fig. 20 Morphologies of sample surfaces of Alloys A (a), B (b), C (c) and D (d) before corrosion test 

 

corrosion rates or lower corrosion resistance    
(Fig. 22). The increase of the corrosion rate of the 
alloys due to the titanium addition can be explained 
by the reduction in grain size and hence the increase 
on grain boundaries. As it is known, grain 

boundaries or dendrite borders are sensitive to 
corrosion due to the fact that they separate the 
different phases [8,42,43]. Therefore, an increase in 
grain boundaries due to titanium addition can also 
cause an increase in corrosion. 
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Fig. 21 Morphologies of sample surfaces of Alloys A (a), B (b), C (c) and D (d) after corrosion test 

 

 

Fig. 22 Tafel potentiodynamic polarization curves (a) and bar chart showing corrosion rate of tested alloys (b) 

 

 
4 Conclusions 
 

(1) The microstructure of the Al−25Zn−3Cu 
alloy consists of aluminum-rich α-dendrites, α+η 
phase and the copper-rich θ (Al2Cu) phase. The 
microstructure of the Al−25Zn−3Cu−Si alloy is 
composed of eutectic and primary silicon particles, 
in addition to the phases present in Al−25Zn−3Cu 
alloy. 

(2) The addition of 0.01 wt.% Ti causes a 
significant decrease in the grain size of the 

Al−25Zn−3Cu and Al−25Zn−3Cu−3Si alloys. 
(3) The addition of 0.01 wt.% Ti to Al− 25Zn− 

3Cu and Al−25Zn−3Cu−3Si alloys significantly 
increases their hardness, yield strength, tensile 
strength, and elongation to fracture. 

(4) The addition of 0.01 wt.% Ti increases the 
wear resistance of the Al−25Zn−3Cu and Al−25Zn− 
3Cu−3Si alloys. Adhesion is the dominant wear 
mechanism for Al−25Zn−3Cu−0.01Ti and Al− 
25Zn−3Cu−3Si−0.01Ti alloys. 

(5) Titanium addition reduces the corrosion 
resistance of Al−25Zn−3Cu and Al−25Zn−3Cu−3Si 
alloys. 
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添加钛对 Al−25Zn−3Cu 和 Al−25Zn−3Cu−3Si 合金的 
结构、力学、摩擦学和腐蚀性能的影响 
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摘  要：为了研究晶粒细化对新开发的 Al−25Zn−3Cu 基合金性能的影响，采用金属型铸造法制备 Al−25Zn−3Cu、

Al−25Zn−3Cu−0.01Ti、Al−25Zn−3Cu−3Si 和 Al−25Zn−3Cu−3Si−0.01Ti 合金。用扫描电镜(SEM)观察合金的显微

组织，分别用布氏硬度法和拉伸试验测定合金的硬度和力学性能，用球盘式摩擦试验机研究合金的摩擦学特性，

用电化学腐蚀实验装置研究合金的腐蚀性能。结果显示，A1−25Zn−3Cu 三元合金的显微组织含有 α、α+η 和

θ (Al2Cu) 相。添加 3%Si(质量分数)的 A1−25Zn−3Cu 合金显微组织中形成硅颗粒。添加 0.01%Ti(质量分数)的

Al−25Zn−3Cu 和 Al−25Zn−3Cu−3Si 合金的晶粒尺寸分别减小约 20%和 39%，硬度分别从 HRB 130 和 HRB 141

增加到 HRB 137 和 HRB 156，合金的屈服强度分别从 278 MPa 和 320 MPa 增加到 297 MPa 和 336 MPa，抗拉强

度分别从 317 MPa 和 334 MPa 增加到 340 MPa 和 352 MPa。随着钛含量的增加，合金的耐磨性提高，但耐腐蚀性

降低。 

关键词：Al−Zn−Cu 合金；铸态显微组织；表征；腐蚀；断裂；摩擦磨损特征；力学性能 
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