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1. INTRODUCTION

Al–Zn–Mg–Cu alloys are widely used in many
industrial applications because of their low
density and high strength [1]. These alloys are
heat treatable and show attractive properties
where good combination of strength and stiffness
are obtained particularly after T6 heat treatment
[2–4]. Super high strength aluminum alloys have
been extensively studied after mechanical
deformation for decades [5–7], but little attention
has been made on as-cast alloys and their
resistance to degradation in some corrosive
environments. As-cast structures of these alloys
have a significant influence on their mechanical
properties and the quality of finished products
[8]. The structure of such materials can be
controlled by some important factors such as:
changing the composition, adding grain refining

agents, minimizing inclusions and applying
thermomechanical treatments [9]. The use of
high concentrations of alloying elements results
in homogeneity in the microstructure and severe
segregation of second phases. In casting
products, the mechanical properties vary from
location to location due to the variation of grain
size, the amount of eutectic phases and the
amount of precipitates. Much attention has been
made to reduce the segregation of the alloying
elements during solidification period of high-
alloyed Al alloys [5, 10].

However, they often suffer severe damage
under the synergistic attack of wear and corrosion
in some aggressive media, regardless of their
good corrosion resistance [11]. Since poor
tribology performance limits the use of
aluminum and its alloys in wear related
applications, many efforts including modification
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    Si Fe B Ti Cu Mg Zn Al 

0.03 0.16  -  - 2.46 3.24 12.24 .Rem  

Table 1. Chemical composition of the primary ingots (wt.%).
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of bulk [12,13] and  surface  properties  [14–30]
have been made to improve their wear and
corrosion wear resistance.

This present investigation aims to study the
effect of Al–5Ti-1B and heat treatment on the
microstructure and dry sliding wear behavior of
Al–12Zn–3Mg–2.5Cu aluminum alloy.

2. EXPERIMENTAL PROCEDURE

The chemical composition of
Al–12Zn–3Mg–2.5Cu alloy studied in this work
is given in Table 1. Melting of 10 kg of the alloy
was carried out in an electrical resistance furnace
using a SiC crucible. Industrially pure elemental
Al (99.87%), Mg (99.99%), Zn (99.996) and Cu
(99.9%) were used as starting materials to
prepare the primary ingots. Then the chopped
ingots were remelted in a small electrical
resistance furnace (with accurate temperature
measuring system, ±5 ºC) in order to prepare
alloys with different amounts of Ti. Degassing
was conducted by submerging dry C2Cl6
containing broken tablets (0.3 wt.% of the molten
alloy). Then 2 wt.% of Al–5Ti–1B grain refiner
was added to the melt at 750 ºC. After stirring
with a graphite rod for about 1 min and cleaning
off the dross, the melt was poured into a cast iron
mould (Fig. 1) at 720 ºC. After a period of about
5 min, the molten alloy was poured into the
mould. For microstructural studies, samples were
selected from 20 mm of the bottom of each
casting.

The cut sections were polished and then etched

by Keller’s reagent (2 ml HF, 3 ml HCl, 5 ml
HNO3 and 190 ml H2O) to reveal the
microstructure. The average grain size of the
specimens was measured according to the ASTM
E-12 standard [31]. T6 heat treatment (solution
treatment at 450 ºC for 1 h, followed by
quenching in water and finally aging at 120 ºC
for 24 h) applied for all casting samples. Then,
cylindrical samples were machined to obtain pin
of 5 mm in diameter and 15 mm in height. 

Dry sliding wear tests were conducted using a
conventional pin-on-disc testing machine to
appraise room temperature (i.e., 25 ºC) wear
behavior of the Al–12Zn–3Mg–2.5Cu alloy
against a DIN 100Cr6 steel disk with a hardness
of 62HRC. The pins, 5 mm×14 mm, were in a
conformal contact with the steel disk. Figure 2
shows the schematic of the pin-on-disk
configuration used in this study. The unrefined
and refined aluminum alloy by Al-5Ti-1B were
tested at a rotational speed of 247 rpm,
corresponding to a speed of 0.5 ms-1, under
nominal load of 40N for a sliding distance of
1500 m. The weight of the specimens was
measured before and after the wear test using an
electronic balance (GR200-AND) with an
accuracy of 0.1 mg. 

For the worn surfaces studies and structural
studies optical microscope equipped with an
image analysis system (Clemex Vision Pro.
Ver.3.5.025) have been used and scanning
electron microscopy (SEM) performed in a Cam
Scan MV2300 SEM, equipped with an energy
dispersive X-ray analysis (EDX) accessory. 
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Fig. 1. Schematic drawing of casting mould specimen.

 

Fig. 2.  Schematic of pin-on-disk configuration.
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3. RESULTS AND DISCUSSION

3. 1. Microstructural Studies

Figure 3a–b shows the macrostructures of the
Al–12Zn–3Mg–2.5Cu alloy in unrefined and
refined specimens with optimum amount Ti
concentrations. It can be seen that even in
unrefined conditions, the alloy presents a fully
equiaxed grain structure.

Fig. 3c shows the effect of various amounts of
Al–5Ti–1B grain refiner on the average grain size
of the cast specimens. It can be seen that the
increase of Al–5Ti–1B master alloy from 0.1 to 2
wt.% in the alloy can result in a fine
microstructure and almost significant reduction
of the average grain size. However, by further
addition of grain refiner (>2 wt.%) to the alloy,
the average grain size almost remains constant
and the excess addition of the grain refiner does
not have a considerable effect on the
macrostructure of the  alloy.

The study of refined specimens showed the
presence of different microstructural features,
which may result in different mechanical
properties. Thus, it was necessary to find a suitable
level of the applied refiners in order to obtain an
appropriate combination of refined structure and
optimized mechanical properties. For this purpose,
a series of microscopic studies was made to
determine the optimum level of refiner can be used
in order to maintain the uniformity of the matrix
acceptable. The optimum amounts of Ti was
determined to be 0.1 wt.%.

Several mechanisms have been proposed for the
grain refining process [32]. The presence of some
particles like TiAl3, TiB2 and AlB2 are known to be
effective for grain refinement while TiAl3 is known
to be a potent nucleating site for aluminum [32-
34]. Jones and Pearson [35] have demonstrated that
a ternary Al–Ti–B grain refiner is 4–5 times more
efficient than a binary Al–Ti grain refiner having
approximately the same titanium content, in terms
of the decrease in grain size.

 

 

10 mm

ba 

c 

Fig. 3. Macrographs of (a) un-refined alloy, (b) Ti refined alloy, (c) Grain size variation with Ti contents.
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With high concentrations of alloying elements
(Zn, Cu, and Mg) in Al–12Zn–3Mg–2.5Cu alloy,
severe segregation is expected in as-cast
condition. The segregation of solute occurred
during solidification of the alloy led to the high
concentration of Cu, Mg and Zn in the inter-
dendritic eutectic regions. The most common
phases observed in as-cast microstructure in the

Al–Zn–Mg–Cu alloys are η-MgZn2 (as a part of
eutectic structure), T-Al2Mg3Zn3 and S-Al2-
CuMg [1].

Figure 4a–b shows SEM back scattered images
of the alloy in as-cast condition without and with
Ti addition. It is noticeable that grain refinement
by 0.1 wt.% Ti enhances the number of grain
boundaries and promotes a more homogeneous

M. Alipour, S. Mirjavadi, M. K. Besharati Givi, H. Razmi, M. Emamy and J. Rassizadehghani
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Fig. 4. SEM micrographs of (a-b) unrefined specimen, (c-d) 0.1% Ti-refined specimen.

 

 

a b 

Fig. 5. Microstructures of unrefined specimens in (a) as cast and (b) heat treated (T6) conditions.
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distribution of intermetallic compounds and
eutectic structure.

The microstructures of Al–12Zn–3Mg–2.5Cu
alloy contains highly primary α-phase (solid
solution of aluminum) and second phases based
on η (in eutectic region), S and T phases. Figure
4 shows the change in dendrite morphology of
the Al–12Zn–3Mg–2.5Cu alloy after grain
refinement addition. The optical microstructures
of Ti refined alloy revealed a rosette-like

microstructure of primary α-Al grains solid
solution surrounded by inter-dendritic secondary
phases. From figure 5, it is noticeable that grain
refinement enhances the number of grain
boundaries and therefore promotes a more
homogeneous distribution of intermetallic
precipitates. The most common phases observed
in as-cast microstructure in the Al–Zn–Mg–Cu
alloys are η-MgZn2 (as a part of eutectic
structure), T-Al2Mg3Zn3, S-Al2CuMg [36, 37].

 

 
Fig. 6. Weight loss as a function of sliding distance for unrefined and 0.1% Ti-refined specimens.

Fig. 7. Weight loss as a function of sliding distance for unrefined and 0.1% Ti-refined specimens with and without heat treatment.
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3. 2. Effect of Al-5Ti-1B Addition on Wear Behavior

The wear results for Al–12Zn–3Mg–2.5Cu
alloy with similar Ti content (0.1 wt.%) are
shown in figures 6 and 7. Figure 7 shows the
amount of weight loss against sliding distance.
This diagram was obtained at a constant normal
load (40 N) and a constant rotation speed of the
counter disk (225 rpm). It can be seen in this
figure that the amount of weight loss has
increased by increase in sliding distance.
Furthermore, increase in the amount of weight
loss with sliding distance, approximately has a
linear trend.

Comparison between heat treated modified

and unmodified Al–12Zn–3Mg–2.5Cu alloys is
shown in figure 7. From figure 7, it is clear that
the addition of Ti to Al–12Zn–3Mg–2.5Cu alloy
has reduced the weight loss in comparison with
unrefined aluminum alloy. This can be described
in terms of uniform distribution of secondary
phase in refined heat treated alloy by addition of
0.1 wt.% Ti (figure 4(c-d)).

It is interesting to note that, the Weight loss of
the T6-tempered alloy was generally lower than
those of untreated alloys in dry sliding wear tests.

Wear surfaces of unrefined and refined by 0.1
wt.% Ti with and without heat treatment are
shown in figure 8. It can be seen a mild wear
regime grooves the wear mechanism of the all
alloys in figure 8. It clearly shows plastic
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Direction of Sliding 
Direction of Sliding 

Direction of Sliding 

Direction of Sliding 
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Fig. 8. Wear surface of the materials after 1500 m distance with 40 N load during wear process of (a) unrefined, (b)
unrefined with T6 heat treated, (c) refined by 0.1 wt.% Ti, (d) refined by 0.1 wt.% Ti with T6 heat treatment.
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deformation and delamination characteristics.
Metal oxides and microcrack in wear surfaces

are evident in figure 9a-d. Wear scares formed by
adhesion are evident in figure 9a-b with the
adhesion being more obvious in the latter.

It seems that during the early stages of sliding,
delamination wear was the dominant mechanism
for the unrefined and refined by 0.1 wt.% Ti with
and without T6 heat treatment.

For unrefined Al–12Zn–3Mg–2.5Cu alloys
with coarse dendritic morphology can be easily
broken and contribute to the weight loss.

4. CONCLUSIONS

Wear properties of Al–12Zn–3Mg–2.5Cu

alloys by addition of 0.1% Ti investigated using a
pin-on-disk method. Followings were concluded:
1. Al–5Ti–1B was effective in reducing the

grain size, altering dendritic morphology
and introducing fine and uniform
microstructure.

2. Grain  refining  by  1 wt.%  Al–5Ti–1B  and
T6  heat  treatment improve the microstructure
and wear resistant.

3. The weight loss of aluminum alloy
increased with increase in distance.

4. All wear surfaces showed plasticity
deformation, delamination and adhesion
characteristics with one being dominant in
each aluminum alloy with and without T6
heat treatment.

 

  

Metal Oxide 
Crack initiation and propagation  

Metal Oxide 

Adhesio

n

a b 

c d 

Fig. 9. SEM micrographs of the worn surfaces of Al–12Zn–3Mg–2.5Cu aluminum alloys (sliding distance 1500 m). (a)
unrefined, (b) unrefined with T6 heat treated, (c) refined by 0.1 wt.% Ti, (d) refined by 0.1 wt.% Ti with T6 heat treatment.
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