Available online at www.sciencedirect.com
L 4

“e.* ScienceDirect

Trans. Nonferrous Met. Soc. China 30(2020) 303—317

Transactions of
Nonferrous Metals
Society of China

" & Science
ELSEVIER Press

www.tnmsc.cn

Effects of titanium addition on structural, mechanical, tribological, and
corrosion properties of Al-25Zn—3Cu and Al-25Zn—3Cu—3Si alloys

Ali Pasa HEKIMOGLU, Merve CALIS
Mechanical Engineering Department, Engineering Faculty, Recep Tayyip Erdogan University, Rize 53100, Turkey
Received 23 May 2019; accepted 10 January 2020

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 a, a+# and 6 (Al,Cu) 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 Al1-25Zn—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

However, despite these advantages, Zn—Al based

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.

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
[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 AI-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.

studies

2 Experimental

2.1 Alloy preparation and microstructure

The AI-25Zn—3Cu (Alloy A), Al-25Zn-—
3Cu—0.01Ti (Alloy B), Al-25Zn—3Cu—3Si (Alloy
C) and Al-25Zn—3Cu—38Si—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.

d110 mm

260 mm

d60 mm

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 K, radiation source with a
scan rate of 3 (°)/min on flat samples and a
wavelength of 1.54059 A. 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 x
40 mm at a strain rate of 10 s, 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]:

O=0ytkilg 0 (M

where QO is the quality index, o, is the tensile
strength (MPa), ¢ is the elongation to fracture value
(%), and k; 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

Sensor

Sample
holder

Rotating
disk

S

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 cm” 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 J.,, value obtained
from Tafel curve in Eq. (2) [25]:

R=(3272Jcore WY/(D-A) 2

where J. is the corrosion current, W is the
equivalent mass of the tested alloy, D is the density
of tested alloy, and 4 is the surface area (1 cm?) of

Computer

| |

Working electrode
(Alloy sample)

Reference electrode
(Calomel)

Counter electrode
(Platinum sheet)
Potentiostat
Galvonostat

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 (@smrt), —0.25 V, the end voltage (@ena),
+0.25 V, the voltage step (¢sep), 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

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

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 (a)
dendrites, a+# and theta (6) phases (Figs. 4 and 5).
These phases are formed by the eutectic reactions of
S==0+6 and S=p+n 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 o and
phases may also be formed by the eutectoid
reaction of f==o+n which takes place in Al-Zn
system after forming of f phase by the peritectic
reaction of o+s==pf. 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

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 33 32 - Bal.
Al-25Zn—3Cu—38Si-0.01Ti (Alloy D) 26.4 3.4 3.1 0.014 Bal.

3% 4 125
"B, e d Ot YAy

e

Fig. 4 Low (a) and high (b) magnification SEM micrographs showing microstructure of Alloy A
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e Vw0 S - .
Fig. 7 Low (a) and high (b) magnification SEM micrographs showing microstructure of Alloy D

Table 2 EDS analysis results of phases observed in phases observed in Alloy C (Fig. 6). The needle-

microstructures of tested alloys shaped silicon particles are known to occur by
Chemical composition/wt.% eutectic reaction during cooling in aluminum and
Alloy  Phase 7n Cu Si silicon containing alloys. Therefore, they are called
oty 41-68 2332 26-56 _ asleutectllchsﬂlzon partlc.:ll'es [141:[' "ll"he 1rr1i:gular
" 6-74 29-29  18-3.6 B polygonal-shaped coarse silicon particles are known
A as primary silicon particles. These may have been
0 26-33 11-16  50-57 - P .
e caused by the non-equilibrium cooling of the alloy.
Peritectic 25-35 40-60  5-19 - Figures 5 and 7 show the microstructures of the
() titanium-containing Alloy B and Alloy D
otn 65-72 26-30 2.5-3.8 - . i ’
65-76 1798 2534 respectively. We could not detect a different phase
B ¢ >776 17= 573 B in these alloys besides those seen in Alloys A and C,
.9 . 27-45 12715 20-56 h but the size of the a grains was reduced and the
Pe(“iec)uc 19  45-60 5-16 - number of them was increased. Not detecting of any
o

new phase in the microstructure of the titanium
containing alloys can be explained with the help of
“ 72-77 18-23 0-38 0-06 Al-Ti and Zn—Ti phase diagrams [24]. According

otn 34-62 14-35 2.5-53 0-0.7

¢ 0 35-40  4-8  50-55  0-05 to these phase diagrams, aluminum and zinc can
Perlticuc 27-32  40-63  5-22 _ solute low rates of titanium in the solid state.
(acti) Therefore, the 0.01 wt.% titanium can be fully

atn 62-66 2730 24-3 006 dissolved in the a and a+# phases of these alloys.

a 63-77 21-29 3-32 0-038 The grain size measurement results and bar
D 0 34-41 5-10 46-54 0-05 charts showing the average grain size of the tested
Peritectic 30-35 5060  5-20 _ alloys with the titanium addition are given in

(of7) Fig. 10. The average grain sizes of Alloys A, B, C



308 Ali Pasa HEKIMOGLU, Merve CALIS/Trans. Nonferrous Met. Soc. China 30(2020) 303—317

Y

> -\‘.:; b. A

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
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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 pum,
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 pum and from 101 to
62 um, 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 a phase due
to the addition of titanium can be explained by the
MAXWEELL and HELLAWELL [29,30] growth-
restriction factor:

Q'=Coym(ky~1) 3)

where Q' is the growth-restriction factor, Cy is the
average bulk solute content, m is the gradient of the
liquidus line, and k, 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 a-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 a 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 26 degree of
38°, 44°, 64°, 77°, Zn peaks were observed at 260
degree of 36°, 38°, 42°, 53°, 69°, and Al,Cu peaks
were observed at 260 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 20 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

(a) (b)
= —7n = —7n
o — Al e —Al
a—Cu a—Cu
v—AlL,Cu v— ALCu
.
[ ]
L[] ° A
» ° °
"y “ v m J L] v v j\ v m
30 60 70 80 30 40 50 60 70 80
200(°)
(© (d)
= —7n = —7n
e — Al e —Al
a—Cu a—Cu
v— ALCu v— ALCu
: +— S *—Si
L]
| e
"y v ® % v m ,J\
30 60 70 80 30 60 70 80
200(°)

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
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.

in other phases.

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 o and a+# phases.
Relation between grain size and strength in
polycrystalline metals is generally expressed by the
Hall—Petch formula [32]

o=onthksd (4)

where o is the strength, d is the average grain size,
oo is the strength of the single crystal, and k; 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 a 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.

5001 500 500 115
- Hardness
ZZ2 Yield strength
L | 3 Tensile strength | J °
400 g 400 @z Elongation to fracture 400 £ 12 3
T 300 %ﬂ300- g; -300‘50 19 &
T(g’ = 2 @ e
g |z 5l B
S 200F © 200F 1200 2 16 -3
s © a2
£ | 2 g | g
100} 100—ﬂﬂ 1100 43 &
ABCD ABCD

Alloy

Fig. 12 Bar charts showing values of hardness, yield strength, tensile strength, and elongation to fracture of alloys
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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. 15 SEM micrographs showing fracture surfaces of tensile test sample of Alloys A (a), B (b), C (¢), and D (d)

A
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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

7( ) 4
2 I .
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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 a dendrites, it
preferably propagate along dendrite boundary. This
can be due to the properties of a+#s phase regions

surrounding the aluminum-rich o dendrites. It is
known that the # phase is more brittle than the a
phase because zinc has a higher shear modulus than
aluminum [23]. Therefore, # 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 10ng1tud1nal 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 a phase is surrounded by a+# phase,
and there are also @ phase and eutectic silicon
particles along dendrite borders and/or within #
phase. The a phase is a solid solution rich in
aluminum, the 6 is an intermetallic compound
containing aluminum and copper, and the # 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
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corrosion rates or lower corrosion resistance boundaries or dendrite borders are sensitive to
(Fig. 22). The increase of the corrosion rate of the corrosion due to the fact that they separate the
alloys due to the titanium addition can be explained different phases [8,42,43]. Therefore, an increase in
by the reduction in grain size and hence the increase grain boundaries due to titanium addition can also
on grain boundaries. As it is known, grain cause an increase in corrosion.



Ali Pasa HEKIMOGLU, Merve CALIS/Trans. Nonferrous Met. Soc. China 30(2020) 303—317 315

BE
_4 K
~ _5 B
g
S
=
_6 F
—o— Alloy A
—a— Alloy B
-7 —a— Alloy C
—e— Alloy D
-8 \ . . .
-1.3 -1.2 -1.1 -1.0 -09 -0.8
Potential/V

0.12

(b)

0.09r

0.06}

Corrosion rate/(mm-a™")

A B C D
Alloy

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 o-dendrites, a+n
phase and the copper-rich 6 (Al,Cu) 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-
257Zn—3Cu—3Si—0.01Ti alloys.

(5) Titanium addition reduces the corrosion
resistance of AlI-25Zn—3Cu and Al-25Zn—3Cu—3Si
alloys.
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AINEART Al-25Zn—3Cu F1 Al-25Zn-3Cu-3Si & 1Y
&t hE. BEEZEMEMMEERNR

Ali Paga HEKIMOGLU, Merve CALIS

Mechanical Engineering Department, Engineering Faculty, Recep Tayyip Erdogan University, Rize 53100, Turkey

W OE: N T ISR EI R 1 Al-25Zn-3Cu A S EREIEE N, SR &8 RIS 1A % Al-25Zn-3Cu.
Al-25Zn-3Cu—0.01Ti. Al-25Zn—3Cu-3Si Fl Al-25Zn—3Cu-3Si—0.01Ti &4, A+ BB (SEM)MEE &4 B
A, 43 AR BRI I 2 & S R FE AN 22k, BBk SREBE BRI LT 70 & 42 10 BE R 2251k
FA HAL A2 J ik S B 2 B A& S I i e . 45 R BIOR, A1-25Zn-3Cu = A E&MEMALREE av atn M
0 (ALCu) o WM 3%Si(Fi 2 E0M A1-25Zn-3Cu & & RMAHL T REERRL . RN 0.01%Ti(5 & 7401
Al-25Zn-3Cu Fl Al-25Zn-3Cu-3Si & &1 dicki RS 73 RN 20%H0 39%, fiE 537 A HRB 130 #1 HRB 141
0% HRB 137 1 HRB 156, & & fJE IR5EE 5> H M 278 MPa 1 320 MPa 3 i ¥ 297 MPa £l 336 MPa, #ifiik
BE3 B 317 MPa 1 334 MPa 415 340 MPa 1 352 MPa. BE&EEE BRI, &40 EER, B EmE
FEAI% -
XA Al-Zn—Cu &4 BALMAL; RAE; JEM; Wi, BEEERERE; J12Etet

(Edited by Bing YANG)



