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Abstract

The ternary Zn—-27Al-1Cu alloy is produced from raw materials by the gravity casting method. The produced alloy was
subjected to aging after solutionizing and quenching. The effect of aging at different periods on the microstructure and
damping behaviour of the alloy was investigated. The microstructural investigations revealed that the microstructure of
the alloy in the as-cast state consisted of aluminium(Al)-rich a dendrites surrounded by eutectoid B phase, and zinc(Zn)-
rich 1 phase and copper(Cu)-rich € phase. The heat treatment eliminated the dendritic microstructure of the casting alloy
and transformed it into a coarse-grained (B-matrix) stable form containing Zn-rich and Cu-rich precipitates. The
microstructural changes after aging process were directly affected the mechanical properties of the alloy. The hardness
and tensile strength increased with increasing ageing time up to 2.5 hours, but the percent elongation decreased. When
the aging time reached 5 hours, hardness and tensile strength decreased while percent elongation increased significantly.
The impact energy, namely toughness, increased in the early stage of aging, reduced sharply with increasing aging time
and remained stable with a small increase in the prolonged stage of aging. The highest impact energy was attained from
the aged alloy for 0.5 hours. The variation in damping energy was dependent on the changes in microstructural and
mechanical properties caused by different aging periods. The prolonged aging process transformed the fracture
characteristic of the as-cast alloy from relatively brittle to ductile fracture.
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Uclii Zn—27Al-1Cu alasimi, hammaddelerden kokil kaliba dokiim yontemiyle iiretildi. Uretilen alagim, ¢oziindiirme ve su
verme islemlerinden sonra yaslandirmaya tabi tutuldu. Farkli periyotlarda yaslandirmanin alasimin mikroyapisi ve darbe
davranigi tizerindeki etkisi incelendi. Mikroyapisal incelemeler, dokiim halindeki alasimin mikroyapisinin aliiminyumca
(Al) zengin a dendritleri ve onlari ¢evreleyen otektoid f fazi, ¢cinkoca (Zn) zengin n fazi ve bakirca (Cu) zengin ¢ fazindan
olustugunu ortaya c¢ikarmustir. Isil islem dokiim alasiminin dendritik mikroyapisint ortadan kaldirdi ve alasimin
mikroyapisini Zn ve Cu bakimindan zengin ¢okeltiler iceren iri taneli (f-matrisli) kararly bir forma doéniistiirdii.
Yaslandirma islemi sonrast olusan mikroyapisal degisimler, alasumin mekanik ozelliklerini dogrudan etkilemistir.
Yaslandirma siivesinin 2,5 saate kadar artmasiyla sertlik ve ¢ekme dayanimi artmis, ancak yiizde uzama azalmigtir.
Yaslandirma stiresi 5 saate ulagtiginda sertlik ve ¢cekme dayanimi azalirken, yiizde uzama énemli ol¢iide artmigtir. Darbe
enerjisi, diger bir ifade ile tokluk yaslanmanin erken evresinde artti, yaslanma siiresinin artmasiyla keskin bir sekilde
azaldir ve uzun siireli yaslandirma durumunda az bir artisla sabit kaldi. En yiiksek darbe enerjisi 0,5 saat boyunca
yvaslandirilmis alasimdan elde edildi. Darbe enerjisindeki degisim, farkli periyotlarda yaslandirma isleminden
kaynaklanan mikroyapisal ve mekanik oOzelliklerdeki degisikliklere bagliydi. Uzun siireli yaslandirma islemi, dékiim
durumundaki alagimin kirilma karakteristigini nispeten gevrek kirilmadan siinek kirilmaya doniistiirdii.
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1. Introduction
1. Giris

Zinc-aluminium (Zn-Al) alloys have been
generally operated as journal bearing materials
because of their excellent tribological properties
load-bearing performances for many years (Prasad,
2004; Babic et al., 2010; Anjan & Kumar, 2019).
Conventional Zn—-Al-based alloys also have been
used for various engineering applications and
industrial areas such as automobile engine parts,
agricultural equipment, general hardware, work
tools (Aydin, 2012; Anjan & Kumar, 2019; Pola et
al. 2020). Some commercially used alloys are
called ZA-8, ZA-12, ZA-27 and Alzen 501.
Among the zinc-aluminium family, ZA-27 alloy
has the highest strength, low density and superior
bearings along with good wear resistance
properties (Owoeyeet al., 2019). The Zn-Al-based
alloys are more preferred due to their outstanding
properties in most mechanical and tribological
applications than ferrous and nonferrous materials.
These properties can be listed as easy production,
low-cost, exceptional cast-ability, marvellous
surface quality, easy machinability, high damping
behaviour, and superior wear resistance properties
(Savagkan et al., 2002; Zhu et al., 2006; Yang et al.,
2009; Pola et al. 2020). However, some mechanical
properties of these alloys are not sufficient for
advanced engineering applications and new
manufacturing areas, particularly in the as-cast
state. This situation seriously restricts the use of
these alloys in industry. To eliminate or minimize
these problems and develop the mechanical
properties of the Zn-Al-based alloys, various
methods have been applied until now (Piir¢ek et al
2005; Nagavelly et al., 2017; Aydin & Senaslan,
2018; Movahedi et al., 2019; Zhang et al., 2020;
Vencl et al. 2021). It has been found that the best
influential method for improving the strength of the
binary alloy is the contribution of alloying
elements such as Si, Ni, and Cu. These alloying
elements lead to distortion in the Zn-Al matrix due
to their very hard nature and increase the hardness
and strength of the alloy. The increase in the
strength of the Zn-Al based alloy with the presence
of these alloying elements is mainly due to solid
solution hardening and the formation of new
phases. Liu et al. (2021) reported that the hardness
of the Zn-12Al based alloy increased with the
addition of Si increasing up to 1.2 wt. % due to
silicon particles being harder than the matrix, but
that when the Si content exceeded 0.3 wt. %, the
impact energy of the alloy was distinctly reduced
due to the splitting effect of silicon particles on the
matrix. Choudhury et al. (2002) reported that the
improvement in hardness and wear resistance of
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the Zn-Al alloy modified with Ni (up to 0.9 wt. %)
was due to the presence of the NisAl phase formed
throughout the matrix. It found that the addition of
copper in the range of 1-3 wt. % improves the
strength and hardness of the Zn-Al alloys while
reducing the ductility, due to solid solution
hardening and the formation of relatively hard
intermetallic € (CuZns) and T’ (AlaZnsCu) phases
(Jeshvaghani et al., 2016). Some researchers have
designed a series of typical alloys such as Zn—
15AI1-1Cu (Rollez et al., 2017), Zn-21Al-2Cu
(Hernandez-Rivera et al., 2017), Zn—25A1-3Cu
(Savaskan & Tan, 2015), Zn—-26Al-1.5Cu—0.9Ni
(Choudhury et al., 2002), Zn—27Al-3Si (Mao et al.,
2015), Zn—-38Al-2.5Cu-0.55Si (Ting et al., 2016)
and Zn-40Al-2Cu-2Si (Savaskan et al. 2021),
apart from the commercial ZA alloys. However,
some researchers (Turhal & Savaskan 2003;
Krupinski et al., 2018) indicated that the high
addition of alloy elements deteriorated the
structural stability and mechanical properties of
Zn-Al alloys, such as dimensional instability, low
strength and/or ductility. Heat treatments such as
homogenization, stabilization and quench-aging
are some of the most effective methods of
eliminating  dimensional instability  and/or
improving mechanical properties. Homogenization
can be performed to achieve chemical homogeneity
and to reduce micro-segregation in as-cast alloys
by diffusion of atoms (Kai et al., 2017).
Stabilization is used to greatly improve the
dimensional stability of as-cast alloys. Quench-
aging consists of three stages in which the alloys
are subjected to solution treatment followed by
rapidly cooling (quenching) and aging, to obtain
the desired structural, physical and mechanical
properties. However, in this heat treatment, the
aging time and temperature play an important role
in the structural and mechanical properties of the
alloy. Thus, it is very important to determine the
appropriate temperature and time parameters to
obtain the desired properties in the alloy. Yang et
al. (2013) examined the effect of heat treatment (at
different temperatures and times) on the structural
and mechanical properties of the ZA-27 alloy.
They found that aging at low temperatures causes
precipitation of very fine phases that reduce the
ductility of the alloy, and furthermore, hardness
and tensile strength decrease with increasing aging
time, while aging at 140°C gives the highest
ductility and tensile elongation, over 25%.
Movahedi et al. (2019) fabricated ZA-27 syntactic
foams using the counter-gravity infiltration casting
method and investigated the effect of heat
treatment (T7) on ZA-27 microstructure and
mechanical properties. They reported that heat-
treatment improved the specific energy absorption,
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plateau stress, and energy absorption due to the
change of the microstructure by increasing the
ductility of the alloy. Zhang et al. (2020) found that
after heat treatments, which are subjected to
solution treatment at different temperatures
(ranging from 280 °C to 400 °C) for different times
(ranging from 1h to 3h) followed by water quench,
all original phases and structures dissolved
completely and the newly formed ZA-22 alloy
merely consisted of sub-micron granular eutectoid
structure. In addition, the significantly increased
interface density and the change in the o/ interface
microstructure  resulted in a remarkable
improvement in damping over the all temperature
range. Savaskan et al. (2021) investigated the effect
of different heat treatment conditions on the
mechanical properties of Zn—-40AI-2Cu-2Si alloy.
They found that heat treatment (T6) consisting of
homogenization followed by quench—aging steps,
increased the hardness and tensile strength of the
as-cast alloy.

As a result, the addition of copper up to 3%
increases the hardness and strength of Zn-Al-Cu
alloys due to solid solution hardening, but the
addition of copper exceeding 1% causes the
problem of dimensional instability and low
ductility due to the formation of metastable ¢
(CuZn,) phase, and transformation of ¢ phase into
the stable T’ (AlsCusZn) phase in the structure.
Heat treatment is an effective method to eliminate
these problems and obtain good structural and
mechanical properties. Optimized structural and
mechanical properties are vital in order to enhance
the use of these alloys, which have many
advantages compared to other non-ferrous metals.
Therefore, low-copper addition was preferred to
minimize dimensional stability and obtain
balanced mechanical properties in this study.
Moreover, the effect of heat treatment consisting of
solution treatment and water quenching followed
by aging at different periods on the structure and
mechanical properties of Zn-27AI-1Cu alloy,
especially on microstructural change and damping
behaviour, was investigated.

2. Material and method
2. Materyal ve metot

Zn-27Al-1Cu alloy was produced by the gravity
casting method using high-purity (99.9%) zinc,
commercially pure (99.7%) aluminium, and Al-
50Cu master alloys. The amount of alloying
materials was calculated according to the weight
ratios in the Zn-27AI-1Cu alloy system. These
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alloys were melted in an electric furnace at 600 °C
and then poured from 585 °C into a steel mould,
which was manufactured as a conical shape with a
bottom diameter of 45 mm, a top diameter of 60
mm and a length of 190 mm, after stirring for 5
min. Some of the ingots were subjected to heat
treatment consisting of solutionizing, water-
guenching and aging steps. The solutionizing
process was carried out in an electric furnace at 380
°C for 24 hours followed by water-quenching.
Quenching was done by rapid cooling with cold
water. Artificial aging was performed in an air
circulation oven at 100 °C for different durations
ranging from 0.5 hours to 5 hours. As-cast and
heat-treated ingots were mechanically processed to
prepare metallography, tensile, hardness and V-
notch impact samples as shown in Figure 1. Tensile
specimens were prepared according to ASTM
E8/M-11 standard with a gauge length of 25 mm
and a diameter of 6 mm. The Charpy V-notch
impact test specimens were manufactured
according to ASTM E23 with dimensions of 10
mm x 10 mm X 55 mm. Hardness and
metallography samples were machined with a
diameter of 10 mm and a thickness of 10 mm.
Tensile tests were carried out using a universal
servo-hydraulic testing machine at a strain rate of
1.3x1073 s, The elongation of the samples was
recorded with the aid of a video extensometer. The
hardness measurements were performed using a
Brinell hardness tester with a 2.5 mm diameter ball
indenter under a load of 31.25 kgf and a dwell time
of 15 s. Charpy-impact tests were performed using
damping test equipment with the maximum impact
energy of 100 joules (J) and accuracy of +0.5 J.
After the impact tests, the fracture surfaces of the
impacted samples were observed with a scanning
electron microscope (SEM). The as-cast and heat-
treated samples of the alloy were prepared by
standard metallography methods for
microstructural examinations. They were then
etched with 3% nital (3% nitric acid + 97%
deionized water) solution to reveal their
microstructures. Microstructural examinations of
the samples were performed using both an optical
microscope equipped with a digital camera and an
SEM equipped with the energy-dispersive
spectroscope, EDS. The average grain size of the
heat-treated samples was calculated from their
optical metallography images using an image
processing software, Imagel. To confirm the
accuracy of the results, tensile, hardness and
impact tests were repeated at least five times for all
conditions and the average of the five
measurements was taken.
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Figure 1. (a) The ingot form after casting, (b) Schematic representation of machining (c) Test specimens
Sekil 1. (a) Dokiim sonrast kiilge formu, (b) Talasl imalatin sematik gésterimi (c) Test numuneleri

3. Discussion and conclusions
3. Tartisma ve sonuclar

3.1. Microstructural studies
3.1. Mikroyapisal incelemeler

Metallographic examination with an optic
microscope in Figure 2(a) showed that the
microstructure of as-cast alloy consisted of a
typical dendritic structure consisting of micro-
components, as a result of the final solidification.
To determine the average composition of each
phase, EDS analysis was performed from the
regions marked in the SEM image of the as-cast
alloy given in Figure 2(b). The average
composition of a, 1, € and  phases in the as-cast
alloy are listed in Table 1. The EDS results
revealed that Zn—27AI-1Cu alloy consisted of
aluminium-rich a phase, zinc-rich n-phase, zinc-
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rich eutectoid B phase and intermetallic & (CuZna)
phase. This dendritic and multiphase structure of
the as-cast alloy was due to the thermal
instabilities, typical of transient solidification, and
the phase transformations during the cooling
process. According to the binary phase diagram of
Zn-Al alloys given in Ref. (Zhang et al., 2020),
during the cooling stages of the liquid alloy with
Zn-27Al composition, there are three typical phase
transformation  processes:  crystallization  of
primary o phase (L—a), peritectic reaction
(L+a—p), and eutectoid reaction (B—a+n). In
addition, Savaskan & Hekimoglu (2014) was
presented the phase diagram of the ternary Al-Zn—
Cu alloy system at 350 °C. According to this phase
diagram, the  phase includes o, n and € phases in
the ternary alloy system with Zn-27Al-1Cu
composition. The B phase transformation takes
place as p— a+n+e during the solidification.
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Figure 2. The microstructure of the as-cast alloy (a) optical microscope and (b) SEM image
Sekil 2. Dékiim alasiminin mikroyapisimin (a) optik mikroskop ve (b) SEM gériintiisii

Table 1. EDS analyses of the points marked on the micrograph in Figure 2(b).
Tablo 1. Sekil 2(b)'deki mikrografikte isaretlenen noktalarm EDS analizleri.

Chemical composition with weight percent

Position Phase Znwt% Alwt% Cuwt%
Point 1 o 21.34 77.94 0.72
Point 2 n 85.06 12.56 2.38
Point 3 € 85.09 1.26 13.65
Point 4 B 72.29 26.54 1.17

The microstructures of the heat-treated alloy under
different aging duration observed with the optical
microscope are given in Figure 3. The solution
treatment followed by the quench-aging process
removed the dendritic microstructure of the alloy
and transformed it into a coarse-grained structure
with the B matrix, containing precipitates within
and through the grain boundaries, as seen in Figure
3(a-c). In addition, it was observed that the grain
size increased with increasing aging duration and
the number of precipitates located close to the grain
boundaries increased. Zhao et al. (2018) indicated
that the diffusion of solute atoms along the grain
boundaries enhanced the grain growth in Al-Zn
based alloys. The average grain size of the alloy
aged for 0.5 hours, 2.5 hours and 5 hours was
determined by an image processing software to be
145um, 205 pm and 245 um, respectively. The
detailed SEM view of the grain boundary region of
the alloy quench-aged for 2.5 hours, after solution
treatment is given in Figure 3(d). From this figure,
it is clearly seen that precipitates are formed within
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the f matrix and along the grain boundaries. In
addition, a cellular structure consisting of o (dark)
and m and ¢ (light) phase precipitates were formed
along the grain boundaries. Moreover, EDS
analysis revealed that the formation of T’ phase
(AlsCusZn), a product of four-phase transformation
(ate—T'+n), started in the structure. During the
solution treatment at 380 °C for 24h, a large
amount of a and 1 phases dissolve, resulting in the
formation of the supersaturated B phase. There are
four phases B, 1, o and € in the quenched alloy after
solution treatment (Yang et al., 2013). After aging,
especially in the early stages, the supersaturated f3
phase decomposed into the irregularly cellular
structure through discontinuous reaction: p—
a-tn+e. The progressive stage of aging activates the
four-phase transformation (at+e—T'+n) and
initiates the formation of the T’ phase, where T' is
the phase with higher stability than the & phase
(Chen et al., 2015; Ferreira-Palma et al., 2021).
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Figure 3. Optical microscope images of microstructure of the alloy aged for (a) 0.5 h, (b) 2.5 h, (C) 5 h and
(d) SEM image of the grain boundary of the alloy aged for 2.5 h in detail.

Sekil 3. (a) 0,5 h, (b) 2,5 h, (C) 5 h yaslandirilmis alasimin mikroyapisinin optik mikroskop goriintiileri ve (d)
2,5 saat yaslandirilnis alasuimin tane simrimin ayrintilt SEM goriintiisii

SEM analyses were performed at low and high Then, the lamellar B phase, which was formed as a
magnifications to examine the microstructural result of the transformation of the B phase into o
change more comprehensively. The detailed SEM and m phases by the eutectoid reaction during
images of the microstructure of the alloy under as- cooling, solidified. Finally, the n and & phases
cast and heat-treated conditions (aged for 2.5 h and solidified in the inter-dendritic region. The copper-
aged for 5h) are given in Figure 4. Figure 4(a-b) rich € phase (light-grey) is generally located within
shows the Al-rich o dendritic arms, the Zn-rich (o+ the lamellar B phase as seen in Figure 4(b). The fine
1) dendrites, the lamellar  phase, the Zn-rich 1 lamellar structure represents the a phase, while the
phase and the Cu-rich € phase, which formed in the coarse lamellar structure represents B (a (dark) +
microstructure of the alloy after solidification. (light)) phase in Figure 4(b). Savaskan &
During the solidification of as-cast alloy, the Hekimoglu (2014) defined the a+ n (middle-grey)
primary o phase solidified firstly to form the cores phase as a core-p dendrite, which is supported by
of dendrites bordered by the eutectoid B phase. the detail image of this phase in Figure 4(b).
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Figure 4. SEM image of microstructure of the Zn-27AI-1Cu alloy (a-b) as-cast and its detail, (c-d) aged for

2.5 h and its detail, (e,f) aged for 5 h and its detail.

Sekil 4. Zn-27Al-1Cu alasumnin mikroyapisinn (a,b) dékiim hali ve detayinin, (c,d) 2,5 saat yaslandiriimis
ve detaymmin (e- f) 5 saat yaslandiriimis ve detayinmin SEM goriintiisii

The microstructure of the alloy aged for 2.5 hours
and aged for 5 hours are given in Figure 4(c-d) and
Figure 4(e-f), respectively. As it is clearly seen in
Figure 4(c), a and n phases almost completely
dissolved in each other through the heat treatment,
and the dendritic microstructure turned into the
decomposed matrix. The coarse lamellar structure
turned into a fine lamellar structure after aging for
2.5 h, as seen in Figure 4(b-d). Moreover, heat
treatment increased the dissolution of the & phase
in the matrix, resulting in a more homogeneous
structure  with  dispersed precipitates. The
microstructure formed after casting resulted from
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the solidification mechanism (Turhal & Savaskan,
2003; Jeshvaghani et al., 2016). However, the
microstructural changes of the alloy after heat
treatment resulted from the solution treatment and
aging-activated precipitation mechanisms. The
structure of the quenched alloy after solution
treatment consists mainly of the supersaturated o
phase and supersaturated  phase (Movahedi et al.,
2019). In the early stage of aging (aged for 0.5 h),
the supersaturated 3 phase transformed into a fine
lamellar structure, which was formed within the
grain. As the aging time increased, the large and
coarse lamellar B phase decomposed by the
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diffusion effect and transformed into a smaller and
thinner lamellar structure. In other words, when the
aging time increased from 2.5 hours to 5 hours, the
a phase became more prominent, while the § phase
gradually disappeared (Figures 4(d-f)). This
structural change is evident from the difference
between the microstructure of the alloy aged for 2.5
h and the alloy aged for 5 h given in Figure 4. The
microstructure of the as-cast alloy formed as a
result of solidification and the microstructural
changes after heat treatment are compatible with
previous studies on similar Zn-Al based alloys
(Yang et al., 2013; Chen et al. 2015; Jeshvaghani
et al., 2016; Movahedi et al., 2019; Ferreira-Palma
etal., 2021).

3.2. Mechanical properties
3.2 Mekanik ozellikler

Some mechanical properties of the Zn-27AI-1Cu
alloy in both as-cast and different aging conditions
are listed in Table 2. It is seen from the table that
the hardness and tensile strength increase with
increasing aging time up to 2.5 hours, but the
percent elongation decrease. When the aging time
reached 5 hours, hardness and tensile strength
decreased while percent elongation increased
significantly. The highest hardness and strength
with the lowest percent elongation were obtained
from the alloy aged for 2.5 hours. The change in
hardness, strength and ductility values can be
explained by the microstructural changes and
precipitation hardening mechanism that occur as a
result of the solution treatment followed by
guenching and aging. After 0.5 hours of aging, the
alloy showed a rapid increase in hardness and
tensile strength together with a slight increase in
percentage elongation. Hence, Zhang et al. (2020)
reported that when the alloys were subjected to

short-term annealing in the single-phase region
followed by water-quenching, the elongation was
generally improved without decrements in the
strength of the alloys. After the solution treatment
and quenching, a supersaturated solid solution is
obtained, which causes a large amount of distortion
in the matrix, resulting in the improvement of the
hardness and strength of the alloy. The increase in
the hardness and strength of the alloy aged for 0.5
hours can be explained by this mechanism.
However, a supersaturated solid solution is an
unstable structure that is transformed into a stable
structure by prolonged periods of aging. In
addition, with increasing aging time, the
precipitation of secondary phase particles becomes
more active. This causes distortion in the matrix ()
due to the coherence effect (Wei et al., 2021,
Savagkan et al., 2021). This restricts the movement
of dislocations and makes it difficult to slide, which
can be attributed to the increase in hardness and
strength and decrease in elongation of the alloy
aged for 2.5 hours. After the 5 hour aging period,
the considerable decrease in the hardness and
tensile strength of the alloy can be attributed to the
over-aging behaviour. During the over-aging stage,
the precipitates begin to lose the effect of
coherency characteristic and the precipitates
rapidly coalesce, grow and coarsen, which causes
the elimination of barriers that restrict the
dislocation movement. In general, prolonged aging
processes can cause a decrease in strength due to
decreased dislocation density and increased grain
size (Yang et al., 2013; Meng et al., 2021). In
addition, after 5 hours of aging period, the
supersaturated B phase decomposed to a very fine
lamellar structure, which contributed greatly to the
improvement of the ductility of the alloy.

Table 2. Mechanical properties of the Zn—27Al-1Cu alloy in as-cast and heat treated conditions
Tablo 2. Dékiilmiis ve isil islem gormiis durumdaki Zn—27Al-1Cu alagiminin mekanik ozellikleri

Aged Tensile Strength Hardness Percentage Impact Energy
Condition (MPa) (BHN) Elongation (%) J)
As-cast 340 92 13 5.59
0.5 hours 385 105 17 5.82
2.5 hours 405 112 9 2.87
5 hours 315 84 36 2.96

On the other hand, impact energy was raised in the
early stage of aging, thereafter it reduced
dramatically with increasing aging duration and
finally it raised slightly in the prolonged stage of
the aging process. The highest impact energy, i.e.
toughness was obtained from the 0.5 hours aged
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alloy with well-balanced tensile strength and
percent elongation. After 2.5 hours of aging period,
the impact energy of the alloy decreased distinctly,
which may be due to the high hardness of the alloy
and the presence of the high number of fine-hard
precipitates, which increase the tendency of crack
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formation. The impact energy increased slightly
after aging for 5 hours but was still low compared
to the as-cast condition. This may be due to the fact
that the ductility of the alloy aged for 5 hours was
quite high, but the tensile strength was distinctly
low. The change in damping capacity can be
attributed to the mechanical properties combined
with structural changes due to the aging process.
Another important factor affecting the mechanical
properties of the alloy is grain size. As the grain
size increases, the total interface boundary
decreases, hence a decrease in the total energy of
the material, resulting in a reduction of the
damping capacity (Zhongming et al., 2000; Zhang
et al.,, 2006; Zhang et al., 2020). The overall
decrease in the impact energy of the alloy with
increasing aging time after 0.5 hours may be due to

the increase in grain size, as seen in Figure 3(a-c).
However, analysis of fracture surfaces can also
play a key role in explaining the change in the
toughness of materials. Therefore, the fracture
surfaces of the impact samples were examined by
SEM after the impact tests. The mechanical
properties of Zn-27-Al-1Cu alloy in the as-cast
and heat treatment conditions were compared with
the mechanical properties of similar Zn-Al based
alloys produced in previous studies, given in Table
3. The Zn-27AI-1Cu alloy exhibited better
ductility in general than other alloys due to its low
copper content. It also had moderate hardness and
tensile strength compared to Zn-Al alloys with high
Al and Cu content. However, it had a much better
impact energy than the Zn-15AI-3Cu alloy.

Table 3. The comparison table of mechanical properties of some Zn-Al based alloys in as-cast and heat

treatment conditions.

Tablo 3. Bazi Zn—-Al esash alasimlarin dokiim ve isil islem kosullarindaki mekanik ozelliklerinin karsilastirma

tablosu.
Alloy Tensile Percent Impact
7. Hardness .
composition Process status (BHN) strength  elongation  energy References
(wt. %) (MPa) (%) J)
As-cast 92 340 13 5.59
Zn-27.5A1-1Cu  S:380 °C, 24h+ WQ Present study
A:100 °C, 2.5h 112 405 9 2.87
As-cast 130 325 3 -
Zn-27.5Al-
S:360 °C, 12h + WQ Prasad (2004)
2.5Cu-0.03M ’ -
g A:180 °C. 2h 118 290 3.8
As-cast 92 350 8 - Jovanovi¢ et al.
Zn-25AI1-3Cu
S:370 °C, 3h + WQ 105 360 24 - (2007)
As-cast 138 318 24 -
Zn-28.5Al- .
$:370 °C, 3h+WQ Babic et al. (2010)
2.5Cu-0.012M ’ -
9 A:RT, 34 days 121 301 52
As-cast 155 490 3 -
Zn-27Al-2Cu-
S:365°C, 1 h+ WQ Yang et al. (2013)
0.012M ’ -
g A:140°C, 12 h 108 316 26.5
As-cast 83/HrF 304 3.1 2 Savaskan &
Zn-15AI-3Cu S:330 °C, + WQ imog
> - Hek lu (2014
A:180 °C, 210s 95mrr 406 3 ekimoglu (2014)
Zn-25Al-3Cu- '86\53_;:?)8:(3 36h + WQ 671w 364 2.2 i Savaskan et al.
1Si ’ > - 201
Sl A:150 °C, 2min. 84-rre 490 3.1 (2015)
As-cast 94.3/vrr 340 1.8 - Bican & Savaskan
Zn-40Al-2Cu
A:150°C, 24h 86.3/nrr 291 3.1 - (2020)
Zn-40Al-2Cu- gz;?t Caenaw 126 875 14 " Savaskan etal.
2Si : X Q 174 475 1 - (2021)

A:180 °C, 2 min

S: solution treatment, WQ: water-quenching, A: aging, HRB: Rockwell B, HRF: Rockwell F

3.3. Fracture characteristic
3.3. Kirlma karakteristigi
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The fracture surface images of the impact samples
obtained from both as-cast and aged alloy were
given in Figure 5(a-d). The impact fracture surface
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of the as-cast alloy was quite rough and exhibited
brittle fracture characteristics with cleavage crack
on the margin of the plane of brittle fracture, as
seen in Figure 5(a). Zn—Al based alloys especially
in the as-cast state exhibit brittle fracture
characteristics due to the residual stresses and
dimensional instability caused by the non-
equilibrium cooling rates of the alloying elements
(Turhal and Savaskan, 2003; Hasan et al., 2020).
Dimensional instabilities and residual stresses,
which cause brittle fractures in the structure could
be considerably eliminated by prolonged aging
after solution treatment (Chen et al., 2008; Zhang
et al., 2020; Meng et al., 2021). However, the
brittle fracture tendency continued with the
precipitation of secondary-phase particles in the
early stages and progressive stage of aging. As a
matter of fact, brittle fracture behaviour with a
large cleavage plane was observed in the alloy aged
for 0.5 h. In Figure 5(b), the fracture surface had a
large cleavage plane but no large fracture cracks,
indicating that the plastic deformation ability of the
alloy aged for 0.5 h was relatively better than as-
cast alloy. In fact, the alloy aged for 0.5 h exhibited

icleavagey =7
erack

»

fracture cr‘c‘lc{( %
‘,‘}; S

better ductility and impact energy than the as-cast
alloy. It was observed that a highly brittle fracture
mode occurred in the alloy aged for 2.5 hours,
where maximum hardness and strength were
obtained. This fracture surface consisted of largely
deformed regions along with many cracks, as seen
in Figure 5(c). This may be due to the local stresses
created by numerous dispersed precipitates (Zn-
rich and Cu-rich) in the matrix, increasing the
tendency of crack formation and crack propagation
(Wei et al., 2021). In the alloy aged for 5 hours, it
was observed that the fracture surface consisted of
numerous dimples, which is a characteristic feature
of the ductile fracture behaviour, as seen in Figure
5(d). This ductile fracture mode in the alloy, which
is aged for a long time, may be due to its high
percent elongation. In addition, the transformation
of the coarse lamellar B phase into the fine lamellar
structure after the prolonged aging process may
have greatly contributed to the improvement of the
plasticity of the alloy (Yang et al., 2013; Zhang et
al.,, 2020). As a result, brittle fracture mode
transformed into ductile fracture mode after
prolonged aging condition as seen in Figure 5(c-d).

Figure 5. SEM images showing impact fracture surfaces of the alloy in as-cast and different aging periods: (a)
as-cast, (b) aged for 0.5 h, (c) aged for 2.5 h, (d) aged for 5 h
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Sekil 5. Dokiim ve farkl: yaslandirma periyotlarinda, alagimin darbeli kariima yiizeylerini gosteren SEM
gortintiileri: (a) dokiilmiis, (b) 0,5 h yaslandiridmus, (c) 2,5 h yaslandirilnus, (d) 5 h yaslandirimag

4. Conclusion
4. Sonuclar

The effects of different aging periods on the
microstructural behaviour and impact
characteristic of the Zn-27Al-1Cu alloy were
examined. The results are summarized as follows.
The as-cast alloy consisted of the o (Al-rich)
dendrites surrounded by the eutectoid 3 (Al and Zn-
rich) phase, and n (Zn-rich) phase and metastable
¢ (Cu-rich) phase. The solution treatment followed
by the quench-aging process completely eradicated
the dendritic microstructure resulting from
solidification. Heat treatment provided the
dendritic microstructure to transform into a highly
homogeneous coarse-grained structure containing
fine precipitates. The aging process directly
affected the mechanical properties of the alloy. The
best combination of strength and ductility
properties was attained from the aged alloy for 0.5
hours. The highest impact energy was exhibited in
the aged alloy for 0.5 hours, while the lowest
impact energy was exhibited in the aged alloy for
2.5 hours. The variation in damping behaviour
resulted from the change in microstructural and
mechanical properties and, precipitation hardening
mechanism due to aging treatment. The prolonged
aging process transformed the brittle fracture
characteristic of the cast alloy into a relatively
ductile fracture characteristic.
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