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Abstract: The influence of Si addition on microstructure, mechanical properties and thermal fatigue behavior of Zn—38Al1-2.5Cu
alloys was investigated. The results show that constitutional supercooling of ZA38 alloys is formed because of the Si addition.
Zn—38A1-2.5Cu—0.55Si alloy shows the dramatically refined microstructure and the best mechanical properties. When the Si
addition exceeds 0.55%, a dendrites develop and Si phases become larger and aggregate along the dendrites boundaries, decreasing
the mechanical properties. Oxides and pits formed by the plastic deformation are the main factors of cracks initiation. During the
early stage of crack propagation, the cracks grow at a high speed well described by Paris law because of the porous and loose oxide,
and mainly propagate along the dendrites boundaries. During the slow-growth stage, secondary cracks share the energy of crack
growth, delaying the propagation of cracks, and the cracks propagate and fracture by the mixture of intergranular and transgranular

modes.

Key words: Zn—38A1-2.5Cu alloy; Si addition; mechanical properties; thermal fatigue; crack growth; oxidation

1 Introduction

Zinc aluminum (ZA) alloys have been developed
for years, resulting from their excellent combination of
advantages such as low casting temperature, good
fluidity and castability, high strength and low
manufacturing cost. Consequently, they are widely used
to take the place of the cast iron, bronze and brass [1-3].
The deterioration of their properties and dimensional
instability at high temperature are the major
disadvantages of the alloys, while ZA alloys are mainly
used in the environment of high temperature and thermal
fatigue fracture is one of the most common failure
forms [4,5].

In recent years, many works have been done to
overcome these deficiencies of ZA alloys [5—8]. BABIC
et al [5] have reported that heat treatment of the ZA
alloys can improve dimensional stability and ductility,
while the majority of the heat treatments may lead to a
reduction in tensile strength and hardness. One approach
to overcome the reduction is the addition of alloying
elements, such as Mn, Ni and RE. High temperature
strength can be improved by the addition of Mn, while

the elongation decreases beyond the addition of 0.5% Mn.
Furthermore, the microstructure can not be refined
because there is no Mn-rich phase particles. LU et al [6]
have found that the microstructure can be refined by
adding 0.5% Mn and 0.5% Ni at the same time, resulting
from Ni-rich particles produced. TAN and YAN [7] have
revealed that RE contributes to refining the a dendrites.
When RE content of the alloys exceeds 0.9%, the tensile
strength decreases.

However, only a few studies have been carried out
pertaining to the microstructure, mechanical properties
and thermal fatigue properties of ZA alloys with Si
addition. The main advantage of Si addition to ZA alloys
is to improve their thermal stability at high temperatures
above 100 °C. Therefore, Si is added to investigate those
properties of Zn—38Al-2.5Cu casting alloys in this work.
Compared to the addition of Mn, Ni, and RE, the
production process with Si addition is cheaper, but is not
easy due to its segregation problem [9]. As is known, too
much adding elements can also deteriorate the properties,
so there is an optimal Si addition for the Zn—38A1-2.5Cu
[7,9]. One of the objectives of this work is to obtain
the ZA alloy with the optimal Si addition. Besides,
the mechanism of thermal fatigue crack initiation and
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propagation is researched in order to know more about
the failure mechanism, which benefits the further
application of the Zn—38Al-2.5Cu alloys [10].

2 Experimental

2.1 Production and testing of alloys

One ternary Zn—38Al-2.5Cu and four quaternary
Zn—38A1-2.5Cu—xSi (x=0.3, 0.55, 0.8 and 1.05, mass
fraction, %) alloys were produced using high-purity zinc
(99.9%), commercially pure aluminum (99.7%), high-
purity Mg(>99.97%) and Al-50%Cu, Al—12%Si master
alloys. The chemical compositions of alloys are
presented in Table 1. According to Table 1, the masses of
Al, Cu, Mg and Si were accurately calculated and
weighed. Then, the alloys were melted in a crucible
using an electrical furnace and poured at a temperature of
approximately (600£5) °C into a (150£5) °C preheated
metallic mould. Metallographic samples were prepared
using standard metallographic techniques and etched
with 5% HCI + 5% HNO; + 5% HF + 85% distilled
water. The microstructures of the alloys were measured
from observations under scanning electron microscope
(SEM). To identify the phase components occurring in
the alloy, energy dispersive spectroscopy (EDS) was
performed.

The hardness was measured by Brinell hardness
tester. Tensile strength and elongation were determined
using the testing machine at a cross-head speed of 1
mm/min. The hardness and tensile test results were
determined by taking the average of five readings.

Table 1 Chemical compositions of alloys (mass fraction, %)
Alloy Si Al  Cu Mg Zn
Zn—38A1- 0,0.3,0.55,
2.5Cu—xSi 0.8, 1.05

37-39 2.5 0.030—0.035 Bal.

2.2 Fatigue tests

All the fatigue tests were performed using a
self-restraint thermal fatigue testing machine developed
by Jilin University, as shown in Fig. 1. The specimens
were thermally cycled in the resistance furnace at 225 °C
for 120 s, followed by cooling in flowing water at room
temperature for 10 s, thus one cycle was finished.

A detailed profile of the thermal fatigue specimen
was shown in Fig. 2. The specimen had a 3 mm deep
V-notch on the side. The purpose was to give a
reasonable low initiation life and a situation where the
crack initiated naturally. The fatigue crack length
(optical microscopy observations) was conducted after
preconcerted cycles, whilst the samples were weighed
before and after the cycles by an electronic balance with
an accuracy of 0.1 mg to determine the mass change
(including the spalled oxide). Scanning electron

microscope investigations were performed to observe the
morphology and propagation of cracks. In addition, the
fractography analysis (SEM observations of failed
specimens) was conducted in order to understand the
fatigue damage mechanisms.
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Fig. 1 Schematic diagram of self-restraint thermal fatigue tester
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Fig. 2 Fatigue specimen geometry (unit: mm)
3 Results and discussion

3.1 Microstructure

The typical microstructures of Zn—38A1-2.5Cu with
different additions of Si (0, 0.3%, 0.55%, 0.8% and
1.05%) are shown in the SEM images presented in
Figs. 3(a)—(e), which are named as Samples 1, 2, 3, 4,
and 5, respectively. The microstructures of the alloys
consist of a(Al-rich) dendrites, eutectoid atn (y is
Zn-rich) resulted from a-phase decomposition at 275 °C,
&(CuZny) and Si phases. The higher magnification of
ZA38-1.05%Si is shown in Fig. 3(f). Both the a
dendrites (Al-based solid solution) and eutectoid o+y
show lamellar distribution.

The addition of Si has effects on both the dendritic
morphology and phase composition of the alloys. As the
Si addition increases from 0 to 0.55%, the size of a
dendrites decreases gradually, whilst the amount of Si
phases increases and show more homogeneous
distribution, as shown in Figs. 3(a), (b) and (c). It is
known that o dendrites are produced firstly during
solidification, then the Si phases are precipitated,
forming the constitutional supercooling at the
boundaries. As a result, the development of o dendrites is
restricted [11].
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(f) ZA38-1.05%Si at higher magnification

However, when the Si addition of the alloys exceeds
0.55%, the coarsing o dendrites develop and the Si
phases become larger and aggregate along the dendrites
boundaries, as seen in Figs. 3(d) and (e). It is related to
the decrease of constitutional supercooling [11]. Also,
the Si phases gather together as the form of needles and
polygons, forming the stress concentration, which
diminishes the pinning effect on the boundaries. Thus,
the developing rate of a dendrites increases. It can be
concluded that the addition of 0.55% Si has a noticeable
benefit in terms of the refinement of Zn—38A1-2.5Cu
alloys.

3.2 Mechanical properties

The mechanical properties, including tensile
strength, hardness and elongation of the alloys with
different Si additions, are shown in Fig. 4. It can be seen
that the hardness increases gradually. But the elongation
of these alloys decreases with the increase of Si.
However, the tensile strength of the alloys increases with
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Fig. 4 Influence of Si addition on tensile strength, Brinell

hardness and percentage elongation of Zn—38A1-2.5Cu alloys

increasing Si addition up to 0.55%, above which it
decreases as the Si addition increases.

These results may be explained in terms of
microstructural features and constituents of the alloys.
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When the Si addition increases from 0 to 0.55%, the a
dendrites become smaller, which contribute to the
increase of both hardness and tensile strength. Also, the
fine Si phases well distributed in the alloys act as
obstacles to the movement of dislocations during the
deformation process. When the Si addition exceeds
0.55%, the hard Si phases are the dominant factors of the
continuously increasing hardness, while the tensile
strength decreases related to both growing a dendrites
and the stress concentration caused by the needlelike and
polygonal morphologies of the Si phases [9,12]. The
formation of hard and brittle Si phases weakens the
interdendritic regions of the alloys and forms stress
concentration, resulting in the decrease of the percentage
elongation of the alloys [13,14].

3.3 Thermal fatigue behavior
3.3.1 Fatigue crack growth curves

The relationship between crack length (a) and
number of cycles (N) of the alloys with different Si
additions is represented in Fig. 5. Crack length is
determined from the optical microscope image. Totally,
there are two stages of the fatigue crack growth: crack
initiation and crack propagation. As can be seen, the
alloys show long incubation time of the cracks under the
thermal fatigue, and then cracks propagate at a relatively
high speed, afterwards, the cracks propagation shows the
slow-growth stage. It is worth noting that the cracks of
Samples 1 and 5 show the trend to propagate at higher
speed compared to other alloys finally. For comparison,
Sample 3 shows the longest incubation time and smallest
rate of propagation, followed by Samples 2, 4, 1, 5.
Namely, the alloy with 0.55% Si shows the highest
fatigue strength, which is mainly attributed to the refined
microstructure and excellent mechanical properties.

As is well-known, compressive stress is produced in
the heating process, while tensile stress is produced in
the cooling during the thermal fatigue, thus relevant
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Fig. 5 Thermal fatigue crack growth data of ZA38 alloys with
different Si additions

deformation will be generated in V-notches [15]. Fatigue
crack initiation and propagation will be dominated by the
deformation accumulation. Grain boundaries act as
barriers in deformation accumulation, besides, Si phases
with uniform distribution provide weaker stress
concentration [16]. So, it is hard for the crack of Sample
3 with fine microstructure to initiate and propagate.
3.3.2 Crack growth behavior

The typical example of fatigue crack growth in
V-notch is shown in Fig. 6. The oxides and pits are easy
to be found in V-notch (see Fig. 6(a)). Usually, pit, the
reflection of plastic deformation because of the thermal
stress, is the origin of the crack, while the oxides provide
routes for crack developing. Microscopic analysis shows
that the process of thermal fatigue crack initiation
includes three stages: the formation of oxide film, pits
generated within the oxide film, and the growth of the
pits or the formation of crack from pits.

(a)

Oxide film

Oxide T /

Microcrack /

Fig. 6 Crack growth morphology of thermal fatigue: (a) Crack
initiation; (b) Crack propagation in early stage; (¢) SEM image
of crack-tip



Ting LIU, et al/Trans. Nonferrous Met. Soc. China 26(2016) 17751782 1779

Most of the fatigue cracks grow along the dendrites
boundaries, because the oxides are mainly produced in
the eutectic region (see Fig. 6(b)). Furthermore, oxide
band is formed in the crack region (see Fig. 6(c)). Stress
assisted grain boundary oxidation (SAGBO) might
account for the crack growth with temperature [17].
During the thermal fatigue test, the kinetics of oxygen
diffusion and oxidation will be increased in the vicinity
of the V-notch at high temperatures. Chemical bonds
between atoms of the alloy are easily broken and the
cohesion of the grain boundary decreases due to the
oxidation. The oxide morphology and EDS of thermal
fatigue fracture surface are shown in Fig. 7. As can be
seen, the oxide is porous and loose. In addition, the
thermal expansion coefficients of the alloy and oxide are
different, thus, the oxide may shed from the specimen,
forming oxidation cavities (see Fig. 6(c)), which in turn
promotes the oxidation behavior. Also, the EDS analysis
shows that the oxide is rich in O, Zn and Al, leading to
the decrease of Zn and Al of the alloys, which decreases
the strength of ZA38 alloys.

Zn
Al

0 1 2 3 4 5
Energy/keV

Fig. 7 Oxide of fracture surface: (a) Morphology; (b) EDS of
oxide

The mass change of the alloys during the thermal
fatigue is shown in Fig. 8. The oxidation kinetics curves
show the continuous mass growth trend. The positions
with open symbols show the moments when spalled
oxides occur, which mainly happens during the crack

propagation. After the shedding of the oxide, there is a
rapid increase of the mass change, resulting from the
formation of oxidation cavities. The oxidation area is
increased because of the cavities, leading to further
oxidation. Coupled with the effect of thermal stress, the
oxidation becomes more serious. As can be seen, the
mass changes after 12000 cycles in decreasing order are
Samples 5, 1, 4, 2, 3, respectively, which are in
accordance with the fatigue crack growth curves (see

Fig. 5).
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Fig. 8 Oxidation kinetic curves of ZA38 alloys

3.3.3 Crack fracture

The typical symbol of the fracture surface is shown
in Fig. 9(a), which reveals the fatigue striations. SEM
images of the fatigue fracture surfaces of the ZA38 and
ZA38-1.05%Si alloys at 61500 cycles are shown in
Figs. 9(b) and (c), when other alloys have not shown the
trend to fracture. That may be related to the slow-growth
stage of Samples 1 and 5, which show higher cracking
speed compared to other alloys (see Fig. 5). It is clear
that the failure modes of fatigue are the mixture of
intergranular and transgranular modes with secondary
cracks, regardless of the difference in Si addition. The
formation of the secondary cracks is due to the fatigue
crack propagation from the fracture surface to the inside
of the alloys. The proportion of intergranular crack of the
alloy with 1.05% Si is higher than the one without Si and
the secondary crack becomes coarser and longer.
Moreover, the brittle Si phases of ZA38—1.05%Si alloy
fracture, which may result in the formation of voids.

3.4 Thermal fatigue mechanism

Actually, there is little essential difference between
crack initiation and propagation, both of them are the
damage processes caused by local plastic strain
accumulation. Plastic passivation model presented by
LAIRD can show the process of crack growth [18]. In
general, it is a process of crack opening, passivation,
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Secondary crack

Fig. 9 SEM images of fracture surface: (a) Symbol of fracture
surface; (b) ZA38; (c) ZA38—-1.05%Si

extension and sharpening constantly. As can be seen
from Fig. 5, the process of crack propagation can be
divided into two stages: the fast-growth stage after crack
incubation time and the following slow-growth stage.
Crack growth rate, da/dN, is the slope of the fatigue
crack growth curve shown in Fig. 5. In the fast-growth
stage of crack propagation, cracks grow at a relatively
high speed, which can be explained by Paris law [19]:

da/dN = C(AKY" = C(fAc/ma)" (1)

where C and m are basic parameters designed by the
experiment, f is the geometric correction factor, o is
thermal stress and a is the crack length. Under certain Ag,
da/dN increases with increasing crack length. Besides,
the oxide band in front of the crack provides the
minimum energy for crack to propagate. So, the thermal
fatigue cracks of the alloys propagate at a high speed.

It can also be seen from Fig. 5 that cracks

propagation of the alloys shows slow-growth stage after
a certain number of cycles, which mainly results from
the formation of secondary cracks. The secondary cracks
perpendicular to crack propagation direction can be
observed clearly on fracture surfaces (see Fig. 9).
Secondary cracks can reduce the stress concentration of
the main crack tip, delaying the propagation of cracks.
Besides, during the thermal fatigue test, plastic
deformation region will be formed in front of the crack.
When the crack passes through the region, residual
plastic deformation may be produced at the end of the
crack tip, resulting in smaller opening displacement
compared to cracks without residual plastic deformation.
Thereby, crack may close during the cooling process, and
may not open immediately when heating [20]. On the
other hand, thermal stress is produced around the cracks
during the thermal fatigue test, and it is released by
crack propagation, thus the crack propagation rate
reduces [21]. All of these result in the slow-growth stage
of the crack propagation.

When the cracks propagate after the fast-growth
stage, the alloys with 0.3%, 0.55% and 0.8% Si have
shown the relatively steady states, while the cracks of
ZA38 and ZA38-1.05%Si keep growing (see Fig. 5).
The crack-tips SEM images of the alloys with 0.3%,
0.55% and 0.8% Si at 11500 cycles are shown in Fig. 10.

As shown in Fig. 10, the crack of ZA38—0.55%Si
alloy is relatively straight and thin, while the cracks of
0.3% Si and 0.8% Si show higher tortuosity. It illustrates
that ZA38-0.3%Si and ZA38-0.8%Si show poor
plasticity and distribution in microstructure, which is in
accordance with Fig. 3. And both of them show sharper
tips of the cracks, indicating the trend of crack closure.
The crack-tip of ZA38-0.55%S:1 is in passivation, which
suffers great resistance because of the existence of the Si
phase (see Fig. 10(b)). Generally, crack propagates along
o dendrites supported by the principle of the minimum
energy dissipation. And the strength in vicinity of the
crack-tip decreases, resulting from the accumulation of
plastic deformation. Furthermore, oxides in eutectic
region have a significant effect on crack propagation.
Thus, it is easy for the crack to propagate intergranularly.
The crack can also propagate intergranularly and
transgranularly in union (see Fig. 10(c)). In detail, the
crack of ZA38—-0.8%Si propagates intergranularly before
reaching o dendrite, then continues to propagate along a
dendrite, finally, the crack grows transgranularly,
resulting from the oxidation.

In total, the fatigue properties of the alloys are
dominated by a number of factors including the
microstructural features of the alloys (grain sizes, grain
boundary structures and additional phases formed
during solidification), mechanical properties and the
oxidation.
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Fig. 10 Morphologies of crack-tips: (a) ZA38-0.3%Si;
(b) ZA38-0.55%Si; (c) ZA38—0.8%Si

4 Conclusions

1) The addition of Si to ZA38 alloys can refine the o
dendrites in the microstructure and increase the
mechanical properties because of the constitutional
supercooling. ZA38—0.55%Si alloy shows the best
comprehensive performance. When Si addition exceeds
0.55%, a dendrites develop and Si phases become larger.

2) Attributed to the refined microstructure and
excellent mechanical properties, ZA38-0.55%Si alloy
shows the longest incubation time and smallest rate of
propagation, indicating the best thermal fatigue
properties.

3) Oxidation plays an important role in the process
of thermal fatigue crack growth. The strength of ZA38
alloys is decreased because of the oxide which is rich in
O Zn and Al, and oxidation cavities are formed because
of the shedding of the porous and loose oxide, which
makes the cracks easy to develop along the dendrites
boundaries.

4) The thermal fatigue cracks propagate and fracture
by the mixture of intergranular and transgranular modes.
The crack growth obeys Paris law during the fast-growth
stage of the crack propagation. While the formation of
secondary cracks reduces the stress concentration of the
main crack tip, resulting in the slow-growth stage.
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