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Abstract Tensile and high cycle fatigue properties of hot

extruded ZK60 magnesium alloy have been investigated, in

comparison to that of hot-extruded plus T5 heat-treated

ZK60 magnesium alloy which was named as ZK60-T5.

High cycle fatigue tests were carried out at a stress rate (R)

of -1 and a frequency of 100 Hz using hour-glass-shaped

round specimens with a gage diameter of 5.8 mm. The

results show that tensile strength greatly improved and

elongation is also slightly enhanced after T5 heat treat-

ment, and the fatigue strength (at 107 cycles) of ZK60

magnesium alloy increases from 140 to 150 MPa after T5

heat treatment, i.e., the improvement of 7% in fatigue

strength has been achieved. Results of microstructure

observation suggest that improvement of mechanical

properties of ZK60 magnesium alloy is due to precipitation

strengthening phase and texture strengthening by T5 heat

treatment. In addition, fatigue crack initiations of ZK60

and ZK60-T5 magnesium alloys were observed to occur

from the specimen surface and crack propagation was

characterized by striation-like features coupled with sec-

ondary cracks.

Introduction

Due to the increasing global energy demand and high con-

sciousness of environmental protection in recent years,

magnesium alloys are very attractive materials due to their

low density, high specific strength and easily recycling

compared to other metals and alloys. As low-weight struc-

tural materials, there has been significant increase in usage of

magnesium alloy for automobile, aerospace components and

other transportation industries [1–3]. Current major auto-

motive magnesium applications are die castings including

instrument panel beam, transfer case, transmission case,

engine block, steering components, and radiator support. For

the applications to the load-bearing components, it is nec-

essary to understand the mechanical properties, in particular,

fatigue properties of the magnesium alloys. There is some

level of fatigue data of cast magnesium alloys available to the

industry [4–6]. As magnesium is expanding into more criti-

cal applications in power-train, chassis and body areas, there

is a great need for developing wrought magnesium products

with improved mechanical properties including fatigue

resistance.

As a wrought magnesium alloy, ZK60 has high tensile

strength and excellent plasticity among commercial mag-

nesium alloys [7]; its microstructure, mechanical properties,

deformation treatment, and the effects of alloy elements and

microelements are well studied [8]. At present, the resear-

ches on ZK60 magnesium alloy are mainly focused on

plasticity, superplasticity [9] and ZK60-based composite

[10]. However, the main property to determine the
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application of ZK60 magnesium alloy in automotive indus-

try is its tensile property, fatigue property and wear

resistance [11, 12]. At present, only a limited study on the

mechanical properties especially fatigue property of as-

extruded ZK60 magnesium alloy has been reported in the

literature [13–15]. This study was driven by the expansion of

application of high strength wrought magnesium alloy

ZK60. In this study, the tensile and high-cycle fatigue

properties of hot-extruded magnesium alloy ZK60 were

investigated in comparison to that of hot-extruded plus T5

heat-treated magnesium alloy ZK60 which was named as

ZK60-T5.

Experimental

The magnesium alloy ZK60 (nominal composition in wt%:

5–6 Zn, 0.3–0.9 Zr, balance Mg) used in this study was

produced by semi-continuous casting. Ingots of ZK60

magnesium alloy were prepared from high-purity Mg

(99.95%), Zn (99.9%), and Mg–30Zr (wt%) master alloys

in electric resistance furnace under the mixed atmosphere

of CO2 and SF6 with the ratio of 100:1. When the tem-

perature reached 760 �C, molten metal was stirred for

about 5 min and held for 30 min, and then poured into steel

molds of [ 100 mm 9 350 mm held at approximately

200 �C. Analysis of the chemical composition of magne-

sium alloy ZK60 was done using Plasma-400, and results

of chemical composition were shown in Table 1. The

ingots were homogenized at 400 �C for 14 h. Then they

were hot extruded to a cylindrical bar of 26.8 mm in

diameter after soaking at 390 �C for 3 h, with an extrusion

ratio of 14. T5 (150 �C/24 h) treatment was applied to

some of the as-extruded bars.

Specimens for mechanical testing were machined with

the load axis parallel to extrusion direction (ED) of the as-

extruded bars. Tensile properties of ZK60 and ZK60-T5

magnesium alloys were performed with sheet specimens

with marked dimension of 15-mm gauge length, 3.6-mm

width and 2-mm thickness on Zwick/Roell Z020 tensile

machine at room temperature.

For fatigue testing, hour-glass-shaped round specimens

(see Fig. 1) were used; the dimensions of the specimens

were as per the instruction of the ASTM E 466 specifica-

tion with a gage diameter of 5.8 mm. The machined

specimens were electrolytically polished (EP) in order to

avoid the influence of machining on the fatigue results.

Fatigue tests were performed under rotating beam

loading (R = -1) at a frequency of about 100 Hz in air.

The stress amplitude ranged from 90 to 260 MPa.

Phase composition and crystallographic texture were

characterized by X-ray diffraction using Ni-filtered Cu Ka
radiation. Crack initiation and propagation behaviors dur-

ing fatigue were investigated by the replica method with a

light optical microscope (LOM) at 4009 magnification.

Microstructure of the investigated alloys was also observed

by LOM. Analyses of the chemical compositions of the

microstructure, and the fracture surfaces after tensile and

fatigue failure in ZK60 and ZK60-T5 magnesium alloys

were done using scanning electron microscopy (SEM,

Philip-505).

Results and discussion

Microstructure

Figure 2 shows the microstructures of ZK60 and ZK60-T5

in a plane parallel to the ED. As seen from Fig. 2a, the

microstructure of ZK60 consists of banded microstructures

of the dark region and surrounding light region that are

typically characteristic of deformation structure, these

regions appears as parallel layers [16, 17]. A schematic

illustration is shown at the right side of the figure. Analysis

of the composition of each layer was done using EDX

analysis. Widths of the A, B and C compounds were

measured using a LOM. Table 2 shows identifications of

the phases of ZK60 and ZK60-T5 magnesium alloys by

EDX analysis and LOM. In the table, the sizes of the layers

are also listed. As seen from the table, the light layer

(compound A) and the dark layer (compound C) observed

in ZK60 magnesium alloy of Fig. 2a are 95.5Mg–3.4Zn–

1.1Zr (at.%, primary a-Mg) and intermetallic phase of

64.1Mg–29.3Zn–6.3Zr (at.%) and a-Mg, respectively. The

compound B is 89.8Mg–8.9Zn–1.3Zr (at.%). Average layer

dimensions of the compounds, WA, WB and WC are 22, 9

Table 1 Chemical composition of magnesium alloy ZK60

Material Composition (wt%)

Mg Zn Zr

ZK60 and ZK60-T5 Balance 5.54 0.56

Fig. 1 Shape and size of hour-glass-shaped round specimen for

fatigue test
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and 16 lm, respectively, where WA, WB and WC are width

of the A, B and C compound, respectively. However,

banded microstructures of ZK60 magnesium alloy are not

clearly defined after T5 heat treatment (see Fig. 2b), its A

and D compound are 95.5Mg–3.4Zn–1.1Zr (at.%, primary

a-Mg) and intermetallic phase of 54.8Mg–35.5Zn–9.7Zr

(at.%) and a-Mg, respectively. In addition, grain bound-

aries of ZK60 are poorly defined because of incomplete

recrystallization. The microstructure, however, becomes

reasonably homogeneous after T5 heat treatment, and grain

boundaries are clear in Fig. 2b, the grains grow up and

show more global because of recrystallization behavior.

Figure 3 shows X-ray diffraction patterns of ZK60 and

ZK60-T5 magnesium alloys. The peaks in the ZK60 mag-

nesium alloy can be indexed as a-Mg and MgZn2, and there

are MgZn precipitates besides of a-Mg and MgZn2 in ZK60-

T5 magnesium alloy in Fig. 3b [18–20]. The references [18,

19] indicate that the aging precipitation process of ZK60

include GP zone and b0 (MgZn), Sturkey and Clark [21]

pointed out that the b0 phase, which is similar to the laves

phase (MgZn2) in structure, is main precipitate in Mg–Zn

alloys, b0 is so steady that can be transformed to a equilibrium

phase only through hundreds of hours aging treatment. Chun

and Byrne [20] indicated that the strengthening mechanism

of b0 precipitates for ZK60 magnesium alloy is the cutting of

b0 precipitates by dislocations, rather than the bowing of

dislocations between the precipitates [22], i.e. the mecha-

nism of aging strengthening is shear mechanism; mechanical

properties of ZK60 magnesium alloy can be improved by

increasing density of b0. For ZK60-T5 magnesium alloy,

Fig. 2 Microstructure of the

investigated alloys along

extrusion direction: a ZK60;

b ZK60-T5

Table 2 Compositions of the compounds in ZK60 and ZK60-T5

(a) Structure

of ZK60

Composition (at.%) Typical

size (lm)

A 95.5Mg–3.4Zn–1.1Zr WA = 22

B 89.8Mg–8.9Zn–1.3Zr WB = 9

C 64.1Mg–29.3Zn–6.3Zr and a-Mg WC = 16

(b) Structure

of ZK60-T5

Composition (at.%)

A 95.5Mg–3.4Zn–1.1Zr

D 54.8Mg–35.5Zn–9.7Zr and a-Mg
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since it holds microstructure as dislocation and substructure

similar to that of ZK60 magnesium alloy during T5 heat

treatment, it is beneficial for the precipitation of b0 becoming

more homogeneous, smaller, and denser, and is beneficial to

precipitation of b0.

Crystallographic textures ( 0001f g pole figure and

1010
� �

pole figure) of ZK60 and ZK60-T5 are shown in

Fig. 4. The basal planes are oriented predominantly par-

allel to the ED. As seen from Fig. 4, it is evident that

0001f g basal plane and 1010
� �

crystallographic direction

in most grains are distributed parallel to the ED. That is,

the ZK60 and ZK60-T5 magnesium alloys exhibits an ED//

1010
� �

fiber texture. Similar tendency of basal planes lying

parallel to the ED after direct extrusion has been observed

by other investigators [23–25] in other magnesium alloys.

In addition, T5 heat treatment has a little effect on texture

of ZK60 magnesium alloy; the pole figure intensity of

ZK60-T5 magnesium alloy is slightly higher than that of

ZK60 magnesium alloy.

Mechanical properties

Fourteen tensile specimens were tested under the initial

strain rate of 5 9 10-4 s-1. Table 3 shows the tensile

properties of ZK60 and ZK60-T5 magnesium alloys. The

tensile stress–strain curve determined is shown in Fig. 5. As

seen from Table 3 and Fig. 5, in comparison to ZK60

Fig. 3 XRD analysis of the high-strength magnesium alloy ZK60. (a)

ZK60; (b) ZK60-T5

Fig. 4 0001f g and 1010
� �

pole figures of ZK60 and

ZK60-T5 magnesium alloys.

a ZK60 0001f g; b ZK60

1010
� �

; c ZK60-T5 0001f g;
d ZK60-T5 1010

� �
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magnesium alloy, it can be seen that yield strength, ultimate

tensile strength, and elongation of ZK60-T5 magnesium

alloy increased by 15.2%, 5.4%, and 6.5%, respectively.

Factors that influence the tensile properties of ZK60 and

ZK60-T5 magnesium alloys include the following: size and

distribution of pores and/or inclusion particles, grain size,

texture intensity, size, and distribution of MgZn2 and MgZn

precipitates. As remarked above, for ZK60 is a precipitation-

strengthening magnesium alloy [18–20], the potential in

yield strength, ultimate tensile strength, and elongation

cannot be fully brought out unless the necessary artificial

aging is performed; therefore, precipitation strengthening is

the most important mechanism because of which the tensile

properties of ZK60-T5 magnesium alloy are increased. It is

well known that the MgZn2 is the main strengthening phase

in ZK60 alloy (see Fig. 3). Galiyev, Zhang, and co-workers

[26, 27] reported that MgZn2 and Zn2Zr3 phases might also

be contained in the matrix. In addition, in comparison to

2ZK60 magnesium alloy, higher texture intensity (see

Fig. 4) is also a main factor to improve the tensile properties

of ZK60-T5 magnesium alloy [28].

The fracture surfaces of tensile specimens of ZK60 and

ZK60-T5 magnesium alloys are shown in Fig. 6, which

consist of voids with different sizes, shallow dimples, and

some fractions of cleavage fractures; and the whole fracture

surface inclines to the loading axis and is close to the plane

with maximum shear force. In comparison to ZK60 mag-

nesium alloy (see Fig. 6a), after T5 heat treatment, the

cleavage planes decrease gradually and the plastic dimples

increase greatly (see Fig. 6b). In general, the dimple is

mainly caused by the existence of inclusions or second

phases. It has been reported that the dimple size depends on

the inclusion size [29]. The optical micrographs of ZK60

and ZK60-T5 magnesium alloys on the section parallel to

the gage length confirm that the fracture surfaces of the

tensile specimen are very bumpy and show a typical ductile

failure (see Fig. 7). Voids form along the interface of the

entrapped particles and matrix during tensile loading. They

then coalesce and exhibit shallow dimples. When the matrix

has inherently few particles, the cracks proceed in a trans-

granular form and develop cleavage failure. It can be seen

there are many slip bands near fracture surface in Fig. 7a, b,

and density of slip bands decreases as the length of the

fracture surface increases. Figure 7 also demonstrates

banded structures, which are the typical structures of hot-

extruded bar. Dimples shown on the fracture surface may

also originate from the banded structure where slip bands

and/or deformation twins intersect and generate micro-

voids. These voids coalesce and provide potential sites for

forming dimples during tensile loading. In addition, a few

deformation twins are visible in the matrix near the fracture

surface. In comparison to ZK60 magnesium alloy (see

Fig. 7a), the optical micrograph of ZK60-T5 magnesium

alloy has more regular and global crystal, which can deform

evenly during tensile loading, whereas lots of precipitates of

MgZn in the Mg matrix can also strengthen ZK60-T5

magnesium alloy by acting as barriers to the dislocation

movement. Therefore, more persistent slip bands and

deformation twinning are parallel in Fig. 7b.

Table 3 Tensile results on magnesium alloys ZK60 and ZK60-T5

Material Testing

direction

YS/MPa UTS/MPa EL (%)

m S m S m S

ZK60 ED 237 4.1 312 4.6 15.5 0.8

ZK60-T5 ED 273 4.4 329 3.2 16.5 0.9

Fig. 5 Tensile stress–strain curve of ZK60 magnesium alloy tested at

a strain rate of 5 9 10-4 s-1

Fig. 6 Fracture surface of

tensile specimen (SEM).

a ZK60; b ZK60-T5
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High cycle fatigue properties

The S–N curves of ZK60 and ZK60-T5 magnesium alloys

under rotating beam loading (R = -1) at a frequency of

about 100 Hz in air are presented in Fig. 8. The fatigue

strength (at 107 cycles) of ZK60 magnesium alloy is

140 MPa, while that of ZK60-T5 magnesium alloy is

150 MPa, i.e., the improvement of 7% in fatigue strength

has been achieved. The fatigue ratio (ra/rb) for the inves-

tigated alloys are about 0.45 and 0.46, respectively, in

agreement with the value for magnesium (0.25–0.5)

reported in literature [30]. In addition, fatigue life of ZK60-

T5 magnesium alloy is higher than that of ZK60 magne-

sium alloy, particularly, at the lower stress amplitude.

The distinction of the S–N curves and the fracture

morphologies between ZK60 and ZK60-T5 magnesium

alloys should be ascribed to the different microstructures,

which will be discussed deeply as follows.

Fracture surfaces of ZK60 and ZK60-T5 fatigue speci-

mens are shown in Fig. 9. It can be seen that fatigue cracks

initiate on specimen surfaces (see Fig. 9a, c), since the

surface experiences the maximum tension stress due to

rotating beam loading fatigue. In addition, due to the lack

of constraint in grains at free surface, the glided disloca-

tions during deformation may result in a microscopically

irregular surface, which makes the surface as a prevailing

site for crack initiation. A close-up of fracture surface near

crack nucleation area shows a typical cleavage feature,

which consists of lots of lamellar cleavage planes (see

Fig. 9b, d). This result indicates that the fatigue crack

propagation is characterized by striation-like features

coupled with secondary cracks along the cleavage plane in

ZK60 and ZK60-T5 magnesium alloys at the beginning of

propagation, opposite to tensile fracture, in which crack

propagates by coalescence of dimples (see Fig. 6).

However, the main difference of fracture surface of ZK60

and ZK60-T5 magnesium alloys is in fatigue crack propa-

gation zone, as seen from Fig. 9b, d, the fracture surface of

ZK60-T5 magnesium alloy is rougher than that of ZK60

magnesium alloy, and has more cleavage planes, dimples

and tear ridge. Comparison to ZK60 magnesium alloy (see

Fig. 9a), ZK60-T5 magnesium alloy has more regular and

global crystal, which can deform evenly during cyclic

loading, meanwhile, dislocation mainly moves in basal plane

which has lower strength, and the precipitates of MgZn in the

Mg matrix will be the predominant barriers to the dislocation

movement. The basal plane of the MgZn precipitate is per-

pendicular to the basal plane of the Mg matrix; however, the

plane of the highest atomic density in the MgZn precipitate is

2110
� �

[20]. Thus dislocations in the Mg basal plane should

cut through the MgZn precipitates, resulting in slip plane

Fig. 7 Optical microstructures

for sample sectioned in

direction parallel to the gage

length, indicating banded

structures and the outline of the

fracture surface. a ZK60;

b ZK60-T5

Fig. 8 S–N curve of ZK60 and ZK60-T5 under rotating beam loading

in air (R = -1)
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produces partial strengthening and blocks dislocation

movement. In addition, more regular and global crystals are

more effective to blocks dislocation movement. Hence,

higher fatigue strength in ZK60 magnesium alloy is induced

after T5 heat treatment.

The result of LOM observations on a ZK60 specimen

surface as detected by the replica method during fatigue at

stress amplitude of 165 MPa is shown in Fig. 10. In order

to examine the interaction between crack initiation and

propagation behaviors and the microstructure of the spec-

imen, the fatigue experiment was conducted on the

specimen whose microstructure was pre-revealed by etch-

ing. As seen from Fig. 10, a crack initiates at the banded

region that is equivalent to dark-banded layer in Fig. 2a,

and in this region the crack path is straight, showing

characteristic transgranular fracture. Then the fatigue crack

propagates into the neighboring regions that are equivalent

to light-banded layers in Fig. 2a, and in this region the path

of fatigue crack growth is mainly intergranular. In addition,

the crack propagated along the cleavage planes into the

neighbouring grains after crossing over the grain boundary,

which is consistent with the results of SEM observation on

fracture surface (see Fig. 9a). The same phenomenon is

also observed on ZK60-T5 specimen.

Figure 11a, b shows the microstructures of ZK60 and

ZK60-T5 magnesium alloys on the section parallel to the

gage length below the fracture surface. Banded layers exist in

a matrix of fatigue specimen near fracture surface that is

mostly composed of fine grains. However, the banded layers

located in the matrix of the tensile specimens are rich in slip

bands and deformation twins (see Figs. 7 and 11). The phase

transformation from the original banded layer to fine grains

can be attributed to dynamic recrystallization due to cyclic

loading. In deforming magnesium alloy, the sense of shear is

that twinning is favored by compression [31]. In comparison

to ZK60 magnesium alloy (see Fig. 11a), the optical

micrograph of ZK60-T5 magnesium alloy has more regular

and global crystal, which can deform evenly during cyclic

loading, whereas lots of precipitates of MgZn in the Mg

matrix can also strengthen ZK60-T5 magnesium alloy

Fig. 9 Fatigue crack nucleation

sites of ZK60 and ZK60-T5

alloys (SEM): a an overview of

ZK60; b a close-up near crack

initiation region of ZK60. c an

overview of ZK60-T5; d a

close-up near crack initiation

region of ZK60-T5 (arrow

indicates crack nucleation site)

Fig. 10 LOM observation on the ZK60 specimen’s surface as

detected by the replica method during fatigue at stress amplitude of

165 MPa
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through acting as barriers to the dislocation movement.

Therefore, more persistent slip bands and deformation

twinning are parallel in Fig. 11b.

Conclusions

Tensile and high cycle fatigue properties of hot-extruded

ZK60 magnesium alloy have been investigated, in com-

parison to that of hot-extruded plus T5 heat-treated

magnesium alloy ZK60 was which named as ZK60-T5.

The following conclusions can be drawn:

• Obvious changes have taken place in microstructure

and texture of ZK60 magnesium alloy after T5 heat

treatment. Three-banded layers (corresponding to the

A, B, and C compound) of ZK60 magnesium alloy in a

plane parallel to the ED changed into two-banded

layers (corresponding to the A and D compounds) of

ZK60-T5 magnesium alloy. In comparison to ZK60

magnesium alloy, ZK60-T5 magnesium alloy has more

regular and global grain crystal, and higher pole figure

intensity of fiber texture.

• The yield strength, ultimate tensile strength, and

elongation of ZK60 magnesium alloy are improved

after T5 heat treatment.

• Fatigue strength of ZK60 magnesium alloy at R = -1

and 107 cycles is 140 MPa, while that of ZK60-T5

magnesium alloy is 150 MPa, which gives the fatigue

ratio (ra/rb) for the investigated alloys as about 0.45

and 0.46, respectively. The improvement of 7% in

fatigue strength has been achieved by T5 heat treat-

ment. In addition, fatigue life of ZK60-T5 magnesium

alloy is higher than that of ZK60 magnesium alloy,

particularly, at the lower stress amplitude.

• The fatigue cracks of ZK60 and ZK60-T5 magnesium

alloys initiate in dark-banded layer of specimen

surface; a close-up of fracture surface near crack

nucleation area shows a typical cleavage feature, which

consists of lots of lamellar cleavage planes. The main

difference of fracture surface of ZK60 and ZK60-T5

magnesium alloys is in fatigue crack propagation zone,

where the fracture surface of ZK60-T5 magnesium

alloy is rougher than that of ZK60 magnesium alloy,

and has more cleavage planes, dimples, and tear ridge.
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