
The tensile and creep behavior of Mg–Zn Alloys
with and without Y and Zr as ternary elements

C. J. Boehlert

Received: 28 July 2005 / Accepted: 28 February 2006 / Published online: 30 January 2007
� Springer Science+Business Media, LLC 2007

Abstract Tensile–creep experiments were conducted

in the temperature range 100–200 �C and stress range

20–83 MPa for a series of magnesium–zinc–yttrium

(Mg-Zn-Y) and mangnesium-zinc–zirconium (Mg-Zn-

Zr) alloys ranging from 0 to 5.4 wt% Zn, 0 to

3 wt% Y, and 0 to 0.6 wt.% Zr. The greatest tensile–

creep resistance was exhibited by an Mg–4.1Zn–0.2Y

alloy. The room-temperature yield strength increased

with increasing Y content for Mg–1.6–2.0Zn alloys.

The greatest tensile strength and elongation was

exhibited by Mg–5.4Zn–0.6Zr. This alloy also exhibited

the finest grain size and the poorest creep resistance.

The measured creep exponents and activation energies

suggested that the creep mechanisms were dependent

on stress. For applied stresses greater than 40 MPa, the

creep exponents were between 4 and 8. For applied

stresses less than 40 MPa, the creep exponent was 2.2.

The calculated activation energies (Qapp) were depen-

dent on temperature where the Qapp values between

100 and 150 �C (65 kJ/mol) were half those between

150 and 200 �C for the same applied stress value

(30 MPa). Deformation observations indicated that the

grain boundaries were susceptible to cracking in both

tension and tension-creep, where at low applied

stresses grain boundary sliding was suggested where

strain accommodation occurred through grain bound-

ary cracking. Thus grain size and grain boundaries

appeared to be important microstructural parameters

affecting the mechanical behavior. Microstructural

effects on the tensile properties and creep behavior

are discussed in comparison to other Mg-based alloy

systems.

Introduction

In order to improve the creep strength of magnesium

(Mg) alloys, rare earth and/or alkaline earth elements

in small quantities have been effectively used as alloy

additions [1–14]. For example, the creep rate of

Mg–8wt.%Y1 has been observed to be four orders of

magnitude lower than AZ91 at 277 �C in the stress

range 40–100 MPa [13]. This has been attributed to

precipitation hardening, as precipitates can form in

such high yttrium (Y) content Mg alloys. Precipitates

in the Mg–8Y alloy can form both at grain boundaries

as well as on dislocations through dynamic precipita-

tion during creep at 277 �C [13]. Even small additions

of Y have resulted in remarkably improved creep

strength, where Y is a more potent creep strengthener

than aluminum (Al) or manganese (Mn) [14]. Small

additions of Zn have also proven to aid tensile and

creep strength, especially when combined with a rare

earth or alkaline earth element such as Y [13–18].

Finely dispersed metastable Y precipitates contribute

significantly to the creep strength of Mg–Y alloys [19],

while a RT yield stress of 610 MPa can be achieved in

rapidly solidified powder metallurgy Mg–2.5Zn–6.8Y
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grains [20–25]. However, such alloying elements are

expensive and dense and in the case of Y, the

metastable precipitates that form are unstable at

elevated temperature and grow fast or transform to

equilibrium precipitates which have negative effects on

strengthening [19]. A high Y content is required to

obtain a high density of metastable precipitates, and

thus from a weight savings point of view, it would be

beneficial to develop Mg alloys for structural applica-

tions, where creep strength is important, with lower Y

contents.

Zinc concentrations as low as 0.05 wt% can provide

a significant strengthening effect in Mg–Y alloys [13,

14, 16, 18]. In particular Suzuki et al. [13–15, 17]

investigated the 650 K (377 �C) compressive creep

strength (20–50 MPa) and found that a small concen-

tration of Zn decreased the creep rate significantly, i.e.

the minimum creep rate of Mg–3.1Y–0.06Zn and Mg–

3.0Y–0.1Zn decreased by one order of magnitude

compared to Mg–4Y. The same order of magnitude

reduction in creep rate was observed at 550 K in Mg–

1Y, but the strengthening by impurity Zn disappeared

in a more Y-concentrated alloy, Mg–5.6Y, at this

temperature [13, 17]. Therefore Zn is a potential

candidate for reducing Y content without sacrificing

useful elevated-temperature creep strength of Mg–Y

alloys. The strengthening mechanism of Zn in Mg–Y

alloys has not been fully understood as of yet and in

particular the optimal concentration of Zn has yet to

be discovered. This work evaluated the room-temper-

ature (RT) and intermediate-temperature tensile and

tensile creep behavior of Mg alloys with Zn concen-

trations between 0 and 5.4wt.% and Y concentrations

between 0 and 3.0 wt%. In particular, the mechanical

properties were evaluated at temperatures and stresses

targeted for automotive applications, which are lower

than those evaluated by Suzuki et al. [13–18]. In

addition, the effect of 0–0.6wt.%Zr as a ternary

element was evaluated for an alloy of composition

similar to ZK60 and ZK61 [26, 27].

Experimental

The chemical composition of each alloy, given in

Table 1, was determined using inductively coupled

plasma and mass spectroscopy techniques. The blended

elemental powders were hot pressed at 28 MPa for 1–

2 h at 535 �C into a block using a 75 · 75 · 25 mm die.

Metallographic samples were sectioned then mounted

and polished using diamond paste, diamond thinner,

and ethanol. Final polishing included 1 lm diamond

paste for 30 min. Microstructural analysis was

performed using a Quanta 200 Field Emission Gun

Environmental Scanning Electron Microscope (ESEM)

equipped with an energy dispersive spectroscopy (EDS)

detector for elemental analysis. Grain size (d) was

determined using the mean line-intercept method

according to ASTM standard E112 [28], where over 50

grains were measured per sample and the average grain

size was calculated. Fracture surfaces were examined in

SEM using failed samples from both the tensile and

tensile-creep testing.

Both RT and 150 �C tension experiments were

performed in air at a strain rate of 10–3 s–1 using an

Instron 8562 mechanical testing machine. Samples

were either electrodischarge machined or milled into

a dogbone design for mechanical testing based on

the ASTM C 1161. Up to five specimens per alloy

were tensile tested and the reported properties were

averaged. Open-air tensile–creep experiments were

performed on an Applied Test System, Incorporated

load frame containing a 20:1 lever-arm ratio. The

testing temperatures and stresses ranged between 100

and 200 �C, and 30 and 83 MPa, respectively. Spec-

imen temperatures were monitored by three chromel-

alumel type K thermocouples located within the

specimen’s reduced section to maintain a temperature

control of ±2 �C. The experiments were conducted

such that the specimens were soaked at the creep

temperature for at least 30 min prior to applying load

in order to minimize the thermal stresses. Tensile

displacement was measured using an extensometer/

linear variable differential transducer coupling, and

all temperature–strain–time data were collected using

a Labview computer data-acquisition system. After

the creep strain had proceeded well into the second-

ary regime, either the load or temperature was

changed or the creep test was discontinued. The

tested specimens were cooled under load to minimize

recovery of the deformed structures. Selected speci-

mens were taken to failure.

Table 1 Compositions and grain sizes of the studied alloys

Alloy Wt.%Zn Wt.% Y Wt.% Zr Grain size, lm

Mg 0.017 0.003 242.6
Mg–2.9Zn 2.93 <0.001 106.5
Mg–3.3Zn 3.30 <0.001 155.6
Mg–4.0Zn 3.98 0.052 70.2
Mg–4.1Zn–0.2Y 4.10 0.20 0.002 77.8
Mg–4.4Zn 4.44 <0.001 112.9
Mg–1.6Zn–3.0Y 1.60 3.02 0.1 135.0
Mg–1.9Zn–2.0Y 1.89 2.04 134.5
Mg–2.0Zn–1.7Y 2.00 1.67 179.4
Mg–5.4Zn–0.6Zr 5.35 0.57 16.5
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Results and discussion

Microstructure

Backscatter electron (BSE) SEM micrographs illus-

trating each of the microstructures are provided in

Fig. 1. It is noted that the processing technique used

did not result in fully-homogeneous microstructures as

some chemical segregation remained. In agreement with

the Mg–Zn phase diagram [29], the alloys exhibited

equiaxed grains of the hexagonal close packed struc-

ture. Precipitates, of greater density than the matrix,

decorated the grain boundaries. Figure 2a illustrates

that for an Mg–4.1Zn–0.2Y alloy, the lighter particles

at the grain boundaries were enriched in Zr. It is noted

that for this sample, a Zr concentration of 0.002 wt%

was measured. The matrix grains were enriched in Mg

and Zn, see Fig. 2b, however, fine nanometer size

laths/platelets wfere exhibited within the equiaxed

grains for the Mg–2.9Zn and Mg–4.1Zn–0.2Y alloys,

Fig. 1 BSE SEM images of
the studied alloys: (a) 0Zn
(b) 2.9Zn (c) 3.3Zn (d) 4.0Zn
(e) 4.1Zn–0.2Y (f) 4.4Zn
(g) 1.6Zn–3.0Y (h) 1.9Zn–
2.0Y (i) 2.0Zn–1.7Y (j)
5.4Zn–0.6Zn
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Fig. 3a and b, where the laths’ widths were finer than

the resolution of the EDS technique. These laths were

not observed in the other alloys. The equiaxed grain

sizes of the samples varied as a function of alloy

composition (Table 1). Mg–5.4Zn–0.6Zr exhibited the

finest grain size and some chemical segregation was

evident as depicted in Fig. 1j. One reason for the fine

grain size is that Zr has proven to be a powerful grain

refiner [30]. The next finest grain size was exhibited by

the Mg–4.1Zn–0.2Y and Mg–4.0Zn alloys.

Properties

Tension

The RT strength values were similar for Zn concen-

trations between 2.9 and 4.1, where the greatest

strength was exhibited by the Mg–4.1Zn–0.2Y alloy,

see Table 2. The Mg–4.4Zn alloy exhibited signifi-

cantly lower strength values, though its strength was

greater than that for the pure Mg material. The ef

values tended to increase with increased Zn over the

entire range of Zn added, where Mg–4.4Zn exhibited a

ef value of 8.4%. The pure Mg samples exhibited the

lowest average ef value, 1.5%. Thus Zn increased each

of the YS, UTS, and ef values. The Mg–1.6Zn–3.0Y,

Mg–1.9Zn–2.0Y, and Mg–2.0Zn–1.7Y alloys exhibited

lower UTS values than the Mg–2.9Zn alloy but similar

YS and ef values. The strength values for the alloys

with Y additions between 1.7 and 3.0 wt.% did not

appear to be significantly different from each other.

At 150 �C, each of the materials exhibited lower

strengths than at RT, and the 150 �C ef values tended

to be larger than those measured at RT, see Table 2.

Fig. 2 SEM and EDS
analysis of Mg–3.6Zn
illustrating the (a) matrix
composition enriched in Mg
and Zn and (b) a light grain
boundary particle (center)
enriched in Zr, Mg, and Zn

Fig. 3 Fine nanometer size
laths/platelets were exhibited
for (a) Mg–4.1Zn–0.2Y and
(b) Mg–2.9Zn
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The Mg–5.4Zn–0.6Zr alloy, which contained the great-

est amount of Zr and a corresponding finest grain size

(see Table 1), exhibited the greatest strength at RT and

150 �C. Thus small ternary additions of 0.6 wt.%Zr

lead to higher strengths. For the alloys containing less

than 0.1 wt.%Zr, 4.0–4.1 wt.%Zn appeared to be

optimal for tensile strength both at RT and 150 �C.

At 150 �C, increasing Y from 1.7 to 3.0 wt.% tended to

increase the strength and ef values, where the Mg–

2.0Zn–1.7Y alloy exhibited the lowest ef and strength.

Thus, Y additions to Mg–Zn alloys were beneficial to

the tensile strength. The Mg–4.1Zn–0.2Y alloy exhib-

ited over 1.5 times the strength and ef of the pure Mg

material. Thus, similar to that observed for Mg–Y alloys

[13, 16], Zn is a potent strengthener for Mg and for the

range of compositions examined, 4.1 wt.%Zn provided

the greatest strengthening. Overall, Zn and Y alloying

was beneficial to the strength and ef.

Deformation observations: The deformation behav-

ior suggested that the grain boundaries were the

weakest link in these alloys as after both RT and

150 �C deformation, grain boundary cracking was

evident with no apparent cracking occurring within

the grains, Fig. 4. Tensile fracture surfaces of the

specimens depicted the ductile and brittle characteris-

tics of the alloys and intergranular cracking as well, see

Fig. 5a and b.

Table 2 RT and 150 �C tensile properties

Alloy RT 150 �C

0.2% YS, MPa UTS, MPa ef, % 0.2% YS, MPa UTS, MPa ef, %

Mg 61 102 1.5 50 62 1.8
Mg–2.9Zn 84 219 4.7 43 62 16.9
Mg–3.3Zn 90 210 4.6 82 93 1.6
Mg–4.0Zn 95 216 4.1 84 111 4.4
Mg–4.1Zn–0.2Y 98 223 5.0 78 116 5.4
Mg–4.4Zn 68 155 8.4 79 114 5.2
Mg–1.6Zn–3.0Y 102 150 4.1 73 109 6.9
Mg–1.9Zn–2.0Y 92 156 5.0 76 104 8.6
Mg–2.0Zn–1.7Y 83 161 5.5 66 89 4.7
Mg–5.4Zn–0.6Zr 160 283 15.0 107 130 3.9

Fig. 4 SEM image of Mg after 150 �C tensile deformation
(ef = 1.8% r = 62 MPa). Grain boundary cracking was exhibited

Fig. 5 SEM images of the
fracture surfaces of 150 �C
tensile-tested samples (a)
Mg–1.6Zn–3.0Y which failed
at 6.9% strain and exhibited
intergranular cracking and (b)
Mg–2.0Zn–1.7Y which failed
at 4.7% strain and exhibited
some ductile dimples
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Creep

Figure 6 illustrates creep strain versus time plots for

selected samples at r = 30 MPa/T = 150 �C. It is noted

that 150 �C is 0.46 the homologous temperature of Mg

(assuming Tm=924 K), thus diffusional creep may be

expected. No pure Mg specimens were examined in the

creep study of this work. The Mg–4.1Zn–0.2Y alloy

was the most creep-resistant among all the alloys

tested. Thus this alloy exhibited both the greatest

tensile strength and creep resistance of all the Mg–Zn

and Mg-Zn-Y alloys. However, the Mg–5.4Zn–0.6Zr

alloy, which exhibited the greatest tensile strength of

all the alloys examined, exhibited the poorest creep

resistance, Figs. 6 and 7. Comparing the creep behavior

for this alloy with ‘‘low creep’’ Mg alloys containing

rare earth and/or alkaline earth elements, such as

AE42, AC52 (now termed AX52), AC53 (now termed

AX53), and AC62 (now termed AX62), under identi-

cal applied stress and temperature conditions, Mg–

5.4Zn–0.6Zr exhibited a minimum creep more than

four orders of magnitude greater [11]. Mg–4.1Zn–0.2Y

exhibited minimum creep rates approximately 1.5

orders of magnitude lower than those for Mg–5.4Zn–

0.6Zr. Therefore, Mg–5.4Zn–0.6Zr has shown promise

for ambient temperature structural applications, how-

ever, its elevated-temperature creep resistance remains

a concern. The addition of Y did not improve the creep

resistance as Mg–Zn–Y alloys exhibited poorer creep

resistance than the Mg–Zn alloys. This is shown in

Fig. 6 as the Mg–2.9Zn curve exhibited significantly

lower strains than the Mg–1.6Zn–3.0Y and Mg–2.0Zn–

1.7Y alloys. A closer examination of the data suggests

that the addition of 4.1%Zn improves the creep

resistance, and the combination of 1.7–3%Y additions

provide no significant additional creep strength for Mg-

1.6-2.0Zn alloys, see Fig. 8.

The creep parameters were determined using the

following creep law equation:

e
:

min ¼ Brn exp �Qapp=RT
� �

ð1Þ

where e
:

min is the minimum creep rate B is a material-

related constant, r is the applied stress, R is the gas

constant, Qapp is the apparent activation energy and n

is the creep stress exponent. Based on this equation,

the slope of the log e
:

min versus log r plot at a given
Fig. 6 Creep strain versus time plots for selected alloys at
30 MPa and 150 �C

Fig. 7 Creep Strain versus time plot for a Mg–5.4Zn–0.6Zr alloy
at r = 20 MPa and r = 30 MPa and T = 150 �C

Fig. 8 Log minimum strain rate versus log stress for selected Mg
alloys at 150 �C
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temperature provides the stress exponent, and an

Arrhenius plot (ln e
:

min versus 1/T) at a specific stress

level will yield the Qapp value. The creep parameter

data suggested that at least two separate creep mech-

anisms exist. Figures 8 and 9 illustrate plots of the

stress and temperature dependence on e
:

min. At the

lowest applied stress levels, 20 < r < 40 MPa, n was

2.2. For stresses greater than 40 MPa, the creep

exponents were greater than or equal to 4, which

suggests a dislocation climb mechanism is active. The

smaller grain size of the Mg–5.4Zn–0.6Zr alloy may

have promoted the transition of mechanisms as the

Mg–Zn alloys did not exhibit this transition for stresses

as low as 30 MPa, see Fig. 8.

Creep mechanisms at 150 �C: The stress dependence

of the secondary creep rate of Mg–5.4Zn–0.6Zr tested

at 150 �C is plotted in Figs. 8 and 9a, which shows a

two-stage behavior with n = 2.2 for low applied

stresses (20–40 MPa) and a much higher value of

n = 6.8 at high stress levels (40–83 MPa). The stress

exponent value at low stresses is close to that reported

for other Mg–Al-based die casting alloys tested at low-

stresses [11, 31]. The n-value of approximately two has

been related to grain boundary sliding as the promi-

nent creep mechanism in Mg–Al-based alloys and is

supported by strong experimental evidence [31]. At

higher stresses, the n-value of ~7 is slightly higher than

n ~ 5 reported for die cast Mg alloys such as AZ91D

and AS21 [31]; but is closer to that (n = 7) reported for

a more creep-resistant magnesium alloy QE22 (Mg–

2Ag–2Nd) [32], in which dislocation glide was pro-

posed as the rate-controlling mechanism. In both ingot

and die cast AZ91, creep mechanisms based on

dislocation motion (on basal and non-basal planes)

were proposed [33, 34], where the ingot exhibited a

creep rate one order of magnitude lower than the die

cast alloy which was proposed to be due to the larger

grain size in the ingot microstructure. For Mg–Y alloys

ranging in Y concentration from 0 to 5.6 wt.%, n was

measured to be 6 for applied stresses between 30 and

80 MPa at 277 �C [13]. In this study, the stress

exponent values indicate that at 150 �C, the alloys

experience a grain-boundary-sliding-type of creep at a

low applied stress (<40 MPa), and a dislocation-glide-

controlled creep at high stresses (>40 MPa). It is noted

that the finer grain size Mg–5.4Zn–0.6Zr alloy would

be expected to have higher strain rates than the larger-

grain alloys if grain boundary sliding was contributing

significantly to the strain rates.

Creep mechanisms at 30 MPa: Figure 9b is an

Arrhenius plot that gives the temperature dependence

of the minimum creep rate of Mg–5.4Zn–0.6Zr under

an applied stress of 30 MPa. Similarly, it shows a two-

stage linear relationship: an activation energy of

Qapp=66 kJ/mol for the temperature range of 100–

150 �C; and Qapp=131 kJ/mol for temperatures of 150–

200 �C. The Qapp value of 66 kJ/mol for low-temper-

ature creep is in good agreement with other research-

ers [11, 31]. Dargusch and Dunlop [31] reported Qapp

values between 36 and 44 kJ/mol for creep of AZ91D

and AS21 and related it to the grain boundary sliding

mechanism promoted by discontinuous precipitation of

Mg17Al12 for which the activation energy is 30 kJ/mol

[35]. For high-temperature (150–200 �C) creep of Mg–

5.4Zn–0.6Zr, the activation energy value of 131 kJ/mol

is close to 125 kJ/mol measured for high-temperature

creep of pure Mg, and in the range of 92–135 kJ/mol

reported for the activation energy for dislocation glide

in basal planes in pure Mg which is also the self-

diffusion activation energy in the Mg lattice [36]. In

addition, Luo et al. [11] have measured Qapp ~ 120 kJ/

mol for AC53 at 83 MPa and others have measured

Qapp between 135 and 143 kJ/mol [37–39]. These

results suggest that, for Mg–5.4 Zn–0.6Zr under an

applied stress of 30 MPa, there are two creep mech-

anisms operating in parallel: grain boundary sliding for

which the activation energy is 66 kJ/mol; and disloca-

tion glide creep with a activation energy of 131 kJ/mol.

Fig. 9 (a) Log minimum
strain rate versus log stress
at T = 150 �C and (b) ln
minimum creep rate versus
10000/T at r = 30 MPa for
a Mg–5.4Zn–0.6Zr alloy
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At low temperatures (<150 �C), grain boundary sliding

with a lower activation energy is suggested to domi-

nate; and at high temperatures (>150 �C), the disloca-

tion glide creep is suggested to dominate.

In 377 �C/30 MPa crept Mg–5.6Y–0.04Zn (Mg–

1.6mol%Y–0.0015mol%Zn), bowed out dislocations

were observed to trail straight dislocation segments

parallel to the trace of basal planes [13]. The bowed-

out dislocations were moving on prismatic planes. The

dislocation densities were higher compared to those for

Mg–4Y alloys with no Zn, probably due to the

presence of the trailed dislocation segments. The

higher dislocation density is true in the other Zn-

containing alloys studies [13], where the dislocation

densities were twice as high as those of the alloys

without Zn. The high dislocation density is one of the

origins of the improved creep resistance of the Zn-

containing alloys. In addition, TEM has revealed that

the activation of the non-basal slip systems is enhanced

and dynamic precipitation occurred during creep

deformation for Mg–Y alloys containing between 0–8

wt.% Y at 277 �C/50–200 MPa [13, 14]. The high creep

resistance was correlated with two creep mechanisms:

forest dislocation hardening (work hardening) and

dynamic precipitation of fine pseudo-equilibrium b¢
phase on the dislocation lines during creep [14].

Suzuki et al. [18] suggested that the stacking fault

energy in the Mg–Zn matrix decreased by the simul-

taneous addition of Zn and Y, whereby many planar

faults are formed on (0001) matrix plane and a-

dislocations were extended on basal planes [18]. The

separation width of these extended dislocations signif-

icantly increased during creep because of the stabil-

ization of the separation due to the segregation of Zn

and Y. The separation width was also significantly

affected by the interaction between opposite partial

dislocation parts of extended dislocations on different

but adjacent slip planes. The large separation sup-

presses the cross-slip and climb of dislocations, as well

as the basal slip. Therefore the strengthening effects of

Zn are considered to be due to the decrease in stacking

fault energy and consequent reduction of mobility of

dislocations. Thus the observations in this work

support previous observations regarding the existence

of a dislocation-controlled creep regime where Zn

significantly increases the creep resistance.

Creep deformation behavior: The deformation

behavior suggested that the grain boundaries were the

weakest link in these alloys as grain boundary cracking

was evident with no apparent cracking occurring within

the grains, Figs. 10 and 11. Thus grain boundary sliding

may have been accommodated by grain boundary

cracking. Interestingly, the most creep resistant alloy

did not exhibit grain boundary cracks, Fig. 12. There-

fore greater than 0.25% creep strain was necessary to

form grain boundary cracking even after 236 h of creep

at 150 �C. Overall grain size and grain boundaries

appear to be an important factor for the low-stress

creep behavior of Mg–Zn–Zr alloys. Creep fracture

surfaces of the specimens depicted the ductile and

brittle characteristics of the alloys, see Fig. 13a and b.

Conclusions

1. The RT and 150 �C tensile strength of the Mg–

5.4Zn–0.6Zr alloy was the greatest while Mg–

4.1Zn–0.2Y was superior to all the Mg–Zn and

Mg-Zn-Y alloys investigated. At 150 �C, increasing

Y from 1.7 to 3.0 wt.% tended to increase the

strength and ef values, where the Mg–2.0Zn–1.7Y

alloy exhibited the lowest ef and strength values.

2. Tensile creep properties (total creep extension and

secondary creep rate) of Mg–4.1Zn–0.2Y were

significantly better than those of the other Mg–Zn

and Mg-Zn-Y alloy compositions evaluated. The

Fig. 10 (a) Low- and (b)
high-magnification SEM
images of a Mg–1.6Zn–3.0Y
alloy after creep deformation
between 30 and 50 MPa at
150 �C to e = 2.5% for 117 h.
Voids formed and coalesced
at grain boundaries
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ternary addition of Y between 1.7 and 3 wt% did

not significantly affect the tensile–creep properties.

3. The stress dependency of the secondary creep rate

at 150 �C suggests that the alloys experience a

grain-boundary-sliding-type of creep at low ap-

plied stresses (<40 MPa), and a dislocation-con-

trolled creep at higher stresses (>40 MPa).

4. The temperature dependency of the secondary

creep rate of Mg–5.4Zn–0.6Zr at 30 MPa suggests

that grain boundary sliding with a lower activation

energy (Qapp = 66 kJ/mol) is in control at low

temperatures (£150 �C); while the self-diffusion

(Qapp = 131 kJ/mol)-based dislocation creep takes

control at high temperatures (‡150 �C).

5. The deformation behavior suggested that the grain

boundaries were the weakest link in these alloys as

after both RT and 150 �C deformation, grain

boundary cracking was evident with no apparent

cracking occurring within the grains. Overall grain

Fig. 11 BSE SEM image of a Mg–1.9Zn–2.0Y alloy after creep
deformation between 30 and 50 MPa at 150 �C to e = 4% for
133 h. Voids formed and coalesced at grain boundaries

Fig. 12 SEM image of a Mg–4.1Zn–0.2Y alloy after creep
deformation between 30 and 50 MPa at 150 �C to e = 0.25%
for 236 h. No grain boundary cracking was exhibited

Fig. 13 (a) Low- and (b) high-magnification SEM images of the
creep fracture surface of a Mg–1.9Zn–2.0Y alloy which failed
after 4% strain at 150 �C after undergoing a stress jump
experiment from 30 to 50 MPa for 133 h

123

J Mater Sci (2007) 42:3675–3684 3683



size and grain boundaries appear to be an impor-

tant factor for the tensile and low-stress creep

behavior of Mg–Zn alloys containing ternary Zr

and Y additions.
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