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Abstract: The tensile-creep and creep-rupture behavior of heat-resistant peak-aged

Mg-11Y-5Gd-2Zn-0.5Zr (wt.%) (WGZ1152) was investigated at T=523-598K (0.58-0.66Tm) and

stresses between 30MPa to 140MPa. The minimum creep rate of the alloy was almost two orders

of magnitude lower than that for WE54-T6, and was comparable to that for HZ32-T5. The creep

behavior exhibited an extended tertiary creep stage, which was believed to be associated with

precipitate coarsening. The creep stress exponent value was 4.5, suggesting that dislocation creep

was the rate-controlling mechanism. The activation energy for creep (221±20kJ/mol) was higher

than that for self-diffusion in magnesium, and was believed to be associated with the activation of

non-basal slip and cross slip. This was consistent with the surface deformation observations,

which revealed a transition from basal slip to non-basal slip and cross slip with increasing

temperature. The minimum creep rate and rupture time followed the original and modified

Monkman-Grant relationships. The microcracks and cavities preferentially nucleated at grain

boundaries and at the interface between Mg matrix and the second phase. In-situ creep

experiments highlighted the intergranular cracking evolution.

Keywords: Mg-RE alloy; Creep rupture; Monkman-Grant relationship; Creep damage tolerance

parameter; in-situ; Slip trace

1. Introduction

In the last decade research and development of high-performance creep resistant magnesium

(Mg) alloys for elevated-temperature applications has drawn considerable attention.[1-4] In

addition to the aerospace industry, Mg alloys have made significant progress in the automotive

industry where weight and fuel economy are important considerations.[1,3] Most commercially

used Mg alloys for automotive applications are Mg-Al based alloys, such as AZ (Mg-Al-Zn) series

and AM (Mg-Al-Mn) series, and they can’t be used for major powertrain applications due to their

poor creep resistance at temperatures above 398K.[4,5] These powertrain applications work at
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higher temperatures. For instance, automatic transmission cases can operate at up to 448K, engine

blocks up to 473K, and engine pistons up to 573K.[4] Creep resistance is a major requirement for

Mg alloys in automotive powertrain applications, for which aluminum or cast iron are typically

used.[4] Consequently, efforts are being focused on developing Mg alloys with sufficient creep

resistance at temperatures up to 573K, depending on the application.[6]

The addition of rare earth (RE) elements to Mg alloy can lead to increased creep resistance at

temperatures up to 573K.[1-3,6,7] Rare earths can be divided into two groups: Y group (Y, Gd-Lu)

and Ce group (La-Eu).[1,6,7] The Y group has higher solid solution strengthening and precipitation

hardening.[1,6,7] Recently, a Mg-Y based alloy, Mg-11Y-5Gd-2Zn-0.5Zr (wt.%) (WGZ1152), has

been developed which exhibits excellent elevated-temperature mechanical properties, making it

promising for engine piston applications.[8-10] Our previous work has focused on its microstructure,

thermal properties, tensile strength and fatigue strength.[8-11] However, little is known about this

alloy’s creep and rupture behavior. The aim of the present work was to investigate the creep and

rupture behavior of peak-aged WGZ1152 at 523-598K (0.58-0.66Tm) and stresses between 30MPa

to 140MPa. Tm is the absolute melting temperature of the studied alloy, which is approximately

901K.[9] The microstructural evolution, creep deformation, and rupture behavior relationship are

discussed.

2. Experimental procedures

The measured composition of the studied alloy, measured using an inductively coupled plasma

(ICP) analyzer, was Mg-11.3Y-4.7Gd-2.0Zn-0.46Zr (wt.%). It was prepared from high-purity

(≥99.9%) Mg, Zn, Mg-25Y (wt.%), Mg-25Gd (wt.%) and Mg-30Zr (wt.%) master alloys by 

electronic resistance melting in a mild steel crucible at approximately 1023K under a mixed

atmosphere of CO2 and SF6. The ratio of CO2 gas to SF6 gas was 100:1. The alloy was cast into a

steel mold pre-heated to 473K. The peak-aged T6 heat-treatment, described in our previous
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study,[9] was performed at 808K for 20 hours followed by water quenching then aging at 498K for

24 hours in an oil bath furnace. The WE54 ingot [Mg-5.2Y-3.6RE-0.5Zr (wt.%)] for comparison

tests was bought from a commercial company, and was subjected to the following heat treatment:

solution treatment of 8h at 798K, a hot water quench and a subsequent aging treatment of 16h at

523K.[1]

Conventional tensile creep tests were performed at 523-598K under constant load in air.

Rectangular tensile creep specimens, 6mm in width, 2mm in thickness, and 25mm in gage length,

were cut from the ingot by an electric discharge machine (EDM). In order to achieve thermal

stability, the specimens were held at the test temperature for 1 hour before loading. The

temperature was maintained constant within ±1K of the target temperature along the entire gage

length. The strain was measured using a calibrated linear variable differential transformer, which

was attached to the gauge section of the specimens, and all temperature-stress-strain-time data

were collected by a computer-controlled data acquisition system. Most of the specimens were

taken to failure. Some of the specimens were interrupted after 1000 hours or longer. Some

creep tests were repeated, and similar results were found for the two duplicate specimens. The

data of the duplicate specimens were listed below. At T=573K (T=absolute temperature) and

σ=30MPa (σ=stress), the minimum creep rates for the duplicate specimens were 1.68E-9 and 

1.46E-9 S-1, respectively.  At T=573K and σ=50MPa, the minimum creep rates for the duplicate 

specimens were 6.74E-9 and 7.28E-9 S-1, respectively.  At T=573K and σ=80MPa, the minimum 

creep rates for the duplicate specimens were 1.07E-7 and 1.27E-7 S-1, respectively. Unless

“in-situ” was noted otherwise, the data used for the creep analysis were from the conventional

tensile creep tests, and were the average data if the tests were repeated.

In-situ tensile-creep experiments were conducted. Flat dogbone-shaped samples, with gage

dimensions of 3mm wide by 2.5mm thick by 10mm long, were EDM cut. The specimens were
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glued to a metallic platen and polished to a 1μm finish using an automatic polishing machine and 

ethanol as a polishing lubricant. These experiments were performed using a screw-driven tensile

stage placed inside a Zeiss (Jena, Germany) EVO MA15 SEM. Temperature was controlled using

a constant-voltage power supply to a 6mm diameter tungsten-based heater located just below the

gage section of the sample. An open-bath, closed-loop chiller was used to circulate distilled water

at RT through copper tubes to prevent the tensile stage from overheating. A fine-gage K-type

thermocouple was spot-welded to the gage section of each sample. After the sample’s

gage-section temperature reached the desired creep temperature, a 30 minute period was given to

stabilize the thermal stress prior to applying load. The load, which was measured using a 4,448 N

load cell, was applied at 5N/s until reaching the desired creep stress. The tests were considered

constant load where the stress fluctuation varied ±3MPa. The displacement data acquired during

the experiments comprised that of the sample as well as the gripping fixtures. Thus, the

displacement values reported do not represent the sole displacement of the reduced gage section of

the sample. Secondary electron (SE) SEM images were taken before loading and at periodic

displacements throughout the creep experiments without interrupting the experiment. The

pressure in the SEM chamber never exceeded 10-6 torr, and therefore oxidation did not

detrimentally affect the SEM imaging. Further details of this apparatus and testing technique can

be found elsewhere.[12,13]

Microstructural observations, both prior to and after deformation, were made using optical

microscopy (LEICA MEF4M), scanning electron microscopy (FEI SIRION 200 and Camscan

44FE), and transmission electron microscopy (JEM-2010). The specimens for surface

observations of ex-situ experiments were mechanical polished, and then etched in a 4 vol.% nital.

After the etch, the specimens were creep tested to the desired creep stage, using the same machine

used for the conventional creep experiments, and then water quenched under load. The slip traces
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analysis were performed after the in-situ creep test at T=573K and σ=50MPa by SE SEM and 

electron backscatter diffraction (EBSD). The active slip systems were identified from the SE SEM

images and the EBSD orientation data using a MATLAB code with the inputs of grain Euler angles

and all available slip systems. Sample preparation for EBSD was mechanically polished and

chemically etched in a solution of 5 ml nitric acid, 15 ml acetic acid, 20 ml water and 60 ml ethanol

for 1-2 s.  A step size of 1.5 or 3 μm was used to collect the EBSD data using a TSL OIM EBSD 

system fitted to a Camscan 44FE SEM.

3. Results

3.1 Creep deformation

Fig. 1-3 illustrate creep strain rate versus time and creep strain rate versus creep strain curves

of WGZ1152-T6 specimens at T=523-598K and σ=30-140MPa.  Note that the specimens which 

were creep tested to failure were indicated with “X”. The creep resistance decreased with

increasing stress and temperature. There was not a well-defined steady-state creep regime,

especially at high temperatures and low stresses. For instance, the tertiary creep started at

approximately 0.1tr (8h) for T=598K and σ=50MPa, and at approximately 0.3tr (12h) for T=573K

and σ=80MPa.  Where tr is rupture time. After a normal primary stage in which the creep strain

rate decreased with increasing time and creep strain, the creep strain rate reached its minimum, and

then increased slowly with increasing time and creep strain. This creep behavior is usually called

as “tertiary-dominated creep”[14] or “extended tertiary creep”[15,16]. In the tertiary creep regime, the

creep strain rate increased with increasing time and creep strain until rupture occurred.

Fig. 4 shows the log-log plot of the stress dependence on the minimum creep rate at

T=523-598K. Note that the data of WE54-T6 and HZ32[5] [Mg-3.3Th-2.1Zn-0.7Zr (wt.%)]-T5
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were also included for comparison. WE54 is the most commercially used structural Mg alloys for

elevated-temperature applications up to 523K,[2,17,18] and HZ32 is the Mg alloy which has been used

at the highest service temperatures (618≤T≤643K).[2,6] However, HZ32 is being phased out due

to its radioactivity.[6,18] The peak-aged WGZ1152-T6 exhibited superior creep resistance

compared to the WE54-T6 at T=523-573K (0.58-0.64Tm) and σ=50-80MPa, and was comparable to 

the HZ32-T5 at T=573K and σ=30MPa.  At T=573K and σ=50MPa, the minimum creep rate of 

the WGZ1152-T6 was almost two orders of magnitude lower than that for WE54-T6, and the creep

rupture life of WGZ1152-T6 (676h) was more than ten times longer than that for WE54-T6 (53h).

At T=573K and σ=80MPa, the minimum creep rate of the WGZ1152-T6 was more than one order 

of magnitude lower than that for WE54-T6, and the creep rupture life of WGZ1152-T6 (41h) was

twelve times longer than that for WE54-T6 (3.3h).  At T=523K and σ=80MPa, the minimum creep 

rate of WGZ1152-T6 was almost one order of magnitude lower than that for WE54-T6. The

minimum creep rate of WGZ1152-T6 was comparable to that for HZ32-T5 at T=573K and

σ=30MPa.[18] From the slop, the creep stress exponent n can be determined as 4.5 for all the test

temperatures.

    Fig. 5 illustrates a representative creep curve at T=598K and σ=80MPa showing the primary 

stage strain εI, the secondary stage strain εII, and the tertiary stage strain εIII. The secondary stage

strain εII was determined by the following equation[19]

II r mint    , (1)

where min is the minimum creep rate (minimum slope of creep curve). The primary stage strain

εI was determined by the intersection of the tangent at the minimum slope of the creep curve with

the creep strain axis at t=0.[14,19]  The tertiary stage strain εIII was determined by the following
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equation[19]

III r I II      , (2)

where εr is rupture strain (total creep strain).  The stress dependence of the primary stage strain εI,

the secondary stage strain εII, the tertiary stage strain εIII, and the relative strain per creep stage εi/εr

(i = I, II, III) are illustrated in Fig. 6. At 573K [Fig. 6(a)], there was no clear tendency of the

primary stage strain εI, the secondary stage strain εII, and the tertiary stage strain εIII to stress. The

average primary stage strain εI was 0.17±0.04%, and the average relative value of εI/εr was 0.055

±0.03.  Except for σ=50MPa, the secondary stage strain εII was greater than the tertiary stage

strain εIII, with average εII/εr and εIII/εr values of 0.58 and 0.37, respectively.  For σ=50MPa, the 

εII/εr and εIII/εr values were 0.24 and 0.73, respectively. At 598K [Fig. 6(b)], the primary stage

strain εI was not sensitive to stress.  The secondary stage strain εII and the tertiary stage strain εIII

increased with increasing stress.  The values of εI/εr, εII/εr and εIII/εr were relatively insensitive to

stress and were 0.009±0.008, 0.32±0.018 and 0.67±0.009, respectively. The longer the tertiary

creep life, the higher the εIII/εr value was. This is consistent with Fig. 1-3, where the extended

tertiary creep stage lasted longer at high temperatures and lower stresses.

The Arrhenius plot of the natural logarithm of the minimum creep rate versus the reciprocal of

temperature at stresses between 50MPa to 140MPa is illustrated in Fig. 7. The activation energy

for creep was determined from the slope. The activation energy for creep was independent of

stress within the experimental deviation except for the highest stress of 140MPa (Fig. 8), where the

activation energy for creep was 256kJ/mol. The average activation energy for creep, Qavg , was

221±20kJ/mol for all the studied stress levels.

3.2 Creep rupture
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The creep damage tolerance parameter λ measures the tolerance of the material to strain 

concentrations, and is given by the following equation[20]

min

r

rt







 . (3)

The plot of r versus min rt   is illustrated in Fig. 9, and the creep damage tolerance parameter, λ, 

could be determined from the slope. Note that the data of MRI153[5] [Mg-9Al-0.7Zn-1Ca-0.1Sr

(wt.%)] and WE54-T6 were also included for comparison, which will be discussed latter.  The λ 

values of the studied WGZ1152-T6 alloy ranged from 1.4 to 2.5 for most test conditions. Only a

few test conditions, such as T=573K/σ=50MPa and T=598K/σ=120MPa, exhibited a higher λ value 

(λ=3.2).  The λ value was greater at higher temperatures and the bigger the λ value, the larger εIII/εr

was. This means that the proportion of the tertiary creep strain with respect to the overall creep

strain is greater with increasing λ.  A similar trend has been found in steels.[14]

Fig. 10 illustrates the creep rupture properties. For 573K, the rupture strain was not sensitive

to the stress and roughly constant [Fig. 10 (a)]. For 598K, the rupture strain was increased with

increasing stress [Fig. 10 (a)]. The rupture time decreased with increasing stress at all tested

temperatures [Fig. 10 (b)]. Under intergranular creep fracture conditions, it is often observed that

the minimum creep rate and the rupture time for many metals and alloys can be related by the

Monkman-Grant (MGR) equation:[21-23]

min
m
rt C



 (4)

Where m, and C are constants for a given material. The data for many materials is better fit by the

modified Monkman-Grant relationship (MMGR):[24]

'

'min
m

r

r

t
C









(5)

Where m’ is close to unity and C’ is independent of temperature and stress. The linear relationship
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of minimum creep rate and time to rupture in log-log coordinates shows the Monkman-Grant

relationship (MGR) according to Eq. (4) (Fig. 11). The values of m and C were 0.85 and 0.22,

respectively. The linear relationship of r rt versus minimum creep rate in log-log coordinates

shows the modified Monkman-Grant relationship (MMGR) according to Eq. (5) (Fig. 12). The

values of m’ and C’ were 1.04 and 0.26, respectively. It should be noted that the adjusted R square

for the linear fit increased from 0.9480 to 0.9912 by using modified Monkman-Grant relationship,

suggesting that the modified Monkman-Grant relationship provided a better fit for the studied alloy.

3.3 Initial microstructure

The peak-aged WGZ1152 microstructure has been described previously.[8,9] Fig. 13

illustrates a representative optical photomicrograph of the peak-aged microstructure. The average

grain size was 116±15μm.[9] The strip-shaped Mg12YZn phases were distributed along the grain

boundaries, and the cuboid-shaped phases were present at both the grain boundaries and inside the

grains. The measured mean diameter and volume fraction of the Mg12YZn phase were 7.2±4.9μm 

and 16.1±2.7%, respectively.[9] For the cuboid-shaped phase the mean diameter and volume

fraction were 3.7±2.6μm and 2.1±0.3%, respectively.[9] Fig. 14 shows a bright field TEM image

and SADP of the β′ precipitates, which provide strengthening.[9] Its structure was identified as an

orthorhombic (bco, a=2×aMg=0.640nm, b=8×d Mg=2.223nm, c= cMg=0.521nm), and the composition

was rich in rare earth elements.[9,25,26]  As seen in the image, the fine spheroidal β′ precipitates,

whose diameter ranged between 5-40nm, were evenly dispersed in the matrix.

3.4 Microstructural evolution during creep exposure

Fig. 15 illustrates optical photomicrographs of the surface of specimens creep tested at

T=598K and σ=50MPa, illustrating the microstructural evolution during the creep exposure.  In 

the primary creep regime [stage I (t=0.5h, ε=0.10%), Fig.15 (a)], there were no detected changes 

compared to the initial microstructure.  In the secondary creep regime [stage II (t=5h, ε=0.45%)], 
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some short wavy slip traces, usually associated with non-basal slip and cross slip, were observed

[Fig. 15(b), marked with white arrows], and some microcracks were present near grain boundary

areas [Fig. 15(b) and (c), marked with black arrows]. In the tertiary creep regime [stage III (t=50h,

ε=6.2%), Fig.15 (d)], cross slip was evident (marked with white arrows), which again suggested 

that non-basal slip was active. The number of slip traces increased with increasing creep time and

strain.  At T=573K and σ=50MPa, there were no observed changes in the initial microstructure in 

the primary creep regime [stage I (t=5h, ε=0.05%), Fig.16 (a)].  In the secondary creep regime 

[stage II (t=90h, ε=0.42%)], some long straight slip lines, normally associated with basal slip for 

Mg alloy, were observed [Fig. 16(b), marked with white arrows]. And this will be confirmed by

the slip trace analysis which will be presented latter. Some microcracks were present near grain

boundaries [Fig. 16(c), marked with black arrows]. This was similar to the secondary creep

regime observations of the sample, which was creep tested at T=598K and σ=50MPa [Fig. 15(c)].  

At T=523K and σ=50MPa, extensive linear slip traces were observed [Fig. 16(d), marked with 

white arrows] in the secondary creep regime [stage II, (t=380h, ε=0.19%)].  This suggested basal 

slip was active and predominant.  This was similar to that observed at T=573K and σ=50MPa in 

the secondary creep regime [Fig. 16(b)]. Fig. 17 illustrates the microcracks observed in the

secondary creep regime using SEM. The microcracks initiated at grain boundaries and propagated

into the grain interior.  Their length ranged from 1 to 5μm. 

Fig. 18 illustrates precipitates and cavities after creep exposure at 573K. Dense coarse

precipitates formed during the creep exposure, and the morphology of the precipitates was

dependent on the creep testing condition.  After 4.8h of creep exposure at T=573K and σ=120MPa 

[Fig. 18(a)], the spheroid precipitates (average size 0.1-0.5μm) dominated, as seen in the insert in 

Fig. 18(a).  After 85h of creep exposure at T=573K and σ=70MPa [Fig. 18(b)], the spheroid 
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precipitates were still present and some plate-shaped precipitates formed. After 676h of creep

exposure at T=573K and σ=50MPa [Fig. 18(c)], the volume of the plate-shaped precipitates, with 

an average length between 5-20μm, increased significantly.  It should be noted that the 

plate-shaped precipitates were relatively stable and did not transform or coarsen during the 676h to

1114h creep exposure [Fig. 18 (c) and (d)]. Fig. 19 (a) and (b) illustrate TEM bright field images

and SADPs of the dominant precipitates in the specimens after 41h and 676h of creep exposure,

respectively. Taking into account the four-staged precipitation sequence:[25,27] α-Mg Solid 

solution→ β′′ (Do19)→ β′ (bco)→ β1 (fcc)→ β (fcc) in the Mg-RE alloys as well as the 

corresponding SADPs (Fig. 19), it is likely that the spheroid precipitate was the metastable β′ phase 

and the plate-shaped precipitate was the equilibrium β phase.  Therefore, it is suggested that the 

dominant β′ phase transformed to the β phase with increasing creep time.  It should be noted that 

the β′ phase coarsened considerably after creep exposure compared to the undeformed condition.  

Besides the dense precipitates which formed during the creep exposure, another characteristic of the

crept microstructure was creep cavitation (Fig. 18). The creep cavities preferentially nucleated at

grain boundaries and the interface between the Mg matrix and the secondary phase (Mg12YZn).

Some isolated cavities coalesced and formed continuous intergranular cracks, as seen in the insert in

Fig. 18(b).  The precipitate-free zones, with a width of approximately 2.5μm, adjacent to the grain 

boundaries are illustrated in Fig. 18(b).

The deformation evolution during an in-situ creep test at T=573K and σ=50MPa is shown in 

Fig. 20. In the primary creep regime [stage I, Fig. 20(a)], only one grain exhibited slip bands in

the area observed (marked with white arrow). More slip bands were present, not only in the same

grain but also in some other grains, with increasing creep time [stage II and III, Fig. 20(b) and (c),

respectively]. This is similar with the previous surface observations in the conventional creep tests
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[Fig. 15(b) and (d)]. The slip traces were long and straight, which is consistent with the ex-situ

surface observations in the conventional creep tests in the same creep condition [Fig. 16(b)]. The

active slip systems were identified using the EBSD data and the SE SEM images acquired after the

in-situ creep test. Based on the literatures,[28-30] three slip modes were used for deformation

analysis: basal <a> ({0001}<-2110>), first-order prismatic <a> ({01-10}<2-1-10>), and

second-order pyramidal <c+a> ({11-22}<-1-123>). Fig. 21 illustrates the slip trace methodology

used to identify the active slip systems from the SE SEM images and the EBSD orientation data

using a MATLAB code with the inputs of grain Euler angles and all available slip systems. The

active slip systems were investigated in 90 grains, and only one set of slip traces was observed for

one grain. Fig. 22 summarizes the Schmid factor distributions and the number of identified slip

systems. Among the 90 slip trace analyzed, 90% (81) were basal <a> slip, 7.8% (7) were

pyramidal <c+a> slip, and 2.2% (2) were prismatic <a> slip. This was confirmed that the basal

slip was dominated, and non-basal slip was activated at T=573K. It was reasonable to believe that

the similar long and straight slip traces, which were observed in the conventional creep tests at the

same temperature of 573K [Fig. 16(b)] and the lower temperature of 523K [Fig. 16(d)], suggested

the basal slip was active and predominant. Fig. 23 illustrates the intergranular crack initiation and

propagation during the in-situ creep test in the same creep condition. No obvious cracking was

observed in the secondary creep regime [stage II, Fig. 23(a)]. The boundaries marked with white

arrows cracked during the tertiary creep regime [stage III, Fig. 23(b)-(d)]. Cracking initiated

preferentially at grain boundaries and near the Mg12YZn phases located at grain boundaries, and the

crack propagation path tended to follow the grain boundaries. With increased creep time, the

intergranular cracks grew in length and width. Fig. 24 illustrates the edge crack evolution, which

caused the final rupture. Several macro-edge cracks marked with white arrows were observed in

the late stage of tertiary creep [Fig. 24(a)]. One of them was relatively large and propagated
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rapidly, and caused the final rupture (see solid arrow in Fig. 24). Fig. 24(c) illustrates the primary

crack at higher magnification, showing its propagation path along the grain boundaries.

Secondary cracks were marked with dash arrows. More secondary cracks were present with

increasing creep time and displacement [Fig. 24(a) and (b)]. Fig. 25 illustrates backscatter

electron SEM photomicrograph representing a grain boundary cracking in the subsurface bulk

microstructure of an in-situ creep tested specimen at T=573K and σ=50MPa. The surface in-situ

observations agreed with the bulk ex-situ observations, however the extent of the cracking appeared

to be slightly less within the bulk compared to the surface.

4. Discussion

4.1 Extended tertiary creep

The primary, secondary and tertiary creep regimes are well defined for pure metals and single

phase alloys.[31] The secondary creep stage is a period of nearly constant minimum creep rate,

where a balance between the competing processes of strain hardening and recovery occurs.[32]

However, for WGZ1152, the tertiary creep stage dominates and occupies most of the creep life.

Similar creep behavior has been found in many different kinds of complex engineering alloys, such

as Ni-Cr-base superalloys which are currently used as blades in gas turbines.[15,33] Other alloys

that exhibit this behavior are 316L austenitic steel,[14] 1Cr-1Mo-0.25V bainitic steel,[14]

0.5Cr-0.5Mo-0.25V ferritic steel,[34] Mg-Al-Ca alloy[5] and AZ91hp[35]. Normal tertiary creep

occurs when there is an effective reduction in cross-sectional area either because of necking or

internal void formation, such as grain boundary cavitation and cracking.[32] The extended tertiary

creep is generally believed to be a consequence of precipitate coarsening[5,34-36] or strain-induced

instability of the dislocation substructure[15,33].  As described in the previous section, the fine β′ 

phase, of diameter between 5-40nm in the initial condition (Fig. 14), coarsened to 0.1-0.5μm after 

4.8h of creep exposure [Fig. 18(a)], and the plate-shaped β precipitates, with an average length of 
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5-20μm, formed during the 676h creep exposure [Fig. 18(c)].  It is reasonable to believe that the 

extended tertiary creep observed in this study is associated with precipitate coarsening. This

rationale is strengthened by the observation that the precipitates coarsen significantly at high

temperature and low stress.

4.2 Creep deformation mechanisms

At elevated temperatures, the minimum creep rate ( min


) of many metals and alloys is

generally described by the following equation:[7,31,32,37,38]

min exp( )n Q
A

RT
 



  (6)

Where A is a material constant, σ is the stress, n is the stress exponent, Q is the activation energy 

for creep, R is the gas constant and T is the absolute temperature. A useful method of obtaining a

guide to the creep deformation mechanism is to determine the stress exponent n and the activation

energy Q for creep based on Eq. (6).

As seen in Fig. 4, the n was independent of temperature, and its value was 4.5 implying that

dislocation creep was the rate-controlling mechanism.[31,32] An n value of approximately 5 is

commonly observed for Mg and Mg alloys, such as pure Mg,[37,39] Mg-Al-based alloys,[38,40-42]

Mg-Zn-based alloys,[43,44] Mg-Sm-based alloys[45-47] and Mg-Y-based alloys[6,48,49]. The measured

Qavg value of 221±20kJ/mol was much higher than the activation energy for lattice self-diffusion,

Qsd, of Mg (135kJ/mol).[50] High activation energy values for creep have also been found in pure

Mg,[37] Mg-0.8%Al solid solution alloy,[38] Mg-5Al-1Sr,[41] Mg-Sc based alloys,[18] and Mg-Y based

alloys[6,49]. Vagarali et al[37] reported the activation energy for creep in pure Mg to be 220±

10kJ/mol in the temperature range 600-750K, and there was evidence of extensive non-basal slip.

They concluded this behavior was consistent with cross slip from basal to prismatic planes.

Suzuki et al[51] studied the creep behavior of binary Mg-Y alloys at 550-650K, and found the

activation energy for creep was 230-290kJ/mol depending on the Y content. Furthermore, a
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transition from basal slip at 550K to non-basal slip at 650K was revealed by TEM.[51] Suzuki et

al[51] believed that the cross slip was responsible for high activation energy value for creep. In the

present study, the measured Qavg was close to those mentioned above. The slip traces analysis

confirmed the non-basal slip was activated (10%) at 573K (Fig. 21 and 22), and the surface creep

deformation observations suggested that non-basal slip and cross slip were active and prevalent at

T=598K [Fig.15 (d)]. Thus, it is reasonable to believe that the measured high activation energy for

creep is associated with the activation of non-basal slip and cross slip. Another microstructural

feature which may have contributed to the high activation energy for creep was the second-phase

particles, especially those present at the grain boundaries.[5,41,52,53] These particles can act as

effective obstacles to matrix dislocation motion both within the grains and at the grain boundaries.

The dislocations may pile up. According to the model developed by Dunand and Jansenet,[53,54]

with increasing temperature the number of the pile-up dislocations decreased by climbing due to the

increased jog nucleation rate and dislocation climb velocity, leading to a stronger temperature

dependence of the threshold stress and a higher measured activation energy for creep.  Thus, the β′ 

and β precipitates dispersed in the matrix as well as the thermally stable Mg12YZn[9] at grain

boundaries may have combined to contribute to the high activation energy for creep.

4.3 Creep rupture mechanisms

     The creep damage tolerance parameter λ is an important parameter in assessing the 

susceptibility of a material to localized cracking where strain concentrations exist,[15] and it may

also be used to help identify the damage mechanisms for tertiary creep and final rupture.[55] The

value of λ for engineering alloys ranges from 1 to 20.[20]  From Eq. (3), it is evident that when λ=1, 

fracture occurs as soon as a small amount of damage has occurred and the material is brittle. With

higher values of λ, the material may endure a larger amount of damage before it fails.[20]

Theoretical calculation has predicted that when λ ranges from about 1-2.5, grain-boundary cavities 
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and cracks attribute significantly to tertiary creep and final rupture.[55]  In the present study, the λ 

values ranged between 1.4 and 2.5, which implies that grain boundary cavities and cracks may play

an important role in the creep rupture. The in-situ observations confirmed that grain boundary

cavities were present in the tertiary creep stage. As shown in Fig. 9, the creep damage tolerance

parameter λ and creep rupture stain of the studied alloy were compared with that for a MRI153[5]

and WE54-T6. MRI153 was a newly developed creep-resistant Mg alloy for powertrain

applications with complicated geometries such as automatic transmission cases, oil pans, valve

covers, and intake manifolds.[5,56] For instance, it have been demonstrated and confirmed by trials

of automatic transmission cases for Polo, Passat, Audi 3, Audi TT, and Audi 6.[56] WE54 is the

most commercially used creep-resistant Mg alloy. It has been used for high performance

automotive applications such as F1 and Indy car engine and gearbox components.[17] The λ

values of the MRI153 ranged from 1.5 to 2.3 for most tested conditions.[5] These values lay in the

similar range of the studied alloy. Actually, for a few conditions, the λ values of the studied

alloy (λ=3.2) were higher than that for the MRI153. The rupture stain of the MRI153 ranged

from 5-6% and 7-10% at T=423K and T=473K, respectively.[5] These values are comparable to

those for the studied alloy, which were from 2-5% at T=523-573K and 11-17% at T=598K. For

WE54-T6, the λ values were about 4.5, and the rupture stain ranged from 7-19%. These values

were higher, but not very much, than those for the studied alloy. Although these comparisons are

based on different test conditions, they are still useful for evaluating the practical applicability of

the studied alloy because that all these test conditions were chosen based on the potential

applications of each alloy. All in all, although the studied alloy exhibited low creep rupture strain

and low creep damage tolerance parameter, it may be used for the applications which do not require

high creep ductility such as engine piston applications.[10] A comprehensive and strict estimate of
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this issue considering more specific applications is needed and will be the next work before the

studied alloy comes into its practice use.

The minimum creep rate and rupture time could be described by the original and modified

Monkman-Grant relationships for the WGZ1152-T6 alloy. For the Monkman-Grant relationship,

the m and C were 0.85 and 0.22, respectively. These values lie in the range 0.8-0.95 and 0.05-0.5,

respectively, reported for most of metals and alloys.[19,21] For the modified Monkman-Grant

relationship, the m’ value (1.04) was close to 1 indicating that the r rt was proportional to the

minimum creep rate. The C’ value (0.26) was in the range 0.1-0.79 reported for many metals and

alloys.[19,21,57] The Monkman-Grant relationship can be useful for both engineering application as

well as scientific understanding.[19] For example, using the constants C and m, and the minimum

creep rate, one can estimate the rupture time. In terms of its scientific aspect, the Monkman-Grant

relationship can be useful for understanding the creep-rupture mechanisms. Although the

Monkman-Grant relationship is proposed as an empirical relationship,[23] many researchers have

attempted to rationalize it on the basis of intergranular creep rupture models which presume the

rupture time to be controlled largely by the growth of the isolated cavities at the grain

boundaries.[19,21,22]

The good agreement of the data with the original and modified Monkman-Grant relationships

as well as the calculated creep damage tolerance parameter λ values are consistent with the 

microstructural observations of the creep deformation, which revealed the intergranular cracking

was the dominant fracture mode. The microcracks (Fig. 17) and cavities (Fig. 18) preferentially

nucleated at grain boundaries and the interface between Mg matrix and the secondary phase

(Mg12YZn). The accumulation and growth of such microcracks and cavities can lead to their

joining and subsequent continuous intergranular cracking. The cavities usually nucleate at grain

boundaries and the interface between the matrix and secondary phases. This is because that these
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locations can generate sufficient stress concentration for the nucleation and growth of cavities[58]

The observed precipitate-free zones adjacent to grain boundaries [Fig. 18(b)], which are

intrinsically weak regions (where no precipitation hardening and solid solution strengthening occur),

may also aid to the intergranular cracking.

5. Conclusions

The creep and rupture behavior of peak-aged Mg-11Y-5Gd-2Zn-0.5Zr (wt.%) (WGZ1152) at

temperatures between 523-598K (0.58-0.66Tm) and stresses between 30MPa to 140MPa were

investigated. The main conclusions of this work are summarized below:

(1) The newly developed WGZ1152 alloy exhibited potential for creep-resistant applications at

temperatures up to 598K. The minimum creep rate is significantly lower than that for the

WE54-T6 alloy at T=523-573K (0.58-0.64Tm) and σ=50-80MPa, and is comparable to the 

HZ32-T5 at T=573K and σ=30MPa.   

(2) WGZ1152 exhibited an extended tertiary creep stage, which is believed to be associated with the

β′ and β precipitate coarsening during the creep exposure.  The greater the tertiary creep life, the 

higher the ratio between the tertiary creep strain and the rupture strain (εIII/εr) was.

(3) For all test temperatures, the creep exponent value was 4.5 implying that dislocation creep was

the rate-controlling mechanism. The average activation energy Qavg value of 221±20kJ/mol was

higher than that for lattice self-diffusion of Mg (135kJ/mol). This was considered to be associated

with the activation of non-basal slip and cross slip. This was consistent with the surface

deformation observations, which suggested that a transition from basal slip to non-basal slip and

cross slip occurred with increasing temperature.

(4) The minimum creep rate and rupture time can be well described by the original and modified

Monkman-Grant relationships. The microcracks and cavities preferentially nucleated at grain

boundaries and the interface between the Mg matrix and the secondary phase. Intergranular
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cracking was the dominant creep fracture mode. This is consistent with the creep damage

tolerance parameter range of 1.3-2.5.
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List of Figures

Fig. 1. Creep rate curves of the WGZ1152-T6 at T=598K: (a) creep strain rate versus time; (b)

creep strain rate versus creep strain. Note that the specimens which were creep tested to failure

were indicated with “X”.

Fig. 2. Creep rate curves of the WGZ1152-T6 at T=573K: (a) creep strain rate versus time; (b)

creep strain rate versus creep strain. Note that the specimens which were creep tested to failure

were indicated with “X”.

Fig. 3. Creep rate curves of the WGZ1152-T6 at T=523K: (a) creep strain rate versus time; (b)

creep strain rate versus creep strain. Note that the specimens which were creep tested to failure

were indicated with “X”.

Fig. 4. Log-Log plot of the stress dependence on the minimum creep rate at T=523-598K. Note

that the data of WE54-T6 and HZ32[5]-T5 were also presented for comparison.

Fig. 5. Representative creep curve of the WGZ1152-T6 at T=598K and σ=80MPa showing the 

primary stage strain εI, the secondary stage strain εII and the tertiary stage strain εIII, along with the

creep strain rate as a function of time.

Fig. 6. Stress dependence of the primary stage strain εI, the secondary stage strain εII, the tertiary

stage strain εIII and the relative strain per creep stage εi/εr (i = I, II, III), εr=total creep strain, at (a)

573K and (b) 598K. At 598K, the majority of the strain was archived in the tertiary creep stage.

Fig. 7. The Arrhenius plot of the natural logarithm of minimum creep rate versus the reciprocal of

temperature at stresses between 50MPa to 140MPa.

Fig. 8. Activation energy Q for creep versus stress.
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Fig. 9. Relationship between rupture strain r and min rt  , where tr=rupture time, showing the

creep damage tolerance parameter λ.  Note that the data of MRI153[5] and WE54-T6 were also

presented for comparison.

Fig. 10. The stress dependence on (a) creep rupture strain and (b) creep rupture time at

T=523-598K.

Fig. 11. Log-Log plot of minimum creep rate versus time-to-rupture at T=523-598K and stresses

between 50MPa to 140MPa illustrating the Monkman-Grant relationship (MGR).

Fig. 12. Log-Log plot of r rt versus minimum creep rate at T=523-598K and stresses between

50MPa to 140MPa illustrating the modified Monkman-Grant relationship (MMGR).

Fig. 13. Optical photomicrograph of the peak-aged WGZ1152-T6 microstructure.

Fig. 14. TEM bright field image and SADP of the fine β′ precipitates in peak-aged WGZ1152-T6.  

The beam direction is approximately parallel to [0001] zone axis.

Fig. 15. Optical photomicrographs of the surface of specimens creep tested at T=598K and

σ=50MPa illustrating microstructural evolution during creep exposure: (a) creep stage I (t=0.5h, 

ε=0.10%), (b) and (c) creep stage II (t=5h, ε=0.45%) and (d) creep stage III (t=50h, ε=6.2%).  The 

tensile axis was horizontal.

Fig. 16. Optical photomicrographs of the surface of specimens creep tested at T=573K and

σ=50MPa [(a)-(c)] illustrating microstructural evolution during creep exposure: (a) creep stage I 

(t=5h, ε=0.05%), (b) and (c) creep stage II (t=90h, ε=0.42%). (d) Creep tested at T=523K and 

σ=50MPa, creep stage II (t=380h, ε=0.19%).  The tensile axis was horizontal. 
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Fig. 17. Secondary electron SEM photomicrographs of the surface of a specimen creep tested to

stage II (t=90h, ε=0.42%) at T=573K and σ=50MPa showing microcracks near grain boundaries.  

The tensile axis was horizontal.

Fig. 18. Secondary electron SEM photomicrographs of creep tested specimens: (a) t=4.8h, ε=2.2% 

(T=573K and σ=120MPa), (b) t=85h, ε=2.5% (T=573K and σ=70MPa), (c) t=676h, ε=5.4% 

(T=573K and σ=50MPa) and (d) t=1114h, ε=1.2% (T=573K and σ=30MPa).     

Fig. 19. TEM bright field images and SADPs of creep tested specimens with different creep time,

showing (a) coarsened β′ precipitates, t=41h, ε=3.0% (T=573K and σ=80MPa) and (b) β 

precipitates, t=676h, ε=5.4% (T=573K and σ=50MPa). The beam direction was approximately 

parallel to [0001] zone axis.

Fig. 20. Secondary electron SEM photomicrographs taken during an in-situ creep test at T=573K

and σ=50MPa, where the number of surface slip traces (indicated with arrows) bands increased with 

increased creep time. The creep stages and displacements were indicated in the figures. The

tensile axis was horizontal.

Fig. 21. Examples of the slip trace analysis performed to grain NO. 46 in (a), taken for the sample

in-situ creep tested at T=573K and σ=50MPa. (a) the SE SEM photomicrograph, (b) EBSD 

orientation maps in ND, and (c) the slip system selection. Note that 2 was the selected system based

on the match and this corresponds to the (0 0 0 1) plane and [-1 2 -1 0] direction. The Schmid

factors for the slip systems are indicated on the right hand side.
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Fig. 22. The Schmid factor distributions and the number of identified slip systems for the sample

in-situ creep tested at T=573K and σ=50MPa. 

Fig. 23. Secondary electron SEM photomicrographs taken during an in-situ creep test at T=573K

and σ=50MPa illustrating intergranular cracking initiation and propagation.  The creep stages and 

displacements were indicated in the figures. The tensile axis was horizontal.

Fig. 24. Secondary electron SEM photomicrographs taken during an in-situ creep test at T=573K

and σ=50MPa illustrating edge cracking initiation and propagation.  The creep stages and 

displacements were indicated in the figures. The tensile axis was horizontal.

Fig. 25. Backscatter electron SEM photomicrograph represents a grain boundary cracking in the

subsurface bulk microstructure of an in-situ creep tested specimen at T=573K and σ=50MPa.  The 

tensile axis was horizontal.


