
ABSTRACT 

SHAHBEIGI ROODPOSHTI, PEIMAN. Microstructural Evolution and Fracture 

Mechanisms of Mg Alloys during Creep. (Under the direction of Prof. Korukonda Murty and 

Prof. Ronald Scattergood). 

 

Magnesium due to its ultra-light structure and high specific strength received great attention 

in various industries such as aerospace, automobile and telecommunication. However, its 

high temperature time dependent deformation (known as creep) needs to be improved to be 

able to use in a practical manner. To improve the creep resistance of Mg, researchers tried to 

add some alloying elements such as Al, Zn, Mn, Bi, Si, Ca etc. They result in some 

intermetallic phases (precipitates) in the matrix (e.g. Mg17Al 12, Mg2Si, Mg3Sb2, and Mg3Bi2) 

that can act as obstacles to grain boundary migration and dislocation glide, and improve the 

creep resistance of the alloy. The basis of this work is to study the creep behavior of the AZ 

series of Mg alloys, AZ31 and AZ91. The AZ31 includes 3wt.% Al and 1wt.% Zn and the 

AZ91 consists of 9wt.% Al and 1wt.%Zn. The experimental part of this thesis focuses on the 

AZ31 and a comprehensive study on the creep behavior of AZ91 is provided in the literature 

review.  

Investigation of the microstructure development of high temperature deformed AZ31, the 

fracture analysis and determination of the dominant creep mechanism(s) are objectives of this 

study. The creep tests were conducted in a wide range of stresses (1 ~ 70 MPa) and 

temperatures (220 ~ 350ᴈ ) to characterize the underlying deformation mechanism(s), 

dislocation density evolution, fracture analysis, possible dynamic recrystallization (DRX) 

and dynamic recovery (DRV). The results show that the DRV, grain growth, decrease of the 

dislocation density, and a combination of ductile and brittle fractures are characteristics of 

the low stress creep regime. Further analysis revealed that grain boundary sliding (GBS) is 



the dominant creep mechanism in this region. At intermediate stresses, DRX along with 

slightly increased dislocation density were observed. Dislocation glide creep (DGC) is noted 

to be the underlying creep mechanism in this region. At elevated stresses, where dislocation 

climb creep (DCC) is applicable, the microstructure contains a very large amount of 

dynamically recrystallized grains along with increases in the dislocation density.  

In this study, two different types of creep tests were conducted: i) steady state (St-St) creep 

tests, in which the test continued to reach to the St-St region and ii) rupture tests that samples 

passed the St-St stage and reached to the fracture point. The former one is applicable to find 

the possibility of DRX, dislocation density variation and dominant creep mechanism whereas 

the latter is important to find the total life time of the sample and the fracture mechanisms.  

Because Ti with hexagonal close pack (HCP) crystal structure has similar (to Mg) limitations 

for deformation at low temperatures, in addition to the theoretical and experimental study of 

the creep mechanisms of the AZ series Mg alloy, the thesis presents a comprehensive study 

on the severe plastic deformation (SPD) method of equal channel angular process (ECAP) of 

the commercially pure Titanium (CP-Ti). It is presented in the appendix A and focuses on 

finding the best experimental parameters for CP-Ti to attain the most homogeneous 

microstructure and mechanical properties. 
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1. Introduction  

Nowadays, due to developing a huge numbers of companies working in the field of 

automobile and airplane manufacturing, it is possible to travel with relatively cheaper cost. 

During last decades the fuel price increased dramatically and it is predictable that increase 

will continue in the following years albeit a recent short-term reduction of oil prices. Thus 

reducing the fuel consumption is one of the most important targets of these companies [1]. 

For example Lotus designed a light weight structure division, BMW is investing million 

dollars into carbon fiber and Jaguar works on light metals [2]. Every 100 pounds weight 

reduction can increase the fuel economy by 1 ~ 2% [2]. Specifically for this reason, 

magnesium alloys gain a high popularity in the transportation industries. Their low density 

and relatively high specific strength encouraged the researchers to try to discover the 

possibility of using them in various parts of the vehicles. However, Mg, like other hexagonal 

close packed (hcp) crystal structure materials, suffer from low mechanical strength and 

reduced ductility.  Indeed, metals with hcp structure, present a lower number of slip systems 

(compared to body center cubic (bcc) and face center cubic (fcc)) especially at room 

temperature. In hcp materials, mechanical twinning plays a critical role during plastic 

deformation [1].    

Because of this limitation, plastic deformations of hcp metals are usually more difficult than 

other structural metals. These alloys are named as ñdifficult to workò materials [3] and 

researchers tried to deform them at elevated temperatures. In some industries which use 

severe plastic deformation (SPD), some special parameters should be considered to avoid 
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crack initiation during deformation. Appendix A is a comprehensive study on the SPD of 

equal channel angular process of Ti with hcp crystal structure. It is based on the accepted 

paper for publication as below:   

ñA microstructural approach on the Equal Channel Angular Processing of Commercially 

Pure Titanium ï a reviewò 

Peiman Shahbeigi Roodposhti, Nasim Farahbakhsh, Apu Sarkar, Korukonda Linga Murty, 

Transactions of Nonferrous Metals Society of China, in press. 

Due to these limitations, researchers tried to add some alloying elements to Mg to improve its 

mechanical properties. Al, Zn and Mn are the most conventional alloying elements, added to 

Mg makeing the AZ series of Mg alloys. AZ31 and AZ91 with 3wt.% and 9wt.% Al 

respectively are the most common Mg alloys being used in automobile and aerospace 

industries. Depending upon the temperature and their concentration, the alloying elements 

can make some intermetallic phases. Mg17Al 12 is the most important equilibrium 

intermetallic phase in these alloys. They can improve the room temperature mechanical 

properties due to their elevated strength. However, they present reduced high temperature 

stability due mainly to their low melting point. At elevated temperatures, creep is known as 

the main degradation mechanism of Mg alloys.  

The first chapter of this study presents a general background on the history of Mg and its 

alloys. Then conducted works on the creep properties of AZ31 and AZ91 Mg alloys will be 

reviewed. The influence of various production methods and intermetallic phases on the creep 

mechanisms of AZ91 will be discussed based on our accepted paper for publication as below:  
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ñEffects of microstructure and processing methods on creep behavior of AZ91 magnesium 

alloyò 

Peiman Shahbeigi Roodposhti, Apu Sarkar, Korukonda Linga Murty; Journal of Materials 

Engineering and Performance, in press 

The high temperature deformation at constant stress (i.e. Creep) properties of AZ31 Mg alloy 

will be discussed in the second chapter. This chapter tries to focus on the microstructural 

evolution during creep in the steady state creep regimes.  The creep deformation was 

investigated at elevated temperatures ranging from 503 to 623 K (i.e 0.53 ~ 0.68 Tm) to 

characterize the underlying deformation mechanism. The possibility of dynamic 

recrystallization (DRX) and dynamic recovery (DRV) along with dislocation density 

evolution and grain size distributions are other topics in this chapter. This chapter is based on 

the published paper in the Materials Sciences & Engineering A journal as below:  

ñMicrostructural development of high temperature deformed AZ31 magnesium alloysò 

Peiman Shahbeigi Roodposhti, Apu Sarkar, Korukonda Linga Murty; Materials 

Science&EngineeringA626 (2015)195ï202
 

and submitted paper for publication: 

ñDislocation density evaluation during high temperature deformation of AZ31 Mg alloyò 

Peiman Shahbeigi Roodposhti, Apu Sarkar, Korukonda Linga Murty, Materials letter, under 

review 
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The third chapter is about the fracture mechanisms of the AZ31 Mg alloy during low stress 

high temperature creep. Grain boundary sliding (GBS) is the dominant creep mechanism in 

this region. Unlike conventional creep test, which usually continued to the steady state 

region, the rupture test continued to the fracture point. Studies show that mentioned 

precipitates play a significant role in the applicable fracture mechanism. GBS and Mg17Al 12 

precipitates in AZ series of Mg alloys results in stress concentration sites for cavity formation 

leading to premature failures. In this region DRV can decrease the dislocation density. This 

chapter is based on the published paper with the title of:  

ñFracture behavior of AZ31 Magnesium alloy during low stress high temperature 

deformationò 

Peiman Shahbeigi Roodposhti, Apu Sarkar, Korukonda Linga Murty; Metallography, 

Microstructure and Analysis. On line, 10.1007/s13632-015-0189-1 

Grain boundary sliding is one of the most important dominant creep mechanisms of AZ31 

Mg alloys in during low stress high temperature creep regime. The fourth chapter provides 

some evidence about the existence of the Rachinger [4] GBS in crept AZ31. Rchinger (1952) 

developed a model of GBS based on displacement of grains without any changes in their 

shape. The chapter shows the danger of Rachinger GBS in samples with large grain sizes due 

to cavity formation. This chapter reports the results as given in a submitted paper for 

publication as below:  

ñGrain Boundary sliding mechanism during high temperature deformation of AZ31 

Magnesium alloyò 



5 

 

 

 

 

Peiman Shahbeigi Roodposhti, Apu Sarkar, Korukonda Linga Murty, Metallurgical and 

materials transaction A, under review 
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2. Literature review  

2.1. Magnesium and its alloys 

 

Magnesium (Mg) is an alkaline earth metal and the 4
th
 most abundant element in the earth 

with common oxidation number of +2. The atomic number and weight are 12 and 24.305 

respectively. Its melting point is 923 K and has an hcp crystal structure. The structure is very 

soft with elastic modulus of 45 GPa. 

The name magnesium came from the Greek word for a region in Thessaly called Magnesia. 

The words magnetite and manganese also came from this region. Although Sir Humphry 

Davy first developed the Mg in England in 1808, Antoine Bussy in 1831 made a coherent 

form of that. However, long time before that, in 1618, a farmer at Epsom in England tried to 

give his cow some water from his well. The water had bitter taste and cows refused to drink 

it; however the farmer found that the water can heal rashes and scratches. Nowadays that 

substance known as Epson salts and described as hydrated magnesium sulfate, MgSO4.7H2O 

[5]. Mg plays a vital role in human body as well. Researchersô estimation shows that a 

minimum of 25 gr of Mg is essential for body which mainly comes from daily diet. To keep 

the body working properly Mg takes part in more than 300 chemical reactions [6]. 

Mg alloys due to their extraordinary properties such as low density (1.74 g/cm
3
) , high 

strength to weight ratio, good vibration damping, grate electrical and thermal conductivity, 

recycling potential, biocompatibility and aesthetics [7] widely used in various industries 

including aerospace, automotive, telecommunication and space technologies. However at 

room temperature it is difficult to form and can tolerate a very small amount of cold work 

without annealing[8][9]. It is usually annealing at temperatures between 200ᴈ and 400ᴈ. 
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Although Mg has relatively good corrosion resistance in the normal atmosphere, it is unstable 

and susceptible to oxidation in marine environment. Another characteristic of Mg is its 

powder which ignites in the normal air at elevated temperatures which should be considered 

when heated in unprotected atmosphere.  

To improve the mechanical properties of Mg alloys, researchers tried to add some alloying 

elements such as Al, Zn, Mn, Si, Bi, Ca, Sr etc. These alloying elements result in some 

intermetallic phases such as Mg17Al 12, Mg2Si, Mg3Sb2, Mg3Bi2 etc [10]. These precipitates 

can act as barriers against grain boundariesô movements and hinder dislocationsô glides, 

leading to increase of the mechanical properties of Mg alloys. However, most of these 

intermetallic phases have low melting points and dissolve in the matrix at elevated 

temperatures. Among the elements, Ca and Sr can make some thermally stable phases and 

improve tensile properties of Mg at elevated temperature [11][12].   

Magnesium alloys are classified in two different categories: cast or wrought alloys. Table 1 is 

a classification of the most conventional magnesium alloys. It shows the composition, 

mechanical properties and typical application of them. These alloys widely used in various 

industries from a simple luggage to missile applications. During the last decade the 

applications of Mg alloys increased to substitute with engineering plastics with comparable 

densities[13]. This is mainly due to their more stiffness, cheaper value and more 

recyclability. 
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Table 1 Characteristics and applications of six most common magnesium alloy[8] 

 Mechanical Properties 

ASTM 

Number 

Composition 

(wt%)
1 

Condition Tensile 

Strength 

[MPa] 

Yield 

Strength 

[MPa] 

Ductility 

[% EL in 

50 mm] 

Typical 

application 

Wrought Alloys 

 

AZ31B 3.0 Al, 1.0 

Zn, 0.2 Mn 

As 

extruded 

262 (38) 200 (29) 15 Structures 

and tubing, 

cathodic 

protection 

HK31A 3.0 Th, 0.6 

Zr 

Strain 

hardened, 

partially 

annealed 

255 (37) 200 (29) 9 High 

strength to 

315ᴈ 

(600ᴌ) 

 

ZK60A 5.5 Zn, 0.45 

Zr 

Artificially 

aged 

350 (51) 285 (41) 11 Forgings of 

maximum 

strength for 

aircraft 

Cast Alloys 

 

AZ91D 9.0 Al, 0.15 

Mn, 0.7 Zn 

As cast 230 (33) 150 (22) 3 Die- cast 

parts for 

automobiles, 

luggage and 

electronic 

devices 

 

AM60A 6.0 Al, 0.13 

Mn 

As cast 220 (32) 130 (19) 6 Automotive 

wheels 

 

AS41A 4.3 Al, 1.0 

Si, 0.35 Mn 

As cast 210 (31) 140 (20) 6 Die castings 

requiring 

good creep 

resistance 
 

1
 The balance of composition is magnesium 

 

 



9 

 

 

 

 

As mentioned, Mg needs some required properties to be able to use in various industries. 

Figure 1 shows different conventional routes which are used to improve various properties of 

Mg alloys: its specific strength, ductility, creep resistance and thermal expansion. Al is the 

most conventional alloying element used to improve specific strength of Mg alloys [9]. 

Ductility is another important parameter and it should be improved to make the Mg capable 

of thermomechanical treatment. The number of operative slip systems determines the 

ductility and Mg, due to its hexagonal close pack structure has limited number of slip 

systems at room temperature (basal πππρộρρςπỚ and secondary prismρπρπộρρςπỚ). At 

elevated temperatures, however, slip can also occur in the pyramidal planeρπρρ too. 

Additional alloying elements can influence this behavior especially if they could change the 

structure. Figure 1 shows that Mg-Si, Mg-Al -Ca(-Re) and Mg-Li -X have more ductility. This 

is mainly due to having a mixed structure of Hexagonal and BCC [9].  

Magnesium, due to its low melting point, loses most of its mechanical properties, including 

creep resistance, at elevated temperatures. Alloys with some amounts of Thorium (like 

HZ22) have the maximum service temperature for Mg alloys at 623K. However it is using 

limi ted due to its radioactivity. Figure 1shows that using other alloying elements can provide 

various service requirements for example at 150ᴈ, 175ᴈ and 200ᴈ [9]. 
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Figure 1 Various directions of alloy development [9] 

 

Mg alloys, depending on their required properties, dimensions, shape of the parts etc., can be 

produced via various casting techniques including: Pressure die casting, sand casting, 

permanent and semi-permanent mold casting, squeeze casting, investment casting and 

thixoforming. Among these techniques, die casting due to its higher productivity, precision, 

surface quality, machinability and casting rate is more popular. However, due to having lots 

of porosity in die cast alloys, squeeze casting and thixoforming were developed. Figure 2 

shows the principle of squeeze casting. It is very similar to die casting. The melted alloy is 

filled into a mold with high pressure and relatively slower rate leads to lower porosity in the 

sample. This method is mostly used in very thin and very thick samples. Figure 3 illustrates 

the basics of the thixoforming. It results in more homogeneous microstructures with fine 

grains and very low porosity. Figure 4 shows the mechanical properties of squeeze casting 

and thixoforming AZ91 Mg alloys after T4 heat treatment. A comprehensive study on the 
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influence of various production methods on the creep properties of AZ91 Mg alloys will be 

provided in this chapter. 

 

 

Figure 2 illustration of squeeze casting [9] 

 

 

 

 

Figure 3 steps of thixoforming [9] 
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Figure 4 illustration of tensile strength and elongation of squeeze casted and thixoformed 

AZ91 T4 [9]. 

 

2.2. Plastic deformation in HCP metals  

 

Limited ductility of the Mg alloys is related to its hcp crystal structure. Compared with fcc 

and bcc, the hcp materials have lower number of active slip systems. Slip system is defined 

as the high density crystallographic plane and direction in the plane. Schmidôs law (equation 

1) yields presents the critical stress needed to activate a slip system [1].  

Ⱳ╬ Ɑ╬ἫἷἻⱦ ἫἷἻⱴ       1 

where ἫἷἻⱦ ἫἷἻⱴ  = ɛ is called Schmid factor and various parameters are defined in 

Figure 5. The stress-strain curve shows that as long as the applied stress is less than Ɑ╬ , it is 

a linear function of strain. As soon as the ůapplied becomes more than ůc, the relation is not any 

more linear and the plastic deformation starts. Slip deformation is related to dislocation 

movements. Dislocations have different nature, described as edge, screw and mixed 
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dislocations. Further information on dislocation behavior can be found in references [14]ï

[18].  

 

 

Figure 5 illustration of schmid law[1]. 

 

Mechanical twinning is another important deformation mechanism, especially for hcp metals. 

The crystallographic orientation changes due to the twinning. Figure 6 shows the 

reorientation of crystal structure due to mechanical twining. The twin planes are bordered 

between twinned and untwined regions [1].   
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Figure 6 illustration of mechanical twinning [1] 

 

Various slip and twinning modes of hcp metals are depicted in Figure 7. It is clear that slip 

systems are defined as a plane and a direction while mechanical twinning is mentioned by a 

plane. Although there are large numbers of deformation modes in hcp metals, only a few of 

them are active. A simple classification of dislocations in hcp metals are <a>, <c> and <a+c> 

with burgers vectors of lengths a, c and Ѝ╪ ╬ respectively. Depending on the c/a ratio, 

each of these slip systems will be active.  
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Figure 7 deformation modes in hcp metals, slip direction represented by vectors, slip and 

twinning planes represented by gray surfaces [1] 

 

In Mg alloys, at low homologous temperatures, basal slip systems along with mechanical 

twinning play critical role for plastic deformation. At temperatures above 225ᴈ, other slip 

systems, including pyramidal <a>, will be active. Deformation modes of Mg are listed in 

Figure 8.  
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Figure 8 Deformation modes of Mg. Slip and twinning planes are illustrated via gray plane, 

vectors are slip directions [1].  

 

2.3. Creep mechanisms 

 

Creep is defined as the time dependent plastic deformation at constant stress and temperature. 

It can be very severe when the material is subjected to heat for a long time. The deformation 

rate is a function of time, temperature and material structure. Figure 9 shows a classical creep 

curve. After initial rapid strainⱠ , three separate stages are clear in the curve: Primary 

stage, in which the strain rate Ⱡ ▀Ⱡ
▀◄decreases as a function of time to reach to the 

minimum strain rate (or steady state). This is the onset of stage two. Steady state creep rate 

can provide much knowledge about creep life and dominant creep mechanism. In stage three 
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(tertiary stage) strain rate increases as a function of time to reach to the rupture point. Usually 

the tertiary region is shorter than primary or secondary stages. Investigations show that the 

creep mechanism is due to a competition between strain hardening and recovery. During 

primary creep, large numbers of dislocations are created and get locked by each other. Thus 

the strain hardening rate is more than recovery. In secondary stage the rate of work hardening 

is equal to recovery leading to deformation at a constant strain rate. Stage three is the onset of 

necking or cavity formation. This can cause a reduction in cross sectional area and increase 

in applied stress and leads to reduction in the rate of strain hardening [19].  

 

 

Figure 9 schematic of the creep curve. Curve A constant load and curve B constant stress 

[20]. 

 

During engineering creep test, it is conventional to keep the load constant. However, because 

the sample elongates and decreases in cross-sectional area, the real stress increases. Constant 
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stress tests usually present stage three with some delay (dashed line in Figure 9).  Nowadays, 

it is well understood that many materials do not present such a typical creep curve. Indeed, 

material condition can influence the general shape of the creep curve. Figure 9 is related to 

the annealed metals and certain alloys. Strain hardened materials present very short primary 

creep and reach to steady state creep very soon. A plot of strain rate vs. time (or strain) shows 

a dramatic change in the strain rate during creep process (Figure 10). Because the stress and 

temperature are constant, it is due to structural changes of material during creep.    

 

 

Figure 10 Schematic of creep rate vs. time [20] 

 

2.3.1. Creep equations 

 

Based on Andradeôs theory, any constant stress creep curve is considered as a superposition 

of two individual creep processes, transient creep and steady state creep occur after 

instantaneous strain. Figure 11 shows the superposition of these creep process. 
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Figure 11 Creep curve, based on Andradeôs analysis [20] 

 

The relation between strain and time changes in the three different stages. Andrade described 

equation 2 for stage one.  

Ⱡ ♫◄         2 

Where Ů0 is the instantaneous strain, t is the time and ɓ is a constant. This equation is valid at 

elevated temperatures where recovery of structure is dominant. Equation 3 describes the 

creep curve during the steady state region.   

Ⱡ Ⱡ  Ⱡ▼◄         3 

where ‐ is the creep rate in the steady state region. Strain in tertiary stage of the creep is 

related to the time with power of 3. Then the most common general equation for creep in the 

three regions is, 

Ⱡ Ⱡ ♫◄  Ⱡ▼◄  ♬◄       4 

where ‎ is a constant. There are some other relations for creep deformation. Equation 5 

shows the Garofaloôs equation for 3 stages of creep behavior and equation 6 reveals a 
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logarithmic creep behavior. ‐ is the transient creep limitation, r is the ratio of transient creep 

rate to the transient creep strain and Ŭ and ‎ are constants. 

Ⱡ Ⱡ Ⱡ◄ ▄►◄ Ⱡ▼◄     5 

Ⱡ Ⱡ ♪■▪ ♬◄     6 

Equation 7 shows that the rate of creep deformation is a function of temperature, stress and 

microstructure [19]:  

Ⱡ █╣ȟⱭȟ□░╬►▫▼◄►◊╬◄◊►▄     7 

where T is the deformation temperature and ů is the applied stress. 

Figure 12 shows that by increasing the amount of stress and temperature, minimum creep 

rate increases, rupture time decreases and the instantaneous strain increases [19].  

 

 

Figure 12 Schematic of the influence of stress and temperature on the creep behavior of 

materials. 
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The well-known Bird, Mukherjee, Dorn equation (equation 8) relates the steady state strain 

rate to the influential parameters of T, ů and microstructure.  

Ⱡ▼
═╓╔╫

▓╣

Ɑ

╔

▪ ╫

▀

▬

      8 

where Ⱡ▼  is the steady state strain rate, n is the stress exponent, p is the inverse grain size 

exponent, A is a material constant, D is diffusion coefficient, G is the shear modulus, k is the 

Boltzmannôs constant, b is the Burgers vector, d is the grain size and T is the absolute test 

temperature. The diffusion coefficient can be related to the temperature via D=D0 exp(-Q/RT) 

where Q is the activation energy for specific creep mechanism, D0 is a pre-exponential term 

and R is the gas constant.  

Microstructure is a very important parameter of creep mechanism and it is logical to try to 

keep it unchanged at any deformation conditions. To this end, samples should be annealed at 

temperatures higher than test temperatures and all deformations must be conducted in the 

same microstructure phase. Grain size is one of the most important microstructural 

parameters that can influence the creep resistance of the materials. Based on the well-known 

Hall-Petch relation, the strength of materials with finer grains are more than those with larger 

ones at lower temperatures. However, equation 8 shows that there is different story for creep 

deformation. The finer grains provide a higher steady state creep rate which indicates 

relatively lower creep resistance.  
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2.3.2. Creep rupture test 

 

Unlike conventional creep tests which are generally carried out at lower stresses, during the 

stress-rupture test, relatively higher amount of stresses are applied on the materials so that it 

takes shorter time for failure. The test should be continued to the fracture point. Results of 

the rupture tests are usually plotted as stress vs. rupture time curves (Figure 13). For each test 

temperature a straight line will be obtained. Any changes in the slop of line can be due to 

changes in the fracture mechanism, for example changing from brittle type fracture to ductile 

fracture. 

 

 

Figure 13 schematic plot of stress-rupture creep test [20] 

 

Because creep tests are usually time consuming, it is very common to do the test at higher 

stresses and extrapolate data to low stress regime. Larson-Miller parameter (equation 9) is 

one of the most important means of predicting the rupture time of a material.   

╟╛╜ ╣ἴἷἯ◄► ╒       9 
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where P is the Larson miller parameter, T is the temperature (K), tr is the stress rupture time 

(hr) and C is a constant which is usually around 20. Based on this parameter, at any given 

stress the log rupture time plus a constant multiplied by temperature in Kelvin has a constant 

value for any material. Monkman and Grant postulated another empirical equation for 

predicting the stress rupture time (equation 10). That is a straight line in log-log plot of 

steady state creep rate vs. rupture time.  

Ⱡ▼◄► ▓        10 

where ‐ is the steady state creep rate, ◄► is the time to rupture and k is a constant for any 

given materials. Equation 10 shows the inverse relation between steady state creep rate and 

the rupture time. This supports the idea of cavity formation and growth during creep process 

[20]. There are some other parameters which can predict the life time of the specimens at 

different creep conditions that include: Manson-Haferd, White-Lemay, Zener-Holloman and 

Sherby-Dorn parameters.  

2.3.3. Creep Mechanisms 

 

As has been mentioned previously, the creep mechanism can be changed if the stress, 

temperature and microstructures are varied. For example, creep can occur by vacancy 

diffusion through grain boundaries in materials with small grain size, whereas, larger grain 

size material at same condition of temperature and stress can creep via lattice diffusion or 

dislocation based process. To find the creep mechanism under any specific conditions, it is 

conventional to modify the equation 8 to equation 11. Dorn suggested this equation to show 
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the influence of any changes in temperature, stress and microstructure in the creep 

mechanism.  

Ⱡ▼▓╣

╓╔╫
═
Ɑ

╔

▪ ╫

▀

▬

       11 

Figure 14 shows the stress exponent (n) related to the stress and temperature for any constant 

microstructure.  

 

 

Figure 14 unit less minimum strain rate vs. unit less stress for Pb-60Sn solder [19] 

 

The slope of the curves shows that at lower stresses the mechanism of deformation is totally 

different than that at higher stresses. The data points with different activation energies also 

fall into different lines. Equation 11 shows that, creep mechanisms can be identified by the 

parameters such as p, n and Q which are grain size exponent, stress exponent and activation 
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energy respectively. Moreover, the constant A plays a significant role in identifying the creep 

mechanism. Conventional classification for creep mechanisms are diffusional creep 

mechanisms (e.g. Coble and Nabarro-Herring (N-H)) and dislocation based creep 

mechanisms (e.g. Harper-Dorn (H-D), viscous glide and dislocation climb). Grain boundary 

sliding (GBS) creep mechanism can occur via both diffusional and dislocation based creep 

mechanisms. Table 1 shows the relation between different values of equation 11 and creep 

mechanisms. For example a stress exponent of n~1 would suggest the Coble, Nabarro-

Herring or Harper-Dorn creep. However, each of these mechanisms has their own grain size 

exponent and activation energy. Grain size exponent of 2, 3 and 0 suggest the Nabarro-

herring, Coble and Harper-Dorn creep mechanisms respectively. Activation energy and the 

constant A are other parameters (mentioned in the table) that identify the creep mechanism.  
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Table 2 Different creep mechanisms and various parameters (Qgb and Ql are the activation 

energy for grain boundary diffusion and lattice diffusion respectively) [19] 

Creep Mechanism  n  p  Q
c
 A  

 

Nabarro-Herring (N-H)  

 

1  

 

2  

 

Q
L
 

 

12  

Coble  1  3  Q
gb

 150  

Harper-Dorn (H-D)  1  0  Q
L
 3 x 10

-10 

 

Grain Boundary Sliding (GBS)  2  2  Q
gb

 200  

Viscous Glide  3  0  Q  6  

Dislocation Climb  5-7  0  Q
L
 6 x 10

7

 

Power Law Breakdown  >7  0  -  -  

 

 

2.3.3.1. Diffusional creep mechanism. 

 

Diffusional creep mechanism is a result of vacancy gradients due to normal stress leading to 

movement of atoms from compressive boundaries to tensile (normal) boundaries. Dislocation 

movements play no role in this mechanism. Vacancies and atoms move in opposite directions 

causing mass transportation. Figure 15 shows a schematic of atom/vacancy flux.  Nabarro-

Herring and Coble creep mechanisms fall in this category.  
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Figure 15 Schematic of vacancy and atom gradients during diffusional creep mechanism, (a) 

tension and (b) compression. 

 

2.3.3.1.1. Nabarro-Herring (N-H) creep mechanism 

 

Nabarro and Hering [21] developed the first model of diffusional creep. Based on this model, 

in an ideal square grain of size d, the normal boundaries (AB and DC) are under tension 

while transverse boundaries (AD and BC) are under compression (Figure 16). Because grain 

boundaries are sources of vacancies, applied stress can cause vacancy formation at tensile 

boundaries and vacancy depletion at the compression boundaries. As mentioned previously, 

the stress exponent (n) and invers grain size exponent (p) in this mechanism are around 1 and 

2 respectively. Mass transportation occurs via grains, thus the activation energy is very close 

to lattice diffusion. Because there is no dislocation motion, sub-grain formation and recovery 

are restricted, the creep curves usually exhibit little or no primary (stage I) creep. Based on 

Dorn theory, equation 12 shows the dimension less relation between steady state strain rate 

and applied stress of N-H mechanism.  
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where AN-H is around 10 ~12. 

 

 

Figure 16 Schematic of the mass transportation during N-H creep 

 

2.3.3.1.2. Coble creep mechanism 

 

A few years after Nabarro and Herring, Coble [22] developed an idea about new path for 

vacancy diffusion. He believed that grain boundaries are also a path for diffusional mass 

transport. As mentioned previously, a higher amount of vacancies are accumulated in the 

grain boundaries perpendicular to the stress. However, during the Coble mechanism, unlike 

N-H, mass transportation occurs via grain boundaries (Figure 17).  Equation 13 shows the 

Dorn equation for Coble creep (n~1 and P~3). 

Ⱡ▼▓╣

╓╔╫
═╒

Ɑ

╔

╫

▀
       13 

where AC is around 150. 
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Figure 17 Schematic of the mass transportation during Coble creep 

 

2.3.3.2. Harper ï Dorn creep mechanism 

 

In 1957, Harper and Dorn[23] discovered a new creep mechanism for large grain size (3.3 

mm) Al at low stresses (ů/E < 5x10
-6
) and very high temperatures. Further analyses 

conducted by other researchers on a host of other materials revealed that Harper-Dorn (H-D) 

creep mechanism is applicable for many large grain materials at elevated temperatures and 

low stresses. Although the stress exponent is ~1, the mechanism is different from diffusional 

creep mechanisms. The activation energy is close to lattice diffusion and creep rate is 

independent of the grain size (p~0). The creep rate is similar for single and poly crystals. The 

dislocation density is low and independent of stress. Equation 14 shows the Dorn equation 

for H-D creep. Many materials follow the H-D mechanism [24]ï[43]. 
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where AH-D is around 3x10
-10

. 
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2.3.3.3. Grain boundary sliding creep mechanism 

 

Grain boundary sliding (GBS) is a common creep mechanism at elevated temperatures (>0.4 

Tm). During GBS, grain boundary motion leads to plastic deformation. It is well-known that 

Lifshitz and Rachinger provided two most common GBS processes. The Lifshitz GBS, is a 

diffusion based creep mechanism in which vacancies migrate through the lattice or grain 

boundaries. Due to tensile stress, individual grains become elongated in the tensile direction. 

To keep the coherency of the specimens, grains get displaced over each other. Figure 18 is a 

schematic of the accommodation of grains over each other in a diffusional process. On the 

other hand, during Rachinger creep mechanism, plastic deformation is due to the movement 

of dislocations within the grains and along grain boundaries (Figure 19). Grains do not 

change their original shape, and just get displaced with respect to each other. Rachinger 

mechanism can be deleterious in large grain size materials. It is mainly due to the appearance 

of a large number of cracks and cavities during the process which leads to premature failures 

of the materials. Cavities will appear due to stress concentration at triple points. However, in 

small grain sizes (in the order of a few microns) it is very beneficial and can lead to the 

superplastisity behavior. The Lifshitz and Rachinger creep mechanisms are known as 

intrinsic and extrinsic sliding respectively.  
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Figure 18 GBS accommodation due to diffusional flow ï Developed by Ashby ï Verral [44] 

 

 

 

Figure 19 GBS accommodation due to dislocation movement ï developed by Ball-

Hutchinson [44] 

 

Displacements in the marker lines across the grain boundary regions is a common way to 

find the actual GBS. Figure 20  shows an SEM image of the GBS of AZ31 reported by Korla 
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et al. They used the offset line method to find a constitutive equation for GBS of the AZ31 

Mg alloy [45]. 

 

 

Figure 20 SEM image of AZ31 deformed sample. Line displacements show the GBS [45] 

 

There are numbers of models to describe GBS creep mechanisms. However, like others they 

can be presented via equation 11. Table 3 summarizes various extrinsic and intrinsic models.  
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Table 3 Summary of grain boundary sliding models [45] 

 nGBS pGBS QGBS 

Intrinsic GBS    

Raj and Ashby 1 1 Qeff
1 

Gates 1 1 Qgb 

Pond 1 - Qgb 

Padmanabhan 

 

~2 2 Ql>QGBS >Qgb 

Extrinsic GBS    

Ball and Hutchison 2 2 Qgb 

Langdon 2 1 Ql 

Gifkins          d>ɚ
2 

4.5 2 Ql 

                     d<ɚ 4.5 1 Ql 

Crossman and Ashby 1 1 Qgb 

Langdon       d<ɚ 2 2 Qgb 

                     d>ɚ  3 1 Ql 
1
Subgrain size or wavelength of grain boundary asperities 

2╓▄██ ╓■
Ⱬ♯

ⱦ

╓▌╫

╓■
; subscripts l and gb refer to lattice and 

grain boundary  

 

 

2.3.3.4. Power law creep mechanism, Class I and Class II alloys 

 

According to Dorn equation (equation 11), the stress exponent of 3 indicated the existence of 

viscous glide dislocation motion. Dislocations are locked by solute atoms and could be 

moved only by dragging its cloud along by solute atom diffusion. At higher stresses, 

however, dislocations can be unlocked and glide easier. Then the stress exponent increases to 

n>4.5 which is the dislocation climb creep mechanism.  This is power law creep (PLC) 

behavior. During the PLC creep, generally all 3 stages of the creep (primary, secondary and 

tertiary) are developed. Dislocations generation causes initial strain. As the creep proceeds, 
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due to dislocations interactions, some barriers will be produced against dislocation 

movements (primary stage). In this situation the mobile dislocation density decreases to 

reach to a constant value of ɟm (secondary stage). During the steady state creep, a balance is 

achieved between the production and recovery of barriers.  

Depending on the underlying creep mechanism, alloys are classified into class I and class II. 

When dislocations are produced from a source like Frank Read (FR), they start to move via 

viscus glide mechanism to reach to an obstacle. Then they can climb and pass the obstacles 

(Figure 21). Because dislocation glide and climb are sequential processes, the slower one 

ibecomes rate controlling. In class I alloys, due to the existence of Peierls stress, solute 

atmosphere dragging, dislocation forest, antiphase boundaries and Suzuki & Fisher locking, 

dislocations glide is slower and becomes rate controlling. However in class II alloys (or pure 

metals), where there are no obstacles against dislocations movement except for lattice 

friction (Peierls stress), dislocations glide very fast and thus dislocation climb becomes rate 

controlling. In both classes of alloys, the dislocation density is related to the power two of the 

applied stress (Taylor equation). Table 4 shows a comparison between class I and class II 

alloys.  

 

 

Figure 21 dislocations glide and climb in class I alloys 
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Table 4 Creep behavior of Class I vs Class II alloys 

Class I (class A) Class II (class M) 

Viscous glide of dislocations is rate 

controlling 

Climb of dislocation is rate controlling  

n ~3 ï 3.5 n ~>4.5 

No subgrain formation Subgrain formation (tilt & twist) 

No or short primary creep  Large primary creep 

ɟ~ů
2 

ɟ~ů
2
 

 

Plastic deformation can lead to work hardening due to increased dislocation density. 

Dislocations try to arrange themselves into lower energy arrays. One possibility for this new 

configuration is producing some new boundaries inside the grains named subgrains. Subgrain 

formation is characteristic of Class II alloys during five power law creep regime. The 

subgrain size (ɚ) is dependent on the applied stress (ů) through equation 15 [19].   

ⱦ

╫

Ɑ

╔
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Usually subgrains form as three dimensional networks in the grains which can restrict 

dislocation movement and increase the strengthening of the material (Network strengthening) 

(Figure 22).  
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Figure 22 TEM image of subgrain formation of Aluminum foil. Subgrain boundary walls are 

clear. [46] 

 

2.4. Creep properties of Mg alloy 

 

Aluminium is one the most conventional elements, usually added to the Mg to improve its 

mechanical properties. The Mg-Al alloys are widely used in industries due to their 

lightweight and recyclability[47]. AZ and AM series are two most important categories of the 

Mg alloys which come from the addition of Zn and Mn to the Mg-Al alloys respectively. In 

the subsequent sections, we describe the creep properties of AZ91 and AZ31 Mg alloys along 

with the microstructure evolution and fracture mechanisms during creep at different stresses 

and temperatures. Any additional Zn in the Mg-Al alloys can increase the strength of the 

material by decreasing the solubility of Al in Mg and increasing the amount of precipitates. It 

is well-known that the Mg17Al 12 (ɔ) is the most important precipitate in the Mg-Al alloys 
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which can mostly form during aging after solution heat treatment. Usually it is continuous in 

the matrix and discontinuous in the grain boundaries[48].     

2.4.1. Creep properties of AZ31 

Investigations show that creep behavior of AZ31 Mg alloys are classified as class I (or class 

A) alloys which exhibit viscous glide of dislocations at moderate stresses 

[49][50][51][47][52][53]. Chung et al studied deformation mechanisms of coarse-grained 

AZ31 Mg alloys in strain rate and temperature ranges of 2x10
-5

 ~ 7x10
-2 

s
-1
 and 573 ~ 673 K 

respectively. They found that by increasing the amount of stress the viscous glide control 

creep (VGC) mechanism followed by dislocation climb creep (DCC) [54]. Before that Kim et 

al. [55] and Watanabe et al. [56] Studied the deformation mechanisms of fine and coarse 

grained AZ31 respectively. Kim et al. developed deformation mechanism map based on their 

experimental results. They found GBS followed by DCC in their works. Although they did 

not observe VGC in their experiments, their map indicates that it could appear in low stress 

range of large grain size AZ31. The results reported by Watanabe et al. indicated VGC in 

coarse grained AZ31 at low stresses, and temperatures in the range of 598 ~ 673 K [54].  

Figure 23 shows the steady state strain rate vs. normalized stress of their data in log-log 

scale. Three different regions are clear in this figure. In low stress regime (1.6x10
-4

 < ů/E < 

7.8x10
-4

) n is equal to 3, in moderate stress range(7.7x10
-4

 < ů/E < 1.4x10
-3

) n is around 5 

while n>7 at high stresses (1.4x10
-3

 < ů/E < 2.4x10
-3

) [54].  
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Figure 23 Log-log plot of steady state strain rate vs. normalized stress of coarse grained 

AZ31 [54] 

 

Equation 8 was used to determine the results in figure 23. The temperature dependent elastic 

modulus of Mg (E=2.67x (19200-8.6T) MPa) is employed in this equation. As it has been 

mentioned previously the diffusion is related to the activation energy of the process (D=D0 

exp(-Q/RT), where D0 is the pre-exponential diffusion parameter which is 10
-4 

 m
2
/s for 

lattice diffusion in Mg). Equation 16 is used to find the activation energy. Based on this 

equation, Figure 24 shows the activation energy for n=3 and n=5 regions. That is a plot of Ⱡ▼ 

(ET/E573)
n-1

(T/573) vs. 1/T.  

╠╬
⸗ἴἶⱠ▼╔

▪ ╣

⸗ ╡╣
ů/E           16  
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Figure 24 Activation energy calculation for AZ31 ( n=3 and n=5) [54] 

 

2.4.1.1. Grain boundary sliding in AZ31 Mg alloys 

GBS is a mechanism that can be enhanced in Mg alloys by grain refinement. Hausner et al 

reported the possibility of GBS in the AZ31 alloy below room temperature. They noted the 

grain boundary offsets at two different temperatures of 273 K and 73 K. Koike et al. tried to 

find the GBS mechanism in AZ31 during tensile by studying the displacements across grain 

boundaries. They used Dorn type equation and found the activation energy for GBS to be 80 

KJ/mol, which is close to the activation energy for grain boundary diffusion. GBS above 423 

K was pure GBS and below 373 K was slip induced GBS. Gifkins and Langdon tried to find 

the possibility of the GBS of large grain size (100 ~ 300 ɛm) Mg and its alloys at room 

temperature. Although they found the offsets of scribed lines, the lines became continuous 

with strain enhancement. They concluded that there is no GBS at room temperature and 

localized shear deformation was the main reason for step formation. Meanwhile, Hwang et 

al. prepared nano crystalline Mg (with grain size of 45 nm) via ball milling. They did strain 
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rate jump tests and found the stress exponent close to n=2 and concluded that GBS via 

dislocation glide mechanism is dominant. Nowadays it is generally believed that by 

decreasing the grain size the possibility of the GBS increases. Based on the line displacement 

method, researchers tried to find the GBS strain. Koike et al. used the Bell and Langdonôs 

equation (equation 17) to find the magnitude of GBS. They determined height profiles along 

a given line in a laser scanned image. Then they measured the surface step height at grain 

boundaries to find the magnitude of GBS [57].   

Offsets in the marker line, illustrated in Figure 25, is a common way to show grain 

displacements due to GBS. A focused Ga ion beam was employed to draw parallel line with 

dimensions of 0.2 ɛm (depth) x 100 ɛm x 0.1 ɛm on the surface of the polished samples. A 

focused ion beam (FIB) machine was used to detect the line offsets. Shifted lines are denoted 

by arrows. It is clear that there are many lines which are not shifted in the grain boundaries. 

This indicates that the occurrence and magnitude of the shifts are related to the grain 

boundary structure.  
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Figure 25 Focused ion beam (FIB) images of an AZ31 Mg alloy deformed to 10% at room 

temperature. Tensile axis is perpendicular to the line directions. [57] 

 

Ⱡ╖║╢
◊

╛
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where, u and v are the components of grain boundary displacements parallel and 

perpendicular to the tensile direction respectively. Because it is usually hard to calculate the 

u, v is measured. K is a geometrical factor which is 1.1 for electrochemically polished 

samples. v was considered as the sum of the step heights at grain boundaries along the 

scanned line and L is the scanned length. Figure 26 shows the surface of deformed sample at 

three different temperatures and fresh one.     

Figure 27 reveals the surface profile of deformed sample. Vertical dotted lines show the grain 

boundaries. It is clear that there are some sharp steps in the grain boundaries at elevated 

temperatures. Figure 28(a) shows the amount of GBS as a function of total strain in room 
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temperature. It has been calculated based on equation 17. It shows that at room temperature 

GBS strain is 8% of the total strain. Figure 28 (b) shows that by increasing the temperature 

the total proportion of GBS strain increases. It reaches to 27 % at 523 K.  

 

 

Figure 26 Optical micrograph of the AZ31 Mg alloy before deformation and after 10% 

deformation at three different temperatures of 300 K, 423 K and 523 K. [57] 
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Figure 27 Scanning-laser microscope surface profile of 10% deformed sample at three 

different temperatures of 300, 423 and 523 K. [57] 

 

 

       

(a)                                                                   (b) 

Figure 28 (a) GBS strain vs. total strain, at 300 K (b) GBS strain at different temperature at 

total strain of 10%. [57] 

 



44 

 

 

 

 

2.4.1.2.Impression creep tests of AZ31 

Till now, many researchers tried to focus on the creep behavior of the AZ31 via tensile creep 

method. However, there are a few reports about the dominant creep mechanisms via 

impression creep tests. Kim et al [58] tried to find a correlation between impression and 

double shear creep tests. In another research Ansari et al [47] reported on the similarity of the 

creep mechanisms of impression and tensile creep. Unlike conventional creep test, in 

impression creep test only a small piece of material is needed. A cylindrical punch is forced 

into the sample via an applied load. The depth of penetration is recorded as a function of 

time. The beauty of this method is that the creep test can be done under constant stress. 

Investigations show a very similar stress exponents and activation energies via impression 

and tensile creep tests [58]ï[65]. Figure 29 and Figure 30 show the impression and tensile 

creep test results respectively conducted by Ansari et al in temperature range of 423 ï 498 K. 

The impression creep tests were conducted under a stress range of 125 ï 600 MPa and the 

tensile tests were performed at stresses of 35 ï 140 MPa. Figure 31  shows the stress 

exponent determined from impression and tensile tests. Impression velocity is employed to 

find the relation between steady state strain rate and stress described in the reference [47]. 

Similar stress exponents of 3 and 6 have been reported for low stress and high stress regimes 

respectively for both compression and tensile stress regimes. These values are very similar 

with other investigations on creep behavior of AZ31 [49][58]. Figure 32 and Figure 33 show 

the results of activation energy calculation for impression and tensile creep tests. The 

activation energies of 96.9 KJ/mol and 139.2 KJ/mol were determined for low stress and high 
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stress regimes of the compression creep test which is very close to the tensile creep activation 

energy.  

 

 

Figure 29 Impression depth vs. time at two different temperatures of (a) 448 K and (b) 498 K 

[47] 

 

Figure 30 Tensile strain curve vs. time at two different temperatures of (a)448 K and (b) 498 

K. [47] 
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Figure 31 Determination of stress exponent at different temperatures for (a) impression creep 

and (b) tensile creep. [47] 

 

 

Figure 32 Activation energy determination for impression creep test at two different regimes 

(a) low stress and  (b) high stress. [47] 
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Figure 33 Activation energy determinations from tensile creep tests at two different regimes 

(a) low stress and (b) high stress. [47] 
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2.6.1. Abstract 

This review sheds light on the creep properties of AZ91 magnesium alloys with a major 

emphasis on the influence of microstructure on the creep resistance and underlying creep 

deformation mechanism based on stress exponent and activation energy. Effects of 

processing routes such as steel mold casting, die casting and Thixoforming are considered. 

Roles of a wide range of additional alloying elements such as Si, Sb, Bi, Ca, Sn, REs and 

combined addition of them on the microstructure modification were investigated. The 

reaction between these elements and the Mg or Al in the matrix develops some thermally 

stable intermetallic phases which improves the creep resistance at elevated tempe ratures, 

however does not influence the creep mechanism.   

Keywords: Creep, AZ91, Die cast, Mild steel cast, Thixoform, intermetallic phases 
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2.6.2. Introduction 

Due to their extraordinary combination of properties (e.g. light weight, good corrosion 

resistance, ductility and cast ability) magnesium (Mg) and their alloys gain a high popularity 

in a wide variety of structural applications including automotive, aerospace, materials-

handling, telecommunication and portable microelectronics [1]ï[5]. It can be even replaced 

with some polymers such as polyethylene nano-composites because of their close mechanical 

properties [6]. Like other HCP crystal structure materials (Ti, Zr stc) [7], [8] They have very 

low ductility and named difficult to work materials. Over the years many Mg alloys have 

been developed to achieve better performance. Al,  Zn and Mn [3]are the primary alloying 

elements in commercial Mg alloys  with AZ and AM series (containing Al, Zn and Al, Mn 

respectively) being commonly used in automobile industries. AZ91, AZ31, AM60, AM50 

and AM20 are the most popular Mg alloys containing 9, 3, 6, 5 and 2 wt% of Al respectively. 

These alloys exhibit relatively good performance in die cast-ability. Depending upon their 

concentration and temperature, the alloying elements are present in solid solution or form 

different intermetallic phases. Intermetallic phases present in these alloys play important role 

in determining their physical and mechanical properties [9]. Mg17Al12 is the most commonly 

observed equilibrium intermetallic phase  (‍ phase) in these alloys [10] while other phases 

such as  Mg17Al 12Zn0.5 have been reported to form in Zn-containing Mg-Al alloys [11]. 

These intermetallic phases improve room temperature mechanical properties due to their 

higher strength. However, temperature stability of these phases is poor and their low melting 
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points result in softening beyond 150̄C [12], [13]  which leads to a serious limitation on high 

temperature applications of Mg alloys.  

Depending on the underlying creep mechanism, it is conventional to categorize almost all 

metals into class I or class II alloys [14]. Class I (also known as class A) alloys generally 

exhibit a viscous glide controlled creep with not well formed sub-grains, no or little primary 

creep, stress exponent between 3 and 3.5 and their dislocation density varying as ů
2
 

according to the Taylor equation where ů being the applied stress. Whereas, class II (or class 

M) alloys exhibit a climb controlled mechanism, well-formed sub-grains, large primary creep 

region, stress exponent about 4.5 and again their dislocation density increasing with the stress 

raised to the power 2 according to the Taylor equation. It is generally believed that glide and 

climb of dislocations happen in both classes of alloys, however the rate of dislocation glide in 

class I alloys is lower than that of climb due to locking of moving dislocations by solute 

atoms. Viscous glide is the dominant creep mechanism in moderate stresses in class I alloys. 

In higher and lower stress regimes, they transition to climb mechanism [15], [16]. At 

elevated stresses dislocations unlock from the solute atoms and their glide rate will increase 

[15]  while at lower stresses climb becomes dominant due to sequential process rules [16]  . 

By contrast creep in class II alloys is due to dislocation climb with no such transitions while 

both classes exhibit power-law breakdown at high stresses beyond aboutρπὉ.As lower 

stresses are approached, both of the mentioned alloys exhibit transitions to creep mechanisms 

such as grain boundary sliding, Nabarro-Herring, Coble and Harper-Dorn creep [14], [15].  
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AZ91, containing 9Al-1Zn (wt%) with a small quantity of Mn (<0.3 wt%), is one of the most 

successfully used commercial Mg alloys in automobile industries[17][18]. Since this alloy 

and its predominant intermetallic phase (Mg17Al 12) have relatively low melting points (~ 

600̄ C and ~ 450̄C respectively) creep is one of the main degradation mechanisms in 

engineering applications. Addition of different elements including some rare earths modifies 

the microstructure and develop some thermally stable intermetallic phases which can 

improve high temperature mechanical properties [4], [5], [18]ï[20] .  

The aim of this study is to review results from the literature and analyze them in the light of 

existing creep theories to develop a unified comprehensive understanding of the creep 

behavior of AZ91 alloy. A brief outline of general microstructural features is presented 

before describing the effects of manufacturing and alloying elements on creep characteristics.  

2.6.3. Microstructure of AZ91 

Due to the critical role of the intermetallic phases in creep resistance of AZ91 alloys, 

microstructure analysis has been point of interest since last two decades. Previous 

investigations show that microstructure can strongly influence on the primary creep regime, 

creep resistance and rupture mechanism [21]. As cast AZ91 contains eutectic hcp a phase of 

Mg [22]  with continuous and discontinuous intermetallic Mg17Al 12 precipitates (b phase). 

Various mechanisms including solute-solvent atomic size difference, precipitate-matrix 

misfit, and solute segregation are responsible for the appearance of discontinuous 

precipitation [23], [24]. continuous precipitations have more influence on increasing the 

creep resistance of AZ91.The b precipitates are distributed either (i) along the grain 
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boundaries mainly transformed from the supersaturated liquid phase at final solidification 

state or (ii) inside the grains formed by secondary and higher order branching [24], [25]  

(Figure 34). Although b phase can increase the hardness, yield stress and UTS of AZ91 

alloys, a continuous network along the grain boundaries can cause inter-granular fracture[12]  

and decrease the ductility[4]. Moreover, it is thermally unstable and dissolves in the matrix at 

high temperatures thereby becoming relatively soft. By comparison, AZ91 loses its 

mechanical properties at higher temperatures more than other Mg alloys with thermal stable 

precipitation. Figure 35 is a comparison of temperature dependence of the mechanical 

properties of AZ91 and TAS831 (7.79wt% Sn, 2.73wt% Al, 0.70wt% Si, 0.69wt% Zn, 

0.19wt% Mn) containing Mg2Sn precipitates [4]. 

 

 

  

Figure 34 Typical microstructure of AZ91 alloys with  ὓὫὃὰ intermetallic phase [26] 
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(a) 

 

(b) 

Figure 35 Tensile properties of die cast AZ91 and TAS831 alloys at various temperatures,(a) 

Ultimate tensile strength and (b) yield strength [4] 
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2.6.4. Production Methods ï Microstructural approach 

Various production methods have been developed to manufacture Mg alloys for industrial 

applications. High pressure die casting, mild steel casting and Thixoforming are most popular 

production methods used to produce AZ91. These production routes have extensive influence 

on the final microstructure of the alloy. Grain size of primary a phase, amount of Al in solid 

solution, and volume fraction and distribution of b phase [27]  which govern the creep 

properties of Mg alloys are influenced by the production method(s). Owing to the importance 

of creep resistance of Mg alloys in engineering applications, creep experiments have been 

conducted on various AZ91 alloys produced via different processing routes. 

2.6.4.1.Microstructure of Die Cast AZ91 

High pressure die casting is widely used to produce AZ91 Mg alloys [22]. Due to rapid 

solidification during die casting, alloys lose their chance to reach equilibrium condition 

which leads to a decrease in grain size with an increase in the volume fraction of ɓ 

intermetallic phase. Figure 36 reveals general microstructure of die-cast AZ91 alloy 

consisting of primary Ŭ grains and Ŭ+ɓ eutectic. This microstructure leads to a power-law 

dependence of creep-rate at lower stresses (10
-3
G<ů<10

-2
G) with exponential variation at 

higher stresses (>10
-2

G) as demonstrated in Figure 37 [4], [11], [28]. Based on stress 

exponent of 5.5 and activation energy close to that for self-diffusion, it has been concluded 

that creep mechanism could be a dislocation based mechanism similar to those described for 

pure metals and class-M alloys based on climb of edge dislocations. In the Figure 37, the 

temperature variations of the shear modulus (G) and diffusivity (D) are given by,  
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G (MPa) = 18,460-8.2T with T in K [29]              (18) 

D (m
2
/s) = Doe

-Q/RT
, with Do=1 10

-4
 m

2
/s and Q = 135 kJ/mole[21]        (19)  

where R is gas constant and Q is activation energy for lattice diffusion. 

 

 

 

Figure 36 Typical microstructure of die-cast AZ91 alloys [21] 

 

 

Figure 37 Creep data for die cast AZ91 [4], [21], [28] 

 

 

10
-3

10
-2

10
-1

10
10

10
13

10
16

10
19

10
22

 

 

180
o
C

150
o
C

135
o
C

70
o
C

e. /D
 (

1
/m

2
)

s/G

Die cast AZ91

1

5



65 

 

 

 

 

2.6.4.2.Microstructure of Mild steel casting AZ91 

Mild steel casting is the most conventional way of producing Mg alloys. In this route, the 

primary ingot is melted in a mild steel crucible in CO2 and/or SF6 environment. Melted ingot 

is poured to a preheated permanent mold after reaching the temperature above 700ᴈ. Most 

of the creep studies carried out on mild steel casted AZ91 alloys used materials produced via 

similar method. Samples were given T4 and T6 heat treatments prior to the creep tests.T4 

heat treatment dissolves the ɓ phase into the matrix while T6 heat treatment forms 

discontinuous stable ɓ precipitates in lamellar form at grain boundaries and continuous plates 

like precipitates within the grains[19], [30]. Solidification rate is slow and the microstructure 

results in Ŭ-Mg and ɓ precipitation close to grain boundaries. Various studies show that Ŭ 

phase appears in the dendritic form in the microstructure as depicted in Figure 38. Creep 

studies indicated a transition in the value of n from ~2 at low stresses to ~10 at high stresses 

(Figure 39). This typically is indicative of a change in creep mechanism in the alloy with 

increasing temperature or decreasing stress. n=2 usually corresponds to diffusion controlled 

creep mechanism like grain boundary sliding, a creep mechanism that becomes significant at 

intermediate stress and temperature levels. Whereas n=10 at higher stress regime is 

suggestive of a dislocation based creep mechanism [17], [19], [30]ï[32].  
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Figure 38 Optical micrograph of as cast AZ91- Mild steel casting [17] 

 

 

Figure 39 Creep results for mild steel cast AZ91 [17], [19], [30]ï[32] 
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lower die[34][35]. Figure 40 demonstrates a schematic of vertical injection type of 

thixoforming process where a preheated slug is  injected through the gate in the lower die 

[34].  Figure 41 shows the microstructure of thixoformed AZ91 alloy depicting dendrite 

shape of Ŭ phase and eutectic particles of ɓ. There are some eutectic structures in all globules 

and the average size of the small Ŭ grains in eutectic is around 6 Õm.   

Creep results plotted in Figure 42 exhibit a power-low dependence with a stress exponent of 

around 7 and activation energy of 138 kJ/mole. Spigarelli et al. [1] analyzed the similar data 

using Sinh function with stress exponent of 5. 

 

 

 

Figure 40 schematic structure of a vertical injection type of Thixoforming [34] 
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Figure 41 Optical micrograph of Thixoformed AZ91 alloy [1] 

 

 

Figure 42 Normalized Creep results for Thixoformed AZ91 alloy [1] 
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cubic), AZ91 suffers from flaw initiation and cavity formation at elevated temperatures 

leading to lower creep resistance [36]. Since last two decades, researchers tried to form some 

new thermally stable intermetallic phases in Mg alloys by adding different alloying elements. 

These stable precipitates can act as obstacles against grain boundary movement and enhance 

creep resistance of Mg alloys at relatively higher temperatures. However, at high enough 

temperatures, close to melting point these phases dissolve in the matrix and facilitate grain 

boundary movement leading to grain boundary sliding to be the dominant creep mechanism 

at lower stresses [37]. Effect of various intermetallic phases on creep resistance of AZ91 

alloys is summarized in this section following a brief description of the microstructures. 

2.6.5.1.Si addition  

Addition of Si in AZ91 forms Mg2Si intermetallic phase [24], [30], [38]ï[40]. Mg alloys 

containing Mg2Si precipitates are receiving attention of design engineers as a promising light 

heat resistant Mg alloy for automobile engine applications [41]. Figure 43  reveals a so called 

ñChinese scriptò phase of Mg2Si at the grain boundaries for AZ91 with 0.5 wt.%Si. This 

phase forms under slow cooling condition and deleterious to tensile properties [18]. Si can 

also control the mechanism of ɓ phase precipitation during ageing heat treatment which leads 

to an increase in the creep resistance of the alloys at elevated temperatures [30][42]. Previous 

studies show that Si does not form any compound with Al and also has low solubility in Mg. 

Figure 44 reveals the EDX results of Ŭ and Mg2Si phases. It shows that increasing the 

amounts of Si only increase the size and amount of Mg2Si precipitates with no influence on 

the content of the b phase [18], [42], This means that unlike other alloying elements (such as 
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REs which can modify the microstructure and decrease the amount of b phase), Si is not a 

refiner or modifier for b phase. Figure 45 shows the existence of Mg2Si along with b phase in 

AZ91 alloys with 2 wt.% additional Si.  

 

 

 

Figure 43 SEM microstructure of Chinese script form of Mg2Si [42] 
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(a) 

 

(b) 

Figure 44 Energy dispersive X-ray of (a) Ŭ containing phase (b) Si containing phase [18] 
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Figure 45 SEM microstructure of Mg2Si (AZA91+2 wt.%Si) [18] 

 

Meshinchi Asl et. al. [18] tried to show the influence of various amount of Si (0.25, 0.5 & 1 

wt%) on the creep properties of AZ91 at 200ᴈ. Figure 46 reveals the creep resistance of 

these alloys. It is clear that the creep resistance has been improved by the presence of new 

intermetallic phases. AZ91 with 1 wt% Si shows very lower creep rates compare to the 

original AZ91. To find the dominant creep mechanism they calculated the stress exponent (n) 

along with activation energy (Q). The slop of the logarithmic plot of minimum strain rate 

versus stress can show the stress exponent. Semi log plot of strain rate vs. invers of 

temperature can reveal the activation energy. The results showed a stress exponent of n~4 for 

AZ91 with 1 wt.% Si which is slightly lower than original AZ91 (with n~5.5). The activation 

energy is increase a little (Q~119 KJ/mol for AZ91 and Q~128 KJ/mol for AZ91+1 wt.% Si). 

Activation energy enhancement is related to its higher creep resistance. The appearance of 

thermally stable Mg2Si particles along grain boundaries can hinder grain boundary 

movement, migration and sliding at elevated temperature. This will result to a higher creep 
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properties in AZ91 alloys with Si [18].  Dislocation climb is dominant creep mechanism in 

both alloys. 

 

 

Figure 46 Influence of Si additions on steady state strain rates of AZ91 alloy  [14] 

 

2.6.5.2.Sb and Bi additions  

Sb and Bi are the next most abundant alloying elements which have been added to AZ91 to 

improve high temperature creep resistance. These alloying elements can make some 

thermally stable intermetallic phases such as Mg3Sb2 and Mg3Bi2. Moreover, they are able to 

refine the preexisting Mg17Al 12 intermetallic phases. Microstructure observations reveal that 

additional Sb or Bi can effectively suppress discontinuous precipitations of ‍ phase during 

aging process. Rod shaped Mg3Bi2 and Mg3Sb2 precipitates are mostly distributed along grain 

boundaries. Figure 47 shows the microstructure of the AZ91 with/without different amounts 

of Bi and Sb. Figure 47 (b-d) show new thermally stable intermetallic phases along with their 
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influence on the ɓ phase. They modified the ɓ phase to some finer particles along with more 

uniform distribution [43]. Mg3Sb2  with a melting point of 1228ᴈ (around 3 times more than 

Mg17Al 12) would be much more stable than ‍ phase at elevated temperatures leading to 

higher creep resistance (around one order of magnitude more than AZ91) [31]. Figure 48 

shows the thermally stable rod shaped Mg3Sb2 precipitation after solution treatment. It has 

also been reported that a combined addition of Si and Sb can change the shape of the Chinese 

script Mg2Si to a polygonal shape. Figure 49shows the microstructure of AZ91+0.5Si+0.2Sb 

(wt.%). The modification mechanism of fine polygonal Mg2Si formation is nucleating from 

Mg3Sb2 particles. Moreover, additional Sb can decrease the grain size of the alloy. The grain 

refinement is mainly due to the appearance of finely distributed polygonal Mg2Si precipitates 

in the interface of solid-liquid phase during solidification which can restrain further grain 

growth. Such modified microstructure results in improvement in tensile properties, toughness 

and creep resistance as compared to the original alloy.  Figure 50 shows the influence of 

various amounts of Si, Sb and Bi on the steady-state creep-rate of AZ91 alloys at 200ᴈ. It is 

evident that the addition of these elements improves the creep resistance (Figure 51) due 

essentially to the presence of thermally stable intermetallic phases. The maximum creep rate 

is related to the alloy with combined addition of Sb and Bi. It is interesting to note that 

Gyangyin et al. [32]  obtained the Q value of 130 ~140 kJ/mole, close to that for self-

diffusion in Mg [44]  with a stress exponent varying from 4.2 to 5 indicating that creep in 

these alloys is controlled by the climb of edge dislocations. 
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Figure 47 Microstructure of AZ91 with/without different amounts of Bi and Sb (a) AZ91 (b) 

AZ91+2 wt.%Bi (c) AZ91+0.4 wt.%Sb and (d) AZ91+1 wt.%Bi+0.4 wt.%Sb [32] 
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Figure 48 Microstructure of the Rod-shaped Mg3Sb2  phase at the grain boundaries of the 

solution treated AZ91+0.35 wt.%Sb [31] 

 

 

Figure 49 Microstructure of as cast AZ91+0.5 wt.%Si+0.2 wt.%Sb [30] 
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Figure 50  Effect of addition of Sb, Bi and combination of them with Si on the creep 

resistance of AZ91 alloy [31][32][38] 
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Figure 51 Normalized creep rate versus stress for AZ91 alloy depicting the effect of alloying 

elements [32] 

  

2.6.5.3.Rare earth elements addition  

Addition of different amount of rare earth elements (REs) forms thermally stable needle 

shaped precipitates which can provide superior creep resistance compared to the original 
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shape particles surround the original ɓ phase and remain in the microstructure even after 

solution treatment at 400 ̄C for 24 hours, whereas the b phase dissolves in the matrix due to 

its lower melting point as revealed in Figure 52b [19]. As long as Al is in the melting 
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the grain boundary migrations are hindered at elevated temperatures and the dislocation 

climb control creep is still the dominant creep mechanism. Improvement in creep resistance 

at 200 ̄ C due to RE additions is noted in Figure 53[19].Nd and Y are other rare earth 

elements highly useful in Mg alloys. They make Al2Nd and Al2Y intermetallic phases and in 

similar mechanism, act as obstacles against dislocation slip leading to an improvement of 

their creep resistance [45].  

 

 

            

(a)                                                                           (b) 

Figure 52.Microstructure of AZ91 + 2 wt.% RE alloy (a) before solid solution contains huge 

amounts of eutectic ɓ (b) after solid solution at 400ᴈ for 24 hours, Al11Re3 remains 

unchanged with no ɓ phase in the matrix [18] 
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Figure 53 Comparison of creep properties of AZ91 alloy with different amounts of RE 

elements [18][19] 
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2.6.5.4.Sn addition 

The influence of Sn addition on the creep properties of AZ91 Mg alloys have been studied in 

Mahmudiôs group [46]. Sn can improve the strength of the Mg alloys via solid solution 

hardening mechanism. Moreover it can form thermally stable Mg2Sn intermetallic phases, 

distributed along the grain boundaries. Figure 54 shows the optical microstructure of the base 

AZ91 and with additional Sn. It is clear that they have similar morphology: Ŭ-Mg phase 

dendrites and b particles in the inter-dendrite spaces. However, the coarse dendritic structure 

of the base AZ91 is refined in the alloys with additional Sn. The new alloys have also finer 

structure. The relative XRD patterns are depicted in Figure 55. It shows that the peak for 

Mg2Sn is appeared only for AZ91+2 wt.%Sn. This is mainly due to increase in the volume 

percent of that in comparison to alloys with 0.5 and 1 wt.% Sn. The thermally stable Mg2Sn 

precipitates have a significant influence on the improvement of the high temperature creep 

resistance of the AZ91 alloys. They can reduce the volume fraction of the b phase and break 

their network structure and make them more uniform. Figure 56 compares the continuous 

structure of precipitates of the base AZ91 with broken and more uniform structure of 

AZ91+2 wt.% Sn. Studies show that the stress exponent and activation energy of the 2 wt.% 

Sn addition alloys is n ~ 5 - 6.9 and Q ~ 110 ~ 150 kJ/mol respectively,  indicating that the 

dislocations climb is still dominant creep mechanism at lower stress.    
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Figure 54 Optical microstructure of (a) AZ91, (b) AZ91+0.5wt. wt.%Sn, (c) AZ91+1wt.%Sn 

and (d) AZ91+2wt.%Sn [46] 



83 

 

 

 

 

 

Figure 55 XRD patterns of AZ91 without/with different amount of Sn. [46] 

 

 

Figure 56 SEM microstructure of (a) AZ91 (b) AZ91+ 2wt.%Sn. [46] 
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2.6.5.5. Ca addition 

Amberger et al [47] investigated the influence of Ca addition on the microstructure and creep 

properties of the AZ91 Mg alloys. Thermodynamically, Al2Ca along with the original b 

phase are the intermetallic phases which can form in the AZ91 with additional Ca.  SEM 

analysis revealed that adding some amount of Ca can make the intermetallic phases more 

skeletal and finer. As far as the thermodynamics of the reactions are concerned, with 

increasing the amount of Ca the fraction of Al2Ca increases while the b phase decreases. 

Figure 57 shows the SEM microstructure of the AZ91 without/with different amount of Ca. 

The original AZ91 contains primary Ŭ-Mg and the b phase. It is clear that with increasing 

amount of Ca up to 5 wt.% the skeletal type intermetallic phases increased. Figure 57a & b 

reveal the microstructure of the AZ91 with 0 and 1 wt.% Ca. There are no skeletal type 

particles in the matrix. However for 3 and 5 wt.% Ca addition (Figure 57c & d) the skeletal-

like structure of the particles are clear. Creep analysis at elevated temperatures (150 and 

200ᴈ), conducted by Amberger et al revealed an increase in the creep resistant with 

increasing the content of Ca. This is due mainly to the thermal stability of the skeleton shape 

intermetallic phase. Dislocations climb again is the dominant creep mechanism in these 

alloys.  

The influences of simultaneous alloying Ca with other elements including REs or Si were 

also studied. Esgandari et al [20] showed that a combined addition of Ca and RE elements 

can suppress the discontinuous precipitation of b phase and decrease the hardness of alloy. 

Figure 58 shows the SEM image of AZ91 with 1 wt.% REs and 1.2 wt.% Ca. Two different 
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phases with acicular and lamellar morphology can be seen in the microstructure. Their XRD 

analysis revealed that these phases are related to the Al11RE3 and Al2Ca intermetallic 

compounds. Wenwen et al [17] showed a combined addition of Ca and RE elements can 

improve the creep resistance of the alloy (Figure 59). This is mainly due to refining the 

original structure and improving the thermal stability of the original b phase [17]. 

Addition of Ca to the Mg-Al -Zn-Si alloys can provide some nucleation sites and modify the 

Chinese script Mg2Si to polygonal shape. The final structure is finer and more uniform. In 

addition, the grain size of Ca modified alloy is finer than the original alloy. The mechanism 

is very similar to the Sb modified alloy, however, less effective. Such modification can lead 

to large improvement in mechanical properties as compared to the original alloy [41].    

 

 

 



86 

 

 

 

 

 

Figure 57 SEM microstructure of the (a) AZ91 and AZ91 with (b) 1 wt.% (c) 3 wt.% (d) 5 

wt.% Ca. [47] 

 

 

Figure 58. Microstructure of AZ91 + REs + 1.2 wt.%Ca [48] 
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Figure 59 A comparison between the creep-rates of different AZ91 alloys with/without 

different amounts of Ca and RE [17] 

 

2.6.5.6.Ineffective REs 

Although there are many reports on the obvious effect of addition of some REs on the 

improvement of creep resistance of AZ91 alloy [17]ï[19], [45], some RE elements, like Ce, 

have small or no influence on creep properties [45]. Steady state creep rates of these alloys 

indicate that addition of Ce in the AZ91 alloy has insignificant effect on the creep properties 

of the AZ91 alloy. This is attributed to the facts that (i) the Al11Ce3 precipitates decrease the 

grain size (Figure 60) enhancing grain boundary sliding and (ii) although Al11Ce3 is a 

thermally stable precipitate, it changes during creep tests from a needle shape to granular 

shape ( Figure 61), leading to poor creep resistance [45]. 
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Figure 60 Effect of adding some REs on the grain size of AZ91 alloy, higher amounts of Ce 

leads to decrease the grain size  (a) AZ91 (b) AZ91+0.5 wt.%Ce (c) AZ91+1.0 wt.%Ce (d) 

AZ91+1.5 wt.%Ce[45] 

 

               

Figure 61 SEM microstructure of AZ91+0.5 wt.%Ce (a) before creep test (b) after creep test 

[45] 
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2.6.6. Conclusions 

The first part of this study is focused on the role of production method on the creep 

mechanism of AZ91. Creep behavior of AZ91 alloy produced via three different routes of die 

casting, mild steel casting and thixoforming is reviewed. Analyses revealed that high 

temperature creep mechanism of the alloys, produced via different methods is essentially 

similar. Grain boundary sliding at low stresses and dislocation climb at higher stresses are the 

underlying creep mechanisms for this alloy. The second part of the study is a review on the 

influence of different additional alloying elements on the creep resistant and its underlying 

mechanism. Adding some alloying elements such as Si, Sb, Sn, Ca, Bi, REs and combined 

addition of them can develop some new thermally stable intermetallic phases and modify the 

microstructure, leading to improved creep properties at elevated temperatures, however, 

ineffective on underlying creep mechanism. Ce, a rare earth element, showed negligible 

influence on the creep resistance of the AZ91.  
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3.1.  Microstructural development of high temperature deformed AZ31 magnesium alloys  
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3.1.1. Abstract 

 

Due to their significant role in automobile industries, high temperature deformation of Mg-

Al -Zn alloys (AZ31) at constant stress (i.e. creep) were studied at a wide range of stresses 

and temperatures to characterize underlying deformation mechanism, dynamic 

recrystallization (DRX) and dislocation density evolution. Various microstructures (e.g. grain 

growth & DRX) are noted during steady-state creep mechanisms such as grain boundary 

sliding (GBS), dislocation glide creep (DGC) and dislocation climb creep (DCC). Although a 

combination of DRX and grain growth is characteristic of low stacking fault energy materials 

like Mg alloys at elevated temperatures, observation reveals grain growth at low strain-rates 

(GBS region) along with dynamic recovery (DRV) mechanism. X-Ray Diffraction (XRD) 

analysis revealed a decrease in dislocation density during GBS region while it increased 

under dislocation based creep mechanisms which could be related to the possible DRV and 

DRX respectively. Scanning Electron Microscopic (SEM) characterization of the fracture 
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surface reveals more inter-granular fracture for large grains (i.e. GBS region with DRV 

process) and more dimple shape fracture for small grains (i.e. DGC & DCC region with 

DRX).   

Keywords: Creep, AZ31 Mg alloy, Dynamic Recrystallization, Dynamic Recovery, 

dislocation density 

3.1.2. Introduction  

Mg-Al alloys and in particular Mg-3Al-1Zn have aroused significant interest in last two 

decades [1]ï[9] due to their wide uses in automotive industries. Like other hcp crystal 

structure materials, they are categorized as difficult to work alloys at room temperatures [10]. 

Researchers tried to analyze high temperature deformation behavior of these alloys to 

improve their mechanical properties at elevated temperatures. It is well known that their poor 

creep resistance at higher temperatures is due to intermetallic phase dissolving in the matrix 

[11], [12] which leads to clamping load reduction in bolted joints in power-train components 

of automobiles.[6] Previous investigations revealed various mechanisms to be indicative 

during high temperature deformation of magnesium alloys[11] with the strain-rate related to 

the applied stress by well-known power-law equation:  

‐ ὃ„Ὡὼὴ ,     (1) 

where n is the stress exponent, A is a material constant, Q is theactivation energy for creep, R 

is the gas constant and T is the absolute temperature. The stress exponent depends on the 

underlying creep mechanism: n~2 is related to the grain boundary sliding, n=3~3.5 
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dislocation glide and n=4.5~7.5 is related to dislocation climb [6], [11]ï[19]. DRX is one of 

the most significant mechanisms for grain refinement and improved mechanical properties 

during hot working, [20] which reduces the flow stress of deformation[21]. Unlike high 

stacking fault energy metals, DRX is a common phenomenon during high temperature 

deformation of low or medium stacking fault energy metals, such as magnesium [22]ï[27]. 

In Mg-Al alloys, limited number of slip systems and higher grain boundary diffusion rate can 

also stimulate DRX [21].  Various investigations showed that during DRX new equiaxed 

grains appear on the preexistent grain boundaries when the dislocation density reaches a 

critical value [27]ï[29]. Although there are some reports on the influence of primary grain 

size on DRX,[21], [30] new grain size is generally independent of the initial grain size and 

mostly related to the deformation conditions [21]. Like any recrystallization process (i.e. 

proceeding with nucleation and growth) recrystallization of fine grains is faster than in coarse 

grains due to higher nucleation sites for DRX [31].  It is well understood that by increasing 

the temperature and strain-rate more nucleation sites appear which leads to easier DRX and 

more grain refinement [32] while, stress, another essential parameter for DRX, does not 

influence the nucleation behavior and may strongly affect the kinetics of plane strain 

deformation [33]. At higher temperatures the microstructure is more homogeneous albeit 

there is more grain growth due to higher grain boundary migration and diffusion [34]. 

Continuous DRX (CDRX) has been identified in Mg alloys [7], [31], [35]ï[41] and in many 

cases a power law relationship has been shown to relate deformation conditions to the 

dynamically recrystallized grain size [30], [42]ï[45]. During CDRX unlike conventional 
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DRX, production of high angle grain boundaries during high temperature deformation has no 

influence on the nucleation and growth of grains on preexisting grain boundaries [21].                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                   

In this study, the creep deformation of AZ31 magnesium alloy was investigated at high 

temperatures ranging from 503 to 623 K (i.e 0.53 ~ 0.68 Tm) to evaluate underlying 

deformation mechanisms, grain size distribution and the existence of DRX at different stages. 

XRD technique has been employed to measure dislocation density at various stages and 

relate it to possible DRV and DRX.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                            

3.1.3. Experimental Procedure 

A commercial grade AZ31 magnesium alloy with chemical composition of Mg-2.8Al-1.1Zn 

(in wt. %) in the form of a rod with dimensions of ͼ ͼ ͼ has been used in this 

research. Dog-bone type tensile specimens of 25 mm gage length (Figure 62) were machined 

out of the rod. The samples were annealed for 2 hrs in argon atmosphere at 450ᴈ and 

furnace cooled to room temperature to attain homogeneous equiaxed grains. Three 

dimensional microhardness tests were made to ascertain that it is fully homogenized in all 

directions. High temperature creep tests at constant load were performed at 230ᴈ, 270ᴈ and 

350ᴈ with the tensile axis parallel to the rolling direction. The experimental setup used to 

perform direct load creep tests consists of an extensometer and a Linear Variable Differential 

Transducer (LVDT) to measure the axial strain. A three zone split furnace was used to heat 

the sample. The specimens were held for 30 minutes to equilibrate at the testing temperature 

prior to loading. Creep tests were performed under stresses ranging from 1 MPa to 70 MPa 
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for dwell times of 3 minutes up to few weeks. The creep tests were performed in unprotected 

(air) atmosphere and no oxidation appeared on the surface of the sample after the test. By the 

end of the tests, the specimens were cooled under load to room temperature to preserve final 

stage crept microstructure. True strain (Ů) and true stress (ů) are related to the total 

displacement of the extensometer (ȹL) and the initial dimensions of sample (A0 and L0) 

through the basic formulae of Ů=ln(1+ȹL/L0) and ů=(F/A0)(1+ȹL/L0) respectively. The 

microstructure and chemical composition of the sample were examined by a Hitachi-3200 

Scanning Electron Microscope (SEM) equipped with X-ray energy dispersive spectroscopy 

(EDS). XRD experiments on the starting and deformed samples were carried out using the 

Panalytical Empyrean X-Ray Diffractometer equipped with advanced PlXcel 1D detector. In 

situ high temperature XRD study was performed on the starting Mg alloy sample to 

investigate the thermal stability of the precipitates. Sample was placed inside a furnace at a 

vacuum of 5³10
-5

 torr and heated from ambient temperature to 450 C̄ at a rate of 5 ̄C/min. 

Diffraction profiles were recorded at 50 ̄C interval. For optical microscopy, the specimens 

were polished with SiC abrasive paper followed by intermediate polishing using 9µm, 3µm 

and 1µm glycol-based polycrystalline diamond suspensions with 3 separate non-woven 

textile polishing cloths. To clean the sample after each step of polishing, the surface was 

rinsed with ethanol and then sonicated into an ethanol bath to wash away any residual 

contaminates from the surface. For final polishing, 0.04µm colloidal silica was used along 

with napless polyurethane cloth. Samples were finally etched for 5s with a solution of 5ml 

Picric acid, 10ml acetic acid, 10ml H2O and 70 ml ethanol. To prepare Transmission Electron 
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Microscopy (TEM) foils, samples were thinned by standard twin jet electro-polishing 

technique with a solution of 5% HClO4 and 95% ethanol.   

 

 

Figure 62 Schematic of the dog-bone shaped tensile specimens  

 

3.1.4. Results and discussion 

Optical micrograph of an annealed sample, grain size distribution and micro-hardness values 

along the three directions are shown in Figure 63. It is clear that the material has an equiaxed 

grain structure with average linear intercept grain size (ALIGS) of ~17 µm and homogeneous 

mechanical properties in all 3 dimensions.  
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(c)   

Figure 63 Microstructure of AZ31 after 2hr annealing at 450 ᴈ (a) grain size distribution (b) 

and  micro-hardness results in three dimensions (c). 
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Figure 64 shows the TEM microstructure of the annealed sample and corresponding 

diffraction pattern for matrix and precipitates. Diffraction pattern of the matrix with zone axis 

of [ ] is indicative of the hcp crystal structure, while the precipitates have different 

crystal structures. 

 

  

Figure 64 TEM micrograph of annealed sample along with diffraction pattern of matrix and 

precipitates. 

 

A large number of creep tests have been performed at stresses ranging from 1 to 70 MPa. 

Depending on the creep conditions (stress & temperature) a wide range of creep curves with 

very low to large primary creep (stage I) regimes was noted. During this stage creep rate 

continuously decreased as a function of time followed by steady-state creep regime (stage II) 

in which the strain-rate remained constant. With increasing stress and/or temperature the 

secondary stage becomes shorter while the sample experiences a large primary creep.[6] 
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Figure 65 includes creep curves at low and high stresses along with the corresponding strain-

rate vs. time plots.  
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Figure 65 Two different types of creep curves of AZ31:  low stress (1 MPa) creep curve (a) 

and corresponding strain-rate vs time (b), and high stress (45 MPa) creep curve (c) and 

corresponding strain-rate vs time (d). 
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Figure 5a shows a double log plot of steady-state strain-rate vs. normalized stress (ů/E, E 

being temperature dependent elastic modulus) of several creep tests conducted at different 

temperatures and stresses. The temperature dependence of elastic modulus was obtained from 

eq. (2) [13]. 

Ὁ ςȢφ ρȢωςρπ ψȢφὝ in MPa (T in K)  (2) 

It is evident from the plot (Figure 5a) that the data for steady-state or minimum strain-rate vs 

normalized stress follows power law behavior for a particular temperature. However, the 

slope changes with stress indicating transitions in creep mechanism(s). Data points in Figure 

66 are fitted using equation (1) to determine the stress exponent (n). Three different values of 

n were obtained: n~2 related to the grain boundary sliding at low stresses, n~3 dislocation 

glide at intermediate stresses and n~7 dislocation climb in high stress regime. Similar results 

were obtained for other Mg alloys [6], [13]. A semi-log plot of steady-state strain-rate vs. 

inverse of temperature (T
-1

, T in K) is used to determine the activation energy for creep at 

different regions. Figure 66b shows the data for regions I, II and III corresponding to low, 

intermediate and high stresses.   An activation energy value of 87 kJ/mol was obtained for 

region I, 119 kJ/mol for region II and 122 kJ/mol for region III. Activation energy value of 

87 kJ/mol is identified with that for grain boundary diffusion (QGB) in Mg and its alloys 

while the higher value of 120 kJ/mol in regions II and III is close to that for self-diffusion 

[13]. The well-known Zener-Hollomon parameter (Z) can relate the strain-rate and 

temperatureὤ ‐ÅØÐὗὙὝϳ . Figure 66c and 5d reveal the Zener-Hollomon parameter 
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vs. dimension-less stress with Q=QGB and Q=QL respectively.  Calculation of Z parameter 

with QGB leads to coalescence of data in region I while QL coalesce data in region II and III 

into a single curve. This parameter plays a significant role in microstructure of the crept 

samples and the appearance of DRX as discussed in the following.   
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Figure 66 Double log plot of steady-state strain-rate vs. stress at three different temperatures 

of 230, 270 and 350 ᴈ (a), corresponding activation energies in the three different regimes 

(b)  Zener-Holman parameter calculated with grain boundary diffusion activation energy 

(QGB~87 kJ/mol) (c), and with lattice diffusion activation energy (QL~120 kJ/mol) (d) 
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A stress exponent of n~2 along with activation energy of 87 kJ/mol (close to grain boundary 

diffusion) is related to the GBS creep mechanism. It is well known that QGB~0.5-0.8QL and 

in present study it is QGB~0.7QL. The stress exponent of n~3 combined with activation 

energy of 119 kJ/mol suggests the operation of dislocation glide creep mechanism in region 

II [15], [47] as noted in many class-I alloys, and finally a stress exponent of n~7 and 

activation energy of 122 kJ/mol in region III is the characteristics of edge dislocation climb 

[15], [47] noted in pure metals and class-II alloys. Because dislocation glide and climb are 

sequential processes, slower one can be rate controlling. In region II (n~3) solute atoms lock 

moving dislocations and make their movements slower than annihilation of dislocation by 

climb. Thus in class A alloys the rate of dislocation glide can control creep process and this is 

commonly known as micro-creep. A uniform distribution of dislocations in the grain with no 

sub-grain boundaries (described by Murty [48], [49]) is characteristic of this region.  In pure 

metals (or class II alloys), however, there are no obstacles against glide movement (except 

Peierls hills) leading to dislocation climb to be the dominant creep mechanism. Tilt and twist 

sub-grain formation is the predominant structure in the grains in this region [49].  It is 

interesting to note that such a transition from class-I to class-II is predicted by Murty[50] to 

occur at around 10
-3

E given by the critical stress needed to unlock the dislocations from 

solute atmospheres. After this point, higher stress exponent is expected as noted in the 

current region III.  
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3.1.4.1. Microstructural evolution during creep 

Figure 67 (a & c) show the microstructures from grip and gage regions respectively of the 

sample crept at 350ᴈ, 4 MPa (region I). Figure 67 (b & d) show the corresponding grain size 

distributions. The ALIGS of ~34 µm is clear evidence of grain growth at higher 

temperatures. The grain size distribution in the gage section is similar to that in the grip 

region. It is clear that there is no evidence of DRX in this region whereas it is very 

susceptible to DRV. Increasing the temperature and decreasing the strain-rate can improve 

the rate of recovery. These two parameters can relate to each other via well-known Zener-

Hollomon parameter (Z). The total amount of recovery increases by decreasing the Z value, 

i.e. at elevated temperatures or lower strain-rates dislocations are more susceptible to be able 

to reorganize themselves into low energy arrays [51]. 

There is clear evidence of DRX (i.e. the creation of new grains nucleating at previous grain 

boundaries [52]) at higher stresses at 350ᴈ. In region II (DGC) and III (DCC) there is a 

combination of DRX and grain growth. Figure 67 (e ï j) show the optical micrographs along 

with grain size distributions of the sample tested at 350ᴈ and 13 MPa in grip and gage 

regions. It is clear that grain growth appeared in the grip region similar to sample crept at 4 

MPa; however the ALIGS is lower. This is mainly due to the sample remaining shorter time 

at elevated temperature. The microstructure of crept sample after 24 hours (i.e. the early 

stages of steady-state creep deformation) reveals two different grain size distributions with 

ALIGS ~9 and ~25 as revealed in Figure 67 (g ï i). The small grains are new born grains 
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which appear close to the pre-existing grain boundaries. Another test has been done at same 

conditions of temperature and stress to reveal the microstructure after 72 hours which is close 

to the end of steady-state deformation and a homogeneous microstructure is the result of long 

time DRX (Figure 67 (j)). Figure 67 includes the optical micrograph of sample crept at 

350ᴈ , 36 MPa.  Appearance of a large number of small grains on the preexisting grain 

boundaries indicates that severe DRX occurs at high stresses. Large number of dynamically 

recrystallized grains consumed most of the preexisting grains. Figure 67 shows serrated grain 

boundaries that are susceptible to DRX [15]. Investigation of the microstructure of the crept 

samples at lower temperatures (220ᴈ & 270ᴈ), by contrast, reveals higher grain growth at 

GBS regions (region I) (ALIGS ~41µm). Figure 67 (m & n) depict the microstructure and 

grain size distribution of the sample tested at 270, 15 MPa. The ALIGS of ~41 µm reveals 

the appearance of very big grains under these test conditions. Similar test at higher stresses 

(45 MPa, DCC region) shows very small number of dynamically recrystallized grains along 

with serrated boundaries (Figure 67). Elevated temperatures can help the structure to 

reorganize under the influence of strain and stress, and provide an opportunity for new born 

grains to grow.  
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Figure 67 Microstructure/ grain size distribution of crept AZ31 at  350ᴈ , 4 MPa ïgrip 

region (a & b)  350ᴈ ,  4MPa ï gage section (c & d)  350ᴈ , 13MPa ï grip region (e & f) 

350ᴈ ,  13 MPa gage section after 24 hours (g- i) 350ᴈ , 13 MPa gage section after 72 hours 

(j) 350ᴈ ,  36 MPa gage section (k-l)  270ᴈ , 15MPa ï gage section (m & n)  270ᴈ ,45 

MPa ï gage section (o). 
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3.1.4.2. Fractography 

Fracture surfaces of the AZ31 Mg alloy at different stages reveal trans-granular fracture at 

low strain-rates (corresponding to GBS Figure 68a&b) while dimple shape fracture with 

blade type edges between them (Figure 68c&d) at higher strain-rates (corresponding to DGC 

& DCC with DRX). Blade type edges appear due to void coalescence between dimples 

whenever they reach to a certain size with a large stress concentration in the walls between 

them [20]. 
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Figure 68 fracture surfaces of crept samples of AZ31 at 350ᴈ: 6 MPa (a)  9 MPa (b) 13MPa 

(c) 36 MPa (d). 
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3.1.4.3. Thermal stability of Mg17Al 12 precipitates 

 

Figure 69 (a & b) show XRD profiles of annealed AZ31. Along with the peaks for Mg, a 

peak for Mg17Al 12 around 2q of 37̄  is indexed in the plot. To investigate the thermal stability 

of the precipitate, high temperature XRD scans up to 450 C̄ were carried out at 50 ̄ C 

intervals.  Figure 70 shows the segments of the XRD profiles at different temperatures. It can 

be seen that the intensity of the Mg17Al 12 peak decreased with increasing temperature and 

disappeared after 350 C̄. This indicates that the Mg17Al 12 precipitates in the AZ31 alloy 

dissolve in the matrix at around 350 C̄. 
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Figure 69 XRD profiles of annealed Mg alloy AZ31: 30Á<2ɗ<100Á (a) 30Á<2ɗ<40Á (oval 

region enlarged) (b). 
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Figure 70 XRD profile of annealed Mg alloy AZ31 from room temperature up to 450ᴈ. 

 

3.1.4.4. Dislocation density evolution 

Dislocations play important role in determining the high deformation behavior of metals and 

alloys. Dislocation annihilation is the dominant mechanism during DRV, whereas low angle 

boundaries absorb dislocations and transform to high angle boundaries during DRX [20]. 

Thus it is interesting to determine the dislocation density in the samples deformed at different 

conditions. XRD profiles of the starting material and samples deformed at different 

conditions have been analyzed to investigate the evolution of dislocation density during creep 

in different regimes. It is well known that XRD is not commonly used for dislocation density 

measurements. Many theoretical and instrumental parameters (e.g. peak asymmetry, Peak-

broadening parameter and 2ɗ correction), texture effects, other structural defects (e.g. 

stacking faults and twins) can influence the measured value of crystallite size and 



123 

 

 

 

 

microstrain, and therefore dislocation density measurement,[53] However, various recent 

studies show that XRD results are more trustable than other methods [53]ï[55]. XRD gives 

average information from a relatively larger volume of the sample (~ 10
9 
mm

3
)[56] and is 

suitable to estimate the dislocation density in samples with larger grain sizes. XRD profiles 

of the samples were analyzed using the Williamson-Hall (WH) technique [57]. In this 

technique, a mathematical relation is established between the integral breadth (ɓ), average 

domain size (Dv) and the microstrain (Ů), 

ö
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õ
æ
ç

å
+=
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e

l

qb sin2
2

1cos

vD
       (3) 

A plot of (ɓ cosɗ/ɚ) vs. 2 sin ɗ/ɚ gives the values of Ů and DV from the slope and the ordinate 

intersection, respectively.  

Figure 71 shows the WH plots for the starting material and the samples deformed at 350 C̄ 

at different stresses. It can be seen that for all cases intercept values are very small indicating 

large domain size in the samples. Large domain sizes also imply that the broadening of the 

XRD peaks is mainly due to microstrain resulting from the dislocations. Microstrains (e) of 

different samples are determined from the slopes of the WH plots. Dislocation density (r) is 

then calculated using the Williamson-Smallman [58] formula: 

”          (4) 
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where k is the material constant (considered as 1 for magnesium alloys) and b is the 

magnitude of Burgerôs vector. Values of r for different samples are listed in Table 5. It can 

be seen that at lower stresses (GBS region) the dislocation density of the crept sample is less 

than the starting annealed sample. This could be mainly due to dynamic recovery at low 

stresses and high temperatures in which dislocation annihilation is dominant. However at 

higher stresses, due to enhanced dislocation generation rate, dislocation density increases. 

This increase in dislocation density raises the stored energy of the material and initiates DRX 

[20], [59], [60]. 

 

Figure 71 Williamson-Hall plots for starting materials and samples deformed at 350ᴈ. 
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Table 5 Dislocation density of the fresh sample and crept samples of AZ31 at 350ᴈ and 

different stresses 

Stress (MPa) Fresh 

sample 

4 6 13 19 33 36 

Dislocation Density 

  □  

7.3 3.1 5.2 8.1 9.1 9.8 11.4 

 

 

3.1.5. Conclusions 

 

The high temperature deformation of AZ31 Mg alloy was carried out to characterize the 

transitions in creep mechanisms and corresponding microstructural evolution, dislocation 

density and fracture behaviors. Following conclusions are drawn from this study: 

1- Three different creep regimes were noted. At low stresses in region I, the stress 

exponent of n~2 and activation energy of Q~87kJ/mol are related to the GBS 

mechanism. Grain growth, DRV, a high proportion of trans-granular fracture surfaces 

and decreasing dislocation density are characteristics of this stage. 

2- A stress exponent of n~3 and an activation energy of Q~119kJ/mol in region II are 

indicative of dislocation glide mechanism usually noted in class-I alloys. A moderate 

DRX, grain growth and more dimple shape fracture surfaces along with a moderate 

increase in the average dislocation density are characteristics of this stage. 
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3- A stress exponent of n~7 and activation energy of Q~122 kJ/mol in region III at high 

stresses reveal creep due to climb of edge dislocations as expected in alloy class due 

to unlocking of the dislocations from solute atmospheres. An advanced DRX, large 

grain growth and totally dimple shape fracture along with an increase in the average 

dislocation density are characteristics of this stage. 
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3.2.1. Abstract 

 

X-ray diffraction line profile analysis (XRDLPA) techniqu was employed to investigate the 

dislocation density evolution during high temperature creep of Mg-3Al-1Zn alloy. The 

microstrains within the domain and dislocation density were calculated by the simplified 

Williamson-Hall and Williamson-Smallman methods. Further analysis on the possible 

dynamic recrystallization (DRX) and dynamic recovery (DRV) shows a relation between the 

number of dynamically recrystallized grains and the dislocation density. At constant 

temperature, higher stresses lead to more DRX and an enhancement on the dislocation 

density; whereas at lower stresses the DRV is dominant, leading to decrease in the 

dislocation density.  

3.2.2. Introduction 

 

Nowadays Magnesium (Mg) alloys have received great attention in a wide range of 

industries including automobile and aerospace mainly due to their low density and high 

specific strength. Mg is 37% lighter than Aluminum (Al) and 78% lighter than Iron (Fe). It 

has close mechanical properties to some polymers [1] and can replace them due to its lower 

                                                 
3
 Corresponding author. Tel.: +1 919 757 7030, Fax.: +1 919 515 5115 

E-mail address: pshahbe@ncsu.edu 
 



137 

 

 

 

 

cost and more recyclability. However, like other hexagonal close packed (hcp) materials, Mg 

alloys suffer from low ductility at ambient temperatures [2] mainly due to their limited 

number of active slip systems.  To improve its mechanical properties, researchers tried to add 

some alloying elements. The additional elements can result in some intermetallic phases that 

act as obstacle against grain boundary migrations and dislocation movements leading to 

improved mechanical properties. Among Mg alloys, those based on Mg-Al system, due to 

their relatively higher mechanical properties, corrosion resistance and castability, received 

more attention and demand for use in industrial applications [3][4]. AZ31 (Mg-3Al-1Zn 

wt.%) alloy is categorizes as wrought Mg alloy and is commonly used in various industries 

due to its relatively higher formability and strength at moderate temperatures [3][5]. At 

elevated temperatures, however, the intermetallic phases dissolve in the matrix and creep is 

then the main degradation mechanism at this condition. During last decades, several studies 

have been carried out to investigate the behavior of the alloy at elevated temperature to 

characterize its creep properties [6]ï[21].  

After applying the tensile stress, a large number of dislocations are produced in the material. 

However during the primary creep region the number of dislocations decreases to reach to a 

constant value due mainly to recovery processes. During the steady-state stage of the creep, 

the rate of work hardening is close to recovery rate which leads to a constant dislocation 

density. Figure 72 shows the schematic of dislocation density variation during the first and 

second stages of the creep (where Ů is the total strain, Ů0 is the initial strain, ɟm is the mobile 

dislocation density, ”  is the initial mobile dislocation density and t is the time). The average 
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dislocation density is related to the creep rate, strengthening recovery and recrystallization 

[22]. Thus, determination of dislocation density plays a significant role in understanding such 

phenomena. Transmission electron microscopy (TEM) is one of the most conventional and 

direct techniques to characterize the microstructure of deformed samples including 

dislocation density, associated Burgerôs vectors and cell structures. It can provide 

information with high accuracy below a certain dislocation density (~ 5-10 X 10
-14

 m
-2

). 

However a thin film of the TEM sample can provide a minuscule volume (100 ɛm
3
)
 
of the 

material and does not depict the information of the bulk material. In addition, the sample 

preparation for TEM is time consuming and may cause some alteration in the structure of the 

defects [23]. Another direct technique of characterizing the deformed structures is electron 

channeling contrast imaging (ECCI). It is a scanning electron microscopy (SEM) method and 

is based on the fact that the backscattered electron intensity is highly dependent on the 

orientations of the crystal lattice[22]. This technique has less side effect than the TEM 

methods, however the sample preparation is still time consuming and may cause damage on 

the microstructure.  

On the contrary, XRDLPA provides a fast, easy and more statistical way to find the 

dislocation density. Sample preparation is much easier and any single test can cover a 

volume of 10
9
 ɛm

3 
[23]. However some limitations are attributed to the method. First of all, it 

is incapable of recording subtle information such as the nature of dislocations, slip line width 

and the nature of Burgerôs vector. Second, the results of dislocation density are not very 

precise due mainly to the influence of many theoretical and instrumental parameters 
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including peak asymmetry
 
and broadening parameters, structural defects, texture and sample 

condition on the measured values of microstrain and crystallite size [24]. In spite of the 

mentioned restrictions, nowadays XRDLPA is regarded as significant in dislocation density 

measurement, especially when reliable results on the dislocation density are needed.  

In this study the AZ31 Mg samples were crept at 350ᴈ in a stress range of 4 ~ 36 MPa. The 

microstructures of the deformed samples were characterized to find the possible dynamic 

recovery (DRV) and dynamic recrystallization (DRX), and their influence on the dislocation 

density. The well-known Williamson-Hall and Williamson-Smallman techniques were 

employed to measure the ɟ at different stresses. To the best of our knowledge, no attempt has 

been made to date to determine the dislocation density of crept AZ31 alloy.  

Creep deformation like other mechanical works can influence the value of dislocation 

density. Increasing the amount of applied stress generally increases the dislocation density; 

however if dynamic recovery (DRV) is high enough to annihilate dislocations the dislocation 

density can decrease.  The creep mechanisms in alloy-class include grain boundary sliding in 

the lower range of stresses, viscose glide of dislocations in the intermediate range of 

dislocations and dislocation climb at high stresses [7], [9], [10], [25].     
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Figure 72 Schematic of mobile dislocation density variation during the first and second creep 

stages 

 

3.2.3. Experimental procedure 

 

Dog bone shape samples of AZ31 (Mg-2.8Al-1.1Zn wt.%) were machined out from a rod 

with dimensions of ͼ ͼ ͼ and the samples were annealed at 450ᴈ for two hours in 

argon atmosphere. The samples were furnace cooled to room temperature to achieve the most 

homogeneous and equiaxed grains. Sample characterization with optical microscope (OM) 

has been done to reveal the microstructure after annealing.  The sample preparation for OM 

characterization includes a few steps. After polishing with SiC abrasive paper, the 

intermediate polishing has been done, using 9µm, 3µm and 1µm glycol-based polycrystalline 

diamond suspensions with 3 separate non-woven textile polishing cloths. To wash away any 

residual contaminants, the surface was rinsed with ethanol and then sonicated in an ethanol 

bath. The 0.04µm colloidal silica was used along with napless polyurethane cloth for final 

polishing. Samples were finally etched for 8s with a solution of 7ml Picric acid, 10ml acetic 

acid, 10ml H2O and 70 ml ethanol. High temperature creep tests were carried out at 350ᴈ 
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under constant loads with the stresses in the range of 4 ~ 36 MPa. Axial strain was monitored 

using an extensometer with a linear variable differential transducer (LVDT). The test 

temperature was controlled using a three zone split furnace. The tests have been continued to 

reach the steady state (St-St) region and cooled under load to preserve the dislocation 

microstructures developed during creep. The well-known equations of Ů=ln (1+ȹL/L0) and 

ů= (F/A0) (1+ȹL/L0) can convert the displacement of extensometer (ȹL) and the initial 

dimensions of the sample (A0 and L0) to the True strain (Ů) and stress (ů) respectively. The 

creep samples were examined in A Panalytical Empyrean X-Ray diffractometer equipped 

with advanced PlXcel 1D detector. 

3.2.4. Results and discussion 

 

Figure 73 shows the results of the creep tests, conducted at 350ᴈ and stresses of 4, 6, 13, 19, 

33 and 36 MPa and the plots show the typical creep stages.  

 

 

Figure 73 Creep curves of AZ31 Mg alloy at 350ᴈ and stresses ranging from 4 to 36 MPa. 
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It is well understood that the XRD patterns represent a comprehensive mapping of the crystal 

structure and microstructure of the samples in the momentum space. The angular position 

and the intensities of the peaks in the diffraction pattern reveal information on the crystal 

structure. The information on the microstructure can be extracted from the broadening of the 

peaks. However, the total broadening of a peak is influenced by instrumental broadening, 

microstrain within the domain and the broadening due to cells and domains. Detailed 

analyses on the line shape can provide much information on microstrain and the average 

domain size. Williamson and Hall developed a mathematical relation (equation 1) between 

the microstrain (Ⱡ), volume weighted average domain size (Dv) and the integral breadth (ɓ) 

assuming that both the size and strain broadened profile are Lorentzian [23].   

 ς‐      (1) 

were ɗ is the angle between the incident beam and sample and the ɚ is wave length ( it is 

ɚ=0.1541838 nm for Cu KŬ).  

 

 

a reveals the XRD pattern for starting sample. Along with some peaks for matrix (Mg) a 

single peak for Mg17Al 12 were indexed.  

 

 

(b-h) reveal the plots of (ɓcosɗ/ɚ) vs. (2sinɗ)/ɚ for the fresh sample and following crept at 

350ᴈ. The slope of the fitted line and the intersection on the ordinate are related to the Ů and 

Dv respectively. Very small amount of intercept value reveals the existence of large domain 

size in the samples which also imply that the broadening of the XRD peaks is mainly due to 
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microstrain resulting from the dislocations. The fitted line corresponding to the 

crystallographic plane reveals an increasing slope with the applied stress which is related to 

the dislocation density.  
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Figure 74 (a) XRD pattern for starting sample. (b) Williamson-Hall plots for fresh sample 

and crept samples at 350ᴈ: (c) 4 MPa, (d) 6 MPa, (e) 13 MPa, (f) 19 MPa, (g) 33 MPa and 

(h) 36 MPa. 
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Williamson and smallman [26] related the amount of strain to the dislocation density via 

equation 2.  

”        (2) 
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where ɟ is the dislocation density, k is the material constant (for magnesium alloy it is 

considered as 1) and b is the magnitude of the Burgerôs vector. Figure 75 shows the value of 

ɟ for different samples, and it is clear that at lower stresses the dislocation density is less than 

that in the fresh sample while at higher stresses the dislocation density increases. The former 

one is related to the dislocation annihilation (due to DRV) and the latter is because of the 

enhanced dislocation generation rates (due to DRX). During DRX, low angle boundaries 

absorb dislocations and transform to high angle boundaries. To find a relation between 

dislocation density and possible DRV and DRX, the microstructures of deformed samples 

were characterized via optical microscope. Figure 76 shows that at lower stress there is no 

DRX while at elevated stresses a large number of new born grains appeared adjacent to the 

preexisting grain boundaries. DRX readily occurs at elevated temperature and make the 

microstructure more homogeneous, however grain boundary migration is another common 

phenomenon which leads to extensive grain growth. Strain rate is another important 

parameter which has influence on the rate of DRX. At higher strain rates more substructures 

can be generated in the existing grains leading to finer microstructure at higher strain rates. 

At lower strain rate, however, there is not sufficient deformation energy for complete the 

recrystallization. Mandel et al revealed the occurrence of large amounts of DRX at elevated 

strain rates and temperatures [27]. It is mainly due to higher rates of dislocation accumulation 

during deformation at high strain rates and temperatures [28].  
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Figure 75 Dislocation density of AZ31 Mg alloy (Fresh sample and crept samples at 350ᴈ 

and stresses of 4to 36 MPa) 

 

 

                       

(a)                                                                                               (b)  

 

(c) 

Figure 76 Microstructures of crept AZ31 at 350ᴈ: (a) 4 MPa (b) 13 MPa (c) 33 MPa. 
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3.2.5. Conclusions 

The average dislocation density (ɟ) of the crept AZ31 Mg alloy at 350ᴈ and stresses of 4 to 

~36 MPa have been determined via XRDLPA technique and the well-known Williamson-

Hall and Williamson-Smallman methods. Compared to microscopic techniques, the method 

is easier, reliable and quick along with easier sample preparation. Analysis shows that the 

starting sample has an average dislocation density of  ⱬ ͯ Ȣ
□

 . The crept samples 

at low stress revealed an average dislocation density less than that due mainly to the DRV in 

the material. At higher stresses, however, the dislocation density increases with stress which 

leads to more DRX.  
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4.1. Abstract 

 

Investigation of creep behavior of AZ31 magnesium alloy at three different temperatures 

(230ᴈ, 270ᴈ and 350ᴈ) and stresses of 1 ~ 13 MPa reveals that grain boundary sliding 

(GBS) is the dominant creep mechanism at elevated temperatures and low stresses. Grain 

boundary sliding and Mg17Al 12 precipitates in Mg-Al alloys result in stress concentration 

sites for cavity formation during high-temperature low-strain rate deformation leading to 

premature failures. Analysis of fractured surfaces of samples deformed at 350ᴈ reveals that 

brittle type fracture (inter-granular and trans-granular) is the dominant mechanism at low 

stresses („ ρͯ υ ὓὖὥ) while at higher stresses („ χͯ ρσ ὓὖὥ) dimple ruptures are 

predominant. Grain growth, dynamic recovery and a decrease in dislocation density are 

characteristics of low stress deformation of AZ31 alloys in grain boundary sliding region 

whereas increase in dislocation density and dynamic recrystallization are noted during 

deformation under higher stresses where dislocation creep was noted to be predominant.  
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4.2. Introduction   

 

Due to their ultra-light structure, magnesium alloys have received great attention in various 

industries such as aerospace, automobile and telecommunication. It can be even replaced 

with some polymers such as polyethylene nano-composites because of their close mechanical 

properties [1]; however, like other hcp crystal structure materials they have low ductility at 

room temperature and are known as difficult to work alloys. At elevated temperatures, on the 

other hand, their mechanical properties degrade rapidly [2], [3]. Researchers  have 

investigated their behavior at high temperatures to characterize creep resistance and fracture 

mechanisms [4]ï[20] to find ways to improve their mechanical properties at service 

conditions. A well-known classification of the creep behavior of materials is based on Born, 

Mukherjee and Dorn power-low equation in which the minimum strain-rate is described as a 

function of stress, temperature and grain size: 

Ⱡ
═╓╖╫

▓╣

╫

▀

▬ Ɑ

╖

▪

     (1) 

where n is the stress exponent, p is the inverse grain size exponent, A is a material constant, 

D is diffusion coefficient, G is the shear modulus, k is the Boltzmannôs constant, b is the 

Burgers vector, d is the grain size and T is the absolute test temperature. The diffusion 

coefficient can be related to the activation energy via D=D0 exp(-Q/RT) where the Q is the 

activation energy for specific creep mechanism, D0 is a pre-exponential term and R is the gas 

constant. The creep mechanism is identified by p, n and Q along with microstructure 

properties. At very low stress grain boundary sliding (GBS) is the dominant creep 
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mechanism in which n~2, p~2 and the activation energy is close to grain boundary diffusion 

which is 0.5~0.8Ql, where Ql is the activation energy for lattice diffusion [4][6]. At elevated 

temperatures, there is an enhancement in the grain boundary diffusion and migration 

constituting the GBS process leading to higher creep-rates. Adding some alloying elements 

to the Mg alloys can produce various precipitates that can act as barriers against grain 

boundary movement [2]. Mg17Al 12 is one of the most important precipitates in Mg-Al alloys 

such as AZ31 (Mg-3Al-1Zn, wt%). These particles can act as barriers against GBS and are 

able to decrease the strain-rate sensitivity [21]. At elevated temperatures, close to melting 

point, they dissolve in the matrix and facilitate grain boundary movement. Appearance of 

various precipitates in magnesium alloys can lead to premature failure via cavity formation. 

Cavity formation, growth and their inter-linkage is dominant fracture mechanism during low 

strain-rate deformation of magnesium alloys (whereas flow localization plays a critical role 

in fracture mechanism during high strain-rate deformation) [22], [23]. At high temperatures 

(~0.6Tm), grain growth results in relatively large grain sizes, then GBS decreases, which 

leads to a suppression in cavity formation [24]. 

4.3. Material and methods 

 

The experimental material was a hot rolled, rod shape AZ31 magnesium alloy with 

dimensions of ςȢυ ςȢυ ςυάά and chemical composition of Mg-2.7Al-1.2Zn (in wt. %). 

Dog bone shaped tensile specimens with dimensions of φȢυ ρȢυ άά  and gauge length of 

25 mm were machined along the rolling direction. A homogeneous microstructure was 

achieved by 2 hours of annealing in argon gas at 450ᴈ and furnace cooling to room 
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temperature. Optical microscope (OM) characterization along with micro-hardness tests 

indicated the existence of a homogeneous microstructure along with equivalent mechanical 

properties along the three dimensions. High temperature creep tests were carried out at three 

different temperatures of 230ᴈ, 270ᴈ and 350ᴈ. Axial strain was measured by an 

extensometer and a linear variable differential transducer (LVDT). Various test temperatures 

were achieved using a three zone split furnace. A range of stresses from 1 MPa to 13 MPa 

with dwell time of hours to weeks have been applied on the specimens at the three different 

temperatures. To compare some features of low stress creep test with high stress creep, single 

tests have been done at 350ᴈ and 50 MPa. Tests have been continued to fracture points. 

True strain (Ů) and stress (ů) are related to the total displacement of the extensometer (ȹL) 

and the initial dimensions of the sample (A0 and L0) through the basic formula of 

Ů=ln(1+ȹL/L0) and ů=(F/A0)(1+ȹL/L0) respectively. Fractured specimens were prepared for 

OM and scanning electron microscopy (SEM) characterization.  Step by step polishing of the 

samples have been done via 9µm, 3µm and 1µm glycol-based polycrystalline diamond 

suspensions with 3 separate non-woven textile as polishing cloths. To reveal the cavities, a 

final polishing with 0.04µm colloidal silica was applied. AT the end of each step, the 

samples were ultrasonically cleaned to remove the residual materials from previous steps. 

Final samples were etched for 5s using a solution of 5ml Picric acid, 10ml Acetic acid, 10ml 

H2O and 70 ml Ethanol. An SEM equipped with x-ray energy dispersive spectroscopy 

(EDS), a micro-hardness test (HV0.5kg) machine and a direct load creep tester have been 

used to evaluate the material.  
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4.4. Results and discussion 

 

Figure 77 shows nearly equiaxed grain structure of the sample along with their grain size 

distribution after annealing.  An Average Linear Intercept Grain Size (ALIGS) of 18 µm was 

measured. Results of micro-hardness tests (Figure 78) reveal equivalent mechanical 

properties in all directions.  

 

                 

Figure 77  (a) Microstructure of Mg-Al alloy, after 2 hours of annealing at 450ᴈ in 

protective atmosphere of Argon gas (b) grain size distribution. 
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Figure 78 Results of micro-hardness tests (HV0.5kg) revealing homogeneity. 

 

Figure 79a displays a creep curve at 350ᴈ and 4 MPa. A relatively short transient creep 

regime was observed followed by steady state creep leading eventually to tertiary creep and 

fracture point. Figure 79b shows a semi-log plot of strain rate vs time. It can be seen that 

after the minimum creep rate, strain rate increases rapidly to fracture point.   
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Figure 79 (a) creep curve at 350ᴈ and 4 MPa and (b) Strain-rate versus time. 

 

Figure 80a shows a log-log plot of steady state (minimum) creep-rate vs. normalized stress 

(ů/E) following several creep tests conducted at different temperatures and stress levels. The 

temperature dependence of the elastic modulus (E) was obtained from eq. (2).
1
 

Ὁ ςȢφ ρȢωςρπ ψȢφὝ in MPa (T in K)  (2) 
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Figure 80 (a) Double log plot of minimum strain rate vs. stress at T=230ᴈ, 270ᴈ and 350ᴈ, 

(b) Corresponding activation energy and (c) temperature compensated creep-rate versus 

normalized stress. 
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Stress exponent, n~2 was obtained by fitting the data points in Figure 80a with equation (1). 

Figure 80b shows a semi log plot of steady state strain rate vs. inverse of temperature (T
-1

, T 

in K) from which an activation energy, Q~87 kJ/mole was obtained. Temperature-

compensated creep data are shown in Figure 80c. A comparison of obtained stress exponent 

and activation energy with previous studies reveals that GBS is the dominant creep 

mechanism in AZ31 alloy at the deformation conditions of this study.  

Figure 81a and Figure 81b show the microstructures of the AZ31 after creep at 13MPa and 4 

MPa respectively at 350ᴈ. Mg alloys have low stacking fault energy and high grain 

boundary diffusion velocity; therefore, dynamic recrystallization (DRX) is a common 

mechanism during high strain rate thermoplastic deformation. DRX can lead to homogeneous 

equiaxed grain distribution along with grain growth in some parts [25] (Figure 81a). 

However, at lower stress or strain-rate, grain growth and dynamic recovery (DRV) become 

dominant due mainly to the lack of energy to complete recrystallization [26]. This leads to 

grain growth as noted in Figure 81b and Figure 81c. Figure 82 presents an investigation on 

the XRD profiles of fresh and crept samples to measure the dislocation density based on 

Williamson-Hall (WH) technique [27]ï[29]. The slope of plot is related to the value of 

micro-strain. Based on the Williamson-Smallman [30] formula, dislocation density ⱬ is 

then directly related to the local micro-strains. The DRV at lower stresses could possibly 

create a situation where the dislocation density of the deformed sample is less than the fresh 

sample.   
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Figure 81 (a) Microstructure of the AZ31 alloy after creep test at 350ᴈ, 13 MPa, (b) 4MPa 

and (c) grain size distribution of the sample crept at 350ᴈ , 4 MPa. 

 

 

Figure 82 Williamson-Hall plot for starting materials and samples deformed at 350 ᴈ and 

three different stress levels. 

 

The XRD analysis at room temperature (Figure 83a) reveals that the particles dispersed in the 

matrix are mainly Mg17Al 12. These precipitates have a melting temperature of 450ᴈ and 

dissolve in the matrix at elevated temperatures. Figure 83b shows the plot of high 
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temperature XRD data. As identified by the pattern, there are two separate peaks one for 

Mg17Al 12 precipitation and the other Mg matrix at RT, while by increasing temperature 

Mg17Al 12 gradually disappears, and at 350ᴈ, there is no sign of precipitates (Figure 83b). 

 

 

(a) 

 

(b) 

Figure 83 (a) XRD profile of annealed AZ31 Mg alloy at room temperature (b) at high 

temperatures. 
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4.5. Microstructure and fracture analysis 

 

The relatively poor plasticity of magnesium alloys at room temperature is related to its 

hexagonal close packed (HCP) structure with limited slip activity. At elevated temperatures 

the non-basal slip systems (i.e. pyramidal and prismatic slip) become active [26] which leads 

to an improvement in ductility. However, some damaging phenomena appear at elevated 

temperatures (e.g. strain concentration, W- and R-type cracks (caused by GBS), primary 

melting reaction and cavity formation) which worsen the ductility [26], [31], [32]. Figure 84 

reveals fracture morphology under deformation condition of 4 MPa and 350ᴈ. This 

condition is related to the low stress GBS creep deformation. Due to the high temperature 

and low stress, rapid grain growth occurred in this region and lead to brittle fracture. Figure 

84d shows cleavage lines which are indicative of trans-granular fracture.  
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(a)                                                                                 (b) 

            

(c)                                                                                (d) 

Figure 84 (a) Microstructure of fractured surface under 350ᴈ, 4 MP, (b-d) higher 

magnifications. 

 

 

By increasing the stress and correspondingly the strain-rate, there is not enough time for 

grain-growth and the ratio of brittle fracture surface to the whole fracture area decreases. In 

this situation, void coalescence plays a significant role in the fracture mechanism. Figure 85 

Cleavage line 
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shows the fracture surface of AZ31 at 350ᴈ under stresses of 6, 9 and 13 MPa. Appearance 

of a large number of small dimples along with tearing edges is the characteristic of ductile 

fracture [26]. Eventually as dimples grow, large stress concentrations result in the walls 

between two dimples. Consequently, blade type edges appear by tearing off the adjacent 

material, leading to final fracture. Some microscopic cavities appear on the thin edges 

subjected to these forces [26], [32], [33]. 

Figure 85g, 9h and 9i show high magnification SEM images of serpentine sliding at three 

stresses of 6, 9 and 13 MPa respectively. It is clear that by increasing the stress, ductile 

fracture along with shear lips appear in the fracture surfaces. When the dimpled surface is 

perpendicular to the applied stress, new sliding on the free surface of the dimple causes a 

large number of serpentine sliding in the inner wall of dimple (Figure 85 d-i). By contrast, 

under the stress of 6 MPa there is much more time for serpentine sliding developments which 

leads to a larger ripple area and extended zone [26]. The biggest dimples, revealed in Figure 

86, are accommodation sites for Mg17Al 12 and are potentially nucleation centers for void 

formation during moderate temperature deformation. At elevated temperatures (T > Teutectic) 

the ɓ phase melts and no precipitates form at the bottom of big dimples.  
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(a)     (b)    (c) 

       

(d)     (e)    (f) 

       

(g)     (h)    (i) 

Figure 85 (a, d & g) Microstructures of fractured surfaces under 350ᴈ, 6MPa, (b, e, h) 9MPa 

and (c, f, i) 13MPa. 
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(a)                                                                (b) 

Figure 86 (a) Microstructure of fractured surface under 350ᴈ, stress 13MPa and (b) at higher 

magnification. 

 

4.6. Cavity Formation 

 

Cavities develop in three steps: nucleation, growth and interlinkage [24], [34]ï[40]. Most of 

the plastic deformation appears during second step while the third step is normally the onset 

of rapid failure. During diffusional cavity formation mechanism (super-plastic diffusion and 

plasticity controlled process are another cavity formation processes [22], [33], [36]) 

vacancies cluster together and form cavities via tensile stress; however they need to 

overcome a free-energy barrier [41]. Following conditions are required for cavity nucleation 

during GBS: i. the stress concentration should reach a particular value [23], [41], [42] 

(possible grain growth can relax stress concentration caused by GBS[23]) and ii. void 

formation time should be less than stress concentration relaxation time [23]. (At room 

.ƭŀŘŜ ǘȅǇŜ ŜŘƎŜ 

ό¢ŜŀǊƛƴƎ ŜŘƎŜύ 
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temperature the vacancy diffusion is very slow, then the incubation time for nucleation is too 

long and there is low possibility of cavity formation [41]). During GBS there is more stress 

concentration at triple points of grain boundaries [3] which can cause  cavity formation in 

these regions [5], [35] (Grain boundary particles and ledges are other possible sites for cavity 

formation [23], [41], [43]). Based on this process, Chokshi developed a critical condition for 

grain size (d) and applied stress (ů) for nucleation of cavities at triple points [43]: 

Ὠ
Џ

    (3) 

where Fv is a shape factor (~1 for AZ31), k is the Boltzmann constant, Ý is the atomic 

volume, Ὓ is the surface energy, E is the Youngôs modulus, T is the absolute temperature. 

This equation represents the grain size dependency with stress as a straight line with the 

slope of -1. Any experimental conditions above the line are subjected to the cavity formation. 

The analysis reveals that at a constant stress, cavity formation becomes more prominent at 

larger grain sizes. Figure 87 shows the calculations for AZ31 at T=350ᴈ, Ὓ=1 J m
-2

 and 

Ý=14 cc mol
-1 

[43]. The dashed box in the map represents the experimental conditions of the 

present study.   
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Figure 87 Cavity nucleation map at triple point. Experimental conditions are in the region of 

possible cavity nucleation. 

 

Following cavity nucleation in stress concentrated regions, cavity growth occurs via vacancy 

diffusion during low strain rate creep condition [44]. Vacancies from areas close to the 

cavity, migrate into the cavities. As long as the applied stress is more than 2Ὓ/r (where Ὓ is 

the surface energy of cavities and r is the cavity radius), it is sufficiently large to hinder 

possible shrinkage due to surface tension [44]. The rate of cavity growth is related to the 

cavity radius (i.e. larger cavities have lower cavity growth rate) [43]. Characterization of the 

polished sample fractured at stress of 4 MPa and T=350ᴈ (Figure 88) with initial grain size 

of 17 µm and final grain size of 36 µm, indicated the existence of wide ranges of cavity sizes 

far from each other. Most of the cavities are restricted to areas close to fracture tip (In 

contrast cavities are closer to each other in samples crept at higher stresses). The small 
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rounded cavities could be related to the cavity formation via diffusional process (whereas 

those provided by a plasticity mechanism reveal elongated in the tensile direction) [23], [44]. 

Figure 88 shows some rounded cavities along with large elongated cavities. This discrepancy 

could be justified by spheroidization of elongated cavities and transverse coalescence of very 

close cavities [45].  

 

     

Figure 88 Cavity formation close to fracture surface of crept sample at 4MPa & 350ᴈ 

 

Mg17Al 12,  due to their lower shape factor and stress concentration [3], [43] can act as 

nucleation sites for cavity formation (Figure 89) and make the magnesium alloys susceptible 

to premature failures. However, cavities are not formed in all of them because precipitates 

can relieve stress concentrations via possible paths such as along interphase boundaries, 

through the particle and lattice [43]. Chokshi [43] demonstrated the critical particle size 

above which stress concentration cannot relieve via lattice or grain boundary diffusion: 

Fracture surface 
Fracture surface 

Cavities 

Cavities 
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where dc is the critical particle size, b is the burgers vector, ♯ is the grain boundary width, Ⱡ 

is the strain rate, Dl and Dgb are the lattice diffusion and grain boundary diffusion 

respectively, other parameters are as mentioned previously. Based on the stress conditions, 

Figure 90a and 14b show the critical particle size attributed to different stresses and strain 

rates.  

 

 

                     

(a)       (b) 

Figure 89 Mg17Al 12 as nucleation site for cavity formation in crept sample at 350ᴈ (a) 4 

MPa and (b) 10 MPa. 
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(a)                                                                                 (b) 

Figure 90 Critical particle size for stress concentration relieving via (a) grain boundary path 

and (b) lattice path. 

 

It is clear that any particle with dimensions of more than 3µm can act as a stress 

concentration source for cavity formation. Figure 91 reveals some cavities appearing close to 

fracture surface of crept samples at 4 and 13 MPa. Most of the particles have dimensions 

larger than 3µm, therefore it is expected to have lots of cavities in the material. By increasing 

the stress and strain-rate the critical size of the particle for cavity nucleation increases leading 

to a reduction in the number of cavities per unit of area. Figure 91a and 15b compare the 

number of cavities at two different stress of 4 and 13 MPa. It is clear that sample crept at 4 

MPa has more cavities than that crept at 13 MPa.  
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(a)                                                               (b) 

Figure 91 Number of cavities per unit of area of crept sample at 350ᴈ (a) 4 MPa and (b) 13 

MPa. 

 

4.7. Conclusion 

 

The fracture behaviors of high temperature tensile (creep) deformed AZ31 magnesium alloy 

at constant stress of 1 to 13 MPa have been investigated at 350ᴈ. The activation energy 

along with corresponding stress exponent revealed that GBS was the dominant creep 

mechanism in this region. Sliding of the grains over each other causes stress concentrations 

at grain boundaries and triple points leading to cavity formation in these regions. Mg17Al 12 

precipitates act as stress concentration sites for cavity formation. Analyses show that 

precipitates larger than 3µm can generate cavities at high temperature and low strain rates. 

Optical micrographs revealed that at lower stresses inter-granular and trans-granular fractures 



177 

 

 

 

 

are the dominant failure mechanism while at higher stresses of the GBS region there are 

some dimple shape fracture surfaces along with brittle fracture.  
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5.1. Abstract 

 

High temperature tensile creep tests were conducted on AZ31 magnesium (Mg) alloy at low 

stress range of 1 ~ 13 MPa to clarify the existence of grain boundary sliding (GBS) 

mechanism during creep deformation. Experimental data within the GBS regime revealed the 

stress exponent to be ~2 and the activation energy value close to that for grain boundary 

diffusion. Analyses of the fracture surface of the samples revealed that the GBS provides 

many stress concentration sites for diffusional cavity formation leading to premature failures. 

Scanning electron microscopy (SEM) images show the appearances of both ductile and 

brittle type fractures. X-ray diffraction line profile analysis (based on Williamson-Hall 

technique) revealed a reduction in dislocation density due to dynamic recovery (DRV). A 

correlation between experimental data and Langdonôs model for GBS is also demonstrated.  

Keywords: AZ31, grain boundary sliding, cavity formation 
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5.2. Introduction 

 

Mg alloys due to their high specific strength and low density are considered as the next 

generation structural materials for a wide range of industries like automobile, aerospace and 

telecommunication [1]ï[5]. They can even be replaced with some polymers due to their 

similar mechanical properties, more recyclability and cheaper prices [6], [7]. However like 

other hexagonal close packed (hcp) metals [8] they have relatively lower numbers of slip 

systems at room temperature, leading to their low ductility. At elevated temperatures, 

however, their prismatic and pyramidal slip systems can get activated and improve their 

ductility. It is well known that addition of some alloying elements to Mg can improve its 

mechanical properties by forming a wide range of precipitates. Most of the precipitates have 

higher mechanical properties and can act as barriers against grain boundary migration and 

diffusion. However some of them have low melting points and lose their mechanical 

properties at elevated temperature. Al and Zn are common alloying elements which can be 

added to Mg alloys to result in well-known Mg-Al -Zn alloys like AZ31. Mg17Al 12 is the 

predominant intermetallic phase (♫) in AZ31 Mg alloys. Because this alloy and the ♫ phase 

have relatively low melting point ( ~600ᴈ  and ~450ᴈ respectively [9]) creep is one of the 

main degradation mechanisms at engineering application. During GBS these particles can act 

as stress concentration sources and cause cavity formation and premature failures [10], [11].    

During last two decades several studies have been carried out to investigate the high 

temperature behavior of these alloys to characterize their creep mechanisms and fracture 

morphologies [2], [10]ï[25]. At elevated temperatures GBS can occurss via well-known 
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Rachinger [26] or Lifshitz [27] mechanisms. Lifshitz (1963) explained grain boundary 

sliding via diffusion of the vacancies through grain boundary or lattice which leads to grains 

elongation in the tensile direction while Rachinger (1952) provided a model based on grain 

displacement without any changes in the grains shape. In Lifshitz mechanism the number of 

surface grains remain constant, whereas they increases during Rachinger mechanism [12], 

[28], [29]. Due to grain deformation during Lifshtz creep mechanism, even large grain size 

samples can keep their coherencies during creep deformation and lead to large plastic 

deformations. Whereas, Rachinger mechanism can lead to high plastic deformation only for 

small grain size (~ around a few microns). In samples with large grain size, the Rachinger 

sliding can cause cavity formation leading to premature failure. Both Lifshitz and Rachinger 

slidings can make similar offsets in marker lines [29].    

During high temperature deformation of Mg alloys, the minimum [29] strain rate can be 

related to the stress, temperature and grain size via well-known Bird, Mukherjee and Dorn 

(BMD) power-low equation  

Ⱡ
═╓╖╫

▓╣

╫

▀

▬ Ɑ

╖

▪

 ,    (1) 

where A is a material constant, G is the shear modulus, n is the stress exponent, p is the 

inverse grain size exponent, D is diffusion coefficient, k is Boltzmannôs constant, b is the 

burgers vector, d is the grain size and T is the absolute test temperature. The diffusion 

coefficient can be related to activation energy via D=D0 exp(-Q/RT) where the Q is activation 

energy for specific creep mechanism, D0 is a pre-exponential term and R is the gas constant. 
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In this study The AZ31 Mg alloy has been deformed at three different temperatures of 230ᴈ, 

270ᴈ and 350ᴈ and constant stresses ranging from 1 to 13 MPa. The role of precipitates in 

creep mechanism and their stability at various temperatures have been analyzed. The values 

of n, p & Q in equation (1) along with microstructural characterization provide information 

on the dominant creep mechanism. The experimental data have been correlated with 

conventional models. Our previous works show that dynamic recovery (DRV) and slightly 

decreased dislocation density are characteristic of this region [10], [11].  

5.3. Experimental Procedure 

A rod measuring ͼ ͼ ͼ of AZ31 Mg alloy with chemical composition of Mg-2.8Al-

1.1Zn (in wt. %) has been used in this study. Standard dog bone shaped tensile specimens 

with gage length of 25 mm were machined from as-received rods. To provide homogeneous 

microstructure and mechanical properties in all directions, samples were annealed at 450ᴈ 

for two hours in protective atmosphere of argon gas. Optical microscopy analysis along with 

microhardness tests along the three dimensions of the samples revealed their homogeneity in 

all directions. Tensile creep tests were performed at constant stresses of 1~13 MPa and three 

different temperatures of 230ᴈ, 270ᴈ and 350ᴈ and the tensile axis was along the rolling 

direction. An extensometer and a Linear Variable Differential Transducer (LVDT) were 

installed in the experimental setup to monitor the axial strain. Elevated temperatures were 

applied to the sample by a three zone split furnace. Because the experimental temperatures 

were below the oxidation temperature of Mg alloys, tests have been done in unprotected 
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atmosphere. Before each test, samples were held for 30 minutes to equilibrate at the test 

temperature. Creep tests were continued to reach to the minimum strain rate following which 

the specimens were cooled under load to room temperature to preserve the steady state creep 

characteristic microstructures. The well-known equations of Ů=ln(1+ȹL/L0) and 

ů=(F/A0)(1+ȹL/L0) can relate the total displacement of the extensometer (ȹL) and the initial 

dimensions of sample (A0 and L0) to the true strain (Ů) and true stress (ů). To reveal grain 

size distributions the specimens were polished with 600 SiC abrasive papers followed by 

9µm, 3µm and 1µm glycol-based polycrystalline diamond suspensions and non-woven 

textile polishing cloths. Final polishing was done by 0.04 µm colloidal silica suspension on 

napless polyurethane cloth.  A solution of 5ml picric acid, 10ml acetic acid, 10ml H2O and 

70 ml ethanol were used to reveal the microstructures. To characterize the grains sliding over 

each other, a focused ion beam (FIB) machine was used to draw some line patterns on the 

fully polished samples. Lines with dimensions of φπππȢρ πȢσ ‘ά were drawn using Ga 

ion beam accelerated at 30 kV and 1 nA.  Then the samples were creep tested to reach to the 

minimum strain rate at different stresses. Crept samples were polished with 0.04 µm colloidal 

silica suspensions and etched to reveal grain sliding and possible line offsets. A Hitachi-3200 

Scanning Electron Microscope (SEM) was used to reveal precipitation in the matrix. To find 

the dislocation density of the samples based on Williamson-Hall technique, XRD analyses on 

the fresh and deformed samples were carried out using the Panalytical Empyrean X-Ray 

diffractometer equipped with advanced PlXcel 1D detector. The thermal stability of the 
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precipitates was evaluated via high temperature XRD analysis by heating from room 

temperature to 450ᴈ at a heating rate of 5 ̄C/min.  

5.4. Results and discussion 

Alloying in popular Mg-Al alloys, like AZ31, can suppress grain boundary migration mainly 

by precipitation. The most popular intermetallic phase in the Mg-Al alloys is the Mg17Al12 

known as ♫ phase and Figure 92(a) is an optical micrograph of the precipitations dispersed 

randomly in the matrix. An analysis using SEM equipped with X-ray energy dispersive 

spectroscopy (EDS) revealed the existence of Mg17Al12 (Figure 92(b)). Figure 92(c-d) show 

XRD plots for AZ31 Mg alloy before creep test. Along with some peaks for matrix (Mg) 

around 2q of 37̄ , a peak for Mg17Al 12 were indexed. Figure 63 shows the optical micrograph 

with an average linear intercept grain size (ALIGS) of ~22 µm and three dimensional 

microhardness test results. The analyses revealed that the grains are equiaxed and 

mechanically homogeneous.  

Mg-Al phase diagram shows that at elevated temperatures ♫ phase dissolves in the matrix. 

Figure 94 shows a study on the high temperature XRD patterns of up to 450ᴈ carried out at 

50ᴈ intervals. It is clear that the intensity of the peak of precipitates is a function of 

temperature. By increasing the temperature the relative intensity decreases which is related to 

the dissolving of precipitates in the matrix.   
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(a)         (b) 

 

(c)         (d) 

Figure 92 Appearance of the ♫ phase in the matrix: (a) Optical Micrograph, (b) SEM ï EDS, 

(c) XRD Ᵽ   and (d) XRD Ᵽ . 
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(a)                                                                            (b) 

 

(c)   

Figure 93 Microstructure of AZ31 after 2hrs annealing at 450ᴈ: (a) optical micrograph, (b) 

grain size distribution and (c) micro-hardness results in three dimensions. 
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Figure 94 High temperature XRD pattern of AZ31 Mg alloy 

 

Figure 95a shows the creep curve conducted at 230ᴈ and 3 MPa. Tests were continued to 

reach to the steady state region and then the stresses were increased to a higher value. 

However, stress change experiments did not lead to remarkable transients so that it reaches to 

the steady state condition very quickly. Experimental data show that creep rates of single 

stress tests are similar to stress change tests. Figure 95b shows the strain rate vs time plot for 

test conducted at 230ᴈ and 3 MPa and it is clear that the strain rate continuously decreases 

to reach to a minimum value. Steady state or minimum creep rate values have been 

determined for different deformation conditions. A double-log plot of steady state 

(minimum) creep-rate vs normalized stress (ů/E, (E=2.6(1.92(10
4
-8.6T)) in MPa (T in K)) 

[2]) is illustrated in Figure 80(a). Straight line fits to the data show the trend of increasing 

minimum strain rate with stress for all temperatures. A plot of minimum strain rate vs inverse 

of temperature shows the temperature dependency of creep deformation. The slope of this 
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curve is related to the activation energy in equation 1, which is around 87 kJ/mole and is very 

close to the activation energy of the diffusion along the grain boundary of Mg alloys. Figure 

80(a) can be converted to temperature compensated creep curve using the calculated 

activation energy in equation 1. Results are illustrated in Figure 80(c).   

      

Figure 95 (a) creep curve at 230ᴈ, 3 MPa, and (b) strain rate vs time 
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(c) 

Figure 96 (a) Double log plot of minimum strain rate vs. stress at 230ᴈ, 270ᴈ and 350ᴈ, 

(b) Corresponding activation energy and (c) temperature compensated creep-rate versus 

normalized stress. 
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Fitting the data in Figure 80c with the equation (1) yields the stress exponent of n=2.01. 

Previous investigations show that this stress exponent along with activation energy close to 

the grain boundary diffusion is indicative of grain boundary sliding mechanism during creep 

deformation. Equation (2) shows a model developed by Langdon for GBS creep mechanism 

[29]. Although the values for n and p are different for small and large grain sizes, because of 

the intermediate grain size of the material of this study, they have characteristics of both 

large and small grain sizes. Figure 97 shows the correlation between experimental data with 

the GBS model: 

Ⱡ
═╓▌╫╖╫

▓╣

╫

▀

Ɑ

╖
  ,       (2) 

where Dgb is grain boundary diffusion and A is a constant ~ 10. [12]    

 

 

Figure 97 Comparison of the present creep data and the model 
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polycrystalline materials at elevated temperatures and low strain rates. Offsets in the marker 

lines show grainsô geometry after GBS. A deformation on the line in the grains along with 

line offset between grains could be sign of Lifshitz sliding while lines in Rachinger 

mechanism are fully straight in the grains and just have some offsets when they pass adjacent 

grains. Figure 98(a) shows the line patterns placed on polished starting sample by (FIB) 

machine. Then the samples were crept at 350ᴈ and 3 MPa. Figure 98(b) shows the 

microstructure of the surface of the deformed sample. The tensile axis is perpendicular to the 

line patterns. It is clear that the original lines are shifted at some grain boundaries while they 

are straight within the grains which is characteristic of the Rachinger GBS mechanism. 

Because the amount of shifting is related to the structures of the grain boundaries, the 

displacements do not appear in all grain boundaries.   
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Figure 98 (a) Focused ion beam (FIB) images of starting sample, (b) SEM microstructure of 

crept sample at 350ᴈ and 3 MPa showing offset line and (c) at higher magnification 

 

 

In relatively large grain size materials, Rachinger GBS results in some cavities and lead to 

premature failures [29]. Microstructures of crept samples reveal the appearance of a large 

number cavities (Figure 99a). Cavity formation, like other nucleation and growth processes, 

is easier at heterogeneous sites such as grain boundaries, triple points and precipitates. 

During GBS, the stress concentration in heterogeneous sites reaches to a critical value. If the 

void establishment is faster than stress relaxation, diffusional cavities form.  Our previous 

study shows that this alloy is very susceptible to cavity formation in precipitates and grain 
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