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Abstract 

Mg-Li alloys, as a kind of superlight material, have the enormous promising potential 

for wide applications in various industries due to their superior stiffness-to-weight 

ratio, low density, good mechanical properties, and biodegradability, which are greatly 

favored by the aerospace and military fields, where reducing the product weight is 

critical and crucial, and the biomedical field, where biodegradability can be well 

applied. These fields usually require parts with complex shapes and geometries, which 

are generally formed with large deformation. However, due to existence of the 

hexagonal-close-packed (HCP) structure of Mg, which has only a few slip systems, 

the material is relatively hard to be deformed compared to the cubic-centered materials 

at room temperature. 

 

In order to efficiently fabricate the complex structures by using Mg-Li alloys, the 

application of superplastic deformation (SPD) of the material can be utilized, by which 

the material can achieve an extraordinarily large amount of deformation under certain 

conditions. Researchers have already been attempting to investigate the superplasticity 

of Mg-Li alloys. However, most of the studies have focused on how to refine the 

material microstructure to achieve fine-grain superplasticity, while few of them have 

attempted to attain better superplasticity through optimizing the route of deformation, 

which could also be a possible way of enhancing the material superplasticity. 
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An ingenious SPD method, the maximum strain rate sensitivity (m) (Maxm) SPD, was 

originally introduced for enhancing the superplasticity of Ti alloys. Since the m value 

acts as an indicator for the resistance to necking and a higher m value always 

corresponds to a better state of superplasticity and further the larger overall elongation, 

the best superplastic state of the material can be retained if the maximum m value can 

be maintained throughout the deformation process. For the conventional SPD methods 

like constant velocity (Constv) SPD and constant strain rate (CSR) SPD, m cannot 

always be kept at its maximum value, so the potential superplasticity of the material 

might be compromised. The idea of Maxm SPD was thus proposed to maintain the 

largest m value throughout the SPD process by in situ measurement of the m value and 

dynamic control of the deformation strain rate. However, since the Maxm SPD method 

is still relatively new and the deformation process is highly dependent on the capacity 

of experimental equipment, this innovative idea has only been successfully applied in 

the SPD of Ti alloys so far, but its potential applications to the SPD of other materials 

have not been fully explored and exploited. 

 

Inspired by the enhanced superplasticity of Ti alloys by Maxm SPD, this research is 

dedicated to exploring the applicability of Maxm SPD to Mg-Li alloys. In this thesis, 

the alloy of Mg-9Li-1Al (in wt. %, LA91), which has the duplex phases with HCP and 

BCC structures, was utilized as the experimental material. By adopting both the 

traditional and Maxm SPD, the differences between these methods were compared and 

discussed, and the characteristics of Maxm SPD of Mg-Li alloys were identified.  
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At first, single-step Maxm SPD of the LA91 alloy was studied. The as-received 

material and the samples further refined by equal channel angular extrusion (ECAE) 

were applied. It was found that the optimal SPD temperature of LA91 alloy is 573 K. 

The maximum elongation in the experiment was 563.7 %, obtained by Maxm SPD at 

the temperature of 573 K by using the 8-pass ECAEed samples, and it was found that 

ECAEed samples are more favored by Maxm SPD than as-extruded samples owing to 

the more equiaxed microstructure in the ECAEed samples. Nonetheless, since grain 

refinement procedures like ECAE are quite complicated and time-consuming, an 

innovative stepped SPD method was then applied to explore the potential 

superplasticity of the as-received material in the as-extruded state. Due to dynamic 

recrystallization, the grains of the as-received alloys can be transformed to be more 

equiaxed in the first deformation step, which is more favored by the SPD process. The 

largest elongation of 621.1 % was obtained by CSR-Maxm SPD with the pre-

elongation of 250 %, which is even larger than the result in the single-step Maxm SPD 

experiments by using the grain-refined material. The result showed that the stepped 

SPD method can largely enhance the superplasticity of the material. 

 

Moderate annealing was finally applied to the as-received material and the two-step 

SPD method was adopted by using the annealed samples. The annealing treatment 

aimed at producing a more equiaxed grain structure by static recrystallization without 

severe grain coarsening. However, after the SPD experiments, it was found that the 

annealed samples exhibited worse superplasticity than the as-received materials. It 
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was indicated that during the annealing process, static recrystallization occurred and 

expended the strain energy obtained from extrusion, which provides the energy source 

for dynamic recrystallization during SPD. The material superplasticity was therefore 

compromised, and the application of annealing for the sake of obtaining a more 

equiaxed grain structure could not be feasible for further enhancing the material 

superplasticity. 

 

This thesis explores the potential superplasticity of Mg-Li alloys by adopting both 

single-step and two-step SPD processes, and provides an in-depth and epistemological 

understanding of Maxm superplasticity of the material. It can be found from this 

research that Maxm SPD can be well utilized for the hot working of Mg-Li alloys to 

enhance the material superplasticity. However, how to realize the Maxm SPD of Mg-

Li alloys in industrial mass production still needs to be further considered and explored 

in the future research. 
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Chapter 1 Introduction 

1.1 Research background 

 

Nowadays, with the growing trend of energy saving and environmentally friendly 

product design and development, the demand for lightweight materials has increased 

drastically for making products with light weight but perhaps more complex shapes. 

Apart from the composite materials which have been a popular research topic for many 

years, selection of lightweight metallic alloys is also a good choice owing to the low 

density as well as good mechanical properties. With the addition of the lightest metal 

of Li into the Mg matrix, Mg-Li alloys become the lightest alloy which has superior 

stiffness-to-weight ratio, good mechanical and machining properties, superior 

magnetic screen and shock resistance ability, and biodegradability. These properties 

are greatly favored by aerospace, military and biomedical fields [1-7]. 

 

Because of the hexagonal-close-packed (HCP) structure in Mg, Mg alloys are usually 

more difficult to be deformed than the cubic-latticed metals such as Cu and Al, owing 

to the fewer slip systems in the HCP structure. The Mg alloys are therefore typically 

used in its as-cast state in the industries if a relatively complicated shape is needed, 

but the as-cast Mg alloys might not possess the high mechanical properties as the 

wrought alloys. As a result, other techniques of fabricating the Mg alloys products 
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have been investigated and developed, among which superplastic deformation (SPD) 

could be an ideal choice for the nearly no-necking deformation with the extreme 

amount of elongation and low deformation force. Superplasticity is the capability of 

polycrystalline materials to demonstrate the high elongation to failure of usually more 

than 400 % in tensile tests [8]. Most research of the SPD of Mg-Li alloys have been 

focused on how to achieve high superplasticity via refining the grain structure [9-12], 

but few have discussed how to enhance the superplasticity by optimizing the route of 

deformation. If a better deformation method can be developed such that the complex 

and time-consuming material preparation step for inducing grain refinement can be 

simplified or even eliminated, the SPD process can become more efficient, which 

makes it easier for the wide application of SPD in industries to form complex shapes 

with less effort. 

 

Inspired by the maximum strain rate sensitivity (m) (Maxm) SPD proposed by Wang 

et al. [13], this research aims at applying the deformation method of Maxm SPD to 

Mg-Li based alloys. During the SPD process, the m value is a critical parameter to 

indicate the superplastic state, and a larger m value is usually related to a better 

superplastic state and further the larger final elongation. Traditional SPD methods 

include constant velocity (Constv) SPD, where the deformation velocity is constant, 

and constant strain rate (CSR) SPD, where the strain rate of deformation is constant. 

However, in the traditional SPD methods, the m cannot always be maintained at its 

largest value, while in Maxm SPD, by simultaneous and in situ measurement of the m 
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value and dynamic control of the deformation strain rate, the maximum m value can 

always be maintained throughout the deformation process. Therefore, this method is 

suitable for enhancing the efficiency of SPD and obtaining the largest elongation 

theoretically. In recent years, a series of studies of Maxm SPD by using Ti alloys have 

been conducted, and Maxm SPD can substantially enhance the deformation capacity 

of several Ti alloys [13-17]. 

 

The method of Maxm SPD was initially designed and proposed for fabrication of the 

parts used in aeronautics and astronautics fields made by Ti alloy. Due to the complex 

structure of the parts, a large amount of deformation is usually needed. However, a 

large deformation of Ti alloys usually requires a high force level, which is sometimes 

difficult or impossible to achieve. The Maxm SPD process was thus invented to 

achieve large deformation while using a small force level, which has been proven to 

be successful for Ti alloys. However, this SPD process has been found inapplicable 

for other traditional superplastic alloys like Al and Cu. Considering the similar 

microstructure of the duplex-phase Mg-Li alloy used in this study and Ti alloys used 

in the prior arts, it may also be potentially applied in inducing the superplasticity of 

the duplex-structured Mg-Li alloys. 

 

In this study, Maxm SPD of the grain-refined Mg-Li alloy was studied at the beginning. 

An innovative stepped SPD method incorporating Maxm SPD was then investigated 

by using the as-received material without further grain refinement. It has been found 
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that the method of Maxm SPD can be successfully utilized for the deformation of Mg-

Li alloys for enhancing its deformation capacity. Meanwhile, the stepped SPD method 

can improve the material superplasticity by providing a more equiaxed microstructure 

for Maxm SPD in the second deformation step, by which the commonly used material 

preparation step for grain refinement can be eliminated and the efficiency of the whole 

production process can be improved. 

 

1.2 Objectives and scope of this research 

 

The Maxm SPD, in which the best state of superplasticity can be maintained by 

cyclically adjusting the strain rate according to the variation of the simultaneously 

measured m value, has been successfully applied to the SPD of Ti alloys and largely 

improved the material formability than the conventional SPD methods. Due to the 

similar duplex-phase structure of Mg-Li and Ti alloys, Maxm SPD can also be 

potentially applied in the deformation of Mg-Li alloys. This research is thus mainly 

focused on the investigation of superplasticity of the selected Mg-Li alloy by adopting 

the conventional and Maxm SPD processes. Through investigating deformation 

behavior, microstructure evolution and fracture mechanisms, the difference between 

Maxm and conventional SPD methods can be identified, which is beneficial to further 

research and wide application of the Maxm SPD process. 
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Since Maxm SPD is relatively new and requires unique and specialized experimental 

equipment, there is no other exploration of this SPD method in addition to Wang’s 

group who proposed and implemented Maxm SPD, and only Ti alloys have been 

studied before this research. The setting of process parameters for both traditional and 

Maxm SPD of Mg-Li alloys such as deformation temperature and initial velocity need 

to be confirmed at the beginning of the research. This was realized by the preliminary 

experiments in each chapter, including the search for the optimal temperature in 

Chapter 3 and the confirmation of the optimum velocity or strain rate in Constv or 

CSR SPD in Chapter 4 and 5. In this way, the SPD experiments can be simplified and 

more efficient. 

 

After conducting the SPD experiments by using the optimal parameters, tensile test 

data were collected during the deformation process and the fractured specimens were 

collected. The tensile test data represent the deformation behavior of material 

throughout the SPD process, and the m value can be calculated, which indicates the 

superplastic state during the deformation process. Meanwhile, stress-strain and m 

value variation curves are analyzed to explore the deformation behavior. 

 

Microstructure of materials is closely associated with mechanical properties and 

deformation behavior of the material, so analysis of material microstructure before, 

during, and after SPD experiments is required. The microstructure of materials before 

SPD can be obtained from the undeformed specimens, and the microstructure after the 
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deformation can be obtained from the fractured region of the deformed specimens after 

SPD. Meanwhile, the material microstructure during the deformation can be acquired 

from the deformed samples which is collected from the interrupted SPD process when 

a certain amount of pre-elongation is reached. Through analyzing microstructure 

evolution of the material, the deformation and fracture mechanisms can also be 

explored. 

 

By combining the analysis of microstructure evolution and deformation behavior, the 

deformation process can be fully explored and exploited. In this way, the differences 

between the single-step and two-step SPD can also be investigated. Therefore, the 

objectives and scope of this research can be summarized as follows. 

 

(a) Apply the Maxm SPD method to Mg-Li alloys for enhancing the material 

superplasticity. 

(b) Search for and confirm the optimal process parameters in different SPD methods. 

(c) Analyze the deformation behavior during the deformation process by using 

different SPD methods. 

(d) Investigate the microstructure evolution in the SPD process by using different SPD 

methods. 

(e) Establish the relationship between microstructure evolution and deformation 

behavior for an in-depth understanding of the SPD process. 

(f) Study the fracture mechanisms of the SPD process and the method for preventing 
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premature fracture. 

 

1.3 Organization of this thesis 

 

This thesis is composed of 6 chapters and 1 reference list. It can be mainly divided 

into 3 parts. The first part includes a general introduction and a literature review, which 

are Chapters 1 and 2. The second part is Chapter 3, which covers the application of 

Maxm SPD to the Mg-Li alloy with the grain structure refined by equal channel 

angular extrusion (ECAE). The third part consists of Chapters 4 and 5, where the 

enhanced Maxm SPD by a stepped SPD method applied to deformation of the Mg-Li 

alloy is described. 

 

Details of each chapter are shown as follows. 

Chapter 1 provides a brief introduction of this thesis, including research background, 

objectives and organization of this research. 

Chapter 2 gives a brief literature review of Mg-Li alloys, issues in material 

superplasticity, recent research progress of the SPD of Mg-Li alloys, and theory of 

Maxm SPD. 

Chapter 3 describes the application of single-step Maxm SPD to deformation of the 

Mg-Li alloy. ECAE was introduced to refine the microstructure and the distinction 

between the as-received and ECAEed material in microstructure evolution and 



  

8 

deformation behavior in SPD processes are discussed. 

Chapter 4 presents the two-step deformation method for the SPD of Mg-Li alloys by 

using conventional SPD as the first step and Maxm SPD as the second step, and a 

discussion of the influence of different parameters and process routes on the SPD of 

Mg-Li alloys is provided. 

Chapter 5 articulates the employment of the annealed alloys in the same stepped SPD 

method presented in Chapter 4. The intention of this chapter is to explore the effect of 

annealing on the material superplasticity. The influence of different process routes and 

parameters on the SPD of the annealed material is also discussed. 

Chapter 6 gives the conclusion of this research and summarizes the present outcome. 

Meanwhile, the future work to be accomplished after this study is delineated. 
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Chapter 2 Literature Review 

2.1 Material selection for Mg-Li alloys 

 

Coronary artery diseases, including atherosclerosis, have become more and more 

common all over the world. These diseases are harmful to the continuity of human 

blood flow and are the leading cause of death in US [18, 19]. Drug administration, 

coronary artery bypass grafting and stenting are the common treatment methods of the 

diseases, among which the method of stenting is currently widely used for treatment 

of patients with less complicated coronary artery diseases. The stenting method is 

commonly used in combination with the balloon angioplasty to expand the stenosed 

area and maintain blood flow [18].  

 

Vascular stents can be manufactured from a variety of materials. Traditionally, the 

stents are made of corrosion-resistant or inert materials such that the stents can 

permanently exist in the treated vessels even after recovery. The material used in this 

category of stents includes stainless steel, tantalum (annealed), Cp-Ti alloys nitinol 

and cobalt-chromium alloy [20-22]. However, the permanent existence of the stents in 

blood vessels may cause clinical problems such as in-stent restenosis and thrombosis 

[4, 5]. A secondary surgery to remove the stent might be necessary, which could cause 

health risks and economic burden of the patients. Drug-eluting stents, which can 

continuously provide medicine inside the vessel after the surgery for a certain period 
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to alleviate the symptoms, are therefore recently introduced, but it still cannot remove 

the long-term risks of the abovementioned symptoms. For the sake of eliminating the 

risks of secondary surgery, the biodegradable stents may be an ideal choice to tackle 

the problems, which can temporarily open the stenosed vessel until vessel remodeling 

and then be gradually absorbed, consumed or excreted in human body, and a secondary 

surgery to remove the implants may not be needed after healing. Therefore, the 

biodegradable stents can be expected as a less-invasive choice for stenting [23].  

 

There are basically two categories of materials that can achieve the biodegrading 

function: biodegradable polymers and biodegradable metal. The biodegradable 

polymers are mainly made from lactic acid, glycolic and caprolactone families. 

However, mechanical strength of the polymers may be unsatisfactory, which is 

unsuitable for a stent which stays in the vessel and deforms with the vessel. For a 

vessel stent, several requirements should be met, as shown in the following points [24]. 

(a) Biodegradability: the device should have a working duration of 3-6 months and the 

full-degradation time of 12-24 months. 

(b) Biocompability: the stent should have no toxicity, no inflammatory response, and 

no release of harmful materials.  

(c) Tensile yield strength > 200 MPa. 

(d) Ultimate tensile strength > 300 MPa. 

(e) Elongation > 15-18 %. 
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For the requirements of mechanical properties, the polymer candidates for 

biodegradable stent material might fail to achieve. Therefore, biodegradable metal 

could be a suitable choice. Among the metallic materials, Fe and Mg can be considered 

as appropriate candidates, and they can both be corroded in human body and cause no 

harmful effects [25]. Fe is a necessary element for human body, especially for the 

formation of red blood cells. Pure Fe has been applied as a stent material in rabbit 

aortas and the stents were held for 18 months, during which damage has been reported 

to vessel media and internal elastic membrane [26]. However, the corrosion of Fe is 

too slow for the application of a biodegradable stent. Mg is also essential in human 

body due to its importance in human metabolism, and Mg2+ is the fourth most 

abundant cation in human body. Meanwhile, Mg is a co-factor for many important 

enzymes, and it can stabilize deoxyribonucleic acid (DNA) and ribonucleic acid (RNA) 

structures [27]. Mg is a superiorly lightweight material with a density of 1.74 g/cm3, 

which is much less dense than Al and steel [28, 29]. Moreover, daily intake of Mg for 

a normal adult is 300-400 mg, and redundant Mg2+ cations can be harmlessly and 

efficiently excreted in the urine [28]. However, the corrosion rate of Mg is too rapid 

in chloride-containing solutions, which is the same environment as human body fluid 

or blood plasma [30]. 

 

The fast corrosion of Mg may lead to generation of hydrogen and alkalization of the 

solution [28]. In human body, hydrogen is accumulated in the form of gas pockets near 

the plant, which delays the healing of surgery region and could lead to necrosis of 
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tissues, because separation of tissues and tissue layers may be caused by the gas 

pockets [31]. When the bubbles are generated in a large amount, they will block the 

bloodstream and cause possible death of the patient. In addition, local alkalization may 

affect the pH-dependent physiological reactions near the stent unfavorably, which 

might cause a poisoning effect caused by alkalization when the local in vivo pH value 

becomes larger than 7.8. It is therefore necessary to control the degradation rate such 

that human body can gradually adjust the hydrogen and alkalization level. The 

tolerated hydrogen evolution rate is suggested as 0.01 ml/cm2/day, and it is therefore 

necessary to contain the rate of hydrogen generation under this level [32]. 

 

There are several suggested ways to reduce the biodegradation rate of Mg alloy: (1) 

purification, (2) alloying and (3) surface coating [32]. Surface coating by corrosion 

resistant material can reduce the rate of corrosion by temporarily separating the 

material and the surroundings, while purification can reduce the level of impurities 

and reduce the corrosion rate. However, stripping of the surface coating could be a 

potential risk, and the corrosion rate of pure Mg is still relatively high. Nevertheless, 

for the alloying method, it can significantly change the corrosion resistance inherently, 

and the alloying content is therefore widely used for containing the rate of degradation 

of Mg alloys. In addition, it is necessary to increase the deformability of Mg alloys for 

wide application of the biodegradable stents, because it has the highly HCP structure, 

which has only a few slip systems and compromises the material formability.  
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For the alloying method, there are several choices for Mg to alloy with. Al is a common 

alloying element with Mg, and it can reduce the hydrogen evolution rate because Al 

can generate an aluminum oxide layer on the reaction layer [33]. Nevertheless, Al can 

easily combine with inorganic phosphates, which may cause shortage of phosphate in 

human body and induce dementia [34], so the large amount of Al used in human body 

is harmful to human health. For other choices of alloying elements, alkaline elements 

such as K, Na, Ca can be tolerated in human body, but their influence on reducing the 

corrosion of Mg element is not significant [32]. If alloyed with heavy metals, the Mg 

alloys may have an accelerated corrosion rate in turn. Moreover, heavy metals are 

detrimental to human health, so heavy metals are not suitable for making biomedical 

stents.  

 

If Li is selected as the alloying element, the formability of Mg alloys at room 

temperature can be substantially increased. As shown in the phase diagram of Mg-Li 

alloy in Fig. 2.1, the addition of Li improves the ductility of Mg by gradually 

transforming the original HCP structure into the body-centered-cubic (BCC) structure 

and reducing the axial ratio of the HCP lattice in Mg [35]. As the content of Li is below 

5.7 wt %, the alloy is the α phase solid solution of Li in Mg, which has an HCP 

structure. While the content of Li increases from 5.7 to 10.3 wt %, the alloy becomes 

a duplex structure containing both α and β phase, and the β phase is the solid solution 

of Mg in Li with a BCC structure. When the Li concentration is more than 10.3 wt %, 

the material is totally in the β phase and has a BCC structure [36]. Therefore, the 
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ductility of Mg alloy is effectively improved as Li content increases, but the 

mechanical strength might be compromised with the added Li element. Meanwhile, it 

was found that the addition of Al and rare earth elements can improve the tensile 

strength by solid solution strengthening, grain refinement, as well as dispersion. The 

composition of Mg-Li-Al-(RE) alloy was found to be a suitable choice for 

biodegradable stent applications because it possesses an acceptable corrosion rate and 

mechanical strength [33, 37]. Through short-term evaluation for determining the Li 

effect on primary cells and cell lines, it was found that Li does not negatively influence 

the cell viability [38]. However, the rare earth elements may be toxic to human health 

[39, 40]. Therefore, the alloy composition of Mg-Li-Al can be suitable for the 

biodegradable stent application with nearly no harmful effect. After comparison, 

considering the minimization of toxic elements and optimization of mechanical 

property and corrosion resistance, the alloy composition of Mg-9Li-1Al (in wt %, 

LA91) was selected as the material for biomedical applications, and this thesis is 

focused on how to efficiently enhance the formability of the biodegradable LA91 alloy. 
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Fig. 2.1 Phase diagram of Mg-Li alloys [41]. 

 

2.2 Superplasticity of Mg-Li alloys 

2.2.1 General introduction to material superplasticity 

 

Superplasticity of materials is the capability of certain polycrystalline materials to 

demonstrate an extensively large amount of plastic elongation during tensile tests, 

where the phenomenon of necking does not occur before failure. Meanwhile, the 

superior formability can also be observed in the superplastic materials in torsion, 

compression and indentation hardness testing [42]. The tensile elongation induced by 

superplasticity is usually larger than 400 % and can even be as large as several 

thousand percent of the original length [8, 43], e.g. a Cu-10wt%Al based alloy can 

exhibit the largest final tensile elongation of 5500 % [44], and some Pb-Sn based 
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alloys can even demonstrate the deformation amount of 7550 % [45]. 

 

 

Fig. 2.2 Pearson's famous photo of a Bi-Sn alloy with 1950 % elongation in the year 

of 1934 [46]. 

 

Generally, the following requirements are necessary for achieving SPD: (1) fine grain 

structure with small grain sizes in the material (usually smaller than 10 μm); (2) 

deformation temperature near or over 0.5 Tm (Tm is the melting temperature) [47, 48]; 

and (3) the strain rate usually between 1×10-5 and 1×100 /s [49-51]. The research of 

superplasticity is important in manufacturing industries owing to the capacity of 

inducing an extensive amount of deformation and the low force to maintain the steady 

state material flow. In such a case, a complicated product shape which is difficult or 

impossible to be manufactured by the traditional fabrication methods could be 

achieved by inducing the superplasticity of the material with less effort. 
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2.2.2 Two main types of superplasticity 

 

Generally, there are two kinds of superplasticity, with the first one known as fine-

structure superplasticity (FSS) and the second one known as internal stress 

superplasticity (ISS) [52]. The phenomenon of FSS is widely studied by researchers, 

and usually occurs with the prerequisite of the existence of micrograin structure, while 

ISS is relevant to the development of internal stress in certain types of materials before 

the SPD process [53]. 

 

The FSS materials can exhibit a high m value during the SPD process and typically m 

is larger than 0.33 [53]. It has also been reported that the highest elongation occurs 

when m is around 0.5 [54]. In FSS deformation, the fine grain structure is one of the 

major requirements. The average size of grains in the material should be typically in 

the order of 1 to 5 μm [52]. Although the microscopic deformation mechanisms of 

FSS is still not thoroughly established and understood, it is widely recognized that 

grain boundary sliding (GBS) is involved [55-57]. The process of GBS is usually 

modeled with the assumption that sliding usually occurs with the movement of 

extrinsic dislocations on grain boundaries, which can be used to explain the 

observation that the variable sliding amount of dislocations along the grain boundaries 

[58]. When the grain size in the material is decreased, the slidable grains and area of 

grain boundaries on a unit area is increased, which facilitates the GBS mechanism and 

can enhance the superplasticity. In addition, for the sake of avoiding extensive cavity 
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nucleation, which provides the source of fracture during SPD, GBS also requires the 

aid of accommodation mechanisms, which may include grain boundary migration, 

recrystallization, diffusional flow or slip [59]. The accommodation mechanisms, 

which are considered to be sensitive to the strain rate, are utilized to ensure the 

rearrangement of grains during GBS to realize strain compatibility and relieve the 

stress concentration caused by GBS [53]. Another important characteristic of FSS is 

that due to the fine grain structure in the material, the flow stress also decreases with 

the size of grains [52], which is because of the enhanced GBS mechanism caused by 

the fine grain size. In addition, the lower applied force can make the forming process 

much easier and reduce the manufacturing costs in the industries. 

 

For the materials which can exhibit FSS, the presence of a second phase is usually 

required [52]. It is very rare that single phase materials can exhibit superplasticity, 

because the grain coarsening effect is usually too fast at the high temperatures where 

GBS can occur. To keep the small grain size in the material during SPD, the existence 

of a second phase is therefore usually needed. The growth of grains is often better 

inhibited with the increase of the portion of second phase. Meanwhile, it has been 

reported that many Al and Cu based alloys with fine grain sizes are very susceptible 

to cavitation when the matrix phase is soft and the second phase is relatively hard, 

while no cavitation is found for the Ti-4Al-4V with fine grain sizes and hypereutectoid 

Fe-Fe3C alloys before fracture. Therefore, the strength difference between the second 

phase and the matrix should not be too large. Nonetheless, if the matrix phase is much 
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softer than the second phase, the second phase needs to be in the form of fine particles 

distributed in the matrix uniformly such that the material superplasticity can be 

guaranteed. 

 

The grains of the FSS materials need to be equiaxed such that grain boundaries can 

experience shear stress and GBS can be induced. If the material consists of elongated 

cylindrical grains, the tensile tests in the longitudinal direction of the elongated grains 

can lead to superplastic behavior, while the material will not exhibit a very large 

elongation if tested in the transverse direction of the grains. This is because the 

occurrence of GBS along the longitudinal direction of the grains is easier than that in 

the transverse direction if elongated grains exist in the microstructure [52]. Meanwhile, 

high-angle grain boundaries are favored by superplastic flow, because the low-angle 

grain boundaries, which is often obtained in warm working, cannot easily slide with 

the shearing stresses. The materials with low-angle boundaries are usually not 

superplastic, but it can achieve superplasticity when the low-angle boundaries are 

transformed into high-angle ones through proper thermal or thermomechanical 

treatments [60, 61]. In the superplastic materials, another requirement of the grain 

boundaries is that the boundaries should be mobile. During the GBS process, the 

phenomenon of stress concentration and other obstructions can be induced at triple 

junction points where the grain boundaries congregates. The mobility and the 

capability of migration of the grain boundaries during GBS can facilitate the reduction 

of the stress concentrations, which maintains the continuation of the GBS process. For 
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the fine-grained ceramic polycrystals deformed at high temperatures, however, the 

limited ductility and absence of superplasticity could be attributed to the immobile 

grain boundaries even though the m value is high, which is because the incapability of 

grain migration may cause high stress concentration at the triple junction points on the 

grain boundaries during GBS and lead to nucleation of cracks and early fracture [52].  

 

Except for the FSS type of superplasticity, another major kind of superplasticity is the 

ISS. During the ISS deformation, the internal stress inside the material can be 

developed and the strain rate sensitivity exponent m can approach 1, which means that 

the flow is an ideal Newtonian-viscous behavior. These materials are believed to be 

deformed by a slip mechanism [52]. Many ways can be used to induce the internal 

stress in ISS, which include thermal cycling of composite materials in which different 

thermal expansion coefficients are possessed by the different constituents [62, 63], 

thermal cycling of single-phase alloys and polycrystalline pure metals which possess 

anisotropic thermal expansion coefficients [64], and thermal cycling by the phase 

change during the deformation process [65-68]. As a matter of fact, the pressure-

induced phase changes have been recognized as one of the sources of superplastic flow 

in geological materials. For instance, in the earth’s upper mantle, the orthorhombic 

olivine is gradually transformed into spinel phase at a depth of about 400 km below 

the surface of the earth due to pressure. It is recognized that the ISS due to 

transformation stresses by cycling of pressure can induce low effective viscosity in a 

mixed phase region [52, 69]. 
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2.2.3 Other types of superplasticity 

 

Apart from the FSS and ISS, there are some other types of superplasticity which could 

have different deformation mechanisms from FSS and ISS, including the 

superplasticity in the coarse-grained materials and the high strain rate superplasticity. 

These two types of superplasticity may not need the requirements of fine grain sizes 

or low strain rates, which are the common requirements in typical superplasticity of 

FSS and ISS [49-51], and therefore may improve the efficiency in manufacturing. 

 

The coarse-grained superplasticity usually occur in Class I solid solutions, which are 

a type of dilute alloys in which the glide segment of the glide/climb dislocations creep 

is a rate-controlled process, owing to the impeded dislocation motion by the solute 

atoms [70-72]. This type of material can develop true Newtonian flow and induce FSS, 

but with coarse-grained structure, class I alloys can also induce superplasticity, 

because the glide-controlled creep mechanism may lead to high strain rate sensitivity 

and exhibit quasi-superplastic elongation of over 200 % [73-75]. The superplasticity 

in coarse-grained alloys indicates that the complex preparation step for grain 

refinement such as thermomechanical process may not be necessary for the Class I 

solid solutions due to the intrinsic high strain rate sensitivity. 

 

The high strain rate superplasticity is delineated as the occurrence of superplastic flow 

as the deformation strain rate is equal to or greater than 10-2 /s [54, 76]. The strain rates 
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in commercial applications are usually between 10-2 and 10-1 /s, so the realization of 

high strain rate superplasticity is therefore beneficial to the wide application of SPD 

in commercial use [53]. The high strain rate superplasticity could be realized by 

enhancing the GBS mechanisms through the reduction of grain sizes or by engineering 

the nature of the interfaces to facilitate the sliding on the interface [76]. It has been 

proposed that both GBS and interfacial sliding could be the deformation mechanisms 

of high strain rate superplasticity. Meanwhile, an accommodation mechanism should 

also work during the deformation process to avoid cavitation at the high strain rates, 

but the nature of the accommodation mechanism to enable the mobility of boundaries 

and interfaces is still unknown [53]. The high strain rate superplasticity has been found 

in metal-matrix composites, mechanically alloyed materials, conventional alloys 

which experience continuous dynamic recrystallization (DRX), and alloys processed 

by power consolidation, physical vapor deposition, and intense plastic straining 

methods including ECAE, high-pressure torsion and friction stir processing (FSP) [53, 

77-79]. There are several features of the material demonstrating high strain rate 

superplasticity, which could be distinct from the typical SPD processes and are listed 

as follows [80]. 

(1) The deformation temperature of the high strain rate superplasticity are usually very 

high, some may be even a little higher than the incipient melting point for the metal-

matrix composites. 

(2) The strain rate sensitivity exponent value is usually from 0.1 to 0.3, and the lower 

m value is achieved when the strain rate is low. 
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(3) High apparent activation energy value for superplasticity is usually required, and 

the activation energy value at lower strain rates are usually higher than that at higher 

strain rates. 

 

2.2.4 Recrystallization during SPD 

 

As has been discussed in the previous text, the recrystallization is a critical 

accommodation mechanism during SPD, because the recrystallized small grains 

increase the slidable grains and grain boundaries and facilitate GBS, which helps to 

accommodate the metal and reduce the deformation stress. Energy is stored mainly in 

the form of dislocations during the deformation process, which needs to be released 

by the accommodation mechanisms of recovery, recrystallization, and grain growth. 

Recovery includes all the mechanisms which releases the stored energy while the 

movement of high angle grain boundaries is not necessary. Typical recovery processes 

are involved with the rearrangement of dislocations for the sake of lowering the energy, 

which includes the formation of low angle grain boundaries and annihilation of 

dislocation line length in the subgrain interior [53]. Recrystallization is defined as the 

formation and migration of the high angle boundaries driven by the stored energy in 

the material [81]. Meanwhile, the grain growth process is the process of the growth of 

average grain size, which is driven by the decrease in the grain boundaries and always 

occurs after the recrystallization process [53].  
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Recrystallization can be typically classified into two types: static and dynamic 

recrystallization. By definition, the static recrystallization (SRX) is the one occurs 

when the material is not deformed and there is no induced plasticity. The most 

common example of SRX is the mechanism during the heat treatment of cold-worked 

metal materials. For the DRX process, it usually occurs with the concomitant plasticity 

and during a deformation process [81]. The DRX is a critical mechanism during the 

deformation at high temperatures and is usually related to the softening of materials. 

As shown in Fig. 2.3, at first, the hardening effect is dominant, and the material is 

softened after the peak stress is reached. The softening effect is greatly related to the 

nucleation of the growth of new recrystallized grains which can annihilate dislocations 

with the emergence of the new grains. In the meantime, DRX can occur before the 

occurrence of the peak stress, which can be proved by the decreasing hardening rate 

  with the function of flow stress, which is accelerated by the DRX softening effect 

[53, 82]. Sometimes the single peak in stress in the stress-strain curve cannot be found, 

which is substituted by the multi-peaks of stress followed by the steady state region, 

as shown in Fig. 2.3. It has been suggested that the cyclic behavior is induced by the 

combined effect caused by coarsening and refinement of grains [83].  
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Fig. 2.3 Dynamic recrystallization in Ni and Ni-Co alloys in torsion [82]. 

 

2.2.5 Superplasticity of Mg-Li alloys 

 

The Mg alloys are very important in engineering fields due to the low density and high 

specific strength and stiffness. Mass production of Mg alloys is largely demanded in 

the applications in small electronic devices, lightweight automotive components and 

other fields where the need of reducing the weight of products is critical [84]. However, 

the main method of production of the Mg alloys is die casting, and over 90 % of the 

Mg alloys are fabricated by the casting process [85]. Although the casting procedure 
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may be a cost-effective method and the requirements of the current applications can 

be satisfied, the low mechanical strength of the as-cast materials and the inevitable 

casting defects may compromise the wide application of Mg alloys. The application 

of forging processes can lead to better mechanical properties of the deformed alloys, 

but because of the inherent limitations of Mg alloys caused by the HCP structure, the 

production of wrought Mg alloys is more difficult than other alloys.  

 

Unlike other materials like Cu and Al, Mg alloys inherently exhibit lower formability 

at room temperatures. The limitations in formability is induced by the small number 

of slip systems of the alloys during deformation. According to the von-Mises yield 

criterion, at least 5 independent slip systems should be active such that the uniform 

deformation can occur [86]. For the HCP lattice in Mg, it contains 3 types of slip 

systems: basal, prismatic, and pyramidal, as illustrated in Fig. 2.4. However, only the 

basal slip system can be activated at room temperatures in the HCP structure in Mg. 

The critical resolved shear stress for the basal slip is about 100 times less than the 

other slip systems with prismatic and pyramidal planes in Mg. Therefore, basal slip is 

the primary mechanism when the movement of dislocations is the dominant 

deformation mechanism [84]. Furthermore, the two independent basal slip systems 

cannot meet the uniform yielding criterion. Other deformation mechanisms like non-

basal dislocation slip, GBS as well as dislocation twinning can also be related to the 

deformation, which depends on the characteristics of the material microstructure [87]. 

In the materials with fine grain structure, the GBS mechanism and the c-axis 
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deformation may be activated. In coarser grained materials, the non-basal slip is only 

confined to the grain boundaries nearby, and the twinning may occur to compensate 

for the preferential slip on the basal plane [88]. When the Mg alloys are tested at high 

temperatures, the DRX can also occur and facilitate the GBS mechanism during 

deformation [89]. 

 

 

Fig. 2.4 3 types of slip systems in the HCP structure [84]. 

 

For the Mg alloys, the deformation method utilizing the superplasticity of the material 

is a feasible way to induce large amount of deformation with less effort. It has been 

discovered that for the Mg-Li alloys, which is selected as the target material in this 

research, can exhibit superplasticity at high temperatures, which has drawn much 

attention from researchers to investigate the SPD of Mg-Li alloys. If the superplasticity 

of the alloys can be realized in the industry, the potential wide applications of Mg-Li 

alloys might be achieved. In this section, recent investigations on the superplasticity 

of Mg-Li alloys are reviewed. There are several ways of enhancing the superplasticity 
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of materials, including the FSS and ISS described in the former text, but the main 

research focus of the SPD of Mg-Li alloys nowadays is to investigate how to refine 

the alloy grain structure to achieve FSS. FSS of Mg-Li alloys have greatly attracted 

the attention of researchers because the small grain size can increase the number of 

slidable grains and density of grain boundaries, which is favored by GBS [90]. 

 

Some researchers focused on refining the microstructure by the process of ECAE. 

Furui et al. [9] explored the superplasticity of Mg-8Li alloy using the combination of 

rolling and two-pass ECAE and reported to obtain ~970 % elongation at the 

temperature of 473 K with the initial strain rate of 1×10-4 /s, which is an exceptionally 

high elongation for the superplasticity of Mg alloys. Yoshida et al. [10] utilized the 

ECAE process to treat the Mg-10Li-1Zn alloy to explore the superplasticity of the 

alloy, and obtained the elongation of 391 % with the initial strain rate of 1×10-3 /s at 

423 K.  

 

Apart from the ECAE process, it has also been indicated that the process of high ratio 

extrusion can also be used for grain refinement for attaining a higher level of 

superplasticity. Dong et al. [12] investigated the application of high ratio extrusion to 

Mg-8Li-1Zn and Mg-8Li-3Zn alloy and found that this process is effective in inducing 

DRX which leads to the grain refinement in the extruded samples. The results showed 

that Mg-8.5Li-1Zn can demonstrate the elongation of 400 % at 623 K and 1.1×10-2 /s 

and Mg-8.5Li-3Zn can achieve the largest elongation of more than 540 % at the 
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temperature of 623 K with the strain rate of 1.18×10-2 /s. 

 

The process of FSP is another efficient way to effectively refining the alloy grain 

structure. Liu et al. [11] used submerged FSP and water flow quenching to refine the 

microstructure of a dual-phase Mg-9.93Li-3.06Al-1.49Zn alloy. This treatment can 

produce a mixed alloy structure with fine, equiaxed, and recrystallized grains with 

high angle grain boundaries, which is favored by the SPD process. The result showed 

that the alloy after FSP can exhibit low-temperature superplasticity with the elongation 

of 330 % at the temperature of 473 K and high strain rate superplasticity with the 

elongation over 400 % at the temperature of 498-573 K. The maximum elongation 

was 630 %, obtained at the temperature of 473 K with the strain rate of 1×10-3 /s. By 

analyzing the activation energy of the SPD process, it was revealed that the dominant 

deformation mechanism is GBS controlled by grain boundary diffusion of β phase. 

 

Traditionally, the SPD can be induced at high temperatures and with the grain sizes as 

small as possible. However, several researchers investigated how to realize high strain 

rate superplasticity and coarse-grained superplasticity. They can improve the forming 

efficiency of the deformation process, which can facilitate the wide applications of the 

materials in the industrial fields. 

 

Liu, et al. [91] studied the high strain rate SPD of the Mg-8Li-2Zn alloy. The SPD 

experiments were conducted at 473-593 K using the Constv SPD method with the 
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initial strain rate from 1×10-2 to 1×10-1 /s, and the largest elongation of 279 % was 

obtained with the initial strain rate of 1×10-2 /s. It was indicated that GBS controlled 

by grain boundary diffusion is the main deformation mechanism for this alloy. 

Meanwhile, it was found in this research that cavitation is the critical fracture 

mechanism, and the fracture of the material is caused by the nucleation and 

coalescence of cavities. In addition, with relatively lower initial strain rate and higher 

temperature, the cavities near the grain boundaries have sufficient time for diffusion, 

which is favored by the large elongation of the material. 

 

Some of the researchers studied the superplasticity of Mg-Li alloys with coarse grains. 

Lin, et al [92] conducted superplastic tensile testing experiments on Mg-10.73Li-

4.49Al-0.52Y alloy at 473-623 K with the initial strain rates from 5×10-4 to 1×10-2 /s. 

The experimental material was treated by the 8-pass ECAE process from the as-cast 

state, and the average grain size after ECAE is 154.6 μm which is very large. The 

largest elongation of 512 % was obtained at the temperature of 523 K with the initial 

strain rate of 5×10-4 /s. The coarse-grained superplasticity of the Mg-Li alloy can be 

attained because of the introduction of the ECAE process to the as-cast alloy. ECAE 

can induce high densities of dislocation and internal elastic strains which is favored 

by recrystallization during SPD [93, 94]. In this study, the researchers also explored 

the effect of preheating on the alloy microstructure with the annealing process for 600 

s at 473-623 K and found that the grains are refined at 573 K but coarsened at 623 K. 

The grain refinement is caused by partial recrystallization. After the deformation, it 
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was noticed that the grain structure is further refined in the gauge part, especially at 

523 and 573 K. The recrystallization process is thermally activated, which can be 

enhanced by increasing either the deformation temperature or the strain. It was inferred 

that with the addition of Li, the stacking fault energy of Mg is increased, and due to 

the relatively high diffusion coefficient of Li, recovery is more easily to occur than 

recrystallization [95, 96]. However, due to the high density of elastic strain introduced 

by ECAE, there are abundant sites of nucleation for recrystallization which becomes 

the dominant process and causes grain refinement. 

 

2.3 The theory of Maximum m superplasticity 

 

As is discussed in the previous text, the common types of superplasticity can be 

divided into the FSS, in which fine grains are prepared, and ISS, in which the internal 

stress of the material is developed. However, these methods are more focused on 

transforming the material into a microstructure which is more beneficial for the 

occurrence of superplasticity. For the sake of enhancing superplasticity, apart from 

changing the material into a more suitable microstructure state, another possible route 

could be the adoption of a more suitable deformation method. In this thesis, the method 

of Maxm SPD is applied for the SPD of Mg-Li based alloy. This innovative method 

can maintain the optimal deformation state of the alloy during SPD by continuously 

monitoring the m value and adjusting the deformation parameters. 
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The theory of Maxm SPD was proposed by Wang et al. [13] to enhance the 

superplasticity of Ti alloys. It is known that the Ti alloys have wide applications in 

various industries but is very hard to deform, especially at room temperatures, and it 

usually requires a large force for the deformation of Ti alloys, which raises the 

requirements of the capacity of manufacturing equipment and the production cost. If 

the superplasticity of Ti alloys can be utilized, the deformation of Ti alloys can be 

much easier due to the lower force level and superior formability of the alloy during 

the SPD process. For the SPD processes, the strain rate sensitivity exponent m value 

is a critical parameter, which can indicate the material capability of resistance to 

necking and the state of superplasticity during SPD. In addition, a larger m value 

always corresponds to a better superplasticity state and further a larger attainable 

elongation in SPD tensile tests [97-100]. Meanwhile, the m value usually fluctuates as 

the deformation continues in the deformation process [73]. Therefore, if m can be 

retained at its maximum value throughout the SPD process, the best SPD state could 

also be maintained and the greater superplasticity might be achieved. The theory of 

Maxm SPD was thus proposed in order to keep the maximum m value during SPD by 

simultaneous measurement of m value and dynamic control of the deformation strain 

rate, by which both the optimal strain rate and the maximum m value during the 

deformation process can be found and controlled during SPD. 

 

It is widely recognized that the rheological behaviors of the superplastic materials can 

be delineated by the Backofen equation as shown in equation 2-1 [13]: 
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mK =  (2-1) 

where   is the true flow stress, K is a material constant,   is the true strain rate, 

and m is the strain rate sensitivity exponent. For ideal or Newtonian-viscous flow 

behavior, the m value can be 1. Most metal material demonstrates m < 0.2, while for 

alloys during SPD, the m value can be larger than 0.4 [52]. The m value indicates the 

material resistance to necking, and a larger m value usually corresponds to the higher 

resistance to necking and the better state of superplasticity [13]. From equation 2-1, 

the following equation regarding the m value at a specific deformation time t can be 

obtained. 
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Therefore, m is the slope of the ln lnt t −  curve. Several methods of measuring the 

m value have been developed, but all of them are related to a variation of m value with 

 , as shown in Fig. 2.5, which indicates that there is an optimum   corresponding to 

the largest m value. The methods for measuring the m value are stated as follows [42, 

101]. 

(1) Determining m value by sudden change of strain rate 

Changing the strain rate during the deformation process is the most widely used 

method. As shown in Fig. 2.6 (a), in a constant speed tensile test, by suddenly 

changing the crosshead speed, the strain rate is changed and there will also be a sudden 

change of force. If the changed strain rate is maintained for a few percent to relieve 

transient effects, the load can be compared. The following equation relates the 
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measurement of m value to the force and velocity before and after the sudden change 

of strain rate, if m is hypothesized as almost independent of the strain rate during the 

sudden change. 
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 (2-3) 

where P and v are the load and velocity of the corresponding points in Fig. 2.6 (a). 

(2) Conducting tensile testing experiments with different strain rates 

By conducting several tensile tests with various velocities or strain rates, the 

ln ln  −  curves can be plotted for a certain strain value, as shown in Fig. 2.6 (b). 

By means of curve-fitting, the slope of the ln ln  −   curve can be calculated. 

However, the disadvantage of this method lies in the increased number of experiments, 

which is not as convenient as the first method. 

(3) Conducting stress-relaxation tests 

The stress relaxation experiment is widely applied to investigate the time-dependent 

plastic flow of crystalline solids. The stress-relaxation test can be illustrated in Fig. 

2.7. The experiment was started by conducting the tensile testing until a certain stress 

level, and then the movement of crosshead is stopped. The decrease in stress level is 

then observed as a function of time. When analyzing the stress relaxation tests, three 

approaches can be used to measure the m value, which are listed as follows. Among 

the three methods, the first method of equation 2-4 is mostly applied. 

 

 (i) A relation which is similar to equation 2-1 with the m value independent of the 
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strain rate over the relaxation rate was proposed [102], and in this case,  

 

 ln ln( )
1

t

m
C t D

m
 = + +

−
 (2-4) 

where C and D are constants. Therefore, the curve of ln lnt t −   has a slope of 

/ ( 1)m m −  when t >> D. 

 (ii) From another method [103] which share the same assumption as the last 

approach, the following equation can be obtained 
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where t  is the stress rate of stress relaxation. In this case, m can be obtained from 

the slope of ln( ) lnt t− −  graph, and the assumption of a constant m value is not 

required. 

 (iii) In this method, the assumption of the existence of an internal stress is used 

for the equation as follows [104, 105] 

 

 * * *m

t i K   = − =  (2-6) 

Then the 
*m  can be derived as the slope of 1 *(( ln( )) / )t td d  −− −  graph, and the 

relationship between m and 
*m  can be expressed as [104] 

 

 *(1 ( / ))i tm m  = −  (2-7) 
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Fig. 2.5 Variation of m value with   [42]. 

 

 

Fig. 2.6 m value measurement through (a) changing strain rate and (b) conducting 

tensile tests with different strain rates [101]. 
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Fig. 2.7 Illustration of the stress relaxation experiment [42]. 

 

Since m is largely depended on the strain rate value, the maximum m value always 

corresponds to an optimum strain rate during SPD, according to Fig. 2.5. However, in 

the traditional deformation processes of Constv and CSR SPD, the m value cannot 

always be maintained as the maximum value, because m shifts dynamically if constant 

velocity or strain rate is applied. Therefore, in order to better control the m value, the 

deformation strain rate should also be changed dynamically to search for the maximum 

m value and the corresponding optimal strain rate. By simultaneously measuring the 

m value from the deformation process, the change of m value can be identified, which 

in turn provides feedback for further control of the strain rate. By cyclically controlling 

the strain rate, the loading-time curve can be obtained, as shown in Fig. 2.8. The 

change of strain rate during the deformation process is similar to the m value 

measuring method of suddenly changing the velocity, so the equation 2-3 can be 
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applied. Therefore, in the case of Maxm SPD, the calculation of m value can be 

realized from the following equations, 

 

   2 1log( / ) / log( / )B Am P P v v= , for the increasing strain rate scenario,   (2-8)   

2 1log( / ) / log( / )B Cm P P v v= , for the decreasing strain rate scenario,   (2-9) 

 

where PA, PB, and PC are the loading force at point A, B, and C, and v1 and v2 represent 

the speed during the neighboring time increments. 

 

 

Fig. 2.8 Loading-time curve for measurement of m value [15]. 

 

The method of Maxm SPD can largely enhance the superplasticity of Ti alloys. An 

elongation of 641 % was obtained for Ti-6Al-4V at the temperature of 900 °C, which 

is almost two times of the elongation in the conventional SPD process [13]. The 

elongation of 2300 % was obtained for Ti-6.5Al-3.5Mo-1.5Zr-0.3Si alloy, which is 

much larger than the best elongation of 1100 % for Constv SPD and 1260 % for CSR 



  

39 

SPD [15]. However, the single-step Maxm SPD process usually requires the process 

of grain refinement during material preparation. If the grain refinement process can be 

simplified or even eliminated, the whole production process can be more efficient and 

beneficial to industrial applications. 

 

The stepped SPD method was thus proposed to help the material reach the better 

superplasticity with no or less pre-processing steps and has been well applied to the 

SPD of Ti alloys [14, 16, 17]. The idea of stepped SPD is to divide the deformation 

process into two SPD steps and a clearance stage is applied between them. The 

rationale of the two-step SPD is illustrated in Fig. 2.9. In the first step, the material is 

deformed to a pre-planned strain by certain deformation methods, which is usually the 

traditional SPD methods including Constv and CSR SPD. In the clearance stage, the 

force exerted on the specimen is loosened and the material is held inside the furnace 

for a pre-planned time. This stage aims to act as the heat treatment process and refine 

the material microstructure by recrystallization and improve the deformability. In the 

second stage, the method of Maxm SPD is usually applied, which is because the Maxm 

SPD can maintain the best superplastic state of the material until fracture. This two-

step deformation method has been well applied to the Ti alloys to further enhance the 

superplasticity. In addition, because of the existence of the first deformation step and 

the clearance stage, which can refine the grain structure, less or even no grain 

refinement processes are required, which saves much time and is more favored by the 

industrial applications. The maximum elongation of 1456 % was obtained for the Ti–
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6.5Al–2Zr–1Mo–1V alloy by the Constv-Maxm SPD process, which is much larger 

than the result obtained by the single-step Maxm SPD deformation [16]. In another 

investigation, the best superplasticity with the elongation of 2053 % was obtained by 

Constv-Maxm SPD, compared to the largest elongation of 1347 % by Maxm SPD and 

753.9 % by Constv SPD [16]. The promising and potential applications of Maxm SPD 

in other alloys except Ti alloys have not been extensively explored before this research. 

Therefore, in this research, it is worthy to employ this innovative and useful 

deformation method for the SPD of Mg-Li based alloys to explore the potential 

applicability of Maxm SPD. 

 

 

Fig. 2.9 Process of the two-step SPD method [16]. 
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Chapter 3 Single-step Maxm SPD of 

grain-refined Mg-Li based alloy 

3.1 Introduction 

 

The Mg-Li alloys have great potentials in various industries including military, 

engineering and biomedical clusters, which can be attributed to the combined material 

characteristics of lightweight, high stiffness-to-weight ratio and biocompability. The 

wide application of Mg-Li alloys can be achieved only if proper manufacturing 

processes of the material are developed. The main problem of Mg alloys in terms of 

manufacturing and production is the compromised formability caused by the existence 

of the HCP structure of Mg, which has fewer slip systems than the cubic-centered 

structure and thus exhibits poor ductility at room temperature. Due to this drawback, 

Mg alloys are mainly manufactured by casting processes. However, compared to the 

wrought materials, the as-cast products have inherent disadvantages like poor 

mechanical properties and surface quality, which limit the use of the material. The 

deformation process utilizing the material superplasticity could be a feasible way for 

manufacturing Mg alloys, because the material can exhibit extensively large 

elongation with low force level. For Mg-Li alloys, if they are used with the duplex 

phase structures, where HCP and BCC structures coexist, the existence of the second 

phase in the microstructure can be beneficial to superplasticity owing to the effect of 

inhibition of grain growth caused by the second phase. There have been a number of 
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attempts exploring the superplasticity of Mg-Li alloys, but most of them were intended 

to achieve FSS through various material treatment methods such as ECAE and FSP. 

Nevertheless, other possible means for enhancing the material superplasticity also 

needs to be investigated, among which optimizing the deformation route could be a 

feasible way. The deformation method of Maxm SPD was therefore proposed for 

enhancing the superplasticity of Mg-Li alloys. 

 

Maxm SPD is a unique deformation method which can maintain the maximum m value 

of the specimen during the SPD process and maximize the deformation capacity of the 

material. The process can be realized by a tailor-made tensile testing machine with a 

computer control system embedded with the Maxm SPD program. From the industrial 

application point of view, the variation of strain rate in the forming process can be 

accomplished by application of a servo-control system in the forming equipment. So 

far, the Maxm SPD has only been successfully applied to the SPD of Ti alloys and 

significantly enhanced the superplasticity of Ti alloys compared to the conventional 

SPD methods [13, 15], but its promising and potential application in other alloys has 

not been extensively explored yet. 

 

In this chapter, motivated by the potential application of Maxm SPD in the deformation 

of Mg-Li alloys to achieve enhanced superplasticity, the aim of this investigation is to 

explore the best hot working process for fabricating micro-scaled bio-medical 

microparts or implants such as cardiovascular stents. The LA91 alloy was selected for 
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this research, which has the duplex α-HCP and β-BCC structures. The materials used 

for experiments are as-extruded samples which were extruded from the as-cast 

material, and the samples further processed by 4- or 8-pass ECAE after extrusion. 

Maxm and CSR SPD experiments were conducted using the as-extruded, 4- and 8-

pass ECAEed LA91 alloy samples at the temperature of 548, 573, and 598 K. It was 

found that Maxm SPD demonstrated more promising superplastic potentials with the 

ECAEed samples than the as-extruded ones. The maximum elongation obtained was 

563.7 %, by Maxm SPD at the temperature of 573 K using 8-pass ECAEed material. 

The deformation behavior was studied and explored for better realization of SPD and 

identification of the optimal hot working process of the alloy in the future. 

 

3.2 Experimental procedures 

3.2.1 Material preparation 

 

The material used in this research is LA91, which was originally cast from pure Mg, 

Li, and Al with argon protection. The cast ingot was then extruded into rods with the 

diameter of 10 mm at the temperature of 563 K and with the extrusion ratio of 25. In 

order to determine the composition of the alloy, the technique of inductively coupled 

plasma optical emission spectrometer (ICP) was employed. The testing result showed 

that the material contains 8.981 % Li and 0.9969 % Al (in wt. %), which is fairly close 

to the theoretical composition of LA91. 
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In order to refine the microstructure and grain size of the Mg-Li alloy, the method of 

ECAE was adopted for further processing the as-extruded material. The degree of 

grain refinement in the ECAE process is mainly determined by two factors: the 

intersection angle of the two channels 2Φ and the fillet angle 2ψ in the die, as 

illustrated in Fig. 3.1. Experiments have shown that when 2Φ is very close to 90° and 

2ψ is as small as possible, the ultrafine grain structure with equiaxed grains can be 

achieved with the greatest efficiency [106-108], which is favored by the SPD process. 

In addition, the route of multi-pass ECAE is also crucial to the plastic deformation 

imparted to the billet. There are several possible routes for the ECAE process, as 

shown in Fig. 3.2. There is no rotation between each pass in route A, while 90° or 180° 

rotation is conducted between each pass in route B and C, respectively. The route B 

can be further divided into route BA and BC, where route BA follows the alternating 

rotation of ±90° between each pass and route BC means to rotate the billet by 90° in 

the same direction after each pass [109]. As the evolution of microstructure by route 

Bc is the most efficient and rapid compared to the other routes [107], route Bc was 

selected for grain refinement in this research. With route BC, the shape of a cubic 

element inside the billet can be restored after every 4-pass of ECAE processing [110]. 

Therefore, for the sake of effectively refining the grain size, 2Φ was set to be 90° and 

2ψ was made as small as possible in the die design, and the route Bc with 4 and 8 

passes was selected for the ECAE processing. 
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Fig. 3.1 Illustration of the ECAE process [106]. 

 

 

Fig. 3.2 Different routes of ECAE processes [109]. 
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A forging equipment with a resistance furnace was utilized for the ECAE process, and 

a second thermocouple was inserted into the ECAE die with the distance of 11 mm 

away from the wall of the vertical channel for monitoring the temperature inside the 

die. The temperature of the ECAE process was 448 K. The ECAE process started after 

the temperature measured by the thermocouple reached the target temperature. During 

the experiment, billets were placed into the die after lubrication and then extruded by 

a punch with the pressing speed of 0.6 mm/s. After each pass, the billets were 

quenched with water immediately to keep the microstructure and avoid grain growth, 

and then they were put back into the channel again with lubrication after the rotation 

of 90° for the next pass of ECAE. In this way, the 4- and 8-pass ECAEed samples were 

prepared. 

 

3.2.2 SPD tensile tests 

 

The equipment used for SPD experiments was a CMT4104 electronic tensile tester 

with a computer controlling system, as shown in Fig. 3.3, which enables realization of 

experiments with both CSR and Maxm SPD. The programmed software in the 

computer can continuously change the strain rates during the deformation process, 

which makes this device the only equipment which can achieve Maxm SPD so far. The 

SPD specimens were machined parallel to the extrusion or ECAE direction with the 

gauge length of 15 mm and the gauge diameter of 3 mm. A preliminary experiment 

for narrowing down the experimental temperature range was conducted by CSR SPD 
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tensile tests using as-extruded specimens at the temperature from 473 to 623 K with 

the temperature interval of 25 K and the strain rate of 1×10-4 /s. By comparison of the 

elongation to failure, it was found that at the temperature of 548, 573 and 598 K, the 

specimens exhibited longer elongation, which could be the optimum SPD temperature 

of the alloy. The CSR and Maxm SPD tensile tests were then conducted at the 

temperature of 548, 573 and 598 K by using the as-extruded, 4- and 8-pass ECAEed 

specimens. In CSR SPD, the strain rate is maintained to be constant, while in Maxm 

SPD, the strain rate is changed dynamically by adjusting the deformation velocity to 

ensure the m value to be the maximum. In the Maxm SPD process, three parameters 

in the process need to be determined, viz., initial velocity v0, velocity increment Δv, 

and time increment Δt. For a certain time increment, the deformation speed is kept 

constant; after that, the velocity is either increased or decreased by Δv in order to retain 

a maximum m value. For easy comparison, the initial velocity v0 = 0.07 mm/s was 

used in both CSR and Maxm SPD. The other two parameters for Maxm SPD were set 

as Δv = 0.03 mm/s and Δt = 6 s. The strain rate of CSR SPD was set as 1×10-4 /s. After 

the fracture, the specimens were quenched with water immediately to keep the 

microstructure and avoid grain growth. 
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Fig. 3.3 The tailor-made tensile testing system. 

 

3.3 Results and discussion 

3.3.1 Microstructures of as-extruded and ECAEed Specimens 

 

The metallographic microstructure of the material was observed by optical microscopy 

(OM, Nikon Epiphot 200). The specimens were ground and polished along the 

required directions to the mirror surface and etched by 3 % HNO3 water solution for 

6 s to reveal different phases and grain boundaries. The longitudinal section of 

extruded samples or the half plane of ECAEed samples, and the cross-section of both 

the as-extruded and ECAEed material were observed and compared, because the 

samples tend to exhibit anisotropy. From Fig. 3.4, it can be found that the LA91 alloy 

has two phases, which is identical to the phase diagram of Mg-Li alloy, as shown in 
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Fig. 2.1. The two phases are presented by different colors under OM, in which the α 

phase tends to be whiter and the β phase is darker. The evolution of grain sizes of as-

extruded and ECAEed samples is illustrated in Fig. 3.5. As there exist two phases in 

the alloy, it is more appropriate to illustrate the grain size of the material by separately 

describing the two phases. For the α phase, the grain size was measured by the average 

width of the α phase strips, while the grain size of the β phase was determined using 

the linear interception method according to the standard of ASTM-E112. 

 

Upon extrusion, it is apparent that the α phase is elongated and tends to be aligned 

along the extrusion direction in the longitudinal section, which shows that the 

extrusion has created strong deformation texture in which the basal plane tends to be 

aligned [111]. After ECAE, the α phase strips are broken into small pieces, and it can 

be observed that there exist some α phase grains whose lengthwise direction is even 

perpendicular to the ECAE direction in 8-pass ECAEed samples. As shear deformation 

is the main deformation mechanism in ECAE and the grain refinement is realized in 

all the XYZ planes in the Bc route, the grains therefore tend to be more equiaxed. 

However, owing to the original elongated shape of α phase grains, the change of α 

phase grains could lie in segmentation of the α phase strips by breaking down the 

lengths and distortion of the grain shape. From the comparison of grain sizes between 

various samples as shown in Fig. 3.5, it is noted that the grain refinement effect is 

gradually reduced from the preliminary extrusion to 4- and 8-pass ECAE. The main 

reason could be that after the 4-pass ECAE process, the grain size of the alloy is 
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already fine enough, and a large fraction of the material is occupied by grain 

boundaries. From 4- to 8-pass ECAE, the GBS mechanism under shear stress could be 

very efficient and become the dominant deformation mechanism. On the other hand, 

when the grains are refined to a certain scale, much more energy is needed to further 

refine them [106]. Therefore, the grain sizes would not be further reduced when the 

limit is reached after 4 passes of ECAE. 

 

In the cross section of the specimens, the α phase is in the shape of cracked long strips 

dispersed in the β phase. It is clear that the grain size of α phase in the cross-section 

tends to remain almost the same after ECAE processing, while the size of β phase is 

gradually refined with ECAE. The reason could be that the cross section of the billet 

is circumferentially compressed during extrusion while the longitudinal section is only 

compressed in the transverse direction. The grain refinement in the cross section is 

consequently much more severe and uniform than that in the longitudinal section. 

Moreover, the α phase shows more anisotropy than the β phase, which is because the 

α phase has long-strip shape while β phase grains tend to be more equiaxed. Thus, 

grain refinement of the α phase is distinct in the two sections and the α phase in the 

cross section may reach the above-mentioned limit of grain refinement earlier than 

that in the longitudinal section. Meanwhile, the grain refinement of the β phase tends 

to be more identical in both sections, which explains why the grain size of the β phase 

is similar in the two sections at each material processing stage. 
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Fig. 3.4 Microstructure of the as-extruded and ECAEed materials: (a) as-extruded 

longitudinal, (b) as-extruded cross-sectional, (c) 4-pass ECAEed longitudinal, (d) 4-

pass ECAEed cross-sectional, (e) 8-pass ECAEed longitudinal, and (f) 8-pass 

ECAEed cross-sectional. 
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Fig. 3.5 Grain sizes of the samples after each stage of material processing. 

 

3.3.2 Superplastic behavior 

 

The optimum SPD temperature range was explored to narrow down the temperature 

selection for the subsequent SPD experiments, and the result is shown in Fig. 3.6. With 

the increase of temperature from 473 K, the elongation to failure in SPD tensile tests 

gradually increases and reaches the maximum at 573 K, and then decreases a little bit 

at 598 K. Meanwhile, the true ultimate tensile stress (UTS) during the SPD process 

decreases with the increase of experimental temperature. At higher temperature, the 

material is activated greatly and the atoms inside the material have a higher average 

kinetic energy. As a result, a lower critical shear stress is needed for GBS in SPD. The 

flow stress is thus lower at a higher temperature. The comparison of elongation to 

failure at different temperatures indicates that the as-extruded specimen can exhibit 
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better superplasticity at 548, 573, and 598 K, with 573 K being the optimum 

temperature. However, the optimum SPD temperature of as-extruded material may not 

be the same for the ECAEed samples. The temperatures of 548, 573 and 598 K were 

thus chosen as the SPD temperature for the subsequent SPD experiments using 4- and 

8-pass ECAEed samples via the deformation approaches of Maxm and CSR SPD. 

 

 

Fig. 3.6 Results of exploration of the optimal SPD temperature by using CSR SPD. 

 

The specimens after SPD are presented in Fig. 3.7, in which the maximum elongation 

of 563.7 % was achieved at the deformation temperature of 573 K by Maxm SPD. It 

can be observed that diffusional necking occurred within the whole gauge length. The 

detailed results of the SPD experiments are summarized in Fig. 3.8. In general, the 

experiments conducted at the temperature of 573 K showed the best superplasticity 

among the three temperatures of 548, 573 and 598 K. Meanwhile, the samples after 

ECAE processing exhibited the better superplasticity and greater elongation was 
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achieved when the number of passes of ECAE increased. When the grain size is small, 

the slidable grain boundaries and the rotatable grains on a unit cross section during the 

SPD process are more than the material with larger grain sizes, and there is more space 

for small grains to grow. As a result, small grains can lead to better superplasticity.  

 

In spite of the advantages of Maxm SPD for retaining the optimum superplastic state, 

Maxm SPD can achieve the better superplasticity than CSR SPD only at certain 

experimental conditions. Generally, for the ECAEed specimens deformed at the 

temperature of 573 K, the induced superplasticity by Maxm SPD is much better than 

that by CSR SPD. However, at other deformation temperatures, the situation is not 

always the same. Meanwhile, for the as-extruded samples, Maxm SPD does not show 

better superplasticity than CSR SPD, which could be caused by the difference in grain 

refinement in extrusion and ECAE processes. The grain refinement of extrusion 

process tends to be more anisotropic, while the ECAE process can refine the grain 

structure more uniformly by the Bc route where all the XYZ planes can be refined. 

Such a result indicates the Maxm SPD is more effective than CSR SPD for the 

ECAEed samples deformed at 573 K. Furthermore, the tested samples deformed at 

598 K appear to suffer from severe oxidization than those deformed at a lower 

temperature. Therefore, the temperature of 598 K could be unsuitable for the SPD of 

Mg-Li alloys.  
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Fig. 3.7 Comparison of the samples deformed by Maxm and CSR SPD at the 

temperature of (a) 548, (b) 573, and (c) 598 K. 
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Fig. 3.8 Summary of SPD tensile test results. 

 

The true stress-strain curves of the SPD tensile tests are presented in Fig. 3.9, in which 

the SPD processes conducted at the different temperatures are grouped in different 

figures for comparison. In general, the UTS during deformation decreases with the 

increase of deformation temperature. The variation of the curves could be considered 

as a result of the competition between hardening and softening effect [112]. For the 

process of CSR SPD, the overshoots and then drops rapidly at first. After a lower point 

is reached, the flow stress rises again slowly until fracture, as shown in Fig. 3.9 (a), 

(c), and (e). At the beginning of SPD, strain hardening occurs as a result of movement 

and generation of dislocations [29], which leads to the overshoot of flow stress. As the 

deformation continues, the strain energy reaches the energy needed for DRX, the 

recrystallization process can then occur, which facilitates GBS and softens the material. 
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However, since the strain rate of deformation is low, the rearrangement or elimination 

of the generated dislocations cannot continuously provide sufficient driving force for 

DRX [113], so the softening effect cannot cancel out the hardening effect. Meanwhile, 

the grains grow at high temperature over time, and the rotatable grains and slidable 

grain boundaries on a unit area decrease, which hinders GBS and hardens the material. 

As a result, after the softening period during deformation, the material hardens, and 

the flow stress gradually increases when the hardening effect becomes stronger than 

the softening effect. However, it can be observed that there exists a second lower point 

on each of the stress-strain curve of CSR SPD, which indicates that the softening effect 

again becomes dominant. At the end of the process, the alloy is hardened until fracture 

when hardening becomes dominant. The second lower point in flow stress could be 

induced when enough driving force for DRX is accumulated for the softening 

mechanism during the deformation. Nevertheless, due to the enlarged grain size, the 

GBS mechanism is weakened, and the flow stress quickly changes into an increasing 

tendency afterwards. For the Maxm SPD process, in the beginning, the true stress-

strain curve exhibits hardening followed by softening, which is similar to CSR SPD. 

After that, the stress fluctuates at a low level as a result of the dynamic control of the 

deformation strain rate. The overall pattern of Maxm SPD curves is similar to CSR 

SPD curves, in which stress increases after reaching a second lower peak in the course 

of deformation, but the phenomenon is more obvious in CSR SPD. 
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The variation of m value in the Maxm SPD process is shown in Fig. 3.10. The m value 

was calculated based on the equations 2-8 and 2-9 with the parameters shown in Fig. 

2.8. The strain rate sensitivity m value can represent the superplastic state of the 

material in SPD processes, and a larger m value usually indicates the better 

superplasticity. Since the m value fluctuates dramatically in Maxm SPD processes, an 

average of every 20 data points was used to plot the curves as shown in Fig. 3.10. For 

easy comparison between different Maxm SPD processes, the percentage of the true 

strain of SPD was used as the horizontal axis. At 548 and 573 K, the m value of the 8-

pass ECAEed samples is always the largest, indicating the best superplastic state, 

followed by the 4-pass ECAE and the as-extruded samples. Meanwhile, the m value 

fluctuates severely at 598 K, while the variation of m value is steadier at the 

temperature of 548 and 573 K. Due to the unsteady superplastic flow, the temperature 

of 598 K may not be feasible for the realization of Maxm SPD of LA91 alloy. The 

average m value during Maxm SPD at various temperatures is summarized in Table 1. 

The result indicates that m ≥ 0.3 is the necessary condition for the LA91 alloy to enter 

the superplastic state, and the m value increases with the number of ECAE passes. 

 

The microstructures of the specimens after SPD at 573 K were examined by OM 

(Nikon Epiphot 200), which is shown in Fig. 3.11. Since all the microstructures are 

similar, only the 8-pass ECAEed specimens are presented. The grain size of the α 

phase was measured, and the result shows that the α phase sizes of both the specimens 

in Fig. 3.11 are ~15 μm, which indicates that the grain size of all types of samples has 
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grown and become almost the same. Meanwhile, the α phase grains have become more 

equiaxed, compared to the elongated shape before deformation, which shows that 

there exists DRX during SPD. In addition, it can be found that there are more 

recrystallized grains in the 8-pass ECAEed samples after Maxm than CSR SPD, which 

results in a smaller average α phase size as well as the largest elongation by 8-pass 

ECAEed samples deformed by Maxm SPD. While for the as-extruded samples, there 

are more new grains in the CSR SPD processed samples, leading to a longer elongation 

than Maxm SPD. For the 4-pass ECAEed samples, the distinction between the two 

SPD processes is not obvious, which corresponds to a smaller difference in the final 

elongation. From the comparison, it can be concluded that the Maxm SPD process is 

more favored by the ECAEed samples than the as-extruded samples, which could be 

explained by the previous discussion that the ECAEed samples exhibit more isotropy 

than the as-extruded samples, and the material containing equiaxed grains might be a 

necessary condition for Maxm SPD to demonstrate its capability. 
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Fig. 3.9 True stress-strain curves of SPD tests at different conditions: (a) 548 K, 

CSR SPD; (b) 548 K, Maxm SPD; (c) 573 K, CSR SPD; (d) 573 K, Maxm SPD; (e) 

598 K, CSR SPD; and (f) 598 K, Maxm SPD. 
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Fig. 3.10 m value variation during Maxm SPD conducted at the temperature of (a) 

548, (b) 573, and (c) 598 K. 

 

Table 1 Comparison of the average m value in Maxm SPD. 

Average m value 548K 573K 598K 

As-extruded 0.4 0.35 0.45 

4-pass ECAEed 0.43 0.42 0.4 

8-pass ECAEed 0.5 0.57 0.53 
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Fig. 3.11 Microstructure after SPD: (a) 8-Pass ECAEed samples, CSR SPD at 573 K, 

1E-4 /s; (b) 8-Pass ECAEed samples, Maxm SPD at 573 K. 

 

3.3.3 Fracture mechanisms 

 

Since the microstructure near the fracture region of all types of the samples is almost 

the same, the 4-pass ECAEed specimens deformed at 573 K are presented and 

discussed. The longitudinal section of the 4-pass ECAEed specimens observed by OM 

(Nikon Epiphot 200) is shown in Fig. 3.12, and the fracture morphology for 4-Pass 

ECAEed samples observed by a scanning electron microscope (SEM, JEOL/Nikon 

JCM 6000) is presented in Fig. 3.13. From Fig. 3.12, it can be observed that the grains 

of both α and β phases have grown after the SPD process. Before the occurrence of 

fracture, there were many voids (the black area inside the material) formed near the 

fracture region, and the final fracture is as a consequence of the coalescence of those 

fractured voids. It can also be noticed that near the fracture region, the percentage of 

α phase has increased much compared to the specimens before the SPD and fracture 
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occurred either inside the α phase or at the boundary between α and β phases. In the 

fracture morphology shown in Fig. 3.13, both the intergranular and transgranular 

fractures can be observed. There exist some holes on the fracture surface, in which the 

interior of the aforementioned voids can be observed. The fracture behavior indicates 

that GBS controlled by diffusion is the main mechanism in the SPD process. As for 

the increase of α phase percentage, there perhaps exists stress-induced phase change 

in which a portion of β phase is transformed into α phase due to the high stress level 

near the fractured region, because it can be found from the phase diagram shown in 

Fig. 2.1 that there is no temperature-induced phase change at the temperature of 573 

K. The detailed fracture mechanism of the Mg-Li alloy in the SPD process needs 

further exploration in the future. Severe oxidization was observed on the fracture 

surface, as the experiment was carried out in the air and the fracture surface was 

quickly oxidized after the specimen was broken at high temperatures. 

 

 

Fig. 3.12 The microstructure of the specimens deformed at the temperature of 573 K 

near fracture region: (a) 4-Pass ECAEed samples, CSR SPD; (b) 4-pass ECAEed 

samples, Maxm SPD. 
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Fig. 3.13 Fracture morphology observed by SEM: (a) 4-pass ECAEed samples, CSR 

SPD at 573 K; (b) 4-pass ECAEed samples, Maxm SPD at 573 K. 

 

3.4 Conclusions 

 

The applicability of Maxm SPD to Mg-Li based alloys was investigated by conducting 

both Maxm and CSR SPD at the temperature of 548, 573 and 598 K using the duplex 

phase LA91 alloy with different grain sizes for easy comparison. The following 

findings have been obtained through this investigation. 

 

(1) Experiments conducted at 573 K induced the best superplasticity among the above-

mentioned three temperatures, and the greatest elongation of 563.7 % was obtained at 

573 K by 8-pass ECAEed samples by Maxm SPD. Meanwhile, the greatest elongation 

induced by CSR SPD was 552.3 %, obtained by the 8-pass ECAEed sample at 548 K. 

The temperature of 598 K is unsuitable for SPD due to the unsteady superplastic state 

and severe oxidization. 

(2) Under the same deformation conditions, the 8-pass ECAEed samples lead to better 
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superplasticity than 4-pass ECAEed samples, and the 4-pass ECAEed samples can 

induce better superplasticity than the as-extruded samples. Meanwhile, more passes of 

ECAE corresponds with a larger m value, viz., a better superplastic state throughout 

the deformation process. 

(3) Maxm SPD is more applicable to the samples processed by the combination of 

extrusion and ECAE than the material processed only by extrusion, owing to the more 

isotropic grain structure produced by ECAE.  

(4) Both intergranular and transgranular fractures were observed on the fracture 

surface of the alloy. An increased portion of the α phase occurred near the fracture 

region, and cavities were formed either inside the α phase or at the boundary of the 

two phases. 
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Chapter 4 Enhanced Maxm SPD of Mg-Li 

based alloy by a two-step SPD method 

4.1 Introduction 

 

In Chapter 3, the Maxm SPD was explored for enhancing the superplasticity of Mg-Li 

alloys, and the ductility of the material has been significantly increased. It has been 

proved that the Maxm SPD is more favored by the material which is processed by the 

combination of extrusion and ECAE than the as-received material which is processed 

only by extrusion because the grain structure of the latter material tends to be more 

anisotropic. However, the grain refinement process like ECAE is quite complex and 

time-consuming, which is not very feasible for industrial applications, and new 

methods which can be tangibly and easily implemented need to be developed to help 

achieve high superplasticity. 

 

The stepped SPD method was thus considered to be applied to the as-extruded LA91 

alloy in this research. This method was developed to help the material reach the better 

superplasticity with no or less pre-processing steps and has been well applied to the 

SPD of Ti alloys [14, 16, 17]. The idea of stepped SPD is to divide the deformation 

process into two SPD steps and a clearance stage applied in between in order to act as 

the heat treatment process and improve the property of the material and further the 

deformability. The stepped SPD process is illustrated in Fig. 2.9. In the studies of 
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applying the stepped SPD method to Ti alloys, Constv and Maxm SPD were selected 

for the first and second steps, respectively [14, 16, 17]. However, in this study, in order 

to fully exploit the characteristics of stepped SPD, both Constv and CSR SPD were 

used in the first step and the Maxm SPD was adopted in the second step. For the sake 

of confirming the optimal parameters for each SPD method and the suitable amount 

of pre-elongation for the LA91 alloy, single-step SPD tests by Constv, CSR and Maxm 

SPD were conducted at first. The stepped SPD tests were then conducted by Constv-

Maxm and CSR-Maxm SPD with the pre-elongation from 50 to 250 % in the first step. 

The largest elongation of 621.1 % was obtained by CSR-Maxm SPD with the pre-

elongation of 250 %, which is even larger than the result of 563.7 % in Chapter 3 

where grain-refined materials were applied by single-step Maxm SPD. The 

deformation and fracture mechanisms of the two-step SPD with LA91 alloy were 

studied in such a way to better exploit the maximum m superplasticity of the alloy. 

 

4.2 Experimental procedures 

4.2.1 Material preparation 

 

The as-extruded LA91 alloy was selected and applied in this research. The alloy was 

firstly cast from powders of pure Mg, Li and Al in an argon atmosphere, and the cast 

ingot was then extruded into rods with the extrusion ratio of 25 at 563 K. The technique 

of ICP was used to test the material composition, which shows that the alloy is 

composed of 8.829 % Li and 1.063 % Al (in wt %) , which is very close to the 
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theoretical value. 

 

The rod materials were machined into dog-bone shape specimens for the SPD tensile 

tests. The gauge length of the specimen is 15 mm, and the gauge diameter is 3 mm. 

The length direction of the specimen is parallel to the extrusion direction of the rod. 

 

4.2.2 Single-step and two-step SPD Tensile Tests 

 

It has been confirmed in the previous chapter that the optimal SPD temperature for 

LA91 alloy is 573 K, which was also adopted for the SPD tests in this research. 

 

Single-step SPD tensile tests by using Constv, CSR and Maxm SPD methods were 

first conducted to confirm the optimal parameters during the deformation process, and 

these selected parameters were then used in the two-step SPD tests. For the Constv 

SPD processes, the initial strain rates of 0.00025, 0.0005, and 0.001 /s, viz., the 

corresponding velocities of 0.195, 0.39, and 0.78 mm/min were chosen as the potential 

parameters. For the CSR SPD process, the strain rates of 0.00025, 0.0005, and 0.001 

/s were selected to search for the optimum strain rate. Meanwhile, the same parameters 

in the Maxm SPD tests used in chapter 3 were applied. The SPD tensile tests were 

conducted after the holding time of 10 min at 573 K in the furnace, and the samples 

were quenched after the completion of SPD tests to preserve their microstructures at 

the working temperature. After comparing the final elongation obtained in the SPD 
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processes, the optimal speed of 0.39 mm/min for Constv SPD and the optimal strain 

rate of 0.0005 /s for CSR SPD were selected as the optimal parameters for two-step 

SPD tests. 

 

The two-step SPD method was then explored. The process of the two-step tests can be 

described as follows. In the beginning, the testing specimen was placed onto the 

gripper in the furnace and held for 10 min at 573 K. The first step of deformation was 

to realize Constv (with the speed of 0.39 mm/min) and CSR SPD (with the strain rate 

of 0.0005 /s), and the pre-elongation from 50 to 250 % was achieved. After a clearance 

stage of 10 min, the specimen was further deformed by Maxm SPD until fracture. The 

fractured specimens were finally quenched to preserve the microstructures at high 

temperature. Maxm SPD was applied in the second stage because it can maintain the 

best superplastic state of the material, such that the best state of superplasticity can be 

attained. To research on the microstructural evolution after the first deformation step, 

some of the specimens were quenched and collected after the first step with the pre-

elongation from 50 to 250 % to observe their microstructures. 

 

4.2.3 Preparation of microstructures of specimens 

 

The metallurgical microstructure of the specimens was prepared by the same method 

used in Chapter 3. 
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4.3 Results and discussion 

4.3.1 Single-step SPD experiments 

 

Single-step SPD tensile tests using Constv, CSR and Maxm SPD were conducted at 

the beginning of this research to determine the optimum parameters as well as 

providing a reference for comparison between the single-step and two-step SPD tests. 

The velocities of 0.195, 0.39 and 0.78 mm/min and the strain rates of 0.00025, 0.0005 

and 0.001 /s were adopted for Constv and CSR SPD, respectively. Meanwhile, the 

parameters of initial velocity v0 = 0.07 mm/min, velocity increment Δv = 0.03 mm/min 

and time increment t = 6 s were utilized for Maxm SPD. 

 

The elongation obtained by different SPD methods with different process parameters 

are summarized in Fig. 4.1. In general, the lowest two velocities and strain rates in 

Constv and CSR SPD can induce the largest elongation among the same SPD method， 

which is because the high velocity or strain rate cannot provide enough time for DRX 

to occur, such that the fracture may happen at an earlier stage. It can also be observed 

that Constv SPD can achieve larger elongation than CSR SPD when the initial strain 

rate of Constv SPD is the same as the strain rate in CSR SPD, which is because the 

speed is constant in Constv SPD but keeps increasing in CSR SPD to maintain the 

constant strain rate during deformation, and a higher average speed might not 

guarantee enough degree of DRX through the SPD process.  
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Since the lowest two velocities and strain rates in Constv and CSR SPD led to similar 

elongation results among the same SPD method, considering the forming efficiency, 

the velocity of 0.39 mm/min and the strain rate of 0.0005 /s were selected as the 

optimal parameters for Constv and CSR SPD in the two-step SPD experiments. 

 

 

Fig. 4.1 Results of single-step SPD experiments. 

 

The fractured specimens after tensile tests by the three SPD methods with the optimal 

parameters are presented in Fig. 4.2, and the corresponding true stress-strain curves 

are plotted in Fig. 4.3. The elongation to failure of Maxm SPD is the largest among 

the three SPD methods, but Maxm SPD cannot induce much better superplasticity than 

the other two conventional SPD methods, which indicates that the Maxm SPD is not 

much more efficient than the conventional methods if the as-extruded alloy is used. It 

can be observed that the tendency of the curves of Constv and CSR SPD are quite 
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similar, in which the stress quickly drops after a peak value is achieved, but the stress 

ceases to decrease and rises gradually until the fracture. In the beginning, the rise of 

stress results from strain hardening, which is caused by the movement and generation 

of dislocations [114]. As the deformation continues, DRX occurs, and the material is 

gradually softened. The softening mechanism becomes dominant while the strain 

energy is accumulated, and the true stress is decreased fast from its peak value, after 

which the material enters the superplastic state. In the superplastic state, the main 

deformation mechanism is GBS. After a certain amount of elongation, due to long-

time exposure of the workpiece in the high-temperature environment, grain growth in 

the alloy becomes severe, which decreases the number of grains and slidable grain 

boundaries on a unit area and is harmful to GBS. The hardening effect therefore 

becomes dominant again, and the stress is increased until the end of the deformation 

process as the grains grow further. Compared to the smoother curves of Constv and 

CSR SPD, the curve of Maxm SPD is more undulatory. According to the rationale of 

Maxm SPD, the optimal strain rate is always searched throughout the forming process 

to look for the highest m value, leading to the fluctuation of flow stress and the 

wavilness in the true stress-strain curve. 
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Fig. 4.2 Fractured specimens after single-step tensile tests by different SPD methods. 

 

 

Fig. 4.3 True stress-strain curves of single-step SPD tests by different SPD methods. 
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4.3.2 Two-step SPD experiments 

 

The two-step SPD tensile tests were conducted by using Constv-Maxm and CSR-

Maxm SPD methods. The velocity of 0.39 mm/min and the strain rate of 0.0005 /s, 

which had been confirmed as the optimal parameters by the single-step SPD 

experiments, were employed in the first step of deformation by using Constv and CSR 

SPD, respectively. For the second step, the initial velocity v0 = 0.07 mm/min, velocity 

increment Δv = 0.03 mm/min and time increment t = 6 s were used for Maxm SPD. 

The samples after the two-step SPD tests are shown in Fig. 4.4, in which diffusional 

necking can be found throughout the whole gauge length. It can be noted that the two-

step deformation method can largely extend the deformation limit of the material. The 

largest elongation obtained by the single-step SPD is 425.3 % by Maxm SPD, while 

the largest elongation for the two-step deformation method is 621.1 % which was 

obtained by the CSR-Maxm SPD with the pre-elongation of 250 %. This result is even 

better than the largest elongation of 563.7 % in the previous chapter by single-step 

Maxm SPD with the specimen processed by 8-pass ECAE. This indicates that the two-

step deformation method can effectively improve the superplastic capacity of the 

LA91 alloy than the single-step Maxm SPD. 

 

From Fig.4.4, for SPD tensile tests by using Constv-Maxm SPD, the final elongation 

after fracture is increased with the pre-elongation from 50 to 200 % but shows a 

decreasing tendency when the pre-elongation is greater than 200 %. The largest 
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elongation for Constv-Maxm SPD is 570.7 % when the pre-elongation is 200 %. 

However, the final elongation by using CSR-Maxm SPD is generally increased with 

the pre-elongation from 50 to 250 %, and the largest elongation of 621.1 % was 

achieved when the pre-elongation in the first step is 250 %. 

 

  

Fig. 4.4 Samples deformed by two-step SPD methods of (a) Constv-Maxm SPD and 

(b) CSR-Maxm SPD with different pre-elongation. 
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The true stress-strain curves of the two-step SPD tests are shown in Fig. 4.5. The 

curves are the combination of single-step curves of Constv or CSR SPD as the first 

part and Maxm SPD as the second part. When the pre-elongation is accomplished, the 

stress becomes zero because the specimen is unloaded. The clearance stage of 10 min 

was then applied to improve the material property, after which the Maxm SPD was 

applied until fracture of the specimen. For the pre-elongation smaller than 150 %, the 

curves of the second step of Maxm SPD is generally steadier or rises only a bit, which 

is similar to the curve of single-step Maxm SPD in Fig. 4.3. However, when the pre-

elongation is larger than or equal to 150 %, the trend for the Maxm SPD becomes 

increasing until the fracture. This phenomenon could be explained as follows. For 

single-step Maxm or two-step SPD methods with smaller pre-elongation, the grains in 

the material are still relatively small, and the average grain size can be maintained by 

introducing newly-formed small grains by DRX, so the capability of Maxm SPD to 

dynamically change the strain rate and maintain the maximum m value is still effective. 

However, for the two-step methods with larger pre-elongation, due to a long time of 

exposure at the high temperature, the grains have already grown relatively large in the 

first deformation step. Even by introducing more newly-formed small grains by DRX, 

the average grain size is still large enough to cause hardening of the material, which 

can cause the stress to rise until fracture. 
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Fig. 4.5 True stress-strain curves of two-step SPD tests by (a) Constv-Maxm SPD 

and (b) CSR-Maxm SPD. 

 

Some of the specimens were quenched and collected to observe their microstructures 

after the first deformation step. Microstructures after the pre-elongation in two-step 

SPD are shown in Figs. 4.6 and 4.7, and the microstructure of the as-extruded material 

is also included in the figures for comparison. For the as-extruded samples, whose 

microstructure is shown in Figs. 4.6 (a) and 4.7 (a), it can be observed that there are 

two phases existing in the alloy: the white portion in the shape of strips of the α phase 

which is the solid solution of Li in Mg with the HCP structure, and the background 

matrix of the β phase which is the solid solution of Mg in Li with the BCC structure 

[36]. The α phase is strip-like and elongated owing to the severe deformation during 

the extrusion process. The widths of the α phase strips in the as-extruded material are 

uneven, and the strips are tremendously long. This kind of microstructure of the as-

extruded material has been previously found to be not favored by Maxm SPD. 

 

The microstructures of the specimens after the pre-elongation of stepped SPD by 
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Constv and CSR SPD are summarized in Figs. 4.6 and 4.7, respectively. It can be 

observed that after the first step of deformation, the strips of the α phase gradually 

disappear and are replaced by finer and equiaxed grains. It has been discussed in 

Chapter 3 that an equiaxed grain structure is more favored by Maxm SPD compared 

to the elongated grains in the as-extruded samples. In the first deformation step by 

either Constv or CSR SPD, strain energy is induced during deformation, which is the 

source for DRX and transforms the original as-extruded microstructure into a more 

homogenized and equiaxed grain structure. Therefore, the capacity of the pre-

elongation step to break down the elongated grains can lead to a better result in terms 

of the final elongation. Meanwhile, it can be noticed that the grains in the 

microstructure become larger as the pre-elongation is increased. As the amount of pre-

elongation is increased from 50 to 250 %, the corresponding forming time in the first 

step is also increased, which in turn enhances the grain coarsening effect. 

 

For the microstructure evolution in the first step of CSR-Maxm SPD, the α phase 

grains are gradually transformed to be more equiaxed and the growth of grains is 

steady with the increase of pre-elongation. In addition, it can be observed that after the 

pre-elongation of 250 % in CSR-Maxm SPD, the overall α phase grains are still 

generally equiaxed, and many newly-emerged little α phase grains can be observed, 

which is similar to the microstructure after the pre-elongation of 200 % by the same 

deformation method. However, the evolution of microstructure in the pre-elongation 

step in Constv-Maxm SPD tends to be different. The α phase grains after the pre-
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elongation of 250 % appear to be linked and integrated together, but the grains are 

more separated when the pre-elongation is 200 %. Meanwhile, for the same pre-

elongation of 250 %, the newly-emerged α phase grains by Constv SPD is not as much 

as those by CSR SPD. The reason could be explained as follows. The velocity remains 

constant in Constv SPD but increases in CSR SPD, so CSR SPD has a higher average 

velocity and shorter forming time is required for forming the same amount of pre-

elongation. Therefore, grain growth by CSR SPD is less than that by Constv SPD after 

the same amount of deformation, and CSR SPD is able to prepare finer and more 

homogenized grain structure for Maxm SPD in the second deformation step. This 

phenomenon becomes more obvious when the pre-elongation is larger, because the 

difference between the average speed of Constv and CSR SPD is also more significant. 

For Constv-Maxm SPD, the largest elongation occurred when the pre-elongation is 

200 %, and the pre-elongation of 250 % induced less final elongation. Nonetheless, 

for CSR-Maxm SPD, the best result was obtained when the pre-elongation is 250 %. 

This could be because of the severer grain growth for the pre-elongation of 250 % than 

200 % owing to the longer time exposed in the high-temperature environment in 

Constv SPD. Meanwhile, the difference between the forming time of 200 and 250 % 

pre-elongation in CSR-Maxm SPD is smaller, so the microstructure can remain 

equiaxed for CSR-Maxm SPD with the elongation of 250 %, and a better SPD result 

can still be attained for the largest pre-elongation of 250 %. 

 

The elongation in the second step of SPD with different amount of pre-elongation and 
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deformation methods is summarized in Fig. 4.8. For Constv-Maxm SPD, the 

elongation in the second step generally increases as the pre-elongation is increased 

from 50 to 150 % and remains steady from 150 to 200 % but decreases dramatically 

as the pre-elongation is larger than 200 %. However, for CSR-Maxm SPD, the 

elongation in the second step increases when the pre-elongation is increased from 50 

to 150 % but almost remains steady when pre-elongation is larger than 150 %. For the 

pre-elongation from 50 to 150 %, the second-step elongation of both methods increase, 

which is in accordance with the grain refinement in Figs. 4.6 and 4.7. When the pre-

elongation is between 150 and 200 %, it can be observed that the microstructure 

becomes more equiaxed, while the grains after the first step have grown and more 

cavities have been formed, which makes the elongation in the second step remain 

almost the same. However, when the pre-elongation is increased from 200 to 250 %, 

the microstructure of CSR-Maxm SPD remains almost the same, while more cavities 

and linkage of α phase grains can be found in the microstructure after Constv-Maxm 

SPD, which leads to differences in the trend of the second-step deformation by CSR-

Maxm and Constv-Maxm SPD. It can also be noticed in Fig. 4.5 that for Constv-Maxm 

SPD, the stress at the beginning of the second step deformation with 250 % pre-

elongation is larger than that with 200 % pre-elongation. Since GBS is the main 

deformation mechanism for SPD, the larger and more integrated grains in the 250 % 

pre-elongated sample may hinder the deformation and lead to higher deformation 

stress and further the smaller final elongation. Nonetheless, the difference between the 

microstructure of samples with 200 and 250 % pre-elongation by CSR-Maxm SPD is 
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not obvious, so the beginning stress of the second step is of almost the same level, 

which leads to almost the same final elongation in the second deformation step. 

 

   

Fig. 4.6 Microstructures of the LA91 specimens with the material states of (a) as-

extruded and deformed after the pre-elongation of (b) 50 %, (c) 100 %, (d) 150 %, 

(e) 200 %, and (f) 250 % in Constv-Maxm SPD. 
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Fig. 4.7 Microstructures of the LA91 specimens with the material states of (a) as-

extruded and deformed after the pre-elongation of (b) 50 %, (c) 100 %, (d) 150 %, 

(e) 200 %, and (f) 250 % in CSR-Maxm SPD. 
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Fig. 4.8 Summary of elongation in the second step by different deformation methods 

with different pre-elongation. 

 

The technique of electron back scatter diffraction (EBSD) were applied to the as-

extruded specimen and specimens deformed after the pre-elongation of 50 and 250 % 

Constv SPD and 50 and 250 % CSR SPD, and the graphs are shown in Fig. 4.9. It can 

be observed that the connected grains of α phase can be clearly distinguished, which 

is impossible if optical microscopy is applied. However, the β phase is in black color, 

which indicates that Kikuchi pattern could hardly be indexed in the β phase region due 

to poor degree of lattice perfection. It was explained by Liu et al. [115] that the low 

degree of lattice perfection of β phase could be caused by high dislocation density. The 

deformation is mainly concentrated in the β phase, because the β phase is somehow 

softer than the α phase. When the amount of pre-elongation is increased from 50 to 

250 % for both of the Constv and CSR SPD methods, the grain sizes have increased 
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much. The measured grain sizes in Fig. 4.9 (b)-(e) are 6.5, 10.9, 5 and 5.6 µm 

respectively. The grains in the Constv SPD process has increased much, however, the 

grain size remains almost the same during the CSR SPD process. Meanwhile, 

misorientation angles of the grain boundaries were also calculated and summarized, 

as shown in Fig. 4.9. It can be observed that the high angle grain boundaries (HAGBs) 

is decreased with the increase of pre-elongation by Constv SPD but is greatly increased 

with the CSR SPD process. This result only shows the grain boundaries between the 

α phase, but it can still indicate that the CSR SPD process can induce much more 

HAGBs, which is more beneficial for dynamic recrystallization in the second step 

deformation by Maxm SPD. 
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Fig. 4.9 EBSD graph of the specimens with the material states of (a) as-extruded, 

and deformed after (b) 50 % Constv SPD, (c) 250 % Constv SPD, (d) 50 % CSR 

SPD, and (e) 250 % CSR-SPD. 

 

4.3.3 m value variation analysis 

 

The strain rate sensitivity (m value) is a critical indicator for the SPD state, and in 

general, a higher m value usually indicates a better SPD state. It has been indicated 

that for the LA91 alloy, the material enters a superplastic state when m ≥ 0.3 in the 

previous chapter. In this study, in order to investigate the variation of m value during 

the second step of deformation in Maxm SPD, the m value - true strain curves of the 
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deformation processes in various conditions are plotted in Fig. 4.10. The m value is 

derived by the equations 2-8 and 2-9 with the parameters as shown in Fig. 2.8, and an 

average of every 20 recorded m values is used to plot the graph to smoothen the curves. 

The starting strain of the different curves in Fig. 4.10 is different because the curves 

only exhibit the m value variation during Maxm SPD deformation in the second SPD 

step. 

 

It can be observed that for lower pre-elongation of 50 and 100 %, the fluctuation of m 

value is relatively more stable during the deformation process. However, the curves 

for the larger pre-elongation of 150, 200 and 250 % show a decreasing tendency, and 

for the SPD tests which achieved the largest elongation by both Constv-Maxm and 

CSR-Maxm SPD, the m values at the end of the deformation are also the lowest among 

experiments with different pre-elongation by the same SPD method. The declining 

trend of m value during the experiments with the pre-elongation larger than 150 % 

indicates that the best superplastic state is achieved at the beginning of the second SPD 

step, and the SPD state gradually deteriorates as the material is elongated. This is 

because when the pre-elongation is larger than 150 %, grains have already grown to 

be relatively large and some cavities have been formed in the alloy. As the deformation 

continues, grain growth and cavity formation become severer, so GBS during the SPD 

process is more hindered which leads to a worse SPD state and further a smaller m 

value. For material which achieved the largest elongation, the time for the material to 

be held in the high-temperature environment is also the longest, and due to the severest 
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grain growth and cavity formation, the m value is the lowest at the final deformation 

stage compared to the other amount of pre-elongation. However, for the experiments 

with less pre-elongation of 50 and 100 %, the m value variation trend is steadier in the 

second step of deformation, which is very similar to that in the single-step Maxm SPD, 

as shown in Fig. 4.10 (c). This indicates that lower pre-elongation of 50 and 100 % do 

not change the material state much in terms of the variation of m value, while for larger 

pre-elongation from 150 to 250 %, the material state becomes worse than the original 

state and leads to the decrease of m value. From Fig. 4.8, it can be obtained that the 

elongation in the second step of deformation generally increases for the pre-elongation 

from 50 to 150 % but decreases or remains almost the same for the pre-elongation 

from 150 to 250 % for Constv-Maxm and CSR-Maxm SPD. By analyzing the m value 

variation, it can be further inferred that owing to the microstructure change for the pre-

elongation which is larger than 150 %, the m value variation changes from a relatively 

steady tendency to a decreasing tendency. This is also the reason why the increasing 

trend for the elongation in the second step is terminated since the pre-elongation of 

150 %. 
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Fig. 4.10 m value variation in (a) the second step of Constv-Maxm SPD, (b) the 

second step of CSR-Maxm SPD, and (c) single-step Maxm SPD. 

 

4.3.4 Fracture Mechanisms 

 

The microstructures of the region which is about 6 mm away from the fractured region 

of specimens after the two-step SPD with the pre-elongation of 50, 200 and 250 % in 

both Constv-Maxm and CSR-Maxm SPD are summarized and shown in Fig. 4.11. The 

elongation of 50, 200 and 250 % were selected because they indicated the smallest and 

largest elongation in the two-step SPD tests. It can be noticed that the microstructure 

after the second step of SPD is completely different from that after the pre-elongation, 

and both the α and β phase grains have grown much and more cavities are formed 
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inside the material. As shown in Fig. 4.11 (a) and (d), for the 50 % pre-elongated 

specimen which has the smallest final elongation by Constv-Maxm and CSR-Maxm 

SPD, the α and β phases are relatively uniformly distributed. However, for the 

specimens with the pre-elongation of 200 and 250 % which led to the largest two 

elongation within the same deformation method, the α phase tends to merge and an 

increased proportion of the α phase can be observed. Meanwhile, for the material 

which obtained the largest elongation by the same deformation method, viz. 200 % for 

Constv-Maxm SPD and 250 % for CSR-Maxm SPD, the proportion of the α phase in 

the alloy is higher than that in the material which achieved the second largest 

elongation, viz. 250 % Constv-Maxm SPD and 200 % CSR-Maxm SPD.  

 

The microstructure of the fracture regions of samples with the largest two final 

elongation by Constv-Maxm and CSR-Maxm SPD are shown in Fig. 4.12. It can be 

observed that compared to the microstructure which is 6 mm from the fracture region, 

the proportion of the α phase in the alloy has risen. Moreover, the proportion of the α 

phase is still higher for the samples which achieved the largest final elongation among 

the same deformation method, i.e. 200 % Constv-Maxm SPD and 250 % CSR-Maxm 

SPD. It has been found that for the LA91 alloy, stress-induced transformation in which 

the β phase is transformed into the α phase could occur near the fracture region, 

because of a higher level of stress suffered near the fracture region. It can therefore be 

further inferred in this study that when the final elongation is the larger, a higher 

proportion of the α phase in the alloy can be generated and induced. In addition, it can 
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be observed in Figs. 4.11 and 4.12 that the fracture is caused by the coalescence of 

cavities formed inside the alloy during the SPD process, and the cavities are formed 

inside the α phase. The α phase which has the HCP structure is more difficult for GBS 

and easier to fracture than the β phase which has BCC structure, so the β phase tends 

to be transformed into the α phase such that fractures may occur inside the α phase. 

More β phase can be transformed into the α phase as larger elongation is obtained, and 

the final elongation largely depends on how the deformation method can prevent the 

α phase from cavitation and fracture. 
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Fig. 4.11 Microstructures which are about 6 mm from the fracture regions of 

specimens after SPD tensile tests by methods of (a) 50 % Constv-Maxm SPD, (b) 

200 % Constv-Maxm SPD, (c) 250 % Constv-Maxm SPD, (d) 50 % CSR-Maxm 

SPD, (e) 200 % CSR-Maxm SPD, and (f) 250 % CSR-Maxm SPD. 
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Fig. 4.12 Microstructures of fracture regions of the specimens after SPD tensile tests 

by methods of (a) 200 % Constv-Maxm SPD, (b) 250 % Constv-Maxm SPD, (c) 

200 % CSR-Maxm SPD, and (d) 250 % CSR-Maxm SPD. 

 

Fig. 4.13 shows the overall material microstructure which is 6 mm away from the 

fracture region, and the overall distribution of cavities can be wholly observed. 

Noticing that proportions of the cavities in different specimens could be different, the 

porosity in the microstructure was measured. Iimage analyzing software was utilized 

to count the pixels of cavities and the region of the alloy in the pictures. By dividing 

these two numbers, the porosity in the area was calculated. The result of the calculated 

porosity for different specimens is summarized in Fig. 4.14. For the formation and 
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cavity growth during SPD, stress-assisted vacancy diffusion, superplastic diffusion 

growth, plastic deformation around the cavities and cavity linkage are the main 

mechanisms [116]. From Figs. 4.13 and 4.14, it can be observed that for the specimens 

which achieved the largest elongation, long and coalesced cavities and the largest 

holes exist in the microstructure, and the level of porosity is also the highest. In the 

discussion of m value variation, it was found that the m value at the end of the SPD 

which achieved the largest elongation is generally the lowest in the deformation 

process. The high level of porosity could be one of the reasons for the lowest m value 

because cavities formed in the metal can hinder the GBS and deteriorate the 

superplasticity. However, the largest elongation can still be achieved when the level m 

value is low. This could be because in the pre-elongation step of the two-step method, 

the material can be efficiently deformed with relatively high speed and more strain 

energy can be generated which can facilitate DRX. Although the increased pre-

elongation from 150 to 250 % does not further increase the elongation in the second 

step due to grain growth and cavity formation, the overall elongation has been 

increased. To sum up, the two-step SPD method can reach a larger elongation because 

it can postpone the fracture of the material by efficiently obtaining the pre-elongation 

and providing a better microstructure for the Maxm SPD in the second step. 
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Fig. 4.13 Overall microstructures which are 6 mm from the fracture regions of 

specimens after SPD tensile tests by methods of (a) 50 % Constv-Maxm SPD, (b) 

200 % Constv-Maxm SPD, (c) 250 % Constv-Maxm SPD, (d) 50 % CSR-Maxm 

SPD, (e) 200 % CSR-Maxm SPD, and (f) 250 % CSR-Maxm SPD. 
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Fig. 4.14 Porosity of the samples in Fig. 4.13. 

 

4.4 Conclusions 

 

The two-step SPD approach was applied to the LA91 alloy to investigate its 

applicability in the hot working of Mg-Li alloys for making complex and integral 

structures. For this approach, the single-step SPD by Constv, CSR and Maxm SPD 

were conducted at first to search for the optimum parameters and suitable pre-

elongation. The two-step SPD in Constv-Maxm and CSR-Maxm SPD were then 

explored. From this research, the following conclusions can be drawn and summarized 

. 

(1) The largest elongation of 621.1 % was obtained by the as-extruded material in 

CSR-Maxm SPD with the pre-elongation of 250 %, which is even larger than the best 
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result of 563.7 % in the previous research where the further grain-refined material was 

applied for single-step Maxm SPD. 

(2) The pre-elongation step in the two-step method can gradually change the long α 

phase grains into a more equiaxed grain structure, and the optimized structure can lead 

to larger overall elongation. 

(3) Generally, CSR SPD is better than Constv SPD when used in the pre-elongation 

step, because of higher average velocity and the lower level of grain growth in the 

microstructure. 

(4) When the pre-elongation is greater than 150 %, the elongation in the second step 

by Maxm SPD is not further increased, and the m value becomes decreased throughout 

the second process, which is because the long α phase grains have already been fully 

transformed into equiaxed grains by DRX, and grain growth becomes dominant when 

larger pre-elongation is obtained. 

(5) For the largest final elongation, the highest proportion of α phase and porosity level 

can be found in the microstructure of the material. In addition, cavities are mostly 

generated within the α phase, because the α phase in the HCP structure tends to hinder 

GBS and be fractured much easier. 
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Chapter 5 Maxm SPD of annealed Mg-Li 

based alloy by a stepped deformation 

method 

5.1 Introduction 

 

In Chapter 4, the stepped SPD method in which the combination of traditional 

deformation methods of Constv or CSR SPD as the first deformation step and Maxm 

SPD as the second step was applied to the as-received Mg-Li alloy in the as-extruded 

state. After the first deformation step, the long strips of α phase grains in the as-

extruded material gradually become more equiaxed due to DRX during the SPD 

process. The equiaxed microstructure is more favored by the Maxm SPD in the second 

SPD step such that larger elongation can finally be obtained. Nonetheless, if the 

material used in SPD has already become more equiaxed without significantly 

changing the grain sizes in the microstructure by certain means of material treatment, 

whether the results of single-step or two-step SPD can lead to a larger elongation 

becomes uncertain, which deserves further investigation. 

 

In this research, for optimizing the grain structure of the LA91 alloy without severely 

changing the grain sizes, the method of SRX was applied. The SRX can be realized 

by annealing the specimens at a relatively moderate temperature for a relatively short 

period. In this way, SRX can occur while grain growth can be controlled. However, 
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since the annealing process can facilitate recrystallization as well as expending the 

strain energy accumulated in the alloy during the preparation process of the material, 

how the annealing process can affect the final SPD results is uncertain. To explore the 

optimal temperature for annealing, a series of experiments in which specimens were 

annealed at the temperature from 523 to 623 K for 1 h. The parameters of the annealing 

temperature of 573 K for 1 h were then selected and applied to all the specimens used 

in the subsequent SPD experiments. Single-step SPD tests by Constv, CSR, and Maxm 

SPD were conducted to search for the optimum parameters and deformation limit for 

the SPD process. The obtained optimal parameters were then applied in the two-step 

SPD. The longest elongation of 549.3 % occurred by Constv-Maxm SPD with the pre-

elongation of 50 %, and it has been be indicated that the annealing process is not 

feasible for enhancing the stepped superplasticity. The microstructure evolution, 

deformation behavior, and fracture mechanisms of the stepped SPD with annealed 

LA91 alloy are studied and compared with the results obtained by the as-received 

materials in Chapter 4. 

 

5.2 Experimental procedures 

5.2.1 Material Preparation 

 

The as-received material in this study is the LA91 alloy in the as-extruded state, which 

is the same as the as-received state in Chapters 3 and 4. ICP was employed and 

confirmed that the alloy contains 8.829 % Li and 1.063 % Al (in wt %), which is nearly 
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identical to the theoretical alloy composition. 

 

In this research, the annealed alloy was utilized in the SPD tests. The optimum 

annealing temperature was explored by conducting a series of heat treatment 

experiments at the temperatures from 523 to 623 K for 1 h and identifying the optimal 

microstructure obtained from different temperatures. The temperature of 573 K and 

holding time of 1 h were then selected as the optimal heat treatment process parameters, 

and the as-received materials were annealed with such parameters. The specimens for 

SPD tensile tests were then fabricated by machining the alloy rods into the dog-bone 

shape with the gauge length of 15 mm and gauge diameter of 3 mm, and the length 

direction is parallel to the extrusion direction. 

 

5.2.2 SPD tensile tests 

 

In this research, the innovative stepped SPD was adopted. The specimens were 

initially installed onto the tensile tester in the furnace at 573 K and held for 10 min. In 

the first step, the specimens were deformed via Constv and CSR SPD with the pre-

elongation from 50 to 150 %. A clearance stage of 10 min was then applied, after 

which the second deformation step started, and the specimens were deformed by 

Maxm SPD until fracture. The samples were quenched at the end of the tests to keep 

the microstructure at the working temperature. The Maxm SPD was adopted in the 

second deformation step because it can facilitate the material to maintain the optimal 
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superplastic state until fracture, and better results can thus be obtained. 

 

Single-step SPD tensile tests were conducted to explore the optimal parameters in 

different methods. For the Constv SPD, the velocities of 0.195, 0.39, and 0.78 mm/s 

(the corresponding initial strain rates are 0.00025, 0.0005, and 0.001 /s) were selected 

to search for the optimal speed. For the CSR SPD, the strain rates of 0.00025, 0.0005, 

and 0.001 /s were chosen as the potential parameters. For the Maxm SPD, the initial 

velocity v0 = 0.07 mm/min and velocity increment Δv = 0.03 mm/min were selected, 

which is identical to the parameters of Maxm SPD in the previous chapter. After 

comparing the single-step SPD results, it was concluded that the velocity of 0.39 mm/s 

for Constv SPD and the strain rate of 0.00025 /s for CSR SPD are the optimum 

parameters for the first step deformation. 

 

In order to study the microstructure evolution during the first deformation step, a series 

of experiments were conducted by interrupting the experiments and collecting the 

specimens after the first step with the pre-elongation of 50 to 150 %. The 

microstructures of the specimens were then prepared. 

 

5.2.3 Preparation of microstructure of specimens 

 

The microstructures of the specimens were prepared and observed by the same method 

used in Chapter 3. 
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5.3 Results and discussion 

5.3.1 Exploration of optimal annealing parameters 

 

The optimum temperature for annealing the alloy was confirmed before the 

implementation of the SPD tests. The α phase in the as-received material is in the 

shape of strips as shown in Fig. 5.1 (a). It has been proved in the previous chapter that 

such a structure is not favored by Maxm SPD, and the microstructure which tends to 

be more equiaxed is more preferable. The purpose of annealing in this study is to 

induce SRX to the material such that the α phase strips can be transformed into more 

equiaxed grains and further facilitating GBS during SPD. Meanwhile, the grain size 

of the material cannot grow too much, because smaller grains are favored by SPD. 

Therefore, the annealing temperature should be moderately higher than the 

recrystallization temperature of the alloy. The starting temperature of recrystallization 

can be estimated as 0.4-0.5 Tm, and the Tm of 588 °C can be obtained from the alloy 

phase diagram in Fig. 2.1. The estimated starting temperature of recrystallization is 

around 430 K, and the temperature should be higher than this value. The proposed 

annealing temperature were thus selected as 523, 573 and 623 K with the annealing 

time of 1 h. 

 

The microstructures of the as-received and annealed materials are shown in Fig. 5.1. 

Since LA91 alloy consists of two phases, the sizes of the phases were measured 

separately. The α phase is in the shape of strips and was measured by the α strip width. 
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The β phase size was determined using the linear interception method with the 

standard of ASTM-E112. From Fig. 5.1, it can be learnt that the grain sizes of alloy 

annealed at 523 and 573 K are nearly the same as those in the as-extruded state, while 

the grain sizes of the 623 K-annealed material are enlarged by over 50 % compared to 

the as-extruded state. Meanwhile, for the 573 K-annealed alloy, it can be observed that 

the strip-shaped α phase is broken down into shorter strips and more equiaxed grains 

due to recrystallization at a high temperature can be observed. Such a phenomenon is 

more obvious in the microstructure of the 623 K-annealed alloy due to the higher 

temperature. However, owing to the overlarge grain size of 623 K annealed alloy, its 

superplasticity may be compromised. Therefore, the 573 K annealing temperature and 

the holding time of 1 h were selected as the heat treatment parameters for the as-

received material. 
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Fig. 5.1 Alloy microstructures in different heat treatment processes: (a) as-extruded, 

(b) annealed at 523 K for 1 h, (c) annealed at 573 K for 1 h, (d) annealed at 623 K 

for 1 h. 

 

5.3.2 Single-step SPD experiments 

 

The single-step SPD tensile tests were conducted by using Constv, CSR, and Maxm 

SPD as the preliminary research to search for the optimal parameters. The parameter 

setting for the SPD methods is the same as Chapter 4. The velocities of 0.195, 0.39 

and 0.78 mm/min and the strain rates of 0.00025, 0.0005 and 0.001 /s were used for 

Constv and CSR SPD, respectively, and the initial velocity v0 = 0.07 mm/min, velocity 

increment Δv = 0.03 mm/min and time increment t = 6 s were adopted for Maxm SPD.  
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The summary of elongation achieved by the single-step SPD tests with various 

parameters is shown in Fig. 5.2. The elongation in Constv and CSR SPD both shows 

a decreasing tendency with the increase of deformation speed or strain rate, which is 

similar to the results obtained by the alloys without the annealing treatment in Chapter 

4. For the tests with high velocity or strain rate, due to the relatively short deformation 

time, enough DRX for the material cannot be guaranteed and large elongation cannot 

be achieved. For Constv SPD, the elongation induced by the lowest two velocities of 

0.195 and 0.39 mm/s are similar, which is similar to the results in Chapter 4. However, 

for the annealed Mg-Li alloy deformed by CSR SPD, the elongation induced by strain 

rate of 0.0005 /s is far less than that by the strain rate of 0.00025 /s, while for the 

unannealed alloy used in Chapter 4, the results are similar. This difference could result 

from the recrystallization induced during the annealing process. The extrusion process 

had induced much strain energy in the alloy and provided a great number of sites of 

nucleation for the occurrence of recrystallization, but the strain energy was expended 

during the annealing process to transform the long strips of α phase into grains with 

the more equiaxed shape. Therefore, in order to induce more DRX to facilitate GBS 

during the SPD process, the deformation time should be long enough for the 

recrystallization to occur, which requires a relatively lower average deformation speed. 

Meanwhile, since the level of strain energy in the annealed alloy is less than that in the 

as-extruded material in Chapter 4, the influence of average speed on the final 

elongation should be greater especially for CSR SPD. Because the speed keeps 

increasing in CSR SPD but remains constant in Constv SPD, and the difference in 
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average speed in CSR SPD is larger than that in Constv SPD, which could be the 

reason why the elongation results of the annealed material in this chapter and the 

unannealed material in Chapter 4 for the single-step SPD are different by CSR SPD 

but similar by Constv SPD. Meanwhile, by comparing Figs. 4.1 and 5.2, it can be 

noticed that the ductility of Maxm SPD with the annealed alloy is much worse than 

the material without annealing. This could also be caused by the reduction of strain 

energy in the alloy, which indicates that the annealed material is not favored by the 

single-step Maxm SPD. 

 

Since the elongation obtained by the lowest two velocities of 0.195 and 0.39 mm/s in 

Constv SPD are almost the same, the velocity of 0.39 mm/s was selected for further 

exploration. However, due to the much larger elongation induced by the strain rate of 

0.00025 /s than 0.0005 /s, the strain rate of 0.00025 /s was chosen for CSR SPD in the 

two-step experiments. 
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Fig. 5.2 Experimental results of single-step SPD tests by annealed specimens. 

 

Fig. 5.3 shows the fractured specimens after the SPD tests, and the corresponding true 

stress-strain curves are presented in Fig. 5.4. Diffusional necking can be found 

throughout the gauge part of the specimen. Among the three specimens deformed by 

different methods, the elongation of the specimen by Constv SPD is the largest, 

followed by CSR and Maxm SPD. For the annealed material, the superplasticity 

induced by Constv SPD is better than CSR SPD, because the speed in CSR SPD keeps 

increasing to maintain the strain rate and the average speed in CSR SPD is much higher 

than Constv SPD. For the annealed material, more deformation time is needed for the 

recrystallization due to the depletion of strain energy during the annealing process, 

therefore, for the same initial speed, the result of Constv SPD is better than CSR SPD. 

Meanwhile, Maxm SPD induced the shortest elongation, which indicates that the 

Maxm SPD is more sensitive to the decrease of strain energy. The stress-strain curves 



  

107 

of the single-step SPD are shown in Fig. 5.4, which is similar to the characteristics of 

the single-step deformation of the as-received material shown in Fig. 4.3. To avoid the 

redundant discussion on the same topic, the discussion of the deformation behavior 

and mechanisms in terms of the softening mechanism of DRX and hardening 

mechanisms of dislocation and grain coarsening can be referred to Chapter 4. 

 

 

Fig. 5.3 Specimens after single-step tensile tests by various SPD methods. 

 

  

Fig. 5.4 True stress-strain curves of single-step SPD tests by using annealed 

specimens. 
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5.3.3 Two-step SPD experiments 

 

The two-step SPD experiments of Constv-Maxm and CSR-Maxm SPD methods were 

conducted using the optimal parameters obtained in single-step SPD experiments, viz., 

the velocity of 0.39 mm/s for Constv SPD and the strain rate of 0.00025 /s for CSR 

SPD. The initial velocity v0 = 0.07 mm/min, velocity increment Δv = 0.03 mm/min 

and time increment t = 6 s were applied for Maxm SPD. The fractured specimens after 

the SPD tensile tests are shown in Fig. 5.5. The result is different from the experiments 

by using the unannealed materials. For the Constv-Maxm SPD, the elongation shows 

a decreasing tendency with the increase of the amount of pre-elongation from 50 to 

150 %; while for the CSR-Maxm SPD process, the elongation remains almost the same 

when the pre-elongation is increased from 50 to 150 %. By comparing Figs. 5.5 and 

4.4, it can be noticed that when the amount of pre-elongation is 50 %, the annealed 

material generally demonstrates larger elongation than the unannealed alloy, but when 

the pre-elongation is larger than 50 %, the final elongation of the as-received alloy 

become larger than the result of the anneal alloys. This indicates that the process of 

annealing is beneficial for the two-step processes with small pre-elongation but is 

detrimental to the deformation processes with larger pre-elongation. 
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Fig. 5.5 Specimens after two-step tensile tests by various SPD methods. 

 

The true stress-strain curves of the two-step SPD tests of annealed specimens are 

shown in Fig. 5.6. The curves are combined by the first step of Constv or CSR SPD 

and the second-step of Maxm SPD. These stress-strain curves are very similar to the 

two-step curves in Chapter 4. However, except for the CSR-Maxm SPD with 50 % 

elongation in the first step which exhibits a steadier stress fluctuation in the second 

step, for both the Constv-Maxm and CSR-Maxm SPD curves, the stress in the second 

deformation step exhibits a rising trend. However, for the specimens in Chapter 4, this 

increasing tendency in the second step is observed when the pre-elongation is larger 

than 150 %. It has been discussed in Chapter 4 that the increasing stress in the second 
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deformation step could be attributed to grain growth which hinders the GBS 

mechanism and causes the hardening effect. For the annealed materials, a portion of 

the strain energy generated during extrusion which is the driving force for 

recrystallization has already been consumed during annealing. Therefore, for the 

second deformation step, the effect of recrystallization is reduced, which makes the 

effect of grain growth become more obvious and lead to the increasing trend of stress 

in the second step with a smaller pre-elongation. For the CSR-Maxm SPD process 

with 50 % pre-elongation, the forming time is shorter compared to other deformation 

processes, so the grain coarsening effect is not obvious, which leads to the steadier 

stress in the deformation second step. 

 

 

Fig. 5.6 True stress-strain curves of two-step SPD tests by using annealed specimens. 

 

Some specimens were collected after the pre-elongation step to observe the 

microstructures during the deformation process. The microstructures after the first step 

are summarized in Figs. 5.7 and 5.8. As the difference between the β phase in different 

materials is not as obvious as the α phase, only the α phase is used for comparison and 
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discussion. Compared to the microstructure after the pre-elongation, the grains in the 

undeformed material which can be found in Fig. 5.1 (c) appears to be smaller and 

denser. For the specimens processed by Constv-Maxm SPD as shown in Fig. 5.7, after 

the pre-elongation of 50 %, the α phase grains have grown. In Fig. 5.7 (a), it can be 

noticed that the elongated grains have been broken down into a series of small grains 

after annealing, while in Fig. 5.7 (b), these small grains have become larger and more 

separated. As the pre-elongation rises from 50 to 200 % as shown in Figs. 5.7 (b) to 

(e), it can be observed that these α phase grains have become more separated and 

enlarged and the microstructure has become more equiaxed. However, newly-formed 

recrystallized grains can barely be found in these figures, while in Figs. 4.6 and 4.7, 

it can be found that the newly-emerged α phase grains are mainly generated by 

recrystallization because small new grains can still be found in the material when the 

pre-elongation becomes larger. For the CSR-Maxm SPD process, although some small 

grains can be found in the material after a large amount of pre-elongation, the α phase 

grains have grown very large and even become connected to each other. Reduction of 

recrystallized grains and severer grain coarsening effect may lead to the incapability 

of Maxm SPD in the second step to maximize the final elongation, and the final SPD 

results are compromised with the increase of pre-elongation. Therefore, the Constv-

Maxm SPD method is more feasible for the annealed alloys than the CSR-Maxm SPD 

method. 
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Fig. 5.7 Microstructures of annealed LA91 specimens with the material states of (a) 

as-extruded after annealing and deformed after the pre-elongation of (b) 50 %, (c) 

100 %, (d) 150 % in Constv-Maxm SPD. 
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Fig. 5.8 Microstructures of annealed LA91 specimens with the material states of (a) 

as-extruded after annealing and deformed after the pre-elongation of (b) 50 %, (c) 

100 %, (d) 150 % in CSR-Maxm SPD. 

 

In Fig. 5.9, the elongation in the second deformation step with different pre-elongation 

by using different deformation methods are summarized. It can be noticed in this 

figure that as the pre-elongation is increased from 50 to 150 %, the second-step 

elongation keeps decreasing. This finding is in accordance with the microstructure 

evolution with the increasing pre-elongation. Due to the depletion of strain energy 

during the annealing process, the newly-emerged recrystallized grains are harder to 

form than the unannealed material. The hardening mechanism of grain coarsening 



  

114 

becomes severe and the GBS mechanism is hindered, which is detrimental to Maxm 

SPD in the second step. With the increase of pre-elongation, the grains grow larger 

and the grain structure becomes more unfavored by the Maxm SPD, which could lead 

to the decrease of elongation in the second step. Meanwhile, it can be noticed that for 

the same pre-elongation, the elongation in the second step is larger for Constv SPD 

than CSR SPD. The first deformation step provides increased internal strain for the 

material which facilitates the recrystallization and homogenizes the microstructure. It 

has been discussed from Figs. 5.7 and 5.8 that the method of Constv SPD has lower 

average velocity and longer deformation time compared to the CSR SPD, which is 

more favored by the recrystallization mechanism, especially for the annealed materials 

whose strain energy has been consumed during annealing. Therefore, the more 

preferred microstructure can lead to a larger elongation for the Constv-Maxm SPD 

method. 

 

Fig. 5.9 Summary of elongation in the second step by using different deformation 

methods and annealed materials with various pre-elongation. 
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5.3.4 m value analysis 

 

The strain rate sensitivity (m value) usually indicates the capability of the material to 

resist necking during the SPD process and is a critical indicator for the superplastic 

state. In general, a better SPD state always corresponds to a higher m value. In order 

to study the influence of the annealing process on the superplasticity of the Mg-Li 

alloy, the variation of m value in the Maxm SPD step is summarized and studied. The 

m value variation in the second step is shown in Fig. 5.10, and the m value is calculated 

by the equations 2-8 and 2-9. The meaning of the parameters can be referred to Fig. 

2.8. Meanwhile, since the m value keeps fluctuating due to the dynamic control of 

strain rate, an average of every 20 data points was calculated and used to plot the graph. 

Because the horizontal axis of the graph is true strain, the curves start after the pre-

elongation step and the starting point of each curve is different. 

 

From Fig. 5.10, it can be observed that for Constv-Maxm SPD, the 50 % pre-

elongation can induce a steadier variation trend by Maxm SPD, but the pre-elongation 

which are larger than 50 % exhibit a decreasing trend of m value in the second 

deformation step. Meanwhile, for the CSR-Maxm SPD, it shows a similar variation 

pattern as the Constv-Maxm SPD, but the decreasing tendency of m value for 100 and 

150 % pre-elongated samples is not obvious. It has been discussed in Chapter 4 that 

the steadiness or decrease of m value indicates the change of microstructure. For the 

steady tendency of the m value, the variation is very like the single-step Maxm SPD, 
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and the elongation in the second step increases with the pre-elongation. However, for 

the decreasing m value, it indicates that the grain structure becomes unpreferable by 

the Maxm SPD, so the second-step elongation begins to decrease. This finding is still 

valid for the annealed material. However, for the unannealed alloy, the final elongation 

keeps increasing with the pre-elongation, while for the annealed alloy, the final 

elongation becomes decreased with the increase of pre-elongation. This could also be 

related to the consumed strain energy in the annealing process. Due to the depletion 

of strain energy, the DRX is attenuated, and the superplastic state of the material 

becomes worse more quickly than the as-extruded material, which leads to the 

reduction in the overall elongation. 

 

 

Fig. 5.10 m value variation in (a) the second step of Constv-Maxm SPD, (b) the 

second step of CSR-Maxm SPD by annealed specimens. 
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5.3.5 Microstructure evolution during the SPD process 

 

Microstructures of different portions of the specimens by different pre-elongation and 

deformation methods are summarized in Fig. 5.11. Since the gripper part is 

undeformed during the SPD process, its microstructure evolution demonstrates the 

effect of annealing during the deformation process. Meanwhile, the microstructure 

obtained from the area which is 6 mm from the fracture region can represent the 

microstructure in the gauge part, because 6 mm is relatively far from the fracture 

region. Furthermore, the fracture region shows how fracture occurs and facilitate the 

analysis of the fracture mechanism. By the summary of microstructure evolution, the 

whole picture of the microstructure change during deformation can be exhibited and 

analyzed. 

 

For the gripper part, it can be found that the grains have grown very large compared 

to the undeformed material as shown in Fig. 5.7 (a) and the material after the first 

deformation step as shown in Figs. 5.7 and 5.8. The connected small α phase grains 

are still linked, which is different from the microstructure after deformation, in which 

the α phase grains are separated and deformed. The microstructure in the gripper part 

is similar to the material which has gone through further annealing process at the 

temperature of 573 K. Therefore, if the annealing time of the LA91 alloy is longer than 

1 h, the grains will be further enlarged, but the recrystallized grains will not continue 

to emerge, and the elongated grains cannot be further broken down into small grains. 
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The area which is 6 mm from the fracture region as well as the fractured area has 

similar microstructure to those in Chapters 3 and 4. In the microstructure in the gauge 

part, the α phase grains grow larger than those after the first step and become more 

connected. There are rarely new recrystallized grains in the microstructure, because of 

the long-time exposure of the material at the high temperature. There are some cavities 

formed in the microstructure, and the cavities tend to form inside the α phase or at the 

grain boundaries. In this research, it can be found that long-time annealing will lead 

to the early fracture of the material. In Fig. 4.10, it can be noticed that most of the 

cavities are formed inside the α phase, and the α phase portion appears to be higher. 

However, in Fig. 5.11, most of the fractures occur at the grain boundaries between α 

and β phase. It is known that in high-temperature deformation, the grain boundaries 

become weak and intergranular fracture tends to occur. However, for the unannealed 

Mg-Li alloy deformed by the two-step method, intragranular fracture inside the α 

phase tends to occur more. This means that the unannealed alloy can exhibit a better 

superplasticity state than the annealed alloy because the former material state can 

maintain the GBS mechanism without causing fracture and finally let the fracture 

occur inside the α phase. 

 

The cavities are formed by the concentration of small vacancies. As the elongation 

gets longer, more and more cavities are formed and concentrated to become large 

cavities, which will cause the failure of the material. For the fracture region, the 

portion of the α phase is increased, which could be caused by the possible stress-
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induced phase transformation, as discussed in the previous chapters. In the fracture 

region, intragranular fracture can be found. The final fracture is caused by the 

coalescence of cavities, which happens quickly, and the cavities formed at the grain 

boundaries may not be enough for the final fracture. Therefore, the stress-induced 

phase change could be caused, and the final fracture can occur inside the α phase grains. 

 

 

Fig. 5.11 Comparison of the microstructures in different portions of the specimens. 
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5.4 Conclusions 

 

The stepped SPD method was applied to the annealed LA91 alloy to investigate the 

effect of annealing on the superplastic behavior of the alloy. The two-step method is 

the same as the method used in Chapter 4, in which the traditional methods of Constv 

and CSR SPD were adopted as the first deformation step, and the Maxm SPD was used 

as the second step. A preliminary experiment was conducted to search for the optimum 

parameters for the SPD of the alloy by different SPD methods. The optimal parameters 

were then used for the two-step deformation. There are several conclusions drawn 

from this research, which are listed as follows. 

 

(1) The annealing process was used to break down the strip-shaped grains produced 

by extrusion into smaller and more equiaxed grains by crystallization, which is more 

favored by Maxm SPD. However, the annealing process can consume the strain energy 

induced by the extrusion process, which makes the recrystallization during the SPD 

process much harder and could be the reason of the early fracture of the material. 

(2) The elongation by both the Constv-Maxm and CSR-Maxm SPD shows a decreasing 

tendency with the increase of pre-elongation. The largest elongation of 549.3 % was 

obtained by the Constv-Maxm SPD method with 50 % pre-elongation. The decreasing 

trend is due to the fast decline in elongation in the second step, which may be caused 

by the insufficient recrystallization and overlarge grain sizes. 

(3) For the annealed material, when the pre-elongation is larger than 50 %, the m value 
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in the second deformation process shows a decreasing tendency, while in Chapter 4, 

the unannealed alloy begins to show this tendency when the pre-elongation is larger 

than 150 %. This may also be caused by the depletion of strain energy and the effect 

of grain growth. 

(4) By analysis of the microstructure, it can be found that intergranular fracture tends 

to occur for the annealed alloy while intragranular fracture tends to occur for the 

unannealed alloy. This indicates that the superplastic state of the annealed alloy is 

worse, and the annealed material cannot maintain the GBS without causing fracture. 
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Chapter 6 Conclusions and future work 

6.1 Conclusions 

An innovative method named maximum strain rate sensitivity superplastic 

deformation (Maxm SPD) was proposed for efficiently enhancing the formability of 

Mg-Li alloys for forming complex structures in this thesis. This innovative method 

focuses on optimizing the route of the deformation process and can improve the 

material superplasticity through dynamically changing the deformation strain rate to 

maintain the maximum m value. This thesis is dedicated to investigating the 

applicability of Maxm SPD to the deformation of Mg-9Li-1Al (LA91) alloy, as well 

as the deformation and fracture mechanisms of the alloy during the SPD process. 

 

At the beginning of this research, the single-step Maxm SPD was applied to deform 

the LA91 alloy whose grains had been refined by the equal channel angular extrusion 

(ECAE) process. The traditional deformation method of constant strain rate (CSR) 

SPD was also conducted for comparison. It was found that 573 K is the most suitable 

temperature for the SPD of the LA91 alloy. The greatest elongation of 563.7 % was 

obtained at the temperature of 573 K by using 8-pass ECAEed material deformed by 

Maxm SPD. Meanwhile, under the same deformation conditions, the more passes of 

ECAE during material preparation usually corresponded to the larger m value and the 

better superplastic state throughout the deformation process. It was also discovered 

that Maxm SPD is more applicable to the samples processed by the combination of 
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extrusion and ECAE than those only processed by extrusion, owing to the more 

isotropic grain structure produced by ECAE. 

 

The two-step SPD approach was then explored for deformation of the as-extruded 

LA91 alloy to investigate its applicability. The intention of this method is to reduce 

the complex and time-consuming grain refinement procedures with the aid of the first 

deformation step to induce recrystallization. The largest elongation of 621.1 % was 

obtained by the as-extruded material deformed by CSR-Maxm SPD with the pre-

elongation of 250 %, which is even better than the best result of 563.7 % achieved in 

the single-step Maxm SPD by the samples refined by ECAE. It was found that the pre-

elongation step in the two-step method can gradually transform the long α phase grains 

into more equiaxed grains, and the optimized grain structure can lead to larger overall 

elongation. In terms of the first deformation step, CSR SPD generally induced greater 

overall elongation than constant velocity (Constv) SPD with the same amount of pre-

elongation, possibly owing to the higher average velocity and the lower level of grain 

growth of CSR SPD during deformation. For the second deformation step in which 

Maxm SPD was applied, when the pre-elongation was greater than 150 %, the partial 

elongation obtained by Maxm SPD stopped increasing with the pre-elongation and the 

m value variation during deformation became a decreasing trend in the second step, 

which could be because the long α phase grains have already been fully transformed 

into equiaxed grains by dynamic recrystallization and the effect of grain growth 

becomes dominant with larger pre-elongation. 
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The stepped SPD method was also applied to the deformation of the annealed as-

extruded LA91 alloy to invesigate the effect of annealing on the superplastic behavior 

of the material. The annealing process was used with the aim of breaking down the 

strip-shaped grains produced by extrusion into more equiaxed grains by static 

recrystallization, which could be favored by Maxm SPD. However, it was found that 

the annealing process might consume the strain energy previously produced by the 

extrusion process, which could compromise dynamic recrystallization during the SPD 

process and cause early fracture of the material. The elongation obtained by both 

Constv-Maxm and CSR-Maxm SPD methods showed a decreasing tendency with the 

increase of pre-elongation. The largest overall elongation of 549.3 % was obtained by 

Constv-Maxm SPD with 50 % pre-elongation. The decreasing trend in overall 

elongation with the increase of pre-elongation might be due to the fast-declining trend 

in the elongation of the second step, which could be caused by insufficient 

recrystallization and overlarge grain sizes. For the annealed alloy, when the pre-

elongation was larger than 50 %, the m value variation in Maxm SPD in the second 

step showed a decreasing tendency, while for the unannealed alloy in Chapter 4, the m 

value began to show this tendency when the pre-elongation was larger than 150 %. 

This phenomenon could also be caused by the depletion of strain energy and the effect 

of grain growth. 

 

For the fracture mechanisms, it was found that there is an increased portion of α phase 

near the fracture region, which could possibly be due to stress-induced phase 
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transformation, and fractures mostly occurred inside the α phase or at the boundaries 

of the two phases. Meanwhile, for the largest overall elongation, the highest proportion 

of α phase and porosity level can be found in the material. In addition, for the as-

received material, cavities were almost generated within the α phase, which could be 

caused by the easier fracture in the HCP structure of α phase. However, for the 

annealed alloys, intergranular fracture tended to occur, which indicates that the 

superplastic state of the annealed alloy might be worse, and the annealed material 

could not effectively maintain grain boundary sliding without generating cavities and 

causing fracture for a long deformation time. 

 

6.2 Suggestions for future research 

6.2.1 Further exploration of microstructure evolution 

 

The analysis of evolution of microstructure during deformation is mainly based on the 

photographs taken by optical microscopy. The photos can intuitively illustrate 

different phases and the change in shapes and sizes of the grains in the microstructure. 

However, if a more detailed analysis of microstructure evolution in terms of change in 

textures, high-angle grain boundaries, and subgrains can be conducted, the 

deformation behavior and mechanisms can be better understood. Therefore, other 

techniques for characterizing the material microstructure should be considered and 

adopted. 
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EBSD is an ideal choice for characterizing the material microstructure, and its versatile 

capability can show much more information of the microstructure apart from those 

mentioned earlier. There have been some EBSD tests on the specimens which has 

shown that the CSR SPD can induce more HAGBs than the Constv SPD process, 

which is better for the dynamic recrystallization in the second process by Maxm SPD. 

For further research in the future, more EBSD tests are needed to further reveal the 

deformation mechanism of the SPD processes. 

 

6.2.2 Exploration of the possible stress-induced phase transformation 

near the fracture region 

 

It has been noticed that in the area near fracture region of the specimens after SPD 

processes, the α phase appears to be connected and the α phase proportion has greatly 

increased, which indicates that the β phase might be transformed into α phase near the 

fracture region. However, it can be learnt from Fig. 2.1 that there is no temperature-

induced phase transformation at 573 K for the LA91 alloy. In addition, this 

phenomenon only occurs near the fracture region where cavitation becomes severe 

and small cavities grow quickly, which finally causes the coalescence of cavities and 

leads to the final fracture. In this region, the deformation strain rate is much higher 

than the other portion of the specimen and the deformation stress is also higher. In 

addition, the β phase in BCC structure which is easier to deform may be transformed 

into the α phase in HCP structure which is easier for fracture, and cavities and small 

cracks are formed inside the α phase or at the boundaries between α and β phases. 
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Therefore, there could be stress-induced phase transformation near the fracture region 

which transforms the β phase into the α phase. 

 

In order to investigate the possible phase transformation, the EBSD technique could 

also be utilized to detect the change in microstructure. Meanwhile, a series of SPD 

experiments at different temperatures and strain rates can also be conducted to study 

their effect on the phase transformation. 

 

6.2.3 Application of finite element method (FEM) in the research of 

Maxm SPD process 

 

Since the Maxm SPD process is basically an experimental method based on the 

material deformation state at a certain time during the deformation process and this 

research is mainly focused on the applicability of the process to the Mg-Li alloy and 

the material deformation behavior during the process, the major work in this thesis 

comes from experimental endeavor. However, if the deformation process of Maxm 

SPD is to be further studied, the FEM technique should be applied to simulate the 

deformation process, and the stress and strain distribution and potential superplastic 

fracture behavior can be thoroughly investigated. The data obtained from the 

experiments should be analyzed and processed, for the sake of construction of the 

constitutive models for the material deformation and fracture, and the model should 

be further verified and validated by conducting new experiments with other process 

parameters. 
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6.2.4 Study on how to use utilize Maxm SPD for forming of 

biodegradable stent precursors 

 

In this research, the Maxm SPD has been applied in the superplastic tensile tests of 

Mg-Li alloys and it has been found that this technique can significantly enhance the 

formability of the alloy by maintaining the maximum m value and the best superplastic 

state throughout the deformation process. Owing to the biodegradability of Mg-Li 

alloys, they can be used for making biodegradable cardiovascular stents. After this 

research, it can be considered how to utilize the Maxm superplasticity of Mg-Li alloys 

in the manufacturing process. However, the fabrication process for small hollow tubes 

is much different from the SPD tensile tests in terms of experimental apparatus and 

parameter setting, so proper experimental devices should be built, and a series of 

experiments need to be conducted to search for the optimal parameters for the 

realization of Maxm SPD in small tube forming. 

 

A possible way of forming the tube utilizing its superplasticity is the superplastic tube 

drawing by using the conventional tube drawing method, which is illustrated in Fig. 

6.1. A hole is firstly drilled inside a cylinder specimen, which makes the cylinder into 

a tube with thick wall. Then, a fixed or moving mandrel is put inside the hole, and the 

tube as well as the mandrel is pushed through the tube drawing die. After that, the tube 

is clamped onto the drawing machine, and by continuous control of deformation speed, 

the tube wall is thinned, and the size of the tube can be reduced according to the 

dimensions of the tube drawing die. Hopefully, small or micro-sized stent precursors 
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can be fabricated by this method. 

 

 

Fig. 6.1 Illustration of fabricating stent precursors by superplastic tube drawing. 

 

Another proposed route is the superplastic dieless drawing. The core of this technique 

is to achieve local heating, such that a local portion of the raw material is softened and 

becomes able to deform, as shown in Fig. 6.2. There are two processing types in the 

dieless tube drawing: the discontinuous type and the continuous type. In the first type 

of deformation, one of the ends is fixed, so only a limited tube length can be produced. 

While in the continuous processing type, the production of the tube is by continuous 

feeding of raw materials, and long tube with arbitrary lengths could be produced. By 

using the conventional drawing process, the tools like dies, plugs and mandrels are 

difficult to be scaled down into microsize, and it is very hard to manufacture the 

microtools with high accuracy. Meanwhile, considering the hardness of installing and 

uninstalling the mandrel in the microtube and the friction between the mandrel and the 
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tool, the formability of the microtube can be limited. In this case, the technique of 

superplastic dieless tube drawing was initiated for the production of microtubes. The 

advantages and disadvantages of the die and dieless drawing are summarized in Fig. 

6.3. This technique does not require conventional tools like mandrels and the forming 

efficiency can also be guaranteed [117]. 

 

In the dieless drawing system, the heating system is crucial to the forming quality of 

the product, and appropriate cooling systems are also required. The current heating 

methods are summarized in Fig. 6.4. For the heating sources, electric furnace heating, 

high frequency induction heating, direct resistance heating and laser heating are 

typically used [117]. Among the heating methods, induction heating is most commonly 

used, and local and rapid heating can be realized by the induction heating with high 

efficiency. In recent years, the laser heating method is also explored for the drawing 

process, and the small spot size of laser can be decreased easily by the design of optical 

systems [118-120]. From the comparison in Fig. 6.4, the induction heating and the 

laser heating methods can be the appropriate methods for manufacturing the 

cardiovascular stent precursors, owing to the easiness and efficiency during heating.  
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Fig. 6.2 Schematic illustration of dieless tube drawing: (a) non-continuous type and 

(b) continuous type [117]. 

 

 

Fig. 6.3 Advantages and disadvantages of die and dieless drawing [117]. 
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Fig. 6.4 Different heating methods in dieless tube drawing [117]. 
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