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Magnesium (Mg) alloys attract considerable attention in the fields of aerospace,

defense technology, and automobile production, owing to the advantages of

their low density, their highly specific strength/stiffness, and their good damping

and electromagnetic shielding performance. However, low strength and poor

ductility limit further application. Severe plastic deformation is considered the

most promising means of producing ultrafine-grained Mg alloys and improving

their mechanical properties. To this end, high-pressure torsion (HPT) is one of

the most effective techniques. This article outlines the microstructure, texture,

and mechanical properties of Mg alloys processed using HPT. The effects of

deformation parameters, such as processing temperature, turns, applied

pressure, and rotation speed, on the grain refinement and secondary phases

are discussed. Textural evolution is detailed in light of both intrinsic and extrinsic

factors, such as cumulative strain and the composition of the alloy elements.

The subsequent enhancement of mechanical properties and mechanisms, and

the significant contribution of the HPT process to strength are further reviewed.

Given the advantages of HPT for grain refinement and structural modification,

researchers have proposed several novel processes to extend the industrial

application of these alloys.
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1 Introduction

Mg and its alloys are the lightest metal structural materials, and possess various

advantages (Zheng and Gu, 2011; Zhou et al., 2012; Fu et al., 2014; Chen et al., 2019; Meng

et al., 2019; Wang et al., 2020; Yan et al., 2020; Xie et al., 2021; Jia et al., 2022; Li et al.,

2022). To date, some Mg alloys have been used for aerospace and automotive

components. However, with their hexagonal close-packed (HCP) structure, they have

limited slip systems and ductility at room temperature (Liu et al., 2019). Their application

has been considerably hampered by this poor ductility and formability. It is well
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established, however, that a significant improvement in the

microstructure and mechanical properties of Mg alloys can be

achieved through plastic deformation (Wang et al., 2021;

Heydarinia et al., 2022; Mansoor et al., 2022).

In recent years, many researchers have developed Mg alloys

to produce excellent comprehensive performance by adjusting

the processing technology (Gu et al., 2022; Ma et al., 2022; Shao

et al., 2022). Traditional methods, such as forging, extrusion, and

rolling, have been applied to producing the Mg alloy tubes,

sheets, and strips. Now the processing of metals through

severe plastic deformation (SPD) is attracting considerable

interest, due to SDP’s ability to create intense plastic strain

without introducing changes to the dimensions of work pieces

(Dong et al., 2021; Gunderov et al., 2021; Ren et al., 2021; Zhao

et al., 2021; Roghani et al., 2022). Furthermore, a number of

recent publications demonstrate that SPD techniques are capable

of producing materials possessing ultrafine grain sizes within the

submicrometer or nanometer range, as well as both high strength

and ductility (Kasaeian-Naeini et al., 2021). Equal channel

angular pressing (ECAP) (Valiev and Langdon, 2006; Abd El

Aal, 2021), high-pressure torsion (HPT) (Zhilyaev and Langdon,

2008; Korneva, 2015), accumulative rolling bonding (ARB) (Saito

et al., 1998; Hosseini and Manesh, 2009), and multidirectional

forging (MDF) (Nie et al., 2011; Tang et al., 2013) have received

the most scientific and industrial attention.

The ECAP process consists of a special die structure attached

at a certain angle between the transverse channel and the

longitudinal channel, and a round or square shape billet

passing through the cross-channel to achieve the strong shear

strain (Furukawa et al., 1998). Meanwhile, the billet size remains

unchanged, which permits a repetition of the deformation and

hence a large accumulation of strain. Moreover, different

processing routes based on the rotation of the ECAPed billets,

and changes of angle between channels, can also lead to evolution

in various microstructural and mechanical properties. In ARB

processing, thickness of the sheets is usually reduced by 50% by

rolling. The ARBed sheets are cut in two, stacked together, and

wire-brushed to achieve the original state (Saito et al., 1998;

Verstraete et al., 2015). Consequently, several repetitions are

possible to achieve large strains. MDF is a processing method that

seems to have great potential for producing large-scale

components that may be suitable for industrial applications.

The billet is pressed along orthogonal directions, and

repetition deformation with high accumulative strain is

obtained. MDF has been applied to fabricate ultrafine-grained

metallic materials, such as steels (Belyakov et al., 2000), Al alloys

(Sitdikov et al., 2009), Ti alloys (Zherebtsov et al., 2004), and Mg

alloys (Xing et al., 2008; Miura et al., 2011; Miura et al., 2012).

HPT is an attractive processing technique because there is

good evidence demonstrating its significant grain refinement

ability in bulk metal solids. The disc sample undergoes a

shear strain under high hydrostatic pressure. Compared with

other SPD processes, HPT does not only produce finer grain sizes

and a higher fraction of high-angle grain boundaries (Valiev

et al., 1990; Valiev et al., 1991; Valiev et al., 1993; Wadsack et al.,

2003; Valiev et al., 2006; Zhilyaev and Langdon, 2008; Borchers

et al., 2015), but can also achieve many other features, such as

enhanced atomic diffusion (Wilde et al., 2010), high density

lattice defects (Wang et al., 2009; Ciuca et al., 2010; Oberdorfer

et al., 2010; Cizek et al., 2011), high ductility (Valiev et al., 2002),

superplasticity (Sergueeva et al., 2001), high electrical

conductivity (Champion et al., 2010), and many other

functional properties expected of nanocrystalline materials

(Gleiter, 1989; Gleiter, 2000). However, the character of

HPTed structures is closely related to the processing regimes

and the initial microstructure of the original material.

Meanwhile, microstructure refinement during HPT is typically

accompanied by transformation of secondary phases, which

makes the analysis of nanostructures more complicated, but

increases their variety.

In this article, recent research studies into ultrafine-grained

Mg alloys prepared by HPT are critically reviewed in terms of

effect factors, while the texture evolution, deformation behavior,

mechanical properties’ enhancement, and strengthening

mechanisms are more extensively detailed. In addition, novel

SPD technologies based on the principles of HPT are also

reviewed, and topics for further investigation are listed.

2 The principles of HPT

The scientific origin of modern HPT processing can be traced

to a classic paper written by Percy Bridgman, whose ideas were

concentrated on the effects of high pressure on solids (Bridgman,

FIGURE 1
Schematic representation of HPT process (Azzeddine et al.,
2022).
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1909a; Bridgman, 1909b; Bridgman, 1911a; Bridgman, 1911b;

Bridgman, 1940; Bridgman, 1941). He was awarded the

1946 Nobel Prize in Physics for his contribution in the field

of high-pressure physics. Subsequently, HPT has attracted more

and more attention.

The principles of modern HPT processing are shown

schematically in Figure 1 (Azzeddine et al., 2022). The whole

process is a combination of compression and torsion. To be

specific, the disk sample is located between two anvils, where it is

subjected to a compressive pressure, P, of several GPa at ambient

or elevated temperatures. Torsional strain, which is imposed by

the rotation of the lower anvil, is applied simultaneously. The

shear deformation therefore comes from the surface frictional

forces, and the processing occurs under a quasi-hydrostatic

pressure.

When a disk sample is processed by HPT, the equivalent von

Mises strain, εeq, is given by the following equation (Valiev et al.,

1996).

εeq � 2πNr
�
3

√
h

(1)

where N is the number of HPT turns, r and h are the radius and

height (or thickness) of the disk sample. In practice, the

preceding equations may be used to estimate the strains

imposed on disks subjected to HPT. It can be noticed from

Eq. 1 that the strain varies from zero at the center to the

maximum at the periphery, which implies that the

microstructure and hardness reveal an inevitable

inhomogeneity within the HPTed disk sample. However,

extensive experiments have revealed that a reasonable level of

homogeneity of microstructure and hardness can be observed

with the increase in HPT turns under application of high

pressure (Xu et al., 2007; Cepeda-Jiménez et al., 2014;

Bazzarnik et al., 2016; Zhang et al., 2021).

Figure 2 illustrates two different types of HPTmolds found in

the literature: constrained and unconstrained HPT (Zhilyaev and

Langdon, 2008). In the unconstrained condition, as shown in

Figure 2A, the material is free to flow outwards in a radial

direction in a simple design, resulting in low hydrostatic

pressure and significant sample thinning. In constrained HPT,

a more homogeneous microstructure and greater hardness are

obtained through the disk sample fitting into a cavity in the lower

anvil. In Figure 2B, there is no outward flow of material during

the torsional strain, which means effective back pressure is

applied. However, it is difficult to perform experiments in an

absolutely constrained condition, and the semi-constrained

condition shown in Figure 2C is more common, where the

height of the disk sample is greater than the depth of the

lower anvil, and limited outward flow of material is achieved.

Thus far, HPT has been regarded not only as an SPDmethod in

metallurgy, but also as an important scientific tool in many fields of

science and engineering (Perez-Prado et al., 2008; Leiva et al., 2010;

Nie et al., 2010; Gao et al., 2011; Mine et al., 2011; Popov et al., 2012a;

Estrin and Vinogradov, 2013). HPT processing has been applied to

many kinds of materials, such as metallic and intermetallic materials,

and metal-based, polymer-based, and ceramic-based composites

(Towle and Riecker, 1969; Shabashov, 1995; Huang, 2007;

Hohenwarter and Pippan, 2011; Tugcu et al., 2012; Edalati et al.,

2013; Kawasaki et al., 2014a; Langdon, 2015; Medvedev et al., 2018;

Danilenko et al., 2021; Xiong et al., 2021). Compared with traditional

thermomechanical processing methods, such as forging, extrusion,

and rolling, HPT has the advantage of extensive cumulative strain,

which can refine the microstructure to submicrometer or nanometer

range. As illustrated by the Hall–Petch relation, the strength of a

material is reversely proportional to its grain size, and the ultrafine-

grained materials processed by HPT can achieve extremely high

strength or superplasticity (Sergueeva et al., 2001). In comparison

with other major SPD methods (Yang et al., 2008; Dheda and

Mohamed, 2011; Zhen et al., 2021), such as ECAP, ARB, and

MDF, HPT processing is more effective in grain refinement, and

hence lower in manufacturing cost. Furthermore, the compression

strain introduced by hydrostatic pressure, and the shear strain

introduced by torsional deformation, creates sufficient

deformation for various alloys. However, the small-scale

FIGURE 2
Schematical illustration of different conditions within the HPTed disk sample: (A) unconstrained; (B,C) constrained (Zhilyaev and Langdon,
2008).
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production, heterogeneous microstructure evolution, and high

equipment requirements limit the further application of HPT

processing. Thus, determining the influence factor of HPT

processing, and understanding how to take maximum advantage

of HPT are the main purposes of this review.

3 Effect of fundamental parameters
on microstructural evolution

It is well known that grain size is an exceptionally important

structural parameter in polycrystalline metals. During HPT

processing, changing the deformation parameters, such as the

processing temperature, turns, applied pressure, and rotation

speed, can effectively impact microstructural evolution, especially

grain refinement behavior (Harai et al., 2008a; Meng et al., 2014;

Kulyasova et al., 2015; Xu et al., 2015; Al-Zubaydi et al., 2016;

Lukyanova et al., 2016; Sun et al., 2017a; Zheng et al., 2017; Čížek

et al., 2017; Su et al., 2018; Torbati-Sarraf et al., 2018; Hanna et al.,

2019a; Li W. T. et al., 2020; Li Y. S. et al., 2020; Liu et al., 2020;

Akbaripanah et al., 2021; deOliveira et al., 2021). Table 1 summarizes

the influence of deformation parameters on the microstructural

evolution of Mg alloys processed by HPT. It can be seen that the

grain sizes and secondary phases of pure Mg, traditional commercial

Mg alloys, and Mg alloys containing rare-earth elements, are

significantly refined to submicrometer or nanometer range. An

obviously heterogeneous structure can also be observed due to the

character of the torsion process, in which a higher strain is

concentrated on the edge of the workpiece, rather than in the

center. Moreover, the finer grain sizes and secondary phases of

HPTed alloys are easily obtained at low deformation temperatures,

and with high numbers of rotations.

3.1 Processing temperature

Processing temperature is an important factor affecting the

plastic deformation process. According to thermodynamic

TABLE 1 Microstructural evolution of Mg alloys processed by HPT.

Material Parameters HPTed GS Secondary phases Ref

Pure Mg 5 turns, RT, 6.0 GPa, and 1 rpm Lager size of 1.8 ± 0.5 μm and finer size
of 590 ± 120 nm

— Wenting Li et al.
(2020)

Mg-1Ca 5 turns, RT, 6.0 GPa, and 1 rpm 171 ± 52 nm Mg2Ca: a diameter of 6 ± 2 μm Wenting Li et al.
(2020)

Mg-2Sr 5 turns, RT, 6.0 GPa, and 1 rpm 720 ± 180 nm Mg17Sr2: 35 ± 6 μm and 10 ± 3 μm Wenting Li et al.
(2020)

Mg-3.4Zn 20 turns, RT, 5.0 GPa, and 1 rpm 140 ± 50 nm MgZn2: 10–20 nm Meng et al. (2014)

Mg-9Li 10 turns, RT, 6.0 GPa, and 1 rpm 230 nm Bcc β phases Su et al. (2018)

Mg-0.41Dy 15 turns, RT, 6.0 GPa, and 1 rpm 0.7 ± 0.1 μm — Hanna et al. (2019a)

Mg-22Gd 15 turns, RT, and 2.0 GPa 300 nm Nanoscale Mg46Gd9 Čížek et al. (2017)

Mg-3Al-1Zn 10 turns, RT, 6.0 GPa, and 1 rpm 110 nm — Xu et al. (2015)

Mg-6Al-1Zn 7 turns, (RT, 100, and 150°C),
3.0 GPa, and 1 rpm

0.11 μm at RT, 0.22 μm at 150 °C — Harai et al. (2008a)

Mg-9Al-1Zn 10 turns, (RT, 150, and 200°C),
3.0 GPa, and 1 rpm

35 nm at RT, 180 nm at 150°C, 250 nm
at 200°C

β-phases: 200 nm Al-Zubaydi et al.
(2016)

Mg-1Mn-1Nd 5 turns, RT, and 6.0 GPa 200 nm Nanometer Mg3Nd de Oliveira et al.
(2021)

Mg-5.5Zn-0.5Zr 5 turns, RT, 2.0 GPa, and 1 rpm 700 nm — Torbati-Sarraf et al.
(2018)

Mg-1Zn-0.13Ca 5 turns, RT, and 6.0 GPa 150 nm Ca2Mg6Zn3: 1 μm in length and 0.5 μm in
thick; Mg2Ca:10 nm

Kulyasova et al.
(2015)

Mg-4.97Sm-0.84Ca 4 turns, RT, 5.0 GPa, and 1 rpm 70 nm Nanoscale Mg41Sm5 Liu et al. (2020)

Mg-8.10Zn-5.08Y 7 turns, RT, 5.0 GPa, and 1 rpm 53 nm Nanoscale Mg3Y2Zn3 Li et al. (2020b)

Mg-6.2Zn-0.5Zr-
0.2Ca

5 turns RT, 6.0 GPa, and 0.2 rpm 0.77 and 0.98 μm Nanoscale and finely dispersed β′ phases Zheng et al. (2017)

Mg-8.2Gd-3.8Y-
1.0Zn-0.4Zr

16 turns, RT, 6.0 GPa, and 1 rpm 55 nm Mg3(Gd, Y) and LPSO phases: 1–10 μm Sun et al. (2017a)

Mg-3.56Y-2.20Nd-
0.47Zr

10 turns, 20–300°C, 6.0 GPa, and
1 rpm

Twin size of 0.4–8.1 μm, fine structure
with size of 30–100 nm

A small amount of Mg41Nd5 phases Lukyanova et al.
(2016)

Mg-8.03Al-0.5Zn-
0.02Mn/SiC

10 turns, RT, 2.5 GPa, and 1 rpm 2.5 ± 2.1 μm β-Mg17Al12 and nano SiC particles Akbaripanah et al.
(2021)

RT, room temperature; GS, grain size.
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theory, the internal energy of the atom increases with an

increasing temperature, and dislocation activity is enhanced,

especially for Mg alloys with low stacking fault energies.

Dynamic recovery and dynamic recrystallization achieve grain

refinement with an increasing temperature that falls within a

certain temperature range, although coarsening happens when

this range is exceeded, and cracking occurs below it (Edalati et al.,

2011; Huang et al., 2012; Dobatkin et al., 2016; Alsubaie et al.,

2017; Ji et al., 2021; Xu et al., 2022; Zhao et al., 2022).

Figure 3 shows the investigative results of Huang et al. (2012),

who evaluated the strength and microstructural homogeneity of

AZ31 alloys processed by HPT at room temperature, 100, and

200°C. It can be observed that the submicrometer range of grain

sizes was observed at room temperature and 100°C through

5 turns, and a saturation in Vickers microhardness at high

strains with a hardness value of 105 HV. Processing by HPT

at 200°C led to obvious grain growth and decreased

microhardness. Dobatkin et al. (2016) studied the influence of

deformation temperature on the structure and mechanical

properties of Mg-Y-Gd-Zr during HPT, and the results

showed that grain size reached 20–30 nm at room

temperature and increased to 60–90 nm at 200°C. Moreover,

at 250°C the HPTed alloy had substantial strengthening and

thermal stability. According to the report of Alsubaie et al.

(2017), the microstructural homogeneity of AZ80 alloys

processed by HPT improved with increasing deformation

turns. The research into microhardness evolution at ambient

and elevated temperatures showed that grain growth at 200°C

resulted in lower microhardness values. The precipitates played

an important part in achieving high microhardness at the

elevated temperature.

3.2 Turns

According to Equation 1, equivalent strain in the HPT

process is mainly determined by turns. Many studies prove

that the submicron or nanosized grains can be observed when

increasing turns (Harai et al., 2008a; Edalati et al., 2011; Huang

et al., 2012; Meng et al., 2014; Alhamidi and Horita, 2015;

Kulyasova et al., 2015; Xu et al., 2015; Al-Zubaydi et al., 2016;

Alsubaie et al., 2016; Dobatkin et al., 2016; Lukyanova et al., 2016;

Alsubaie et al., 2017; Sun et al., 2017a; Jahedi et al., 2017; Zheng

et al., 2017; Čížek et al., 2017; Gu et al., 2018; Su et al., 2018;

Torbati-Sarraf et al., 2018; Hanna et al., 2019a; Yang et al., 2019;

Li W. T. et al., 2020; Bednarczyk et al., 2020; Li Y. S. et al., 2020;

FIGURE 3
The grain refinement of HPTed AZ31 alloys at (A) the center, (B) the half-radius, (C) the edge position, and the grain size distribution of different
temperatures through (D) 1 turn and (E) 5 turns (Huang et al., 2012).
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Kong et al., 2020; Liu et al., 2020; Akbaripanah et al., 2021; de

Oliveira et al., 2021; Ji et al., 2021; Xu et al., 2022; Zhao et al.,

2022).

Figure 4 shows the TEM micrographs of the effect of HPT

turns on the grain refinement of pure Mg, AZ31, and AZ80 alloys

(Alsubaie et al., 2016; Gu et al., 2018; Li Y. S. et al., 2020). The

results of an investigation into pure Mg processed through 1, 3, 5,

and 10 HPT turns by Gu et al. (2018), show that hardness

increased with the increasing equivalent strain, and then

decreased to a steady-state, while the average grain size

continued to decrease with the increasing equivalent strain.

The minimum average grain size was 343 nm, as shown in

Figure 4A. Li Y. S. et al. (2020) carried out an investigation

into the microstructural and mechanical properties of Mg-Zn-Y

alloys fabricated by HPT under the condition of 1/6, 1, 3, 5, and

7 turns at room temperature, with the pressure of 5.0 GPa, as

shown in Figure 4B. The nanocrystalline material, with grain size

of 53 nm, was prepared at 7 turns, the smallest recorded in all of

the papers published about Ma-Zn-Y alloy. Meanwhile, the HPT

process promoted the dissolution of MgZn and MgZn2 phases.

From the report of Alsubaie et al. (2016), as shown in Figure 4C,

the grains of AZ80 alloys were refined from 25 μm to 200 nm

after 5 and 10 turns, and the microhardness increased from

63 HV to 120 HV at the equivalent strain of 30.

3.3 Applied pressure

It has been demonstrated experimentally that the high

applied pressure may have a significant impact on the grain

refinement, microstructure homogeneity, and microhardness

enhancement throughout the disc (Zhilyaev et al., 2001;

Srinivasarao et al., 2013; Meng et al., 2014; Bazarnik et al.,

2016; Gu et al., 2018). Meanwhile, high applied pressure is

also crucial for generating frictional forces to hold samples

and prevent the occurrence of slippage.

Srinivasarao et al. (2013) evaluated the influence of different

applications of pressure (1.0, 3.0, and 6.0 GPa) on

FIGURE 4
Ultrafine-grained structures processed by HPT process for (A) pure Mg (Gu et al., 2018), (B) AZ31 alloys (Li Y. S. et al., 2020), and (C) AZ80 alloys
(Alsubaie et al., 2016) through different revolutions.
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microstructures of Mg-Li alloys. The results show that the as-

received alloy, with an average grain size of 300 μm, was refined

to 30–50 nm as a minimumwith increasing applied pressure, and

the phase transformation was also enhanced. As cited before in

the research of Meng et al. (2014), and Gu et al. (2018), the

experiments on pure Mg were carried out under the HPT

pressure of 4.0 and 5.0 GPa, respectively. The results show

equiaxed, dynamically recrystallized grains with an average

size of 140 nm under the condition of 5.0 GPa, and 343 nm at

4.0 GPa after 20 turns. A similar study into the effect of applied

pressure on the microstructural evolution and homogeneity of

5483 Al alloys showed that a higher pressure enhanced the

generation and development of defects and a more rapid grain

refinement was easily obtained. Moreover, the influence of

applied pressure was more noticeable in the early stage of the

HPT process, since the microstructure and microhardness tend

to homogenize with increasing HPT turns (Bazarnik et al., 2016).

3.4 Rotation speed

While numerous reports establish the effects of processing

temperature, turns, and applied pressure on the microstructural

evolution in HPT processing of Mg alloys, only limited

information is presently available on the influence of strain

rate and anvil rotation speed. Most investigations have

focused on samples deformed at a speed of 1 rpm (Huang

et al., 2012; Meng et al., 2014; Alsubaie et al., 2016; Bazarnik

et al., 2016; Lee et al., 2016; Lukyanova et al., 2016; Alsubaie et al.,

2017; Gu et al., 2018; Li Y. S. et al., 2020; Ji et al., 2021). In light of

the observation about Ti alloys processed by HPT from 0.5 to

2 rpm (Shahmir and Langdon, 2016), we know that the allotropic

phase transformation occurred during HPT, and the volume

fraction of the ω-phase decreased with the increasing rotation

speed. It can be surmised hereby that the parameter of rotation

speed may impact the microstructural evolution of HPTed Mg

alloys more or less.

Figueiredo et al. (2017) and Figueiredo et al. (2020) carried

out the HPT process on pure Mg under the condition of room

temperature, using the pressure of 6.0 GPa, with rotation speeds

of 2 and 1 rpm, respectively. Silva et al. (2017) conducted the

HPT process on pure Mg under the same condition, except the

rotation speed changed to 1 rpm. By comparing the results of

these two experiments, we concluded that the lower rotation

speed was beneficial for the grain boundary sliding and

microstructure homogeneity, but that rotation speed had little

influence on the grain size values (0.6–1.0 μm at 1 rpm, and

0.6–1.2 μm at 2 rpm).

In general, most researchers have achieved grain refinement

by controlling the fundamental deformation parameters. During

the HPT process, the applied strain is a major parameter affecting

grain refinement and the final structure, which is mainly

influenced by HPT turns. Processing temperature and applied

pressure are the main factors controlling the internal energy to

change grain refinement behavior and the coarsening progress.

Rotation speed during the HPT process can impact

microstructure homogeneity, but has little influence on grain

size value. It is useful for Mg alloys processed by HPT, due to the

imposition of hydrostatic pressure. Meanwhile, the whole process

can be conducted at room temperature without any cracking.

4 Textural evolution of Mg alloys
processed by HPT

A considerable amount of research indicates that plastic

deformation significantly affects plastic anisotropy through the

formation of crystallographic texture (Wang and Huang, 2003;

Beausir et al., 2007; Kocich et al., 2016; Bourezg et al., 2018;

Hanna et al., 2019a; Azzeddine et al., 2022). In Mg alloys, the

textural anisotropy can be strong, due to the HCP structure,

which will strongly influence the mechanical properties (Wang

and Huang, 2003; Beausir et al., 2007). During the HPT process,

the imposed magnitude of shear strain is the main factor

impacting the formation of texture. Meanwhile, the texture is

also affected by temperature, stress, strain rate and so on.

Another influence factor is the alloying element, since these

elements can modify the lattice parameters, the stacking fault

energy, and the critical resolved shear stress (CRSS) for different

slip systems (Azzeddine et al., 2022).

4.1 Effect of accumulative shear strain

It is generally thought that the textural evolution inMg alloys can

be expressed as a function of HPT turns, which determine the

cumulative shear strain. Table 2 summarizes the textural evolution of

HPTed Mg alloys as a function of HPT turns (Huang et al., 2013;

Qiao et al., 2014; Lee et al., 2015; Bourezg et al., 2018; Hanna et al.,

2019a; Khaleghi et al., 2021). An experiment processing pure Mg by

HPT under the conditions of 6.0 GPa, 1 rpm, and at room

temperature, with turns from 1/8 to 16, was carried out by Qiao

et al. (2014). The initial texture was observed to be near-random, and

a typical basal torsion texture was observed after 1 turn. Meanwhile,

the texture features became saturated with the increasing number of

HPT turns. Similar results were found in HPT processes of Mg-

1.44Ce (Bourezg et al., 2018), Mg-1.43Nd (Bourezg et al., 2018), and

Mg-0.41Dy (Hanna et al., 2019a). It is important to notice that the

presently discussed textural features are related to position, and the

center of the HPT processed discs was the position chosen. The basal

torsion texture was observed in the early stages of the HPT process

and this became saturated with the increasing number of HPT turns.

The weakening of basal texture occurred with the increasing

cumulative shear strain. In observation of HPTed AM60 alloys

(Khaleghi et al., 2021), the basal texture formed after 1 HPT turn

and softened after 10 HPT turns. Moreover, the intensity and
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distribution of basal texture could be altered with increasing

shear strain as in AM60 alloys caused by the Mg17Al12
precipitates in the HPT process. The texture evolution of

HPTed AM60 alloys with different turns is shown in Figure 5

(Khaleghi et al., 2021). The formation of basal texture created a

low Schmid factor for basal slip during plastic deformation at

room temperature, and hence non-basal slip systems with high

CRSS are needed for a significant increase in yield strength.

4.2 Effect of alloying elements

The presence of alloying elements has a significant influence

on the distribution of the basal poles and the corresponding

texture intensity. Bourezg et al. (2018) conducted the HPT

process at room temperature with up to 10 turns of Mg-RE

alloys and the texture evolution was investigated. The effect of

different alloy elements on the evolution of texture is shown in

Figure 6 (Bourezg et al., 2018). It can be seen that the HPTedMg-

1.44Ce and Mg-1.43Nd alloys form a weak and asymmetric basal

texture, with a “crescent” form that unilaterally shifts about 15° in

the shear direction (SD). Lee et al. (2015) explored the texture of

ZK60A alloys, which is characterized by a shift of the basal poles

towards the SD, leading to the formation of <c+a> fiber texture

after HPT through 1/4 and 1/2 turns at room temperature.

However, Torbati-Sarraf et al. (2017) concluded that a typical

basal <a> texture is observed when 5 HPT turns are applied to

ZK60A alloys. The general weakening of texture and the altering

of the grain orientation with a change in alloying elements, such

as rare-earth elements, is mainly related to the grain boundary

TABLE 2 Texture evolution of HPTed Mg alloys examined in the left as a function of HPT turns.

Material HPT parameters Initial
texture

HPTed texture Ref

pure Mg RT, 6.0 GPa, 1 rpm, and (1/8, 1/4, 1/2,
1, 2, 4, 8, 16) turns

Random texture Developing the torsion texture after 1 turn, and a basal fiber texture observed
after 8 turns

Qiao et al.
(2014)

Mg-0.41Dy RT, 6.0 GPa, 1 rpm, and (1/4, 1/2, 1, 5,
10, 15) turns

Random texture Forming a basal fiber texture after 1 turn, an asymmetric split of basal planes
observed due to the shear deformation with increasing HPT turns

Hanna et al.
(2019a)

Mg-1.43Nd RT, 6.0 GPa, 1 rpm, and (1/2, 1, 5, 10)
turns

Random texture Forming an asymmetric split texture of basal planes shifted towards SD. Bourezg et al.
(2018)

Mg-1.44Ce RT, 6.0 GPa, 1 rpm, and (1/2, 1, 5, 10)
turns

Random texture Forming an asymmetric split texture of basal planes shifted towards SD. Bourezg et al.
(2018)

Mg-6Zn-
0.5Zr

RT, 6.0 GPa, 1 rpm, and (1/4, 1/2, 1, 3,
5) turns

Basal extrusion
texture

Forming a <c+a> fiber texture after 1/4 and 1/2 turn Lee et al. (2015)

Mg-3Al-1Zn (RT, 100°C, 200°C), 6.0 GPa, 1 rpm, and
(1, 5) turns

Basal extrusion
texture

Forming main (0001)<uvtw> fiber and a second fiber texture, and
decreasing intensity observed with increasing temperature

Huang et al.
(2013)

FIGURE 5
Grain orientations and inverse pole figures of AM60 alloys with (A) 1/2 turn, (B) 1 turn, (C) 3 turns, and (D) 10 turns (Khaleghi et al., 2021).
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pinning effects caused by precipitate particles, and the activation

of non-basal slip through a modification of the stacking fault

energy of the Mg matrix (Jung et al., 2015; Sun et al., 2017b).

4.3 Recrystallization texture

During the HPT process, recrystallization is a typical

characteristic of the deformed structure. Meanwhile, the

occurrence of most recrystallized grains would impact the

textural features. Until now, there are only a few research reports

on the recrystallization texture evolution ofMg alloy during theHPT

process (Hanna et al., 2019b; Tighiouaret et al., 2019).

Figure 7 shows the texture of HPTed Mg-Nd alloys at room

temperature through 5 turns, and isochronal annealing for 1 h at

250 and 350°C, together with discussion of the resultant

deformed and recrystallized texture (Tighiouaret et al., 2019).

It can be seen that the deformation texture is basal, and that it

shifted 60° away from the SD, and this was maintained during

annealing up to 250°C. With the annealing temperature

increasing to 350°C, a basal texture with symmetrical splitting

towards the SD was observed. The precipitation sequence and its

pinning effects were reasonable for the texture modification.

Compared to Mg-1.43Nd alloys, the recrystallization texture

of Mg-0.41Dy alloys appeared at a higher temperature of

400°C, which could contribute to the extensive

recrystallization of grains to achieve the texture modification

(Hanna et al., 2019a).

Two main fiber textures were found in Mg-0.41Dy alloys

processed by HPT through 5 turns by Hanna et al. (2019b):

Firstly, a basal fiber texture, and secondly, a fiber localized at φ1 =

180°, V = 60°, and φ2 = 0–90°, with the texture features retained

after annealing at 400°C for 1 h. The microstructural thermal

stability and microhardness values proved the stabilization of the

annealed texture. Moreover, the second fiber disappeared in

annealing at 200°C, and the formation of a recrystallized

texture may be the main result.

Crystallographic texture affects most of the plastic

anisotropy in Mg alloys, and also significantly impacts

physical and engineering properties, such as formability

and strength. For example, the limited formability of Mg

alloys can be improved with a suitably formed texture, as

reported for shear-induced texture in deformed Mg alloys

(Biswas et al., 2010), and so to can MG alloys be strengthened

through textural deformation.

5 Mechanical properties of ultrafine-
grained Mg alloys processed by HPT

The HPT process can significantly improve the mechanical

properties of nearly all kinds of metals or alloys. It has been

proven that the microhardness of HPTed metals improved up to

50% for pure Mg (Gu et al., 2018), 60% for pure Cu (Edalati et al.,

2008), 100% for pure Al (Harai et al., 2008b), 130% for pure Ti

(Edalati et al., 2009a), and also hardened considerably for a range

FIGURE 6
The pole figures of (A) Mg-1.43Nd alloys and (B) Mg-1.44 Ce alloys (Bourezg et al., 2018).
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of other metals (Mulyukov et al., 1991; Wei et al., 2006; Edalati

et al., 2009b; Edalati et al., 2010; Popov et al., 2012b).

5.1 Improving microhardness/strength
and ductility

Table 3 summarizes the mechanical properties of metals

produced by SPD processes (Iwahashi et al., 1998; Munnoz-

Morris et al., 2003; Peng et al., 2007; Qu et al., 2009; Edalati et al.,

2010; Edalati and Horita, 2010; Kapoor et al., 2010; An et al.,

2011; Kawasaki et al., 2011; Zhang et al., 2011; Popov et al.,

2012b; Liu et al., 2013; Toroghinejad et al., 2013; Kawasaki et al.,

2014b; Huang et al., 2014; Meng et al., 2014; Lu et al., 2015;

Bazarnik et al., 2016; Zou et al., 2016; Tang et al., 2017; Čížek

et al., 2017; Gu et al., 2018; Su et al., 2018; Klu et al., 2019; Xue

et al., 2019; Klu et al., 2022; Öğüt et al., 2022). It can be seen that

HPT processing has obvious advantages in processing metals

with high strength and microhardness in comparison with other

thermomechanical processing methods, such as ECAP, ARB,

extrusion, and rolling. The large shear strain imposed by the HPT

process generates considerable dislocations in metals or alloys,

which further leads to significant grain refinement. Meanwhile,

the increasing dislocation density and structure refinement can

improve the microhardness of HPTed materials. Figure 8 shows

the advantages of the HPT process in the YS and ductility of

different metals (Qu et al., 2009; Kapoor et al., 2010; An et al.,

2011; Liu et al., 2013; Toroghinejad et al., 2013; Bazarnik et al.,

2016; Zou et al., 2016; Su et al., 2018; Klu et al., 2019; Klu et al.,

2022). It can be seen that the HPTed Cu-16Al alloys shows an

increase of 80 MPa in YS compared with the ECAPed alloys. In

the investigations of Mg-9Li alloys, the ductility of HPTed alloys

is 2.5 times that of the ECAPed alloys. On the whole, the

advantages of HPT processing are obvious, and the significant

grain refinement which comes from the high cumulative strain

promotes the improvement of comprehensive mechanical

properties.

A nanocrocrystalline microstructure with a grain size of

20–90 nm was observed in Mg-4.7Y-4.6Gd-0.3Zr alloys

processed by HPT at room temperature or 200°C through

10 turns (Huang et al., 2012). The ultimate tensile strength

was tested to be 475 MPa at an elongation of 2.5%. Moreover,

the mechanical properties could be further improved by aging,

and the microhardness increased during the entire aging period

FIGURE 7
Texture of Mg-1.43Nd alloys processed by HPT after annealing at 250°C (A) and 350°C (B) (Tighiouaret et al., 2019)
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at 175°C, reaching a “quasi-steady” state corresponding to

1600 MPa. The nanostructured Mg-8.2Gd-3.2Y-1.0Zn-0.4Zr

alloy, with an average grain size of 35 nm, was produced by

Sun et al. (2018), and the ultra-high hardness of 156 HV was

achieved by a combination of HPT processing and aging

treatment, which was higher than any Mg alloys hitherto

reported in the literature. The hardening of grain refinement,

high dislocation density, and solute segregation contributed

simultaneously to the high microhardness. Hardness evolution

into ultrafine-grained Mg-3.4Zn alloys processed by HPT is

predominantly influenced by crystalline defects, grain size,

and precipitates (Meng et al., 2015). The greatest hardness

was obtained via ultrafine-grained structural and grain

boundary precipitates possessing high density dislocations and

defects. Recovery of defects and grain growth led to decreasing

hardness at the aging temperature of 150°C.

5.2 Deformation mechanisms

5.2.1 Grain boundary sliding
The strong ability of the HPT process is in preparing

ultrafine-grained materials, and a high volume fraction of

grain boundaries with decreasing grain size can be obtained

TABLE 3 Mechanical properties of different alloys processed by various SPD techniques.

Material Processing history UTS (MPa) YS (MPa) Ef (%) Hardness (MPa) Ref

Pure Mg HPT 4.0 GPa 20 turns - - - 550 Gu et al. (2018)

Mg-3Al-1Zn HPT 6.0 GPa 5 turns - - - 1078 Kawasaki et al. (2014b)

Mg-3Al-1Zn ECAP 4 passes 283 - 13.3 647 Öğüt et al. (2022)

Mg-3Al-1Zn EXP.-ECAP 4 passes 292 - 13.7 666 Öğüt et al. (2022)

Mg-3.4Zn HPT 5.0 GPa 3 turns - - - 1254 Meng et al. (2014)

Mg-9Li HPT 6.0 GPa 10 turns 220 152 55 666 Su et al. (2018)

Mg-9Li ECAP + rolling 206 167 21 - Klu et al. (2022)

Mg-9Li Rolling 135 110 31 - Zou et al. (2016)

Mg-9Li ECAP 8 passes 166 174 22 - Klu et al. (2019)

Mg-22Gd HPT 2.0 GPa 15 turns - 350 - 1431 Čížek et al. (2017)

Mg-1.8Gd-1Zn-0.1Zr ECAP 16 passes 390 334 22.5 1166 Lu et al. (2015)

Mg-12Gd-3Y-0.4Zr Extruded 335 248 7.8 - Peng et al. (2007)

Mg-12Gd-3Y-0.4Zr Extruded + rolling 396 323 10.4 - Peng et al. (2007)

Mg-8Gd-3Y-0.4Zr HPT 6.0 GPa 10 turns - - - 1240 Tang et al. (2017)

Pure Cu HPT 6.0 GPa 5 turns 515 440 3.4 - An et al. (2011)

Cu-5Al ECAP 4 passes 590 545 1.9 - Qu et al. (2009)

Cu-16Al HPT 6.0 GPa 5 turns 980 820 3.3 - An et al. (2011)

Cu-16Al ECAP 2 passes 862 740 2.2 - Qu et al. (2009)

Pure Al HPT 6.0 GPa 5 turns - - 490 Kawasaki et al. (2011)

Al-5483 HPT 6.0 GPa 3 turns 850 600 2 2000 Bazarnik et al. (2016)

Al-5083 ARB - 560 5.7 1570 Toroghinejad et al. (2013)

Al-1Mg HPT 3.0 GPa 16 turns - - - 1860 Zhang et al. (2011)

3Al-1Mg HPT 6.0 GPa 5 turns 440 400 - 1140 Huang et al. (2014)

Al-1Mg ECAP 6 passes 285 250 16 - Iwahashi et al. (1998)

Al-2.5 Mg HPT 6.0 GPa 10 turns 670 505 2 1650 Liu et al. (2013)

Al-2.5 Mg ECAP 4 passes 267 222 12 - Kapoor et al. (2010)

Al-3Mg ECAP 8 passes 510 392 - 1100 Munnoz-Morris et al. (2003)

Al-3Mg HPT 3.0 GPa 16 turns - - - 2300 Zhang et al. (2011)

Pure Ti HPT 6.0 GPa 4 turns - - - 3430 Edalati and Horita, (2010)

TA15 HPT 5.0 GPa 8 turns - - - 3700 Xue et al. (2019)

Pure Hf HPT 4.0 GPa 10 turns 1150 - 8 3528 Edalati et al. (2010)

Pure Nb HPT 6.0 GPa 5 turns - - - 3100 Popov et al. (2012b)

Pure Nb ECAP 16 passes - - - 2180 Popov et al. (2012b)

Pure Nb ECAP + HPT - - - 3150 Popov et al. (2012b)

ARB, accumulative rolling bonding pressing; EXP.-ECAP, expansion equal channel angular extrusion pressing; UTS, ultimate tensile strength; YS, yield strength; Ef, elongation to failure.
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during the process. Grain boundary sliding can be activated,

since the grain size is below a critical value. This is beneficial for

high comprehensive mechanical properties, and may even result

in superplasticity. Matsunoshita et al. (2015) report a HPTedMg-

8Li alloy with an average grain size of 500 nm showing an

elongation of 310% at room temperature, and 1330% at

200 °C. The superplasticity of Mg-8Li alloys is mainly based

on grain boundary sliding.

5.2.2 Slip and twinning
The von Mises criterion mentions that to avoid cracking,

plastic deformation for polycrystalline materials need to satisfy

the condition of five independent slip systems. However,

basal <a> is the common slip system for Mg alloys, and the

other independent slip systems are prismatic and pyramidal <a>
slips. A large CRSS is needed to start the < c+a> slip system. In

the deformation process, twinning can help to solve the problem

of hard-to-deform Mg alloys. The common observed twinning

feature in Mg alloys is (10–12), which is called tension twinning,

due to it causing an extension along the c-axis when activated, as

Mg experiences tension stress along the c-axis. In the

compression samples (10–11), twinning is often observed.

For Mg alloys, during deformation the activation of slip

systems and twinning basically depends on the CRSS,

activation stress, and the Schmid factor. In the report of Qiao

et al. (2014), cited previously, the as-cast pure Mg, basal <a> and

non-basal < c+a> were slip activated rather than through

twinning, because the as-cast pure Mg had no preferential

texture features, and the basal plane was distributed

randomly. Hence the Schmid factor did not favor the tension

and twinning was suppressed. The double textures were observed

afterward as-cast pure Mg processed by 1/8 turn, and the non-

basal < c+a> slip was activated along with the basal <a> slip.

For the extruded Mg, because of the existence of basal planes

parallel to the extrusion direction and perpendicular to the shear

direction, a large number of twins were observed after 1 turn. In

this instance, the Schmid factor of the basal planes was zero, and

(10–12) twinning was 0.5. Tension twinning was thus activated

when the basal slip was hindered (Xu and Han, 2013). With

increasing HPT turns, dislocation slip became the dominant

mechanism because of the rotation of the basal planes and

coordination of the twinning. Similarly, extension twinning

(10–12) <10–11> was most extensive in the samples of Mg-

Dy-Al-Zn-Zr alloys processed by HPT (Nie et al., 2010).

5.3 Strengthening mechanisms

5.3.1 Grain refinement strengthening
Grain refinement is the most effective means of improving

the mechanical properties of Mg alloys in the HPT process. It can

increase both yield strength and plasticity, and the relationship

between grain size and yield strength can be expressed by the

Hall–Petch criterion (Chen et al., 2016):

σy � σ0 + kd−1/2 (2)

where σy is the yield strength, σ0 is the yield strength of a single

crystal of Mg, k is the coefficient, and d is the average grain

diameter. It can be obtained from the equation that the σy would

increase with the decreasing d.

FIGURE 8
The comparison of metal processed by various SPD techniques in YS and ductility (Qu et al., 2009; Kapoor et al., 2010; An et al., 2011; Liu et al.,
2013; Toroghinejad et al., 2013; Bazarnik et al., 2016; Zou et al., 2016; Su et al., 2018; Klu et al., 2019; Klu et al., 2022).
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According tometallic theory, the number of grain boundaries

will increase with the increasing volume fraction of grains per

unit. The grain boundaries can effectively hinder the dislocation

movement, and this can improve the physical mechanical

properties of Mg alloys (Peng et al., 2022). Figure 9 shows

some investigative results from Matsunoshita et al. (2015) of

Mg-8Li alloys processed by HPT through 5 turns at room

temperature. It can be seen that 500 nm ultrafine grains were

observed, and the superplastic elongation of 1330% was

investigated at 200°C with the strain rate of 1 × 10–3 s−1. The

microhardness of the HPTed sample was 57–63 HV, which was

much higher than for the as-extruded bar. The significant

improvement in mechanical properties was mainly produced

by the grain boundary refining and sliding. A similar

strengthening effect of ultrafine-grained LZ91 Mg-Li alloys is

reported by Su et al. (2018). Figure 10 shows the TEM

observation of ultrafine grains and the microhardness

evolution of LZ91 alloys (Su et al., 2018). It can be seen that

the 230 nm LZ91 Mg-Li alloy was papered after HPT through

10 turns at room temperature. The grain size value decreased

with the increasing HPT turns, while the microhardness

increased. The relationship between the average diameter and

microhardness satisfied the Hall–Petch strengthening criterion.

Moreover, the superplastic tensile elongation of 400% at 200°C

was observed with the strain rate of 1 × 10–2 s−1.

5.3.2 Secondary phase strengthening
(precipitation strengthening)

Because of their dimensions and properties, secondary

phases can strengthen the Mg matrix by acting as obstacles

hindering the dislocation movement. The Orowan mechanism

can be used to quantitatively analyze the contribution of

secondary phase particles to strength.

Δσ0 �
�
3

√ (Gb/L) (3)

where G is the shear modulus, b is the Burgers vector, and L is

the average distance among the secondary phase particles. In

Mg alloys, the size and morphology of secondary phases are

the main factors affecting the strengthening results. The fine

and dispersed particles create an important increasing

mechanical property, while the continuous and

inhomogeneous distribution of secondary phases result in

decreasing strength and ductility.

Figure 11 shows the nanostructuredMg-4.97Sm-0.84Ca alloy

processed by HPT through 4 turns at room temperature (Liu

et al., 2020). The greatest hardness reached 145 HV after aging

treatment at 125°C for 8 h. The precipitation strengthening of

nanoscale precipitates contributed to the increasing

microhardness, and the competition of recrystallization

softening also affected the final properties. Similar research

was conducted by Meng et al. (2015). The precipitates of Mg-

3.4Zn alloys after the HPT process and aging treatment were

distributed on the grain boundaries, and a precipitate-free-zone

(PFZ) was formed along the boundaries, which strengthened the

matrix and hindered the grain boundary from sliding, resulting

in an increasing microhardness.

Besides the significant impact of aging precipitates, the

dynamic precipitation during hot deformation also played an

important role in the mechanical properties of Mg alloys. In the

research of Xiao et al. (2015), the equilibrium β phase particles

distributed along the grain boundaries formed necklace

structures at 350°C with the strain rate of 0.001–1 s−1.

Meanwhile, the TEM observation proved that the existence of

dynamic precipitates promotes the formation of subgrains, and

impedes the migration of DRX grain boundaries.

5.3.3 Solid solution strengthening
For engineering Mg alloys, the addition of rare-earth (RE)

elements to obtain theMg-RE alloy, which has higher mechanical

properties than the traditional commercial Mg alloys, is a

FIGURE 9
TEM observation of Mg-8Li alloys after 5 HPT turns (A–C), tensile elongation of HPTed samples after different temperatures with the strain rate
of 1 × 10–3 s−1 (D), and microhardness of different positions (E) (Matsunoshita et al., 2015).
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promising route for promoting the application of Mg alloy

products to the aerospace and defense industries. RE

elements, such as Gd and Y, have a relatively high solid

solubility in the Mg matrix (Yan et al., 2021), and RE atoms

can replace Mg atoms and enter the Mg lattice structure, causing

the distortion. Thus, solid solution strengthening may be a

method for further improving the strength of some Mg alloys.

The influence of an element solid solution is expressed as the

following equation (Zhang et al., 2019):

σ � αGbρ1/2 (4)

where α is the material constant, and ρ is the dislocation density.

Li et al. (2019) investigated the microstructural evolution and

mechanical properties of Mg-13Gd-4Y-2Zn-0.6Zr alloys

processed by multi-pass hot rolling with different accumulated

rolling reductions. The contribution of tensile yield strength was

divided into five kinds, and the solid solution strengthening was

calculated to be 40 MPa. A familiar investigation was conducted

by Yao et al. (2019), in which the Gd, Y and Zn solute atoms

dissolution were estimated according to the results of EDS, and

the contribution from Gd, Y and Zn of the extruded Mg-1.4Gd-

1.2Y-0.4Zn alloy were calculated to be 148 MPa.

FIGURE 10
TEM observation of ultrafine-grained Mg-Li alloys after 10 HPT turns (A), the relationship between grain size (B), or microhardness (C), and the
number of turns (Su et al., 2018).

FIGURE 11
Microstructure of Mg-Sm-Ca alloys processed by HPT and aging treatment at 125°C for 8 h: (A) TEM bright-fieldmicrograph; (B) TEM dark-field
micrograph; (C) HAADF-STEM micrograph; (D) high magnification HAADF-STEM micrograph of white spot in (C); (E) high magnification HAADF-
STEM micrograph of white spot in (D); (F) microhardness of different aging conditions (Liu et al., 2020).
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5.3.4 Texture strengthening
Crystallographic texture is a typical behavior of the preferred

orientation of most grains in a polycrystal aggregate. For Mg

alloys with HCP structure, the preferred grain orientations

usually occur during plastic deformation, which is called

“deformation texture.” The textural features can be dictated by

the initial grain orientation and the deformation method

imposed (Suwas and Soumita, 2019). In the HPT process, a

typical shear texture is formed because of the shear-based

processes (Kloden et al., 2007; Bonarski et al., 2008a; Bonarski

et al., 2008b; Khereddine et al., 2013; Jahedi et al., 2014; Basha

et al., 2016; Li et al., 2016; Wei et al., 2017; Skrotzki et al., 2020),

while a basal fiber texture is observed in the rolling process, due

to the imposed plane strain (Liu et al., 2018).

Texture strengtheningmay play a dominant role inMg alloys and

has been extensively reported. For example, texture formation in

AZ31 alloys contributes greatly to yield strength (Kim and Jeong,

2005). For pure Mg (Torbati-Sarraf et al., 2017), although grain

refinement and dislocation strengthening are themajor strengthening

options, the hardness anisotropy is related to the texture.

The changing of textural features is usually influenced by

deformation direction, and the specific texture strengthening of

Mg alloys is generally obtained by deformation along the forming

direction, which limits the basal slip systems and is beneficial in

activation of the non-basal slip systems, leading to increasing yield

strength. For theHPT or ECAP processes, a shear-induced texture is

the typical characteristic, and the formation of shear-induced texture

can effectively promote the ductility of Mg alloys compared to the

basal texture formed through extruding and rolling (Lei et al., 2017;

Akbaripanah et al., 2021; Liu and Xu, 2022). Meanwhile, the

mechanical anisotropy is eliminated also. Torbati-Sarraf et al.

(2015) investigated the strengthening mechanism of ZK60 alloys

processed by HPT through 5 turns at room temperature. They

found that the high value of average microhardness (124 HV) was

due to the contribution of high density dislocations, nano grain size,

and strong texture strengthening.

The influence of texture on the yield strength in HCP alloys is

obtained from the changing Hall–Petch constants. The

contribution of texture strengthening can be calculated by the

following equation (Cheng et al., 2014):

ε0 � mτ0 (5)
where m is related to the basal texture and can be calculated by the

texture intensity. If the alloy has a random texture, the m is 6.5.

However, the specific texture formed through extruding, upsetting,

and rolling will have a value larger than 6.5. The τ0 is the single

crystal resolved stress. Cheng et al. (2014) estimated the contribution

of texture strengthening of Mg-8Sn and Mg-8Sn-1Al-1Zn alloys

using AZ31 alloys as the benchmark, and the contribution values of

2.77 and 3.61MPa were calculated, respectively.

6 Novel HPT processes

It has been 40 years since the ultrafine-grainedmaterials were

first produced by Valiev et al. in the 1980s. The reports on HPT

FIGURE 12
Schematic of IHPT process and its processed copper with microstructures in different positions (Hohenwarter, 2015).
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have demonstrated the advantages of this process for grain

refinement, dislocation accumulation, texture modification,

and strength improvement. However, the single shape and

small size of the sample limits the industrial application of the

HPT process, which remains experimental. Recently, many

researchers have developed novel or modified processes based

on the principles of HPT to improve processing versatility and

have made various contributions.

In response to the limitation of sample size, especially the

thickness of the processed samples of conventional HPT,

Hohenwarter (2015) developed a novel plastic deformation

process called incremental high-pressure torsion (IHPT),

which was capable of delivering samples with an

extraordinarily high aspect-ratio of thickness to diameter,

and the principle of this technique is shown in Figure 12

(Hohenwarter, 2015). The author thought it possible to

produce large samples in three dimensions with an

ultrafine or nanocrystalline microstructure. This might

have a bright application future in the medical or

electronic fields, in which SPD processed materials have

been favored until now. In his experiment, pure copper,

70 mm in height and 50 mm in diameter, was subjected to

the IHPT process with a hydraulic pressure of 4 MN and

rotational speed of 0.07 per minute. Finally, a processed

sample with a diameter of 50 mm and a thickness of

40 mm was obtained, and an ultrafine-grained structure

was observed in all dimensions.

Sheets are widely used in structural and functional areas, and

microstructural modification has so far not been attempted using

HPT due to the deformation characteristic. By introducing the

large shear strain into materials with planar geometries, planar

high-pressure torsion (P-HPT) was proposed as amodification of

the conventional HPT process to fabricate the sheets and strips

(Hohenwarter and Pippan, 2018). The principal diagram of the

P-HPT process is given in Figure 13 (Hohenwarter and Pippan,

2018). This research introduced an adapted version of HPT, also

capable of processing large-scale sheets by using amodification of

conventional HPT, and proved the advantages of P-HPT on the

microstructural and mechanical properties of pure copper by

comparison with conventional HPT.

Increasing the strain rate is known to be an effective way

of achieving grain refinement and improving mechanical

FIGURE 13
Principle of P-HPT process. (A) Schematic of the anvil and pressure distribution on the sheet; (B) representation of several P-HPT steps; (C)
deformation zone on the sheet with increasing deformation steps (Hohenwarter and Pippan, 2018).
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properties. Verleysen and Lanjewar (2020) proposed a

dynamic SPD technique which combined features of both

the split Hopkinson torsion bar (SHTB) and static HPT

devices, called dynamic high-pressure torsion (DHPT).

The schematic diagram of this process, machine, and

processed microstructure is found in Figure 14 (Verleysen

and Lanjewar, 2020). This novel process first imposed a

compressive pressure on a disk-like or ring-like sample

placed between two molds, followed by a rotational

deformation. Compared to the conventional HPT process

with a rotational speed of 1 rpm in common, a relatively high

torsional speed of 30,000 rpm and strain rates of 10000/s can

be applied to the testing materials during DHPT. Thus, the

power density of DHPTed materials can be four orders of

magnitude higher than static HPTed alloys, resulting in out-

of-equilibrium microstructures and new combinations of

properties. In the verification experiment of pure Al, a fine

grain structure of pure Al processed by DHPT was obtained,

and the enhanced dislocation structure and low angle grain

boundaries produced a significant improvement in

microhardness.

7 Summary and conclusion

A considerable number of research studies have indicated

that HPT is one of the most effective techniques for preparing

ultrafine-grained Mg alloys. In this report, the HPTed Mg alloys

and the resultant microstructural evolution, texture, and

mechanical properties are reviewed. The main influences on

the formation of ultrafine grains, crystallographic texture

evolution, deformation mechanisms, and strengthening

mechanisms are discussed, and the following findings can be

drawn:

1) HPT processing parameters play an important role in

microstructural evolution, especially grain refinement. The

nanocrystalline Mg alloys can be produced by HPT, according

to nearly all reports. Normally the decreasing grain sizes and

refinement of precipitates are mainly impacted by processing

temperature, turns, and applied pressure, while reports on the

effect of rotation speed are limited. Most recent investigations

chose 1 rpm to complete their HPT process, which may be

astricted by the machine. Other conditions being equal, low

deformation temperature and high compressive pressure with

increasing HPT turns facilitate the obtaining of ultrafine grains

and secondary phases. In the future, the exact influence of

rotation speed on microstructural modification of Mg alloys

may attract more and more attention from researchers.

2) For Mg alloys, whatever the grain orientation of the initial

structure, a basal torsion texture is often developed after the

HPT process according to the published data available to date.

With the increasing cumulative shear strain (HPT turns), the

inclination and spread of the basal poles is observed. The

deviation of basal texture from its ideal position also depends

on the composition of the alloy elements. Moreover,

FIGURE 14
Illustration of DHPT, the used machine, and resultant microstructures of pure Al (Verleysen and Lanjewar, 2020).
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crystallographic texture has a significant influence on the

mechanical properties of Mg alloys. The limited formability

can be improved by the shear-induced texture, and the

deformation texture can effectively increase the strength on

loading direction.

3) The Mg alloy processed by HPT shows a significant

enhancement in mechanical properties due to grain

refinement, strong cumulative shear strain, high density

dislocation, dispersed precipitates, and so on. In view of

the contribution of various strengthening mechanisms to

the improvement of strength in deformed Mg alloys, grain

refinement strengthening and precipitate strengthening are

generally considered the main influencing factors.

4) To solve the shortcomings of the conventional HPT process

and extend its industrial application, novel andmodified HPT

techniques such as IHPT, P-HPT, and DHPT are reported to

have similar deformation advantages on microstructure and

property enhancement as those formed by conventional HPT,

and are also more versatile.

Overall, this review confirms that HPT processing induces

considerable changes in the microstructure and texture of

different Mg alloys. Crucial information about the strain-

induced changes in mechanical properties, and the

corresponding strengthening and toughening mechanisms, are

directly linked and arise from these results. Therefore, a serious

challenge is now being tackled through research investigations on

the topics of dislocations, subgrain boundaries, and secondary

phase particles and sizes. Also, the relationships among

processing parameters, microstructure evolution, and

mechanical properties have not yet been satisfactorily

quantified. It is also of primary importance to develop model

calculations of microstructural and textural evolution, which

could be combined with the experimental results to analyze

the deformation mechanisms, as well as the strengthening and

toughening mechanisms. To date, most investigations focus on

experimental analyses, with limited reports on the establishment

of HPT model calculations.

As a final comment, the main purpose of such activity would

be to achieve the application of HPT processing. Thus, an

improved new technique is urgently to solve the problems of

small-scale production, heterogeneous deformation, and high

equipment requirements.
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