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ABSTRACT

In this critical note, the thermal stability behavior of ultra-fine grained (UFG)

and nano-structured (NS) metals and alloys produced through severe plastic

deformation (SPD) techniques is reviewed. For this case, the common engi-

neering metals with body-centered cubic (BCC), face-centered cubic (FCC), and

hexagonal close-packed (HCP) crystal structures such as aluminum, copper,

nickel, magnesium, steel, titanium, and their relating alloys were assessed.

Microstructural evolution in these severely deformed materials following post-

processing annealing treatment was investigated for various times and tem-

peratures below the recrystallization point. The microstructure development

reported in the literature was studied in terms of the stable grain structures

correlated with different levels of plastic straining. The stacking fault energy

(SFE) is noted to be a key issue which has a critical influence in predicting the

coalescence or coarsening behavior of ultra-fine and nanoscale grains after SPD

treatment by controlling the cross-slip phenomenon for screw dislocations.
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GRAPHICAL ABSTRACT

Introduction

In the last decade, the application of lightweight

components in hybrid passenger vehicles to reduce

weight and corresponding CO2 emission gains has

gained significant attention and motivated the

development of advanced metals and alloys [1]. One

practical approach to enhance the strength-to-weight

ratio for structural materials is refining their grain

structure to enhance yield strength through the Hall–

Petch mechanism and bolster the consequent strain

hardening [2]. Based on the dimensions of a crys-

talline microstructure, materials can be classified into

three categories as; (i) coarse-grained (CG) structures

with an average grain size of higher than 1 lm, (ii)

ultra-fine grained (UFG) structures with a mean size

in the range of 100 to 1000 nm, and (iii) nano-struc-

tures (NS) materials with an average length of less

than 100 nm [2, 3]. According to the well-established

Hall–Petch relation [4], refining the grain structure of

materials into the UFG and NS ranges can lead to

significant grain boundary strengthening. These

classes of materials with superior mechanical prop-

erties can be processed through two distinct routes

based on ‘‘bottom-up’’ or ‘‘top-down’’ strategies [3, 5].

The principle for bottom-up synthesis is based on

the layer-by-layer stacking and consolidation of

individual atoms, using high-precision technologies

consisting of physical vapor deposition (PVD) and

chemical vapor deposition (CVD) methods [3]. For

the second methodology, melt spinning (MS), severe

plastic deformation (SPD), and electrodeposition are

well-developed top-down concepts for producing

UFG/NSM materials. By applying rapid cooling fol-

lowed by SPD through severe plastic shear straining,

the grain structure can be refined into the UFG

nanoscale ranges without any change in the cross-

sectional dimensions of the processed materials [3, 6].

In this context, several SPD techniques have been

introduced and implemented for the production of

UFG/NS materials based on imposing high strains,

such as equal channel angular pressing (ECAP) [3, 6],

high-pressure torsion (HPT) [7, 8], accumulative roll

bonding (ARB) [9], mechanical alloying (MA)

[5, 10–12], multi-axial forging (MAF) [13], cumulative

hydrostatic extrusion followed by rotary swaging

(HE-RS) [14], constrained groove pressing (CGP)

[15, 16], friction stir processing (FSP) [17, 18], and

accumulative fold-forging (AFF) [19, 20]. All of these

SPD processes have been applied to various kinds of

metals and alloys, and the major finding results
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highlighted the consistent correlation between

microstructural refinement and improved mechanical

properties.

Recent attempts to fabricate UFG and NS materials

by SPD approaches resulted in the generation of

various structural features with potential for com-

mercial applications due to their superior physical

and mechanical properties [1, 21]. These processed

metallic materials offer multi-functional behavior

based on their intrinsic characteristics derived from

their nanoscale grain size, misorientation angle of

grain boundaries, the formation of sub-cells and

micro-twins, dominance of preferred orientations or

crystallographic textures, along with the contribution

of precipitates and dispersoids [22, 23]. For instance,

refining the grain structure down to the nanoscale

can yield exceptional superplastic behavior with an

excellent combination of tensile strength and elon-

gation to failure [24]. Introducing various structural

lattice defects throughout the crystalline material

during intense plastic straining including high-

misorientation nano-grains, dislocations, and twins

can improve the strength-to-weight ratio of compo-

nents for various structural applications [25, 26].

However, the main concern regarding these UFG or

NSM materials during service would be their thermal

instability during environmental exposure, especially

via heating and loading effects.

For long-term applications at elevated tempera-

tures, microstructural defects can degrade the ther-

mal stability of the produced nano-crystalline

materials, although they exhibited a positive impact

on the mechanical strength at ambient temperatures

[1, 23]. The high level of stored strain energy during

repetitive high cycle SPD processing can lead to

thermal instability in severely deformed structures. A

typical trend observed when increasing the imposed

equivalent plastic strain level is the apparent activa-

tion energy for subsequent thermal softening phe-

nomena is notably decreased, which can exacerbate

unstable behavior. The potential thermal instability of

the produced UFG/NS materials via SPD treatment

is a major issue due to the high density of disloca-

tions and the fraction of other defects can restrict

their commercial applications [27, 28]. This is because

these defects promote various thermally driven

structural restoration phenomena such as dynamic

recovery, static recrystallization, grain growth, and

precipitation, which all lead to coarsening of the

structure and deterioration of the mechanical

strength of materials at higher temperatures

[22, 24, 29]. Several factors can affect the thermal

stability of UFG and NS materials, including the

chemical composition of the alloy, melting tempera-

ture, and the presence of lattice defects [1, 24].

In the case of chemically pure materials with a low

melting point, self-annealing may occur after SPD

treatment by static recrystallization and grain growth

phenomena at room temperature, attributing to the

higher fraction and mobility of boundaries and lattice

defects [22, 23]. The possibility for self-annealing

phenomenon in SPD-processed materials can deteri-

orate the long-term structural thermal stability,

making this a critical factor in the stability of struc-

tures for several years [21, 25]. Therefore, to improve

the thermal stability of these materials, subsequent

post-processing operations is crucial. By controlling

and optimizing processing parameters in terms of

strain, strain rate, and testing temperature during

SPD, it would be possible to suppress the kinetics of

dynamic recovery and recrystallization softening

phenomena by restricting the diffusion-involved

mechanisms and reducing the mobility of disloca-

tions [30, 31].

In this critical assessment, the key objective is to

overview the reported results in the literature

regarding the prominent grain structural aspects after

SPD processing for different metals and alloys

affected by post-annealing treatment. For various

purities of the examined materials, the stable grain

size was determined upon SPD modification along

with subsequent heating below the recrystallization

region. Then, the thermal stability behavior of SPD-

processed UFG/NS metals and alloys was modeled

to establish and discuss a general correlation between

the stable grain size after SPD modification and its

coarsening during long-term annealing in service,

depending on the intrinsic characteristics of materials

in terms of chemical composition, crystallographic

structure, and stacking fault energy (SFE).

Importance

In one of the pioneering review articles on the field of

UFG/NS materials by Vailev et al. [3], the formation

of bulk nano-structured metals and alloys using

various routes of SPD processing was overviewed. In

this first comprehensive review issue regarding the

production of UFG/NS materials through SPD, the
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basic concepts for the generation of cellular structures

in the ultra-fine or nanoscale ranges upon severe

plastic straining were discussed. Moreover, the

capability of different SPD routes for achieving the

smallest grain size limit in various classes of materi-

als was compared. In the following comprehensive

literature survey by Vailev et al. [6], ECAP was

specifically attracted significant focus as an alterna-

tive route of SPD treatment for grain refinement of

metals and alloys. Then, an interesting extensive

review has been published by Zhilyaev et al. [32]

evaluating the application of HPT methods in terms

of principles and performance of products. After that,

this review was updated with two short reviews by

Edalati et al. [7, 25] on the new achievements. In a

recent review by Sakai et al. [33], the high-tempera-

ture annealing behavior of cold-worked materials by

the occurrence of static and dynamic recrystallization

phenomena was studied. The potential of the CGP

process for grain structural refinement in the ultra-

fine or nanoscale range and mechanical properties

improvement of different metals and alloys was

assessed in a recent comprehensive review by Gupta

et al. [34]. Also, several review articles addressed

different prospects of FSP surface modification as an

alternative thermo-mechanical route of SPD treat-

ment by applying high strains and strain rates at

elevated temperatures [18, 35, 36]. In the review by

Kawasaki and Langdon [37], the superplastic

behavior of SPD-treated materials with refined grain

structures in the range of ultra-fine or nanoscale at

high temperatures was studied and discussed. In

another reviewing activity by Kumar et al. [38], the

strength–ductility trade-off in ultra-fine grained or

nano-structured metals and alloys processed by SPD

at low temperatures was statistically overviewed and

described. More recently, Wang et al. [39] have

reviewed the strategies and approaches for improv-

ing the low-temperature formability of magnesium

and its alloys. However, to the best of the current

reviewer’s knowledge, there is no review summa-

rizing the literature related to the thermal stability of

UFG/NS materials produced by different routes of

SPD treatment in connection with their relating

mechanical stability. Therefore, the focus of the cur-

rent critical review article would be on this important

object.

Basics for thermal stability of UFG/NS
materials

As described before in the literature [3, 6], applying

high levels of equivalent plastic strains at low tem-

peratures via various SPD routes can drastically

increase the density of statically stored and geomet-

rically necessary dislocations. At first, during pri-

mary SPD passes caused by low strain levels, the

structure of these dislocations is in the form of a

tangle. However, by continuously repeating the SPD

process and increasing the strain level, dislocations

can interact and rearrange to form cellular structures

in ultra-fine or nanoscale ranges. In the following,

more generations of dislocations via further straining

can increase the density of dislocations through the

cellular walls. This can increase the misorientation

angle between the cells by gliding dislocations from

the cells inside toward the relating walls and

accordingly shifts these cellular structures from low-

angle grain boundaries (LAGBs) toward more high-

angle grain boundaries (HAGBs) [33]. Also, the size

of these cells can be reduced via straining; however,

the occurrence of dynamic recovery (DRV) can

restrict the lowest limit for that. Exposing such ultra-

fine grained or nano-structured materials to post-

annealing modification would be critical to restoring

the severely deformed structure, depending on the

processing parameters, since the high density of

dislocations within one or two orders of magnitudes

more elevated than the annealed state [33]. High-

temperature annealing of these SPD-processed

structures will experience recrystallization and

growth of new grains, diminishing the previous cold

work history. Meanwhile, by low-temperature

annealing near the recrystallization limit, these UFG/

NS materials can display a form of thermal stability

behavior depending on their relating chemistry and

SFE level. Controlling the restoration mechanisms in

DRV and partial recrystallization during this post-

annealing modification can preserve the cellular

structures within the ultra-fine or nanoscale ranges

and stabilize the grain boundaries. However, work-

ing close to the thermal stability window is essential.

Sometimes, the partial occurrence of non-favorable

restoration phenomena in the form of partial recrys-

tallization and grain growth may be unavoidable. In

this case, the structural restorations for the severely

plastic deformed structures before and after post-
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annealing treatment are schematically demonstrated

in Fig. 1a and b, respectively.

Aluminum and its alloys

The main microstructural details for aluminum and

its alloys processed by different SPD routes along

with a comparison to the as-received condition of

these materials have been reviewed in the literature

in terms of average grain size before and after post-

annealing treatment, and they are summarized in

Table 1. The minimum achievable grain size via SPD

modification is strongly dependent on the alloy

chemistry along with the straining route [40–43]. As

reported in the literature [28, 44], the SFE level and

solute strengthening can strongly contribute to the

formation of ultra-fine or nano-grains during SPD

treatment. Consequently, a balance between the

generation rate of geometrically necessary disloca-

tions via strain mismatching and their annihilation by

the simultaneous operation of dynamic restoration

phenomena such as dynamic recovery can be estab-

lished, and these depend on the alloy chemistry and

testing temperature [37, 45, 46]. In this context, a

broad range between 100 nm to 1.6 lm has been

observed for the mean grain size after SPD, as

reported in Table 1 [47–49].

Figure 1 Schematic plots illustrating the mechanisms for grain

structural modification during a SPD treatment and b after post-

annealing modification [33].

Table 1 The average grain size (D) as treated by different SPD routes before and after intense plastic straining for aluminum and its alloys

along with the post-annealing modification

Alloy Primary state SPD Annealing condition After post-annealing Refs

D Route D Temperature Time D

AA1070 36.5 lm Cryo-rolling * 790 nm 473 K 30 min * 1 lm [52]

AA5083 42.2 lm Cryo-rolling * 160 nm 523 K 30 min * 760 nm [52]

AA2014 38.4 lm Cryo-rolling * 100 nm 623 K 30 min * 570 nm [52]

AA1050 35.3 lm ARB * 780 nm 473 K 2 h * 1.02 lm [61]

AA1050 35.3 lm ECAP * 1.01 lm 473 K 2 h * 1.49 lm [61]

Al-Li – ECAP * 1.6 lm 423 K 1 h * 1.1 lm [62]

AA2024 – ECAP * 250 nm 573 K 1 h * 450 nm [63]

Al-1.6Li * 300 lm ECAP * 370 nm 556 K 10 min * 730 nm [64]

AA1100 * 30 lm ECAP * 700 nm 573 K 1 h * 1.5 lm [58]

AA2024 * 40 lm ECAP * 200–300 nm 573 K 1 h * 600 nm [58]

AA3004 * 15 lm ECAP * 200–300 nm 573 K 1 h * 1.2 lm [58]

AA5083 * 30 lm ECAP * 200–300 nm 573 K 1 h * 1.3 lm [58]

AA6061 * 50 lm ECAP * 200–300 nm 573 K 1 h * 1.1–1.2 lm [58]

AA7075 * 30 lm ECAP * 200–300 nm 573 K 1 h * 400–450 nm [58]

AA6016 * 40 lm ECAP * 210 nm 473 K 1 h * 460 nm [65]

Al-4Cu – HPT * 210 nm 353 K 5 days * 390 nm [66]
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The grain size achievable by SPD treatment is

continuously refined by shifting from a pure com-

mercial state toward the alloying chemistry and

complexity of alloy composition under the same

processing conditions (SPD route and processing

temperature) [6, 50]. This can be attributed to the

impact of precipitation and the related modifications

against the breakup of primary grains and the

migration of new boundaries upon the straining

route by changing the alloying state of aluminum

[28, 40, 41, 43, 46, 47, 51]. Moreover, by employing an

SPD route with the higher straining capability such as

the HPT method while reducing the processing

temperature, the smallest achievable grain size is

significantly reduced [40, 41, 45, 49]. For example, in

the case of specific alloys such as AA2xxx series,

implementation of cryo-rolling processing yielded a

finer grain size compared to the ECAP route due to

the difference in straining conditions, along with

decreasing chemical potential for grain boundary

migration by applying a submerged cryogenic cool-

ing medium.

However, the stability of these ultra-fine and nano-

grains after SPD processing under the effects of

heating phenomena varied considerably depending

on the testing situations [41, 46, 51]. Indeed, by fur-

ther refining the grain structure via SPD treatment,

the subsequent susceptibility of the produced UFG/

NS materials upon heating exposure would be

higher, although the severity of this trend is related to

the type of grain boundaries present (such as low-

angle versus high-angle), along with the corre-

sponding misorientation between the adjacent grains

[1, 52–55]. In addition, the contribution of secondary

phase precipitates or nanoparticles within the alu-

minum matrix depends on the designation and

chemistry of the aluminum alloy. This directly affects

the material thermal stability after intense grain

structural refinement by SPD, since these nano-sized

secondary phases can suppress coarsening of ultra-

fine or nano-grains by hindering along the bound-

aries [56, 57]. For the SPD-treated microstructures, as

mentioned before, the optimized post-annealing

conditions to reach a thermally stable state and the

resulting steady-state grain size after annealing

action are summarized in Table 1. The optimum

temperature and time range for post-annealing

modification can vary widely depending on the

chemistry of the aluminum alloy, and processing

routes. In comparing different aluminum alloy series

(AA1100, AA2024, AA3004, AA5083, AA6061,

AA7075, and AA6016) with similar initial structures,

SPD treatment such as ECAP provides intense plastic

deformation in the range of 200–300 nm. It is obvious

that the precipitation harden-able alloys such as

AA2024 and AA7075 can exhibit more thermally

stable behavior as revealed with less coarsening of

resulting grain structures due to the role of

nanoparticles on stabilizing and pinning the bound-

aries of nano-sized grains [43, 58–60].

Copper

Similar to other UFG/NS metals and alloys, the

structure of SPD-processed copper-based materials

also deteriorates with environmental heating expo-

sures due to the presence of a cellular structure along

with a high density of dislocations [67]. Depending

on the applied plastic strain level, the extent and

degree of thermal instability can vary. Incrementally

increasing the imposed strain during SPD treatment

can result in a gradual destabilizing of the severely

deformed microstructure [67]. According to the

reports, enhancing the level of stored strain energy

through the structure as well as reducing the testing

temperature upon SPD processing can improve the

mobility of atoms in the presence of material defects

[31, 68]. In general, by increasing the SFE, the average

grain size after SPD treatment can increase due to the

activation of the cross-slip mechanism to mobilize

screw dislocations according to combining the partial

dislocations [69].

In the case of copper-based alloys, the solid-solu-

tion strengthening is a key mechanism to predict the

saturation state for the grain size after SPD modifi-

cation as reported in the literature [31, 68, 70–73].

This saturation limit is primarily determined by the

melting temperature of the material, where the value

of the SFE does not play a significant role, especially

for SPD treatment at room temperature. Also, the role

of twinning deformation can be intensified by

increasing the SFE level. Introducing a dense network

of twin boundaries by SPD straining of copper can

stabilize the microstructure with a higher recrystal-

lization temperature than the nano-structured mate-

rials, including the cellular and equiaxed grains [67].

The condition for thermal stability can be expressed

as the temperature for the beginning of recrystal-

lization before abnormal grain growth. For the pure
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state of the alloy, both the melting temperature and

SFE level are key controlling parameters to determine

the final microstructure after annealing the SPD-

processed structure. In copper-based alloys, the rate

of grain growth during annealing modification could

be oppositely related to the solid-solution influence

[69].

Based on the reported microstructural investiga-

tions in the literature, the interaction of dislocations

according to the glide and kink nucleation mecha-

nisms is the main phenomenon controlling the ther-

mal stability of copper based UFG/NS fabricated by

SPD below the recrystallization temperature [74].

However, at higher temperatures, the plastic defor-

mation behavior can be controlled by the role of

thermally activated phenomena depending on the

testing temperature as well as the strain and strain

rate magnitudes applied [74]. Rapid diffusion and

enhanced transformation kinetics along the large

fraction of grain boundaries can make the structure

less stable with a high susceptibility to coarsening,

deteriorating the microstructure and subsequent

induced mechanical properties [75]. Examinations

revealed the significance of structural relaxation

beside the typical grain growth in predicting the

thermal stability of ultra-fine grain boundaries [76].

Considering the reported data in Table 2 summariz-

ing the microstructural details of SPD-processed

materials by various SPD techniques followed by

varying post-annealing conditions, the thermal

stability temperature with time for the produced

UFG structure of commercially pure copper after SPD

treatment is close to 448 K up with a 1 h holding

time. However, the addition of alloying elements or

second-phase particles has a strong effect on the

thermal behavior of the resulting UFG/NS materials

(see Table 2). For instance, by alloying the copper

matrix with tantalum, it was possible to achieve an

average size of * 10 nm via HPT without abnormal

coarsening when annealing at 1273 K for 1 h [77].

Following this annealing, the mean grain size coars-

ened to the range of 200 to 500 nm. The incorporation

of 0.5 wt% Al2O3 nanoparticles in the structure fur-

ther enhances pinning of the ultra-fine grain bound-

aries improving the thermal stability to allow an

annealing at 673 K for one hour with a similar final

grain size [78].

In general, structural stabilization of the UFG/NS

materials after treatment by SPD processing often

involves three different strategies as follows: (i) ther-

mal annealing below the recrystallization region, (ii)

changing the slip character from wavy path to other

ones, and reinforcing/pinning of the grain bound-

aries by (iii) solid-state precipitates and (iv) particle

agents [79]. Considering the kinetic and thermody-

namic aspects, dispersing solute elements along grain

boundaries as well as the segregation or re-dissolu-

tion of secondary phase precipitates at the junctions’

during annealing can be highly effective stabilizing

the ultra-fine or nanoscale interfaces [80]. An exciting

Table 2 The average grain size (D) for copper-based alloys after SPD and post-annealing treatments

Alloy Primary state SPD Annealing condition After post-annealing Refs

D Route D Temperature Time D

Cu – HPT * 84 nm 523 K 1 h * 650 nm [69, 82]

Cu-10Zn – HPT * 54 nm – – – [69]

Cu-30Zn – HPT * 17 nm – – – [69]

Cu – HPT * 107 nm 573 K 1 h * 1.3–1.4 lm [76]

Cu-0.5wt% Al2O3 – HPT * 80 nm 1073 K 1 h * 2.5 lm [78]

Cu – ECAP * 45 nm 453 K 40 min * 290 nm [83]

Cu * 60 lm ECAP * 200 nm 473 K 30 min * 5 lm [84]

Cu-Cr-Zr * 120–150 lm ECAP * 400 nm 773 K 1 h * 800 nm [85]

Cu-Nb * 40–80 lm HPT * 100–200 nm 773 K 1 h * 400–500 nm [74]

Cu-Co – HPT * 90 nm 873 K 100 h * 410 nm [80]

Cu-Ta – HPT * 10 nm 1273 K 1 h * 200–500 nm [77]

Cu-Be – HPT * 20 nm 548 K 10 h * 70 nm [86]

Cu–Zn 50 lm CGP * 20–25 lm 573 K 10 min * 20–25 lm [87]

Cu – HPT * 100 nm 873 K 1 h * 265 nm [81]
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report by Qi et al. [81] revealed that the contribution

of pores within the microstructure of severely

deformed materials can also introduce drag agents to

impede the migration of grain boundaries and

accordingly stabilize the structure after heat treat-

ment. Based on this report, the nano-structure of

commercially pure copper after HPT processing can

exhibit a stable thermal behavior up to the tempera-

ture of 873 K, as reported in the last row of Table 2.

Nickel

Considering the great formability combined with an

elevated melting point and high stacking fault

energy, nickel and its alloys are excellent materials

for processing via SPD routes to create ultra-fine or

nano-sized grain structures. Similar to other FCC

metals and alloys such as aluminum and copper-

based materials, nickel can exhibit superior plastic

deformation capacity due to the presence of 12

independent easy slip systems. According to experi-

mental investigations [76, 82], the thermal stability

behavior of ultra-fine grained or nano-structured

commercial pure nickel processed via SPD treatment

can be controlled by various factors in terms of

average grain size as well as the contribution of sta-

tistical and geometrically necessary dislocations

along the boundaries. Based on the results, the den-

sity and distribution of dislocations across the grain

boundaries can be relaxed upon post-annealing

treatment at around 448 K to increase structural

thermal stability [82]. As summarized in Table 3, the

severity of grain structural refinement for nickel and

its alloys depends on the route of SPD processing as

well as the chemistry of the examined alloy. In this

case, the minimum achievable grain size after SPD

treatment of commercially pure nickel is different for

ECAP, HPT, and CGP routes, which was reported as

200 nm, 115 nm and, 17 lm, respectively. In the case

of SPD-processed material the stability behavior of

the fabricated UFG or NS materials depends on the

thermal modification to control the recovery, recrys-

tallization, and coarsening phenomena, which are

strongly correlated with the composition and chem-

istry of the alloys. As described in the literature, the

kinetics for growth of ultra-fine grained or nano-

structured nickel after SPD treatment are controlled

by the grain boundary diffusion due to the contri-

bution of short circuits for diffusion of elements in

the deformed structure [88].

According to the experimental results listed in

Table 3, compared to the other FCC metals and alloys

such as aluminum and copper-based materials, nickel

can exhibit a moderate thermal stability behavior

imparted by a higher melting temperature along with

the range of SFE level. Although, for the nickel alloys

and nickel-based nano-composites, this scenario

would be drastically changed due to the role of pre-

cipitates and nanoparticles in stabilizing and pinning

the material structure in the ultra-fine or nanoscale

range. In fact, by adding alloying elements and pre-

cipitating complex compounds in the nickel matrix,

the thermal stability of the nickel-based nano-struc-

tures after severe plastic deformation can be

improved [89]. In the case of these nickel-based

alloys, the type and size distribution of fine second-

phase particles or precipitates and their interactional

bonding with the metal-matrix are the important

structural parameters to control the severely

deformed materials thermal stability [90]. Regarding

Table 3 The average grain size (D) for nickel and nickel-based alloys as treated by different SPD routes before and after intense plastic

straining along with the post-annealing modification

Alloy Primary state SPD Annealing condition After post-annealing Refs

D Route D Temperature Time D

Ni – HPT * 115 nm 473 K 1 h * 250 nm [76, 82]

Ni * 30 lm ECAP * 350 nm 523 K 3600 s * 950 nm [88]

Inconel 718 * 40 lm MAF * 20–50 nm 973 K 5 min * 300 to 500 nm [13]

Ni-20%Cu * 80 lm MAF * 50 nm 873 K 30 min * 100 to 300 nm [13]

Ni * 200 lm ECAP * 200 nm 673 K 1 h * 1 lm [93]

Ni – CGP * 17 lm 873 K 1 h * 22 lm [94]

Ni-0.5wt% CNT * 20 lm HPT * 50 nm 773 K 1 h * 200 nm [91, 92]
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the formation of precipitates, the diffusivity of solute

elements within the metal-matrix is a critical factor,

although a high diffusivity can lead to the precipi-

tates coarsening through the ultra-fine grained or

nano-structure. Similar to other metals and alloys, the

thermal stabilization of nano-crystalline nickel-based

structures processed by SPD can be predicted

according to the various approaches. However, the

most effective strategy relates to the kinetic stabi-

lization by pinning the grain boundaries using the

Zener-pinning effect [13]. In this case, the role of

secondary phase agents in the form of nano-sized

particles or precipitates with a specific volume frac-

tion would be hindering the grain boundary migra-

tion through classical Zener drag [13]. The uniform

dispersion of nanoparticles between the boundaries

is a critical parameter for controlling the coalescence

rate of nano-grains, thus increasing the annealing

temperature [91, 92]. These stabilized nano-structures

in the class of precipitation-treatable alloys exhibit

excellent potential to delay the coarsening during

annealing and open the new windows to extend the

utility of these materials in new applications.

Steels

Multiple reports have involved grain structure

modification of ferrite by SPD treatment at room

temperature and noted the simultaneous activation of

multi-slip systems and mechanical fragmentation

was a significant factor in microstructure develop-

ment. Thin shear bands can be formed which align

with dislocation cell boundaries at early stages of

straining [95]. Then, by activating new slip systems,

the parallel band boundaries generated in the previ-

ous step can become more serrated [96]. The

microstructural refinement can tend toward forming

a homogenous ultra-fine grained structure with an

equiaxed morphology by continuing this straining

process. It is worth recognizing that during plastic

deformation of BCC structures such as steel-based

materials,\ 111[ {110},\ 111[ {112}, and\ 111[
{123} are three typical operative slip systems [97, 98].

The lack of enough active slip systems, since at

least five independent ones are necessary during

uniaxial loading, along with the presence of pearlitic

cementite phase can lead to brittle deformation

behavior in steels. Therefore, in the case of medium-

or high-carbon steels treated by various SPD routes,

the contribution of hydrostatic pressure is very criti-

cal to control the principal deformation mode, since

pure shear or shear associated with the deformation

rotation can lead to activation of extra slip systems

[99]. In general, two types of fragmented structures

and transitions, including cellular and fragmented

boundaries, were determined after SPD processing of

carbon steel materials depending on the straining

level and the state of internal stresses. In fact, by

continuing the straining path, the transition state can

be completed by continuing the grain structure evo-

lution from fragmented toward cellular [100]. Con-

sidering the expressed experimental data in Table 4

regarding the grain structural refinement after SPD

treatment, one finds that the smallest achievable

grain size broadly varies from the range of 10 to

Table 4 The average grain size (D) for different grades of steels as treated by different SPD routes before and after intense plastic straining

along with the post-annealing modification

Alloy Primary

state

SPD Annealing condition After post-

annealing

Refs

D Route D Temperature Time D

Low-carbon steel * 30 lm ECAP * 200–300 nm 813 K 1 h * 500–600 nm [99]

Low-carbon steel – ECAP * 200 nm 753 K 72 h * 500 nm [103]

Iron – HPT * 100 nm 773 K 1 h * 300 nm [100]

316 austenitic stainless steel * 40 lm HPT * 40 nm 1073 K 10 min * 380 nm [29]

304 austenitic stainless steel * 40 lm HPT * 300–400 nm 673 K 1 h * 1 lm [29]

Low-carbon steel * 30 lm CGP * 230 nm 673 K 20 min [ 1 lm [15, 27, 101, 106]

Carbon steel (UIC 860 V) – HPT * 10 nm 873 K 1 h * 740 nm [107]

Ferritic/martensitic steel

(T91)

* 10 lm ECAP * 300–400 nm 973 K 1 h * 500 nm [105]
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400 nm, depending mainly on the chemistry of the

steel as well as the SPD route.

However, the synergic role of stored strain energy

caused by SPD treatment and structural restoration at

high temperature during annealing modification can

lead to the formation of cellular and fragmented

structures with an average size as fine as 300 nm up

to the micron-scale, while comprising mostly high-

angle grain boundaries [100]. Table 4 summarizes

these results for the annealing treatment of SPD-

modified steels. As shown, the thermal stability

conditions (temperature and time) considerably vary

by changing the steel composition and the straining

state. According to the studies by Khodabakhshi et al.

[27, 101] on the thermal stability behavior of ultra-fine

grained low-carbon steel sheet processed by the CGP

route of SPD modification, the ultra-fine grains

exhibit stable behavior by post-annealing treatment

up to a critical temperature of 673 K. Meanwhile,

annealing at higher temperatures yields abnormal

grain growth that occurs in the severely deformed

structures. In the case of ultra-fine grained low-car-

bon steel materials processed by SPD, a post-an-

nealing treatment can be applied to stabilize the

deformed sample structure by the generation of

elongated grains with aligned dislocations around

the boundaries [102]. This signifies the occurrence of

dynamic recovery in the dislocation tangle structure,

associated with the absorption and trapping of lattice

dislocations within the grain boundaries [103]. In

order to control the range of grain size distribution

following recovery, recrystallization, and grain

coarsening, the annealing conditions, purity, and the

state of internal stresses/strains are the crucial factors

[104].

According to experimental investigations, intense

plastic straining can lead to carbon dissolution from

the cementite phase through the ferrite grains of the

matrix to stabilize the boundaries upon annealing

treatment based on the activation of the solute-drag

mechanism. However, by increasing the temperature

of post-annealing treatment to above the recrystal-

lization temperature, the pearlite colonies can act as

the heterogeneous nucleation sites for full recrystal-

lization of the ferritic grain structure. In the presence

of some alloying elements such as vanadium, there is

a possible scenario to change the morphology of the

pearlitic cementite phase from lamellar plates to

particulate shapes upon post-annealing, thus

increasing the recrystallization temperature by

shifting the microstructure of the deformed material

toward a non-equilibrium state [105]. As a result, for

this kind of modified steel containing vanadium, a

high density of dislocations is formed compared to

carbon steels, along with non-equilibrium grain

boundaries, which provide preferred paths for dif-

fusion of carbon from the pearlite colonies into the

ferritic matrix. The chance of long-path distribution

of dissolved carbon is also restricted due to limited

easy-diffusion paths and hindering cementite

nanoparticles formed around pearlite colonies.

However, due to long-range diffusion of carbon in

vanadium-modified steels, precipitation of nano-

sized cementite particles along the ferritic grain

boundaries during annealing treatment can retard the

rate of grain boundary migration and coalescence in

the next steps of annealing.

In the case of austenitic stainless steels such as 316

and 304 grades, the thermal stability behavior can

highly vary depending on the grade of alloy and its

related chemistry. For these alloys under the severely

plastic deformed state, the transformation of a0-
martensite and e-martensite from the primary

austenite phase upon post-annealing treatment is

critical to control the microstructure thermal stability.

The heterogeneous distribution of e-martensite

within the austenite matrix can be the preferred site

for nucleation and transformation to the a0-marten-

site. The rejection of solute atoms from the martensite

phase into the austenite matrix during annealing

treatment to form either the new precipitates or seg-

regate along the grain boundaries can improve the

thermal stability of the deformed material [29]. As

reported in Table 4, the ferritic/martensitic steel of

grade T91 exhibits superior thermal stability with a

high annealing temperature of up to * 973 K after

SPD modification by ECAP route. For this alloy, the

annealing recovery of the deformed microstructure

based on the dislocation annihilation mechanism can

be retarded up to a high-temperature range of

923–973 K [105].

Magnesium and its alloys

The use of SPD treatment of magnesium and its

alloys has been widely examined in the literature due

to the potentially high specific strength that may be

achieved as a result of the low density of these metals

[39]. However, SPD fabrication at room temperature
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by most routes to large equivalent plastic strains is

not possible due to the lack of active independent slip

systems in the HCP crystal structure of these mate-

rials. In general, magnesium-based metals are clas-

sified as difficult materials for cold working, due to

the restricted number of slip systems. Therefore,

imposing high plastic strains on magnesium alloys

via SPD modification is impossible, considering the

brittle nature of these materials during large-scale

deformation [108]. In this case, the leading

microstructural aspect in the form of average grain

size for various magnesium alloys after SPD treat-

ment and subsequent post-annealing modification is

summarized in Table 5. These data reported for all

SPD routes (CGP, ECAP, HPT, and rolling) typically

involve applying small strains by the primary passes.

According to experimental observations, higher pass

numbers or large strains induce fracture in the

magnesium part due to severe shear-banding. The

occurrence of adiabatic shear-banding for magne-

sium alloys can be described based on a recrystal-

lization model that increases the misorientation angle

between the sub-grains. The mechanism for shear-

band formation in magnesium alloys can be

explained as follows. Deformation-associated recov-

ery subdivides the equiaxed sub-grains during

straining. These equiaxed cells then start to rotate

after reaching a critical size by increasing the

misorientation angle between sub-grains, leading to

banding along the shear direction [109]. Hence, as

shown in Table 5, the minimum grain size range

attained by SPD of magnesium alloys is considerably

larger than in FCC metals and alloys. A typical range

of around a micron can be stated for AZ31 and AZ61

magnesium alloys for example. Moreover, the refined

grain structure of the HCP alloys after severe cold

working is susceptible to deterioration on heating; it

exhibits poor thermal stability due to an abnormal

rate of grain coalescence. By evaluating the experi-

mental data in Table 5, it seems that the thermal

stability temperature for severely plastic deformed

magnesium alloys is below 523 K. However, for

commercial magnesium alloys such as AZ31, AZ61,

and ZK60, even by applying low-temperature

annealing treatments, the intense grain growth is

significant, resulting in grains with dimensions in the

range of several microns [110, 111]. As shown for two

alloys’ chemical composition, gadolinium is a prac-

tical element to modify magnesium’s chemistry.

In situ formation of precipitates and their distribution

along the grain boundaries can reduce the mobility of

lattice dislocations and migration of interfaces by

exerting a pinning force [112]. Similarly, the contri-

bution of secondary phase thermally stable nano-

particles would result in the Zener-drag pressure and

hindering the grain boundary coalescence [113–115].

The volume fraction and size distribution of these

secondary phase inclusions are imperative to maxi-

mize the pinning force of particles for inhibiting the

grain growth and stabilizing the ultra-fine or nano-

grains after SPD.

Table 5 The average grain size (D) for magnesium-based alloys as treated by different SPD routes before and after intense plastic straining

along with the post-annealing modification

Alloy Primary state SPD Annealing condition After post-annealing Refs

D Route D Temperature Time D

AZ31 * 13 lm CGP * 0.4–1.0 lm 523 K 1 h * 5.6 lm [116]

AZ31 * 25–30 lm Rolling * 2–3 lm 523 K 1000 min * 8.0 lm [117]

AZ31 * 25–30 lm ECAP * 7 lm 523 K 1000 min * 14 lm [117]

ZK60 * 8.5 lm Rolling * 1–2 lm 523 K 24 h * 2.8–3.1 lm [118]

Mg10Gd * 10 lm HPT \ 100 nm 573 K 1 h * 100 nm [30]

AZ31 * 17 lm ECAP * 500 nm 573 K 30 min * 2.6 lm [119]

AZ61 * 15 lm Rolling * 1.5 lm 523 K 1 h * 2–3 lm [112]

AZ31 – ECAP * 940 nm 573 K 1 h * 2.06 lm [120]

AZ31 – ECAP * 3.8 lm 623 K 1 h * 10 lm [121]

Mg-8Gd-3Y-0.4Zr * 56 lm HPT * 80 nm 623 K 1 h * 1.6 lm [122]
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Titanium

Titanium and its alloys are ideal metals for biomed-

ical applications and are commonly used for non-

biodegradable implants considering their excellent

electrochemical properties and inert behavior in situ

with human tissue and body fluids. Among the dif-

ferent titanium grades used for structural medical

components, commercial pure titanium (CP-Ti) has

superior biocompatibility, while its application can

be restricted by inferior mechanical strength com-

pared to titanium alloys. Hence, to enhance perfor-

mance for load-bearing medical implants, modified

alloys such as Ti-6Al-4 V are widely employed.

However, the addition of alloying elements like alu-

minum and vanadium can thwart the biocompati-

bility of the alloy. Therefore, improving the

mechanical strength of CP-Ti is a fundamental chal-

lenge in biomedical engineering. To this end, SPD is a

practical approach to enhance the strength-to-weight

ratio of CP-Ti by refining the grain structure of alloy

into the ultra-fine or nanoscale range. Accordingly,

the Ti-6Al-4 V alloy can be replaced with the modi-

fied UFG/NS CP-Ti alloy for medical applications.

However, the stability of produced ultra-fine or

nano-sized grains after SPD treatment would be a

critical parameter during service conditions. By ana-

lyzing the reported data regarding the annealing

modification of the created UFG/NS structures,

shifting the results toward a saturation state of grain

stability can be noted. Table 6 illustrates the

microstructural evolution for CP-Ti alloys fabricated

by different SPD routes (HE-RS, ECAP, rolling, and

HPT) and subsequent annealing modifications. As

shown, the minimum possible grain size for grade 2

of CP-Ti alloy before annealing can range from 60 to

260 nm, depending on the route of SPD treatment.

The low-temperature annealing of the severely

deformed CP-Ti alloy below 623 K can yield struc-

tural relaxation or recovery by reducing the internal

defects via annihilation and rearrangement of dislo-

cations. However, post-annealing at temperatures

higher than 723 K can lead to the large-scale recrys-

tallization phenomena. By annealing modification of

cold-worked titanium structures, a grain morphology

transition can occur from irregular or fibrous cellular

structure, toward an equiaxed shape due to a

decreasing density of dislocations upon heating [123].

According to published experimental data, it can be

stated that the ultra-fine grained CP-Ti alloy is ther-

mally stable up to a critical temperature of 773 K,

which is one-hundred degrees higher than the grade

5 of Ti-6Al-4 V alloy [14]. As reported in Table 6, by

adding the alloying elements such as niobium, more

significant grain structural refinement can be

achieved via SPD treatment, and higher thermal sta-

bility during subsequent annealing modification can

be expressed. This promising behavior is attributed

to the simultaneous contribution of a and b phases

from the thermodynamic equilibrium derived from

the Ti-45wt%Nb alloy system at elevated tempera-

tures. In this context, the b-phase is metastable at

room temperature that can nucleate by heating to the

annealing range. However, the a-phase is thermo-

dynamically stable and has a high chance of forma-

tion during severe plastic straining by the intense

generation of ultra-fine grains and triple-junctions as

the preferred nucleation sites and desired paths,

which improve the diffusion of elements [124].

Table 6 The average grain size (D) for titanium and titanium-based alloys as treated by different SPD routes before and after intense

plastic straining along with the post-annealing modification

Alloy Primary state SPD Annealing condition After post-annealing Refs

D Route D Temperature Time D

CP-Ti grade 2 * 30 lm HE-RS \ 90 nm 773 K 1 h \ 500 nm [14]

CP-Ti grade 2 * 30–60 lm ECAP * 190 nm 723 K 1 h * 200–300 nm [125]

CP-Ti – ECAP * 60 nm 850 K 10 min * 164 nm [83]

CP-Ti * 10 lm ECAP * 260 nm 673 K 1 h * 200–300 nm [123]

CP-Ti grade 2 * 10 lm Rolling * 80 nm 673 K 30 min * 160 nm [126]

Ti-45wt% Nb * 15 lm HPT * 50 nm 673 K 30 min * 200 nm [124]
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Role of chemical composition and SPD
method on long-term thermal stability

The generation of lattice defects throughout the

material crystalline structure depends on the stored

strain energy level along with the dislocation mobil-

ity influenced by the thermal activation phenomena.

These issues control the thermal stability of UFG or

NS materials based on the occurrence of self-anneal-

ing via recrystallization and grain growth mecha-

nisms [69, 127]. In general, the melting temperature is

an important parameter to control the thermal sta-

bility behavior of processed materials via SPD. By

increasing the melting temperature of alloys along

with increasing the level of applied equivalent plastic

strain, and decreasing testing temperature, the frac-

tion of lattice defects and the level of stored strain

energy are significantly increased [128, 129]. How-

ever, despite the larger fraction of lattice defects at

higher melting temperatures, their mobility through

the lattice is lower due to suppression of atomic dif-

fusion, making the structure more stable [130, 131].

Meanwhile, simultaneously increasing the stored

energy via straining combined with reducing the

processing temperature through activation of the

atomic mobility mechanism enhanced by generating

lattice defects can promote better thermal instability

in the severely deformed structure [33, 130, 131].

Another key factor in controlling the trend of

microstructural evolutions is hydrostatic pressure.

Although the steady-state density of dislocations and

grain boundaries during deformation is independent

of applied pressure, the fraction of vacancies can be

improved at higher hydrostatic pressures due to

suppression of atomic mobility [69, 132, 133]. The

processed thermal stability of the material may be

deteriorated by the enhanced atomic diffusion, which

is proportional to the density of vacancies

[130, 132, 134, 135]. In this case, the stacking fault

energy (SFE) is a critical factor to control the mobility

of the dislocations, and thus the enhanced stored

strain energy by the accumulation of dislocations can

accelerate the self-annealing phenomenon

[69, 127, 129]. Indeed, it has been shown the SFE

parameter has a minor influence on the fraction of

high-angle grain boundaries [130, 132, 134, 136].

A strong relationship between the SFE value and

strain hardening behavior can be inferred based on

the control of the cross-slip of screw dislocations to

overcome the pinning sites or mobility barriers, and

this can induce a wavy to planar slip character tran-

sition [129, 131, 132]. In fact, the glide of dislocations

can be restricted by reducing the SFE level. The SFE is

thus a critical intrinsic structural factor, which will

control the extent of DRV during SPD straining and

subsequent recrystallization during annealing of

severely deformed microstructures [33, 131]. The

fundamental driving force behind this disordering is

the sequence of crystallographic planes in terms of

SFE is structure, which tends toward reducing the

Table 7 The melting temperature and stacking fault energy as reported in the literature for the examined various metals and alloys in this

study

Materials Processing state Melting temperature (Tm) Stacking fault energy (SFE) Refs

Pure 933.3 K * 210 mJ.m-2 [143, 144]

Aluminum alloys AA1070 926.6 K * 166 mJ.m-2 [145, 146]

AA5083 843 K * 33.1 mJ.m-2 [144]

AA2014 783 K * 97.9 mJ.m-2 [147]

AA5052 880 K * 65.3 mJ.m-2 [144]

Copper Commercial pure 1356 K * 80 mJ.m-2 [148]

Bronze (Cu-10Zn) 1293–1298 K * 35 mJ.m-2 [69]

Brass (Cu-30Zn) 1193–1223 K * 14 mJ.m-2 [69]

Nickel Commercial pure 1981 K * 90 mJ.m-2 [145]

Magnesium Commercial pure 923 K * 126 mJ.m-2 [145]

AZ31, AZ61, AZ91 883 K, 798–883 K, C 694 K * 48 mJ.m-2 [149]

Iron Pure 1811 K * 180 mJ.m-2 [147]

Steel Austenitic stainless 1783 K \ 10 mJ.m-2 [145]

Titanium Commercial pure 1941 K * 15 mJ.m-2 [150]
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Gibbs free energy according to a preferred lower

energy path [33, 128, 130]. This leads to dislocation

dissociation into Shockley partials, thus driving a

reduction in total energy. As a result of the expressed

interruption, dislocations can divide into two partial

components. The induced repulsive and attractive

forces between the partial dislocations determines the

equilibrium spacing of the partial dislocations, which

is equivalent to the stacking fault width

[131, 136, 137]. Based on the Cottrell theory [138], the

average distance between partial dislocations is

under an inverse correlation with the SFE according

to the below relationship:

d ¼ G b2b3ð Þ
2pc

ð1Þ

where d is the separation distance between partial

dislocations, G is the shear modulus for the matrix

material, b2 and b3 are the Burger’s vector for partial

dislocations, and c is the stacking fault energy for the

material. A higher SFE level with a lower spread

between partial dislocations can make the cross-slip

phenomenon for screw dislocations easier, which can

lead to faster DRV even when processing tempera-

ture is reduced [33, 50, 132, 133, 137]. However, in the

case of low and medium levels of SFE, combining the

partial dislocation components would be the con-

trolling parameter as this presents an obstacle to

cross-slip and rearrangement of dislocations during

DRV [130, 131].

The SFE values for typical metals and alloys

reported in the literature are summarized in Table 7

for comparison. Commercially pure aluminum has a

relatively high SFE of * 210 mJ.m-2, which is asso-

ciated with faster kinetics for spontaneous DRV

during straining and the increased tendency for

recrystallization after annealing would be favorable.

Adding different alloying elements to aluminum,

such as Zn, Mn, Si, Mg, and Cu, reduces the SFE

value and retard the recovery rate. Magnesium has a

particularly effective influence in the case of the

AA5xxx aluminum alloy series. This could be due to

the active role of solute drag by the action along with

the pinning dominancy by the particles on the alu-

minum matrix [60, 130, 133]. The inherent non-equi-

librium state of severely deformed materials due to

the contribution of defects such as vacancies and

dislocations makes the structure very susceptible to

accelerated restoration and abnormal grain growth

[33, 136, 139, 140]. However, the presence of

secondary phase inclusion in the form of particles

and precipitates, especially in the nanoscale range,

help to pin the boundaries through Zener effects and

hinder the rate of their subsequent coalescence,

which shifts the deformed structure toward a higher

degree of thermal stability [141, 142].

Calculation of activation energy
for annealing growth of severely plastic
deformed ultra-fine or nanoscale grains

The following empirical formula can be employed to

mathematically predict the kinetics of grain growth

during post-annealing treatment of SPD-modified

microstructures for various holding times (t) [151]:

dn � dn0 ¼ kt ð2Þ

where d is the average grain size (before and after

annealing treatment), n is the grain coarsening

exponent, and k is a factor demonstrating the grain

boundary migration. The interface mobility parame-

ter can be expressed according to the well-established

classical Arrhenius exponential relationship below,

based on the thermal annealing temperature (T) [52]:

k ¼ k0 exp
Q

RT

� �
ð3Þ

where k0 is the pre-exponential constant, Q is the

activation energy for grain growth and coalescence,

and R is the universal gas constant. The following

general equation can be derived to predict the

kinetics for recrystallization of severely plastic

deformed ultra-fine or nano-structures by combining

the mentioned equations:

dn � dn0 ¼ k0t exp � Q

RT

� �
ð4Þ

Furthermore, the pre-exponential factor of k0 can be

determined fundamentally according to the follow-

ing expression [88]:

k0 ¼
4cX

d2
dD0b

kT

� �
ð5Þ

In the above relation, the parameters of c, X, d,
dD0b, k and T are related to the surface energy of

grain boundaries, the atomic volume, the width of

grain boundaries, grain boundary diffusion expo-

nential factor, Boltzmann constant, and temperature,

respectively [88].
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It is worth mentioning that the processing history

of the SPD-treated material containing ultra-fine or

nano-grains, as well as the dislocation density, can be

introduced in defining the pre-exponential factor and

activation energy value [28, 40, 47–49]. Accordingly,

the coarsening rate of ultra-fine or nano-grains dur-

ing post-annealing after SPD modification could be

entirely different from the rates observed in the as-

received or commercial state [52, 68]. Plotting the

average grain size square difference versus the

inverse of testing temperature based on Eq. (4) can

yield the estimation of activation energy for anneal-

ing restoration of SPD-treated metals and alloys. This

calculation was performed for aluminum and its

alloys, commercial pure copper, commercially pure

nickel, low-carbon steel, AZ31 magnesium alloy, and

commercially pure titanium. The results are illus-

trated in Figs. 2, 3, 4, 5, 6 and 7, respectively. By

considering these trends combined with the experi-

mental results listed in Tables 1, 2, 3, 4, 5 and 6, the

mentioned hypothesis regarding the higher temper-

ature sensitivity through further grain structural

refinement upon SPD treatment can be supported.

Severely deformed microstructures in the lower lim-

iting range of 100 to 200 nm tend to exhibit higher

coarsening rates to reach the thermally stable regime

with lower activation energy and vice versa. Also, for

alloys with a small fraction of precipitates within

their structure, lower annealing activation energy

compared to the pure states of these metals can dis-

play more thermal behavior stability. As a critical

Figure 2 Determination of the activation energy for annealing

restoration of SPD-treated aluminum and its alloys by plotting the

grain size square difference versus the inverse of testing

temperature.

Figure 3 Calculation of activation energy for post-annealing

treatment of SPD-modified commercial pure copper.

Figure 4 Calculation of activation energy for post-annealing

treatment of SPD-modified commercial pure nickel.

Figure 5 Calculation of activation energy for post-annealing

treatment of SPD-modified low-carbon steel.
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note regarding the calculated activation energies in

Figs. 2, 3, 4, 5, 6 and 7, it is noteworthy that the

measured values seem all different (almost lower)

from the expected values for recrystallization or even

self-diffusion of these elements. This is attributed to

the other sources for these activation energy calcu-

lations, mainly relating to the thermal stability border

caused by dislocations annihilation and structural

restoration via dynamic recovery and beyond the

occurrence of recrystallization. Moreover, the order

of activation energy for magnesium alloy is largely

varied from the other alloys. That could be due to the

micron-scale structural restoration for this alloy by

SPD treatment and annealing modification.

Effects of annealing treatment on the direct
relationship between SFE level and grain
structure of SPD-treated materials

A typical trend observed in this study involves the

self-annealing behavior of SPD-modified materials,

which is controlled by their thermal stability perfor-

mance, and this is considerably affected by the

melting temperature and SFE value of the examined

metals and alloys. By comparing the values listed in

Table 7, it seems that for the materials with the same

range of melting temperature, reducing the SFE level,

the acceleration of the self-annealing process leads to

softening which and deteriorated thermal stability

[69, 127, 131, 152]. This signifies that a material with a

lower SFE value can provide strain hardening for

longer times annealing [129, 136]. Although the SFE

level is an important parameter to control the

annealing-induced softening behavior, having a

melting temperature is still a critical factor [130, 137].

Deformation twinning is also a key deformation

mechanism which can be accelerated by reducing the

SFE level. This twinning mechanism is simultane-

ously active in conjunction with cross-slip of dislo-

cations to control the microstructural evolution

during plastic deformation behavior [153, 154]. In

general, annealing of severely deformed materials

close to their thermally stable temperature can lead to

generation of complex structures with the a combi-

nation of recrystallized and non-recrystallized grains

as a result of the grain boundary migration, trans-

formation, and rotation mechanisms [33, 69, 140].

By considering a well-accepted dislocation-based

model, a general double logarithmic relationship can

be established between the smallest achievable grain

size and the normalized SFE, as follows [144, 155]:

dmin

b
¼ A

c
Gb

� �q
ð6Þ

where dmin is the minimum grain size and b is the

Burger’s vector. Also, q denotes the exponent for the

normalized SFE (* 0.65), and A presents the

dimensionless proportional constant that must be

estimated by analyzing the experimental data. Con-

sidering this relationship, a finer grain structure can

be attained by reducing the SFE value. However, the

application of this developed model for alloys rather

than the pure materials requires some modification,

considering the dependence of dislocation movement

and grain structure refinement on the elastic and

Figure 6 Calculation of activation energy for post-annealing

treatment of SPD-modified AZ31 magnesium alloy.

Figure 7 Calculation of activation energy for post-annealing

treatment of SPD-modified commercial pure titanium grade 2.

15528 J Mater Sci (2021) 56:15513–15537



modulus mismatches [33, 139]. The double logarith-

mic illustration of (dmin

b ) versus ( c
Gb) according to this

relation is plotted in Figs. 8 and 9 before and after

post-annealing heat treatment, indicating the pro-

portionality constants varied depending on the type

of crystallographic structure. As shown for the

examined materials with different crystallographic

structures of body-centered cubic (BCC), face-cen-

tered cubic (FCC), and hexagonal close-packed

(HCP), different direct linear correlations between

the SFE level and minimum achievable grain size can

be established under two differing states of severely

deformed and annealed structures. Based on these

trends, decreasing the SFE level along with increasing

the melting temperature of materials can lead to a

considerable reduction in the lowest grain size level

upon SPD treatment, mainly by restricting the cross-

slip of screw dislocations. In summary, edge or screw

dislocation types along with the fraction of cross-slip

in the alloy structure and elastic mismatch as well as

the modulus interaction between the solute element

and metal-matrix are imperative parameters in con-

trolling the dislocations mobility and predicting the

structure in severely deformed materials before and

after annealing [130, 132, 137].

Summary and concluding remarks

This critical review article assesses the reported

information in the literature regarding the stability of

ultra-fine and nanoscale grain structures produced

by SPD treatment during thermal annealing above

Figure 8 Variation of normalized minimum grain size versus the

normalized stacking fault energy according to a logarithmic

illustration for the various processed metals and alloys with a FCC,

b HCP, and c BCC crystal structures under different SPD treatment

routes before post-annealing heat treatment.
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the recrystallization regime. In this context, the

results were overviewed and discussed for various

metals and alloys (aluminum, copper, nickel, mag-

nesium, steel, and titanium) with different crystal

structures (BCC, FCC, and HCP). After SPD modifi-

cation, the grain structure of materials was refined

down to the ranges of 10–400 nm (steel), 45–790 nm

(aluminum, copper, nickel), and 60–1500 nm (mag-

nesium and titanium) depending on the type of

crystal lattice that can control the number of active

slip systems during intense shearing deformation up

to high levels of equivalent plastic strains. However,

after post-annealing treatment, the static restoration

phenomena led to coarsening of strain-induced ultra-

fine and nano-grains for the formation of stable mi-

crostructures. This structure varies based on by the

level of SFE for the examined materials, especially in

the case of commercial pure state ones, to control the

cross-slip mechanism covering the rearrangement of

partial dislocations during dynamic recovery.

Accordingly, a linear correlation was established

between the SFE state in the range of 10–180 mJ.m-2

and stable grain size of severely deformed metals and

alloys in the ranges of 40 nm-1.5 lm and 164 nm-

3.0 lm upon SPD processing and subsequent post-

heating with the different proportionality constants

scattered by changing the type of crystal structure as

BCC, FCC, and HCP. As a leading concluding issue,

by decreasing the SFE, the finer grain structure is

achievable during SPD treatment, and the resulting

ultra-fine or nano-grains can display a more

stable behavior upon thermal annealing due to a

higher restriction on the cross-slip phenomenon

beyond the occurrence of partial recrystallization.

Figure 9 The expressed correlation for the severely deformed materials after post-annealing modification with a FCC, b HCP, and c BCC

crystal structures under the optimum range of temperature and time close to the thermal stability condition.
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Perspective and future directions

In the context of enhancing the thermal stability of

SPD consolidated UFG/NS metals and alloys to tol-

erate their subsequent mechanical stability, the

interest for future research directions may involve

combining the SPD processing routes with the

incorporation of reinforcing ceramic nanoparticles to

produce ultra-fine grained or nano-structured metal-

matrix nano-composites. For these advanced materi-

als, in addition to providing a higher strength-to-

weight ratio, since nano-sized particles stabilize the

ultra-fine or nanoscale grain boundaries, they can

service the required mechanical durability at elevated

temperatures by retarding the recrystallization phe-

nomenon. Until now, fascinating results were repor-

ted on the thermal stability behavior of SPD-

processed metal-matrix nano-composites by ARB,

ECAP, HPT, FSP, and AFF routes. However, further

developments would be required for future studies.
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[57] Gubicza J, El-Tahawy M, Lábár JL, Bobruk EV, Murashkin

MY, Valiev RZ, Chinh NQ (2020) Evolution of

microstructure and hardness during artificial aging of an

ultrafine-grained Al-Zn-Mg-Zr alloy processed by high

pressure torsion. J Mater Sci 55(35):16791–16805. https://d

oi.org/10.1007/s10853-020-05264-4

[58] Horita Z, Fujinami T, Nemoto M, Langdon TG (2001)

Improvement of mechanical properties for Al alloys using

equal-channel angular pressing. J Mater Process Technol

117(3):288–292

[59] Sauvage X, Wilde G, Divinski SV, Horita Z, Valiev RZ

(2012) Grain boundaries in ultrafine grained materials

processed by severe plastic deformation and related phe-

nomena. Mater. Sci. Eng., A 540:1–12

[60] Zhu YT, Liao XZ, Srinivasan SG, Lavernia EJ (2005)

Nucleation of deformation twins in nanocrystalline face-

centered-cubic metals processed by severe plastic defor-

mation. J. Appl. Phys. 98(3):034319

[61] Ivanov KV, Ovcharenko VE (2020) Structural features of

ultrafine-grained aluminum processed through accumula-

tive roll bonding providing improved mechanical properties

and thermal stability. Mater. Sci. Eng., A 775:138988

[62] Mazilkin AA, Myshlyaev MM (2006) Microstructure and

thermal stability of superplastic aluminium-lithium alloy

after severe plastic deformation. J Mater Sci

41(12):3767–3772. https://doi.org/10.1007/s10853-006-26

37-4

[63] Mao J, Kang SB, Park JO (2005) Grain refinement, thermal

stability and tensile properties of 2024 aluminum alloy after

equal-channel angular pressing. J Mater Process Technol

159(3):314–320
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