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Abstract  

Severe plastic deformation (SPD) can induce various phase transformations. After a certain strain, 

the dynamic equilibrium establishes between defects production by an external force and their 

relaxation (annihilation). The grain size, hardness, phase composition etc. in this steady-state does 

not depend on the initial state of a material and is, therefore, equifinal. In this review we discuss 

the competition between precipitation and dissolution of precipitates, amorphization and 

(nano)crystallization, SPD-induced accelerated mass-transfer, allotropic and martensitic 

transitions and formation of grain boundary phases. 
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1 Introduction  

Severe plastic deformation (SPD) is a novel class of mechanical treatment which permits to apply 

a very high strain to the material without its failure, which is not possible with traditional methods. 

SPD always leads to strong grain refinement or even to amorphization of a material. At the same 

time, SPD can drive the phase transformations [1–6]. In other words the phases in a material before 

and after SPD can be different. Frequently, after SPD a material contains such phases as if it was 

annealed at elevated temperature and then quickly quenched [3]. Thus, SPD opens completely 

new ways for tailoring microstructure and properties of materials. The understanding of SPD-

driven phase transformations is the topic of this review. 
 
 

2 Steady-state during SPD  

The important feature of SPD is that the sample cannot break during straining, and its shape 

remains more or less unchanged. It is especially well pronounced in case of high pressure torsion 

(HPT). The small disk between two anvils conserves its shape independently on number of anvils 

rotations. The torsion can continue until the anvils (typically made of WC-Co alloy) break. For 

example, in case of HPT of Nd-Fe-B alloys the anvils withstand only about 20 rotations [7, 8] but 
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in case of soft aluminium-, magnesium- or copper-based alloys HPT can continue up to hundreds 

or even thousands anvil rotations [9–13]. When the straining starts, the amount of lattice defects 

(like vacancies, dislocations, grain boundaries) expectedly increases. However, it would be 

strange to anticipate that the number of defects would increase infinitely during endless anvil 

rotations. Even if the HPT proceeds at room temperature when the coefficients of bulk diffusion 

are below 10–30-10–40 m2/s, the relaxation starts. Its rate increases with increasing concentration of 

defects until the dynamic equilibrium establishes. In other words, the rate of defects production 

becomes equal to the rate of their annihilation (relaxation). Here it is appropriate to mention that 

usually HPT (and generally SPD) takes place at room temperature and the samples are almost not 

heated during HPT [14, 15]. After HPT treatment they are usually just a little bit warm. The direct 

temperature measurements between anvils witness that the temperature during SPD does not 

exceed about 40°C [16, 17]. 

Thus, after a certain number of anvil rotations, the rate of defects production becomes equal to the 

rate of their annihilation (relaxation) and the steady-state is reached [5, 18]. The easiest way to 

observe it is to measure the torsion torque during HPT. It increases during the transient stage, but 

quickly saturates after 1-1.5 rotations in case of Al-, Cu-, Mg- or even Ti-based alloys [1, 5, 13, 

16, 19]. In case of harder alloys like Nd-Fe-B the torsion torques saturates after 2-2.5 anvil 

rotations [5, 7, 8]. Not only torsion torque, but also the values of the properties or structural 

parameters saturate in the steady state. For example, the most prominent feature of SPD is the 

grain refinement [13, 20–25]. If one starts to deform the material with grain size of several 

millimetres, it quickly decreases down to few hundreds of nanometers. Then, the grain size reaches 

the steady-state value, stabilises and does not decrease anymore [17, 26–29]. In the same material, 

the steady-state grain size depends first of all on the SPD mode. For example, the smallest grain 

size in copper and copper-based alloys of about 15 nm is reached by the ball milling (Fig. 1) [30]. 

The second strongest grain refiner is HPT [1, 31–36]. This is followed by planar twist channel 

angular extrusion (PTCAE) [37], equal channel angular pressing (ECAP) [34, 38], equal channel 

angular pressing with the subsequent HPT (ECAP+HPT) [34], equal channel angular pressing 

with following cold rolling (ECAP + CR) [39], simple shear extrusion (SSE) [40, 41], and 

constrained groove pressing (CGP) [42]. Same tendency is true also for aluminium and its alloys 

[43]. The steady-state grain size is also the function of HPT pressure, strain rate and temperature 

[5, 18]. It decreases with increasing melting temperature, atomic bond energy, specific heat 

capacity and activation energy for self-diffusion [18, 44]. One has to underline that the grain size 

in the dynamic equilibrium is a real steady-state value. It means that it is reached not only “from 

the top” but also “from the bottom”. In other words, if one starts HPT of steel from the coarse-

grained sample, one quickly reaches the grain size of 15-20 nm [28, 45–51] (Fig. 2). However, if 

one starts to deform the nanocrystalline steel sample with grain size of 10 nm produced by 

mechanical alloying, the grains do not become smaller. To the contrary, they grow during SPD up 

to the same steady-state value of 15-20 nm (Fig. 2) [9]. Similar phenomenon was observed also 

in nickel [52, 53] and copper [54]. 

Together with observation of grain refinement, a huge amount of experimental data is collected 

on the Vickers microhardness during and after SPD of copper, aluminium, titanium, magnesium 

alloys, steels etc. [10, 17, 29, 55–67]. Usually microhardness increases during SPD [10, 17, 29, 

55–67]. It correlates also with tensile strength [13, 24, 25, 57, 60, 68–70]. It is true not only for 

rotation angle for HPT but also for number of passes during equal channel angular pressing 

(ECAP) [62]. The main mechanism here is the Hall-Petch hardening due to the grain refinement 
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[71]. Few exclusions only support this fact. For example, in Al–Zn alloys the Hall-Petch hardening 

competes with softening driven by the decomposition of (Al) solid solution, and after HPT the 

alloy is softer than before HPT (Fig. 3) [31, 56, 72, 73]. Similar to the grain size, the hardness 

value is also a function of material and SPD mode. So, by the increase of the purity of aluminium, 

one observes the transition from hardening to softening during HPT [74]. Thus, when the initial 

hardness of an alloy is higher than the steady-state one, then softening rather than hardening is 

observed during SPD [72]. 

The decrease of grain size and increase of Vickers microhardness after HPT, ECAP and alternating 

roll bonding (ARB) correlates with increase of electrical resistivity of copper [62]. It is important 

to underline that different properties (grain size, hardness, torsion torque, lattice parameter, 

resistivity etc.) reach steady state not at the same time. 
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Fig. 1 Steady-state grain size in copper subjected 

to the different SPD modes: 1 – Ball 

milling (BM) [30], 2 – High pressure 

torsion (HPT) [1, 31–36], 3 – Planar twist 

channel angular extrusion (PTCAE) [37], 

4 – Equal channel angular pressing 

(ECAP) [34, 38], 5 – ECAP+HPT [34], 6 

– Equal channel angular pressing with 

following cold rolling (ECAP + CR) [39], 

7 – Simple shear extrusion (SSE) [40, 41], 

8 – Constrained groove pressing (CGP) 

[42] 

Fig. 2 Grain size plotted vs. 

number of torsions for pure 

coarse-grained steel sample 

(filled circles) [46] and 

nanocrystalline steel 

produced by mechanical 

alloying (open squares) [9] 

 
 

3 Competition between dissolution of precipitates and decomposition of supersaturated 

solid solution  

It has been long time generally believed that SPD always leads to the grain refinement [23, 75] 

and to the dissolution of precipitates and formation of supersaturated solid solution. However, we 

demonstrated above that the grain size decreased during SPD only in the case if the grains in the 

initial sample before SPD are larger than those in the steady-state. If the grains before SPD are 

smaller than in the steady state, they will grow during the deformation and reach the same steady-

state grain size “from below” (see Fig. 2). This is true also for the SPD-induced 
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hardening/softening (see Fig. 3). Similar is the situation with dissolution/precipitation process. In 

the steady-state during SPD a certain concentration in the solid solution css establishes. Its value 

is controlled by the dynamic equilibrium between competing dissolution and precipitation. If the 

initial concentration in a solid solution cinit is below css, it increases during SPD and precipitates 

dissolve. Otherwise, if cinit > css, the concentration of second component in a solid solution 

decreases and new precipitates appear (so-called dynamic ageing). For the first time such dynamic 

ageing has been observed in Al–Zn alloys [73]. Now it is an established topic for investigations 

and the instrument for the tailoring the properties of materials [76]. Below, the decomposition of 

the solid solution in all discussed cases leads to the formation of small particles of the second 

phase (i.e. to precipitation). Therefore, for this discussion we use the terms “decomposition” 

and “precipitation” as synonyms. 
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Fig. 3 Vickers microhardness plotted vs. 

number of torsions for pure Al–30 wt. 

% Zn (filled circles) [31] and Al– 8.8 

wt. % Mg alloys (open squares) [55] 

Fig. 4 Dependence of the lattice 

parameter in aluminium matrix 

on the total zinc concentration in 

the Al–Zn alloys before and 

after HPT [73] 
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Fig. 5 Al–Zn phase diagram. Vertical dotted line shows the composition of Al– 

30 wt. % Zn alloy. Large black circle shows the composition of 

supersaturated (Al) solid solution in coarse-grained Al– 30 wt. % Zn alloy 

before HPT (it contained 15 wt. % Zn). Large grey circles show the 

composition of phases in ultra-fine-grained Al– 30 wt. % Zn alloy after 

HPT [73]. The value of Teff = 30-50°C is also given 
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The as-cast Al–Zn alloys were subjected to HPT at 5 turns, 5 GPa and 1 rpm [73]. The coarse-

grained supersaturated solid solution (Al) in the as-cast Al–30 wt. % Zn alloy contained about 15 

wt.% Zn. Zn concentration in the solid solution for Al–20 wt. % Zn and Al–10 wt. % Zn alloys 

(measured locally by the electron-probe microanalysis) was 7 and 3 wt.% Zn,  correspondingly. 

In Fig. 4 the respective values for the lattice parameter in (Al) are given, they are well below the 

lattice parameter in pure aluminium. The HPT at room temperature produced nanograined pure 

Al and pure Zn particles [20, 73]. The supersaturated solid solution also completely decomposed, 

and the lattice parameter in all three alloys became non-distinguishable from that of pure 

aluminium (Fig. 4). The composition of the solid solutions in Al– 30 wt. % Zn before and after 

the HPT is shown by black and grey circles in Fig. 5 correspondingly. The decomposition during 

SPD proceeds extremely quickly. Already after about 0.5 rotations of anvils the lattice spacing 

becomes equal to that of Al and microhardness reaches its steady-state value [73]. 

The competition between dissolution of precipitates and decomposition of supersaturated solid 

solution has been studied in details for the binary copper alloys [6]. Physically, it is the steady-

state concentration in the solid solution css which establishes during SPD. However, in order to 

compare different binary alloys with different maximal solubilities of a second component, an 

idea of a so-called effective temperature Teff is very useful. Thus, after SPD the concentration css 

of a second component in the matrix solid solution is as high as if the sample has been annealed 

at a certain (elevated) temperature Teff. In other words, css is equal to the solubility of a second 

component at Teff. The solubility is defined by the solvus line in the equilibrium binary phase 

diagram. 

Consider the example of competition between dissolution and precipitation in Cu–Co system [32, 

77, 78]. The as cast Cu– 4.9 wt. % Co alloy contained grains of Cu-based solid solution (with 

grain size 10-20 μm), Co particles with size about 2 μm and fine dispersed Co precipitates with a 

size about 10-20 nm [32, 77, 78]. Cobalt fully dissolved in copper matrix after annealing at 1060°C 

for 10 h (sample 2). The grain size after this annealing was about 50 μm. During annealing at 

570°C for 840 h (sample 1), the Cu-based solid solution almost fully decomposed: less than 0.5 

wt. % Co remained dissolved in Cu (based on XRD measurements and phase diagram [29]). 

After HPT of both samples the Cu grain size drastically decreased to about 200 nm, and that of 

Co-precipitates to only 10-20 nm (insets in Fig. 6). The lattice parameter of Sample 1 before 

deformation is very close to that of pure copper (diamond in Fig. 6). With an increasing number 

of rotations, the lattice parameter of Sample 1 decreased and that of Sample 2 increased. After 5 

anvil rotations (1800 deg.) the lattice parameter in both samples becomes almost undistinguishable 

and corresponds to the solid solution of Co in Cu with nearly 2.5 wt.%. In other words, the 

composition of the solid solution in the Cu – 4.9 wt. % Co alloy after HPT does not depend on the 

initial state prior to HPT. This is a so-called equifinal composition ceq ≈ 2.5 wt. % Co. Thus, the 

steady-state with respect to the grain size, size of Co precipitates, torsion torque and concentration 

of Co in a solid solution during HPT is indeed equifinal. The composition of Cu-rich matrix in 

both alloys before and after HPT is shown in the Cu–Co phase diagram (Fig. 7). The solid solution 

in samples 1 and 2 after HPT contains as much Co ceq ≈ 2.5 wt. % Co, as if they would be annealed 

at Teff1 = 920±30°C and Teff2 = 870±30°C, respectively. 

Here the analogy appears between thermodynamic equilibrium when the composition of phases 

does not depend on the starting state and equifinality when the composition of phases in a steady-

state during SPD also does not depend on the phases in a starting state. The values like equivalent 

(effective) temperature Teff and steady-state (equifinal) composition of solid solution ceq are 

frequently called attractors in the thermodynamics of non-equlibrium (or open) systems [79]. 
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Fig. 6 (a) Dependence of torsion torque on 

the rotation angle. Insets: SEM (left) 

and bright-field TEM (right) 

micrographs of Cu– 4.9 wt. % Co alloy 

after annealing at 570°C for 840 h. (b) 

Dependence of lattice spacing on the 

rotation angle. Circles mark the lattice 

spacing in Sample 1 annealed at 570°C 

for 840 h. Squares correspond to the 

Sample 2 annealed at 1060°C for 10 h. 

Diamond shows the lattice spacing for 

pure copper. The respective Co 

concentration is shown on the right 

vertical axis, ceq ≈ 2.5 wt. % Co. Insets: 

Bright-field (top) and dark-field 

(bottom) TEM micrographs of Cu– 4.9 

wt. % Co alloy after annealing at 

570°C for 840 h and HPT (6 GPa, 5 

rot, 1 rpm) [32] 

Fig. 7 The Cu-rich part of the Co–Cu 

phase diagram [29]. The 

composition of Cu-rich matrix 

in both alloys before and after 

HPT is shown. Circles mark the 

data for Sample 1 annealed 

before HPT at 570°C. Squares 

correspond to the Sample 2 

annealed before HPT at 1060°C 

[31]. Steady-state (equifinal) 

composition of solid solution 

ceq is about 2.5 wt. % C [32] 

 

In [6] the values of Teff were compared for several Cu-based alloys Cu–Ni [80], Cu–Co [32, 77, 

78], Cu–Sn [81–83], Cu–In [84, 85], Cu–Cr [86], Cu–Ag [87–89], Cu–Al–Ni [90, 91] Cu–Hf [6] 

(Fig. 8). The Teff linearly increases with increase of activation enthalpy of bulk tracer diffusion 

HD. The correlation between activation enthalpy of bulk tracer diffusion HD and melting 
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temperature Tm of diffusing alloying component also has been found. As a result, Teff linearly 

increases with increase of melting temperature Tm of diffusing alloying component as well. The 

observed correlations allow one to predict the behaviour and phase transitions in the Cu-based 

alloys under high pressure torsion. 
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Fig. 8 (a) Dependence between effective temperature of HPT treatment Teff of copper-

based solid solutions and activation enthalpy of bulk tracer diffusion HD of alloying 

element [6]. (b) Correlation between effective temperature Teff and melting 

temperature Tm of alloying element in various Cu-based alloys. The values of HD 

and Tm were taken from the handbook [85] 

 

4 Amorphization and nanocrystalisation 

SPD produces high amount of defects, thus the material is very far from equilibrium during SPD. 

Nevertheless, one can use the equilibrium phase diagrams as an instrument for the description of 

phase transformations in the non-equilibrium conditions. This idea goes back to the work of 

Georges Martin who developed it for the description of phase transformations under strong 

irradiation [92]. His main idea was that the forced mixing induced by irradiation emulates the 

increase of entropy and changes the thermodynamic potentials in the alloy. The equilibrium 

configuration of the solid under irradiation flux  at temperature T is identical to the configuration 

at  = 0 and a certain effective temperature Teff: 
 

Teff = T(1+)   (1.) 
 

If the irradiation-driven movements of atoms are similar in amplitude to conventional diffusion 

jumps, they can be described by the “ballistic” diffusion coefficient Dball and  = Dball/Db, where 

Db is conventional bulk diffusion coefficient, possibly increased due to the non-equilibrium defect 

concentration [92]. It means that one can use the equilibrium phase diagram for the description of 

the system under irradiation, but at Teff instead of the actual temperature T. For example, if the 

liquid phase is present in the phase diagram at Teff, the amorphous phase would appear under 

irradiation [92]. Thus, G. Martin proposed to find a temperature Teff (usually called effective 

temperature) in an equilibrium phase diagram where the given phase appears under irradiation. 

The composition of phases after SPD allows to localize those phases in the respective equilibrium 

phase diagram and to estimate the effective temperature Teff. Such a schematic diagram is shown 

in Fig. 9. We already used this idea for description of the SPD influence (see Section 3). In our 

case we use the value of DHPT for the diffusion-like mass-transfer induced by HPT instead of Dball. 
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The obvious example for the Teff approach is the amorphization. Let us consider first the HPT of 

Nb–Ni–Y alloys [93, 94]. The coarse-grained as-cast Ni–20 wt.% Nb–30 wt.% Y and Ni–18 wt.% 

Nb–22 wt.% Y alloys contained before high pressure torsion (HPT) the NiY, NbNi3, Ni2Y, Ni7Y2 

and Ni3Y phases (point g, Fig. 9) (Fig. 10a) [95, 96]. After HPT these alloys transformed into a 

mixture of two nanocrystalline NiY and Nb15Ni2 phases and two different amorphous phases (one 

was Y-rich and another Nb-rich) (point 6, Fig. 9). The Ni–Nb–Y phase diagram contains two 

immiscible melts above 1440°C (Fig. 10a) [96]. Therefore, the effective temperature is slightly 

above Te = 1440°C and can be estimated as Teff = 1450°C (Fig. 10a). It is remarkable that the rapid 

solidification of these alloys from the liquid state (point f, Fig. 9) also allows obtaining the mixture 

of two amorphous phases. 
 

  

Fig. 9 The schematic binary phase diagram showing the points of HPT deformation or 

other thermal treatments (stars) and respective configuration points at the 

(increased) effective temperatures. The dashed vertical lines denote compositions 

of various alloys. Figurative points corresponding to the effective temperature of 

the alloys are indicated by an open circle and numbered. Each star point with a 

letter indicates the composition and temperature of an alloy’s treatment (normal 

cooling, SPD or rapid quenching) 

 

In [7, 8] the HPT has been used for the treatment of liquid-phase sintered hard magnetic NdFeB-

based alloy (5 GPa, 1 rpm, 5 rot, ambient temperature). The amorphization of the crystalline alloy 

took place under the action of HPT. This permitted to obtain for the first time the mixture of two 

different amorphous phases with embedded grains of the ferromagnetic Nd2Fe14B phase. The 

SPD-treatment at ambient temperature TSPD = 300 K is frequently equivalent to the heat treatment 

at a certain elevated temperature Teff > 300 K. The composition of phases in the studied NdFeB-

based alloy after HPT corresponds to the state at Teff ~1170°C (Fig. 11). 
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Fig. 10 (a) Liquidus projection obtained by the CALPHAD method of the Y–Ni–Nb 

ternary phase diagram at [95]. The composition of the triple Ni50Nb20Y30 alloy 

used for HPT investigations is marked by the large black circle. (b). Calculated 

pseudo-binary section of the ternary phase diagram Ni60Y40–Ni60Nb40 [96]. Large 

grey circle shows the composition of phases in ultra-fine-grained alloy after HPT 

(two amorphous phases and two crystalline ones). The value of Teff = 400°C is also 

given 

 

Especially valuable data on the effective temperature at SPD can be extracted from the results on 

HPT treatment of Ti–48.5 at.% Ni, Ti–50.0 at.% Ni and Ti–50.7 at.% Ni alloys [97]. The HPT of 

equiatomic Ti–50.0 at.% Ni alloy at room temperature (point e, Fig. 9) resulted in the fully 

amorphous state (point 5, Fig. 9, Teff = 1350°C, respectively). The HPT of the non-equiatomic Ti–

48.5 at.% Ni alloy at 270°C (point h) produced the mixture of amorphous and nanocrystalline 

phases (point 7, Teff = 1050°C). When the HPT temperature of the Ti–48.5 at.% Ni alloy increased 

up to 350°C (point h), only the mixture of nanocrystaline phases formed, without amorphous 

phase. It means that the corresponding point moved from the position 7 in the δ+L region into 

position 8 in the two-phase δ+γ region and the effective temperature decreased to Teff = 950°C. 
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The HPT of another non-equiatomic Ti–50.7 at.% Ni alloy at 200°C (point j) produced the mixture 

of amorphous and nanocrystalline phases (point 9, Teff = 1250°C). When the HPT temperature of 

the Ti–50.7 at.% Ni alloy increased up to 250°C (point k), only the mixture of nanocrystaline 

phases formed, without amorphous phase. It means that the corresponding point moved from the 

position 9 in the δ+L region into position 10 in the two-phase δ+ region and the effective 

temperature decreased to Teff = 1100°C. Therefore, it can be clearly seen from the data obtained 

by Prokoshkin et al. [97] that the increase of the HPT treatment temperature leads to the decrease 

of Teff. It is in full accordance with the equation (1) because the increase of T leads to increase of 

Db, and at the same time the amount of deformation-driven atomic movements characterized by 

DHPT remains unchanged. Other examples of amorhization under the action of SPD can be found 

in Refs. [98–103]. Nanocrystallization is a process which is opposite to the amorphization. If one 

applies SPD to the initially amorphous sample, one can observe that the small nanocrystals start 

to appear [104–112]. Obviously, the nanocrystallization and amorphization are also coupled and 

competing processes like precipitation/dissolution (see Section 3 above). 
 

 
Fig. 11 The 80 at.% Fe section of the Fe–Nd–B phase diagram. Large filled circle shows 

the effective temperature Teff = 1170±30°C [7, 8] 

 

5 SPD-driven accelerated mass-transfer 

The discussed SPD-driven phase transformations are connected with redistribution of components 

and, therefore, with mass transfer. This SPD-driven mass transfer is diffusion-like, in other words 

by the SPD-driven jump of an atom from one lattice position to another this atom has to overcome 

the same energetic barrier as during the conventional diffusion. 

In [87, 80] we developed a mass-transfer model for the description of dynamic equilibrium in 

competitive precipitation and dissolution by the HPT in copper-silver system. This model assumes 

that HPT fixes the composition at interfaces between copper matrix and silver precipitate. It has 

been shown that the observed steady-state composition in the matrix and precipitate size are 

controlled by the HPT-enhanced diffusion-like mass-transfer. We succeeded to calculate the 

steady-state concentration css using only the value of bulk diffusion coefficient D. Afterwards we 

found the Teff value supposing that css is equal to the silver solubility in copper at Teff. As in the 

cases discussed above in Sections 3 and 4, Teff in Cu–Ag alloys was higher than the HPT 
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temperature THPT. The fact that usually Teff > THPT means simply that the steady-state concentration 

of vacancies during HPT is higher than the equilibrium one at THPT. It could be close to the 

equilibrium vacancy concentration at Teff [113, 114]. 

If one substitutes cobalt or silver in the copper-based solid solution, the bulk diffusion coefficient 

D of an impurity also changes. According to the Eq (1), the higher D would lead to the lower Teff 

and lower D requires higher Teff. Fig. 8a contains the plot showing nearly linear correlation 

between activation enthalpy of bulk diffusion HD and Teff. Physically, such correlation is easy to 

understand because the high HD means also high energy barrier for the jumps of alloying atoms 

between lattice positions in copper. Increased energy barrier for atomic jumps decreases the 

diffusivity and relaxation rate in the dynamic equilibrium between precipitation and dissolution 

during HPT. In turn, slow relaxation, increases the steady-state concentration of non-equilibrium 

lattice defects (vacancies). As a result, Teff would increase as well. 

The SPD-driven mass transfer proceeds extremely quickly and in ambient conditions without 

substantial increase of sample temperature [115]. Usually, the time for establishment of steady-

state by HPT is about 2-5 minutes. It varies by change of pressure, strain rate and HPT 

temperature, but not more than one order of magnitude.  One can estimate the observed SPD-

driven mass-transfer using the effective diffusion coefficient and compare it with “conventional” 

diffusion coefficients at temperature of HPT-treatment and at Teff. 

The SPD-driven phase transformations can also be analyzed when assuming [1] that the steady-

state concentration of lattice defects during SPD is higher than that in the equilibrium at the 

temperature of SPD-treatment, TSPD, and pressure of the SPD-treatment, PSPD. It has been indeed 

observed in the direct measurements of vacancy concentration during HPT [115, 117]. This 

concentration would be equal to the equilibrium concentration of lattice defects at a certain 

effective temperature Teff [1]. In case of Cu–Co system Teff amounts to Teff = 900°C (Fig. 7). Fig. 

7 shows the composition of Cu-rich matrix in both alloys before and after HPT in the Cu–Co phase 

diagram. The Cu-rich solid solution in both alloys after HPT contains as much Co ceq ≈ 2.5 wt. % 

Co, as if they would be annealed at Teff = 900°C. 

The extrapolation of bulk diffusion coefficients to Teff gives D = 5x10–14 m2/s for diffusion of Co 

in Cu [118] and D = 10–13 m2/s for self-diffusion in Cu [119]. Indeed, the deformation driven 

mechanisms can ensure the mass-transfer rate which is comparable to the bulk diffusion fluxes at 

Teff = 900°C. The bulk diffusion fluxes at 900°C could ensure the decomposition/precipitation 

rates even if the effect of pressure is taken into account [120, 121]. 
 
 

6 Allotropic and martensitic transformations 

Many elements exist in different allotropic modifications at different temperature and pressure. 

The most prominent examples are iron, cobalt, titanium. For example, the Co–Cu alloys before 

HPT contain the (metastable at room temperature) fcc α-Co phase, but after HPT the ε-Co phase 

appears in the samples [1, 59, 60, 122]. Even more interesting is the situation in Ti, Zr and Hf 

where the high-pressure ω-phase exists [123]. The Ti, Zr and Hf possess also two different 

allotropic modifications at ambient pressure, namely the low-temperature hcp α-phase and high-

temperature β-phase. HPT leads to the transitions of α- and β-phases to the ω-phase which remain 

in the samples after pressure release [123–126]. The alloying of titanium with β-stabilizers (like 

Fe, Co or Nb) strongly modifies the α-β-ω-transformations [126–130]. For example, the β-to-ω-

transformation in Ti-alloys is martensitic [126–128]. There are special orientation relationships 

between β and ω lattices which ensure the diffusionless martensitic transformations where long-



Acta Metallurgica Slovaca, Vol. 25, 2019, No. 4, p. 230-252                                                                                        241  

 

DOI 10.12776/ams.v25i4.1368 p-ISSN 1335-1532 
 e-ISSN 1338-1156 

 

range mass transfer is not needed and the atoms conserve more or less their neighbors before and 

after transition [131]. It has been observed, for example, that iron addition changes the lattice 

parameters in β and ω phases in such a way that in the Ti – 4 wt. % Fe alloy the orientation 

relationship fulfils optimally. At this concentration the amount of ω phases transformed from the 

β one reaches almost 100% and decreases by lower and higher Fe concentration [126, 127]. The 

metastable ω-phase disappears by heating around 150°C in pure titanium. However, the alloying 

can stabilize it up to 500°C [131, 132]. 

HPT of silicon and germanium also leads to the formation of metastable high pressure phases 

[133, 134]. In [135] the single crystalline Si(100) was subjected to HPT at 24 GPa at room 

temperature. The HPT-processed samples contained lattice defects such as dislocations and 

nanotwins in diamond-cubic Si-I, and metastable phases such as body-centered-cubic Si-III and 

hexagonal-diamond Si-IV. In [134] crystalline Ge disks were subjected to HPT under the nominal 

pressure of 24 GPa. The samples processed at room temperature consisted of diamond-cubic Ge-

I and simple tetragonal Ge-III nanograins in addition to amorphous regions. The samples 

processed at 77K consisted of Ge-I as well as residual Ge-III nanograins and some amorphous 

phase. No other metastable phases such as body-centered-cubic Ge-IV or hexagonal-diamond Ge-

V were observed in the cryogenic HPT-processed sample. 

Similar to the semiconductors Si and Ge, plastic deformation of oxides is generally very difficult 

due to their hard and brittle nature resulting from their covalent or ionic bonding. However, the 

HPT technique allows one to keep the silicon, germanium or oxide samples in the confined space, 

the samples cannot break or “escape” from the volume between the HPT anvils. This unique 

feature allows one to reach the high strains in the oxides. Moreover, one can start from powder 

samples. HPT first compact the powder and then ensures the deformation. Thus, the opportunity 

to strain oxides and/or metal/oxide composites is very general [136]. However, here we discuss 

only the cases where oxides possess different crystal lattices and respective phase transitions can 

take place. 

Crystalline VO2 transformed from the coarse-grained monoclinic phase to a nanograined triclinic 

phase with insulating electrical properties by plastic strain effect [137]. The anatase-to-rutile phase 

transformation in TiO2 usually occurrs at 1173 K. During HPT of titania ceramic nanopowder the 

anatase-to-rutile transformation took place at 473–573 K [138]. The formation of rutile phase was 

accompanied with dynamic recrystallization and an unusual grain growth. A high-pressure TiO2-

II phase (columbite) with the orthorhombic structure was formed by HPT under pressures of 1 and 

6 GPa. Fraction of TiO2-II increased with increasing the plastic strain and remained stable at 

ambient pressure. TiO2-II was stabilized in grains with sizes less than ~15 nm because of high 

energy barrier for reverse phase transformation, while larger grains had the anatase structure [139]. 

Barium titanate, BaTiO3 belongs to the group of perovskite oxides with the general ABO3 formula. 

BaTiO3 transforms under ambient pressure from a rhombohedral structure to an orthorhombic 

phase at −90°C, to a ferroelectric tetragonal phase at 5°C, and to a paraelectric cubic phase at 

120°C [140–143]. At ambient temperature, it exhibits a tetragonal-to-cubic phase transformation 

at 2 GPa [140–143] and it disorders at 5 GPa [144]. HPT of tetragonal BaTiO3 powders leads to 

the formation of cubic phase and to strong grain refinement [145]. 

ZrO2 has a monoclinic phase at room temperature under ambient pressure, and transforms to a 

tetragonal phase at 1373 K, a cubic phase at 2673 K, a liquid phase at 2963 K and an orthorhombic 

phase under pressures above 10 GPa [146]. However, addition of specific elements such as Y to 

ZrO2 stabilizes the tetragonal phase at room temperature [147]. This partially stabilized ZrO2 
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exhibits a phase transformation from tetragonal to monoclinic [148]. During HPT the 

transformation with a coherent interface occurs from the metastable tetragonal phase to the 

monoclinic phase [149]. 
 
 

7 Grain boundary phase transitions 

Severe plastic deformation drives not only phase transformations between 3-dimensional or bulk 

phases discussed above. SPD can also lead to the various grain boundary (GB) phase transitions. 

The most prominent GB phase transformations like wetting-dewetting ones take place in the two-

phase (or multiphase) regions of the bulk phase diagrams [150]. In case of complete wetting, the 

second phase (liquid or even solid one) forms the continous layer between two grains in the matrix 

[13, 24, 151]. In this case the contact angle between GB and second phase is zero [152]. In case 

of incomplete (or partial) wetting, the second phase (liquid or solid) forms the chain of individual 

particles along GB with a certain non-zero contact angle [153, 154]. If the amount of wetting phase 

is small, the continous layer between two grains can become very thin, it contains few monolayers 

of a second component and is just a couple of nanometers thick [155–157]. If the amount of a 

second component in GB is below one monolayer, one speaks about conventional GB adsorption 

[157, 158]. If the GB contact angle is high, but the GB between individual particles of a second 

phase contains few monolayers of a second component, one speaks about pseudopartial (or 

psedoincomplete, or constrained complete) GB wetting [159–161]. The transitions between these 

different GB states (phases) are called GB transitions, and they also can be driven by SPD, similar 

to the bulk (or volume) ones. 

The grain size after SPD is very small. In other words, the specific area of grain boundaries in a 

volume unit increases. Therefore, the “conventional” grain boundary phase transitions become 

more pronounced then in the coarse-grained materials. For example, the usage of the ultrafine-

grained polycrystals made it possible to observe and measure the thermal effect of the GB 

premelting phase transformations [162–165]. In other words, the liquid-like GB layers form well 

below the bulk solidus line. As a result, the melting in GBs begins during heating 10-15 °C earlier 

than in the bulk [162–165]. Between bulk and GB solidus the (generally solid) polycrystal contains 

thin liquid GBs. Such a materials possesses extremely high plasticity [166–170]. The high specific 

density of GBs in the SPD-treated alloys allowed one also to observe the thermal effect of phase 

transition from incomplete to complete GB wetting [163–165]. It takes place between bull solidus 

and liquidus lines. 

Even in case of one-layer GB adsorption (i.e. when the concentration of a second component per 

GB unit area is below one monolayer), the specific area of GBs in SPD-treated polycrystals is so 

high that a big amount of a second component is needed to fill all GB adsorption layers. These 

adsorbed GB atoms are taken away from the bulk second phase. As a result, the amount of bulk 

second phase decreases, it can disappear completely (like, for example, disappears cementite in 

steels). In such a way, the GB adsorption can apparently shift the lines in the bulk phase diagrams 

for the ultra-fine grained materials in comparison with their coarse-grained counterparts [170–

173]. 

The HPT of the Al–Zn, Al–Mg and Al–Zn–Mg alloys leads to the formation of 2-5 nm thin GB 

layers of Zn-rich phase [75, 174–182]. The contact angle between Zn particles and GB is high, 

the GB between individual particles of a second phase contains few monolayers of a second 

component. In other words, here one can speaks about pseudopartial GB wetting [159–161]. The 

presence of “soft” Zn-rich GB layers between grains of “hard” phase leads to a kind of lubricating 
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during GB sliding. As a result, the ultrafine-grained Al-based alloys become superductile [175–

177, 179–182]. The opposite effect can also take place.  Thus, the second solid phase can form 

before HPT the continous layers in GBs of a matrix (so-called complete GB wetting). If this phase 

is hard (like for example in case of Cu–Sn or Mg-based alloys), the soft matrix deform during 

HPT and its grains are refined, but the hard skeleton of intermetallics in the initial GBs remain 

more or less intact and ensure the high hardness of an alloy [13, 24, 76, 79]. All these SPD-driven 

GB phenomena are now under intensive investigations. 
 
 

8 Conclusions 

It is frequently observed that the phases in the materials after severe plastic deformation differ 

from those in the initial state. During SPD established a steady-state, and structure and properties 

of a material in this steady state do not depend on the initial state and are, therefore, equifinal. The 

SPD-induced phase transformations proceed very quickly, they include precipitation and 

dissolution of precipitates, amorphization and (nano) crystallization, allotropic and martensitic 

transitions and formation of grain boundary phases. 
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