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Abstract 

The grain size in pure elements (magnesium, aluminum, silicon, titanium, vanadium, chromium, 
iron, nickel, copper, zinc, germanium, zirconium, niobium, molybdenum, palladium, silver, indium, 
tin, hafnium, tantalum, gold and lead) after processing by high-pressure torsion (HPT) reaches 
steady-state levels where the grain size remains unchanged with straining. The steady-state grain 
sizes decrease by atomic bond energy and related parameters such as specific heat capacity, 
activation energy for self-diffusion and homologous temperature and are reasonably independent of 
stacking fault energy. A good correlation exists between the hardness normalized by the shear 
modulus and grain size normalized by the Burgers vector, indicating that the important factor for 
strengthening HPT-processed pure metals is the average size of grains having high angles of 
misorientation. 
Keywords: High-pressure torsion; Ultrafine-grained microstructure; Severe plastic deformation; 
Hardness; Grain size 
 
 
*Corresponding author at: Department of Materials Science and Engineering, Faculty of 
Engineering, Kyushu University, Fukuoka 819-0395, Japan. 
Tel./fax: +81 92 802 2992. 
E-mail address: kaveh.edalati@zaiko6.zaiko.kyushu-u.ac.jp (K. Edalati). 



 

2 

1. Introduction 

Significant grain refinement and resultant high hardness are achieved by processing materials 
through the application of high-pressure torsion (HPT) [1,2]. In the HPT method a thin disc or ring 
is held between two anvils under high pressure and severe plastic deformation is imparted by 
rotating the two anvils with respect to each other [3]. For many pure metals processed by HPT, the 
hardness and grain size saturate to steady-state levels at high strains where the hardness and grain 
size remain unchanged with straining [4–19]. The steady-state level is characteristic of each metal 
and is reasonably the same irrespective of the initial state of the metals before processing [14] and 
of the processing parameters such as pressure [16,17], provided that no phase transformation occurs 
[20,21]. 

Earlier papers reported that the steady-state hardness values are represented by several 
parameters, such as atomic bond energy and related physical parameters such as specific heat 
capacity and activation energy for self-diffusion [22], shear modulus [21,23,24], homologous 
temperature [21], grain size [23,24], by specific surface energy for brittle fracture [23] and stacking 
fault energy [25]. A survey of the literature concluded that little is understood to date regarding the 
correlations between the steady-state grain size and the atomic bond parameters and the physical 
properties of pure metals after processing with HPT. Mohamed [26] investigated the correlation 
between the steady-state grain size and physical parameters for pure metals processed through ball 
milling. However, this finding cannot be applied directly to HPT-processed pure metals because the 
mechanism of grain refinement is not the same between ball milling and HPT processing. 

This study is thus initiated with two main objectives: one is to investigate the steady-state grain 
size with respect to atomic bond energy and related parameters such as specific heat capacity, 
activation energy for self-diffusion, homologous temperature and stacking fault energy, and the 
other objective is to find a correlation between the hardness and grain size values at the steady state. 

 
2. Experimental materials and procedures 

In this study, 22 pure elements with different crystal structures (body centered cubic, face 
centered cubic, hexagonal close packed, diamond cubic and tetragonal), and with steady-state grain 
size values available either in the present authors’ group or in the literature, were selected. It is 
noted that the correlations between the steady-state hardness and the atomic bond parameters of 
these elements were reported in an earlier paper [22]. For each metal, purity level, melting 
temperature Tm, shear modulus G, Burgers vector b, atomic bond energy H, specific heat capacity 
Q, activation energy for self-diffusion QSD, stacking fault energy SFE, steady-state grain size dS and 
steady-state hardness HVS, are given in Table 1. Here, H is the enthalpy required to break all 
atomic bonds in one cubic meter of pure metal, and Q represents the maximum energy that can be 
stored in a unit volume of pure metal before it melts. The parameters presented in Table 1 were 
taken from Refs. [22,26–49]. 

The values of HVS and dS were used from earlier studies on pure metals using HPT [22,26–38]. 
In such studies, the as-received specimens were cut to discs 10 mm in diameter and 0.8 mm-thick, 
and HPT was carried out on the discs at room temperature. The disc samples were processed under 
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a selected pressure in the range P = 1–6 GPa for N = 1/8–15 revolutions with a rotation speed of  
= 0.2–1.0 rpm. For Ti and Zr, the HPT was conducted under a pressure of 2 GPa, which is smaller 
than the critical pressure for phase formation [20,21]. The samples after HPT were kept at room 
temperature for 30 h, and this handling was carefully attempted for metals with low melting 
temperatures, such as In, Sn and Pb. Thereafter, the samples were polished to a mirror-like surface, 
the Vickers microhardness was measured from the center to the edge in eight different radial 
directions, and the average values were then plotted against the equivalent strain. The hardness in 
this study was used from the steady state where the hardness remained unchanged with straining. 
The average grain size values at the steady state were determined using optical microscopy (OM), 
electron backscatter diffraction (EBSD) analysis or transmission electron microscopy (TEM). 

The In, Sn and Pb samples were examined using OM, and the Zn and Au samples were 
examined using EBSD analysis, and the average sizes of grains separated by large misorientation 
angles were determined by the linear intercept method. The other elements were examined using 
TEM, and the grain size values were obtained by measuring the two orthogonal axes of the bright 
areas in the dark field images. The low-angle grain boundaries were excluded in the measurements, 
and the twin boundaries which were present in some elements, such as In and Pb, were considered 
as grain boundaries. The purity levels used in these studies were >99.9% but, nevertheless, despite 
slight difference in purity levels, the steady-state grain sizes reported in Refs. [22,26–38] are 
consistent with the values reported concerning HPT-processed pure metals in the other literature 
[4–12,18,19], as compared in Table 1. 

 
3. Results and discussion 

Grain sizes at the steady state (dS) are plotted in Fig. 1 against the atomic bond energy (H) as 
attempted in an earlier paper in plotting the steady-state hardness (HVS) against H [22]. The values 
of dS are at the micrometer and submicrometer levels (>100 nm) in elements with metallic bonding 
and at the nanometer level (<100 nm) in Si and Ge with covalent bonding. Fig. 1 shows that dS 
decreases significantly with H in metals with low H such as Mg, Al, Zn, In, Sn and Pb, but 
decreases gradually with H in metals with high H. This trend is different from the variation in 
HVS with respect to H, where HVS increases monotonically with an increase in H for all H 
values [22]. 

The correlation in Fig. 1 arises for the following reason. The steady state occurs as a result of a 
balance between several phenomena such as dislocation generation, grain refinement, recovery and 
recrystallization through atomic diffusion [13–15], all of which are connected to H. The atomic 
diffusion is significantly suppressed when H is high because atoms need to break bonds with 
neighboring atoms to move to adjacent sites. Therefore, it is anticipated that recovery is enhanced 
and, accordingly, dS increases with a decrease in H. For the metals with low H, a significant 
recovery occurs even after HPT at room temperature [35,36] and thus their grain sizes are 
influenced more significantly by H compared with metals with high H. Moreover, the atomic 
diffusion is slow in elements with covalent bonding and, accordingly, dS is smaller compared with 
elements with metallic bonding. The trend in Fig. 1 thus suggests that there should be a correlation 
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between dS and physical parameters related to H such as the specific heat capacity (Q), the 
activation energy for self-diffusion (QSD) and the homologous temperature (T/Tm). Moreover, since 
both dS and HVS are correlated with H, there should be some correlations between dS and HVS. It is 
demonstrated in the following that such correlations exist. 

 
Table 1. Purity level, melting temperature Tm, shear modulus G, Burger vector b, atomic bond 
energy H, specific heat capacity Q, activation energy for self-diffusion QSD, stacking fault energy 
SFE, hardness at steady state HVS, and grain size at steady state dS for various metals. 

Metal Tm G b H Q QSD SFE Purity dS HVS

 K GPa nm GJ.m-3 GJ.m-3 kJ.mol-1 mJ.m-2 % m GPa 
 [39-41] [39-41] [42] [43] [39,41] [44,45] [46-49]   [22] 

12Mg 922 17.3 0.3197 10.6 1.15 138.2 125 
99.9 
99.8 

1.0 [27] 
> 1.0 [4] 

0.342 
 

13Al 933 26.2 0.2864 33.7 1.79 126.4 166 
99.99 
99.99 

1.9 [28] 
1.5 [5] 

0.313 
 

14Si 1685 39.7 0.2352 38.0 0.72 424.0  99.999 0.017 [29] 6.355 
22Ti 1940 45.6 0.2896 44.2 5.23 169.1  

99.4 
99.9 

0.2 [31] 
0.1-0.2 [6] 

2.599 
 

23V 2175 46.7 0.2618 61.6 7.66 308.4  99.9 0.33 [32] 2.354 
24Cr 2133 115 0.2498 54.8 8.61 339.1  

99.9 
99.97 

0.2 [33] 
< 0.5 [19] 

4.756 
 

26Fe 1809 81.6 0.2482 58.7 8.85 239.5 180 
99.96 

99.9999 
0.2 [34] 
0.2 [7] 

3.02 
 

28Ni 1728 75 0.2492 65.1 7.26 285.1 125 
99.996 
99.99 

0.24 [35] 
0.17 [8] 

3.021 
3.500 

29Cu 1357 48.3 0.2556 47.7 4.02 203.6 45 
99.99 
99.99 

0.37 [35] 
0.4 [9] 

1.298 
 

30Zn 693 41.9 0.2665 14.3 1.09 91.7 140 99.99 5.1 [35] 0.362 
32Ge 1210 29.6 0.2449 27.6 1.34 318.0  99.999 0.024 [30] 2.986 
40Zr 2125 35 0.3179 43.3 3.94 113.0 240 

99.9 
99.8 

0.2 [36] 
0.2 [10] 

2.532 
 

41Nb 2740 37.5 0.2864 67.2 7.01 401.9  
99.9 
99.99 

0.24 [33] 
0.113 [18] 

2.354 
 

42Mo 2888 125.6 0.2725 70.0 9.17 464.7  
99.9 
99.9 

0.34 [32] 
0.19 [11] 

6.669 
 

46Pd 1825 43.6 0.2751 42.7 5.36 266.3 180 
99.95 

--- 
0.22 [35] 
0.24 [12] 

2.127 
 

47Ag 1234 27 0.2889 27.7 2.59 181.7 16 99.99 0.48 [37] 0.941 
49In 430 3.7 0.3251 15.5 0.24 78.5  99.999 320 [35] 0.014 
50Sn 505 18.4 0.3022 18.6 0.51 105.1  99.99 135 [35] 0.068 
72Hf 2500 56 0.3127 45.4 5.26 174.2  99.99 0.18 [38] 3.481 
73Ta 3253 69 0.2856 71.7 8.22 413.2  99.9 0.18 [33] 4.132 
79Au 1336 27.7 0.2884 33.0 3.11 176.6 32 99.999 0.52 [37] 0.804 
82Pb 600 5.6 0.3500 10.7 0.48 109.1 24.5 99.999 100 [35] 0.051 

 
Figs. 2 and 3 show the variations in dS with respect to two well-known atomic bond parameters 

Q and QSD, respectively. As expected, dS has good correlation with Q and QSD. Because Q and QSD 

are increasing functions of H, dS decreases significantly with increasing Q and QSD in metals with 
low H, and decreases gradually as a function of Q and QSD in metals with high H, as in Fig. 1. 
Since the stored energy in the materials is increased by the grain refinement, and Q represents the 
maximum energy that can be stored in a unit volume of solid material, it is very reasonable to 
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establish a correlation between dS and Q. It should be noted that the data points of Si and Ge deviate 
from the relations in Figs. 1–3 because Si and Ge are formed with strong covalent bonding. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 1. Plots of dS against H. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2. Plots of dS against Q. 
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Fig. 3. Plots of dS against QSD. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4. Plots of dS/b against T/Tm. 
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Fig. 5. Plots of dS/b against SFE/Gb. 

 
The values of dS are normalized by Burgers vector (b) and plotted as a function of T/Tm and 

SFE/Gb (SFE is the stacking fault energy, G is the shear modulus) in Figs. 4 and 5, respectively. 
This normalization was attempted because the expression as dS/b has the merit of revealing intrinsic 
differences and similarities between pure metals [50,51]. Furthermore, it is well known that T/Tm 
and SFE/Gb are controlling factors for dislocation mobility through cross-slip and climb 
mechanisms in pure metals [50,51]. The higher value of T/Tm promotes the dislocation recovery, 
and the microstructure evolves much faster when SFE/Gb is high. It is apparent from Fig. 4 that dS/b 
values increase exponentially with increasing T/Tm, except the deviations for Si and Ge. Close 
inspection of Fig. 4 shows that the effect of temperature on the steady-state grain size is less 
pronounced at low homologous temperatures. This is a natural consequence of the fact that the 
temperature always affects the atomic diffusion, the microstructural evolution and the 
Zener–Hollomon parameter through the exponential forms [45,46,50]. Inspection of Fig. 5 shows 
that dS/b is almost independent of SFE/Gb as far as the data are evaluated at a given T/Tm. The 
present results are not consistent with the report by Mohamed in ball-milled metals [26] and with 
the reports in HPT-processed Pd–Ag alloys [12], Cu–Zn alloys [52], Cu–Al alloys [53] and Al–Mg 
alloys [54], where the grain size increases with increasing SFE/Gb. Inspection of Refs. [12,52–54] 
indicates that the grain size decreases with an increases in the fraction of solute atoms in all selected 
alloys. Therefore, the contradiction arises because of the effect of homologous temperature in Ref. 
[26] and of the effect of solute atoms and twins in Refs. [12,52–54]. 

The values of HVS are normalized by G and are plotted against dS/b in Fig. 6. It is apparent that 
all data points lie reasonably on a single curve in Fig. 6, and HVS/G decreases monotonically with 
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increasing dS/b. Inspection of Fig. 6 shows that the following relationship holds, while excluding 
the three metals as In, Sn and Pb with low H, which are considered to be influenced by softening 
due to recovery of dislocations during or after HPT. 

6.0)(3 
b

d

G

HV SS  (1) 

the grain size exponent of 0.6 is closer to 1/2 as expected from the Hall–Petch relationship. This 
indicates that the important factor for strengthening the HPT-processed pure metals is the size of 
grains with high angles of misorientation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6. Plot of HVS/G against dS/b. 
 

The form of Eq. (1) is similar to a well-known relationship in conventional creep that the 
subgrain size (d) is dependent on the shear stress () in polycrystalline materials as [51,55,56] 

n

b

d
A

G

 )(
 (2) 

where A and n are constants with values 0.1 and 1, respectively. Mohamed [26] suggested that the 
mechanisms for grain refinement by ball milling and creep are similar, and Kawasaki et al. [57] 
reported that the experimental data for superplastic alloys processed by equal channel angular 
pressing are well consistent with the predictions of the deformation map. However, n = 1 for creep 
relationship and n = 0.6 in Eq. (1) indicate that Eq. (2) yields hardness values which are smaller 
than the experimental values in Fig. 6. Theoretically, n = 1 is achieved when all dislocations are 
assumed to be at the dislocation cell walls or subgrain boundaries [24,58]. The difference between 
Eqs. (1) and (2) arises for two reasons: first, there are many dislocations not only at the grain 
boundaries, but also within the grains in the HPT-processed materials [15,31,34]; and second, most 
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of dislocations participate in the formation of subgrain boundaries or low-angle grain boundaries in 
creep [24,55], whereas the grain boundaries are in high angles of misorietation in HPT-processed 
materials [1,2] and the high-angle grain boundaries block the dislocation motion. This yields 
hardness values which are higher than those in creep. 

At the steady state for severe plastic deformation (SPD) processing, the grain size and hence 
hardness remain constant because of the balance between dislocation accumulation and grain 
refinement, on the one hand, and annihilation of dislocations and destruction of grain boundaries, 
on the other. Some studies reported that the steady state in SPD processing is reached by 
annihilation of dislocations by dynamic recovery [26,59,60], and some studies supported that the 
steady state can be attained by dynamic recrystallization [9,61]. Furthermore, recent studies by 
Pippan et al. [62,63] suggested that grain boundary migration is a process necessary for forming a 
steady-state microstructure, and another paper by Mishra et al. [64] reported that the steady state is 
a consequence grain boundary movement of grain rotation. Because certain fractions of grains were 
free of dislocations at the steady state, as reported earlier [15,34], it was concluded that the dynamic 
recrystallization may be a dominant mechanism at the steady state [15,34]. The present analysis has 
shown that the steady-state grain size is independent of the stacking fault energy, as in Fig. 5, but 
increases exponentially with the homologous temperature, as in Fig. 4. It is well known that 
stacking fault energy is a key parameter in dynamic recovery [50,51] and, therefore, the present 
study suggests that the dynamic recrystallization and the grain boundary migration can be more 
appropriate mechanisms for the steady state when compared to dynamic recovery. It is not certain 
from the present study that grain rotation can be a process contributing to the microstructural 
development during dynamic recrystallization at the steady state, as this contribution cannot be 
evaluated from the present analysis in an explicit way. 

 
4. Conclusions 

The extent of grain refinement for pure elements after processing with HPT is controlled by 
the type of atomic bonds (metallic or covalent) as well as by atomic bond energy (H). The grain 
size values at the steady state (dS) are at the micrometer and submicrometer levels in elements with 
metallic bonding and at the nanometer level in elements with covalent bonding. The dS value 
decreases with H and related parameters such as the specific heat capacity (Q), the activation 
energy for self-diffusion (QSD) and the homologous temperature (T/Tm), but dS is almost 
independent of the stacking fault energy (SFE) as far as the data are evaluated at a given T/Tm. Good 
correlations between the steady-sate hardness (HVS) and dS are found when HVS/G is plotted against 
dS/b, indicating that the average size of grains having high angles of misorientation is the important 
factor for strengthening HPT-processed pure metals. 
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