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Abstract. Pure metals of 30 elements with various crystal structures (bcc, fcc, hcp, diamond cubic, 
complex cubic, primitive hexagonal and tetragonal) are processed by high-pressure torsion (HPT) and 
their mechanical properties are subsequently evaluated by Vickers microhardness measurements. For 
all metals, the hardness reaches steady states at large strains where the hardness remains unchanged 
with further straining. It is shown that the hardness values at the steady state are characteristics of each 
metal and are successfully expressed as a unique function of the homologous temperature, shear 
modulus and physical parameters of metals such as melting temperature, specific heat capacity and 
diffusion coefficient except for a few elements. The findings are well applicable to predict the ultimate 
steady-state hardness of metals attained by HPT processing through the correlation established in this 
study. 

Introduction 

High strength and ultrafine-grained microstructures are satisfactorily attained in bulk pure metals 
through the application of high-pressure torsion (HPT) [1-4]. Earlier reports showed that the hardness 
variation is represented by a unique function of the equivalent strain in Fe [5], V [6], Mo [6], Al [7-10], 
Cu [11], Ag [12], Au [12], Ni [12], Pt [12], Ti [13], Zr [14] and Hf [15]. For all these pure metals, the 
hardness reaches steady state levels at high strains where the hardness remains unchanged with further 
straining. It appears that for each metal the steady state level is characteristic of the metal irrespective 
of the pressure and of the initial state of materials before processing [12,16]. 

Little is understood to date regarding the correlations between the hardness at the steady state and 
the mechanical and physical parameters of pure metals after processing with HPT. It was shown that 
the hardness at the steady state after processing with HPT is determined by shear modulus 
compensated by homologous temperatures for pure metals [12]. Another paper reported that the 
hardness at the steady state after processing with HPT is well correlated with the atomic bond energy 
and related parameters [17]. 

In the present study, 30 high-purity elements are processed by HPT and the correlations between 
the hardness and the homologous temperature, shear modulus, melting temperature, specific heat 
capacity and activation energy for self-diffusion are investigated. 

Experimental Procedures 

Pure metals and semi-metals of 30 elements (Mg, Al, Si, Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Ge, 
Zr, Nb, Mo, Pd, Ag, In, Sn, Te, Nd, Hf, Ta, W, Re, Pt, Au and Pb) with different crystal structures 
were investigated in this study. The purity levels were higher than 99% for Ta and W and 99.9% or 
higher for the other elements. The as-received specimens were cut to discs with 10mm diameters and 
0.8mm thickness using a wire-cutting electric discharge machine. HPT was carried out on the discs at 
room temperature using the facilities described earlier [14]. The disc samples were processed under a 
selected pressure in the range of P = 2-6 GPa for N = 0.5-10 revolutions with a rotation speed of ω = 
0.2-1.0 rpm at a temperature in the range of T = 298-573 K. For Ti and Zr, the HPT was conducted 
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under a pressure of 2 GPa, which is smaller than the critical pressure for ω-phase formation [13,14]. 
The samples after HPT were kept at room temperature for ~30 hours. Thereafter, the samples were 
polished to a mirror-like surface and the Vickers microhardness was measured from the center to edge 
at 8 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 
further straining. 

Results and Discussion 
Figure 1 plots the microhardness against equivalent strain for 7 selected metals (Al, Ag, Cu, Pt, Ni, Fe and 

Hf), demonstrating that all hardness data for each metal follow a unique function of equivalent strain. The 
hardness increases with increasing equivalent strain and then reaches a steady state at large strains except for Al. 
In high-purity Al (99.99%), the hardness initially increases with increasing strain and, after reaching a 
maximum, decreases to a steady level. The mechanism for the unusual softening of pure Al at large 
strains was investigated in a few papers. Xu et al. [10] attributed the softening to easy cross-slip and 
dynamic recovery due to large stacking fault energy of Al. Edalati et al. [8] reported that a softening 
occurs in Cu at a homologous temperature of 0.32 in a similar way to Al because of a static 
recrystallization, and they attributed the softening in pure Al to its relatively high homologous 
temperature. 

The microhardness at the steady state is plotted in Fig. 2 against the shear modulus, G, for elements 
processed by HPT at room temperature. In spite of some scatterings, the hardness values tend to 
increase linearly with an increase in G. Since the hardness at the steady state is directly proportional to 
G, it follows that HV/G can be a constant which is ~0.045±0.015, except for Si, Ge, Pb, Sn, Zn and Al. 

Microhardness values at the steady state are plotted in Fig. 3 against the melting temperature, Tm, 
for elements processed by HPT at room temperature. Figure 3 shows that the hardness tends to 
increase with an increase in Tm

 

. However, scattering of the data points appears to be large around the 
fitted curve. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1  Hardness plotted against equivalent strain for various metals. 
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Fig. 2  Vickers microhardness at steady state plotted against shear modulus. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 3  Vickers microhardness at steady state plotted against melting temperature. 

 
Frost and Ashby [19] found a good correlation between HV/G and the homologous temperature, 

T/Tm, for single crystals of alkali halides. However, they reported no relationships between HV/G and 
T/Tm for pure metals. Suzuki et al. [20] plotted HV/G versus T/Tm for 5 polycrystalline bcc metals and 
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reported that G and T/Tm are not adequate scaling parameters. Because the mechanical properties of 
pure metals are influenced by the microstructural features such as the grain size, the dislocation density 
and the textures, and by the processing parameters such as the deformation technique and the imposed 
strain, it is not possible to establish a unique correlation between HV, G and T/Tm from the values at 
non-steady state conditions in Refs. [19,20]. The present authors found that G and T/Tm are important 
parameters to influence the hardness level at the steady state for pure metals subjected to HPT [12]. It 
is well known that G is a parameter to explain dislocation interactions, deformation processes and 
hardening rate, and Tm is a parameter to explain the activation energy for diffusion, recovery processes 
and softening rate. Since the hardness at the steady state attained by HPT is a consequence of a balance 
between hardening and softening processes, G and T/Tm must be important parameters to scale the 
hardness values at the steady sate. 

The hardness values are normalized by G and now plotted in Fig. 4 as a function of T/Tm. Inspection 
of Fig. 4 indicates most of the data points reasonably lie on a line except for some deviations from the 
line such as for Si, Ge and Te of semi-metals, Ti, Zr and Hf in group IVB transition metals, and Pb, In, 
Sn, Zn and Al with low melting points. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4  Plot of HVS/G against T/Tm after processing by HPT. HVS: Vickers microhardness at steady state, 
G: shear modulus, T/Tm: homologous temperature. 

 
Figure 5 shows the variation of the hardness at the steady state with respect to Q. Here, Q 

represents the maximum energy that can be stored in a unit volume before it melts [18]. It is apparent 
that the hardness values are well represented as a unique function of Q. The hardness increases 
monotonically with an increase in Q except for Si and Ge having strong covalent bonds. Since the 
hardness increase with an increase in Q, the correlation indicates that the hardness level at the steady 
state depends upon the capability of energy storage in materials. 

The hardness at the steady state is plotted in Fig. 6 against the activation energy for self-diffusion, 
QSD. The hardness increases with an increase in QSD and all data points lie well on a single curve except 
for Ti, Zr and Hf in group IVB and Nb in group VB. The correlation shown in Fig. 6 can be attributed 
to the fact that the thermal recovery, which is a crucial factor to reach a steady state, is related to QSD: 
the higher the QSD, the smaller the recovery and thus the more enhanced the hardness. It is noted that Ti, 
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Zr and Hf were also exception to the universal level determined by shear modulus compensated by 
homologous temperatures because of the reason as described in an earlier paper [12]. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 5  Vickers microhardness at steady state plotted against specific heat capacity. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6  Vickers microhardness at steady state plotted against activation energy for self-diffusion. 
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Conclusions 

Metals and semi-metals of 30 elements, with different crystal structures (bcc, fcc, hcp, diamond 
cubic, complex cubic, primitive hexagonal and tetragonal) were processed by high-pressure torsion and 
subsequently evaluated by Vickers microhardness measurements. The hardness at the steady state after 
processing with HPT are well documented through unique correlations with physical parameters such 
as the homologous temperature, shear modulus, melting temperature, specific heat capacity and the 
activation energy for self-diffusion. 
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