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Correlations between hardness and atomic bond parameters of pure
metals and semi-metals after processing by high-pressure torsion
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High-purity elements (magnesium, aluminum, silicon, scandium, titanium, vanadium, chromium, manganese, iron, cobalt,
nickel, copper, zinc, germanium, zirconium, niobium, molybdenum, palladium, silver, indium, tin, tellurium, neodymium, hafnium,
tantalum, tungsten, rhenium, platinum, gold and lead) were processed by high-pressure torsion and subsequently evaluated by Vick-
ers microhardness measurements. The hardness at the steady state was expressed as a unique function of atomic bond energy, spe-
cific heat capacity, specific latent heat of fusion, linear thermal expansion coefficient and activation energy for self-diffusion.
� 2010 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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Ultrafine-grained microstructures, high strength
and reasonable ductility are successfully attained in bulk
pure metals through the application of high-pressure
torsion (HPT). The HPT method, which was first intro-
duced by Bridgman in 1935 [1], has been applied to a
wide range of body-centered cubic (bcc) metals such as
Fe [2], V [3], Nb [4], Cr [5], Mo [6] and W [7], face-
centered cubic (fcc) metals such as Al [8], Cu [9], Ag
[10], Au [10], Ni [11], Pt [12] and Pd [13], hexagonal
close-packed (hcp) metals such as Mg [14], Ti [15], Zr
[16], Hf [17] and Co [18], and semi-metals with a dia-
mond cubic structure such as Si [19] and Ge [20]. Earlier
reports showed that the hardness variation is repre-
sented by a unique function of the equivalent strain in
Fe [21], V [3], Mo [3], Al [22–24], Cu [25], Ag [12], Au
[12], Ni [12], Pt [12], Ti [26], Zr [27] and Hf [17]. For
all pure metals, the hardness saturates to steady-state
levels at high strains where the hardness remains un-
changed with further straining. It was shown that for
each metal the steady-state levels are reasonably the
same irrespective of the pressure of the initial state of
materials before processing and of HPT processing
using a disc shape [28], a ring shape [12,21,25] and a
sheet shape [29].

The mechanism for the occurrence of a steady state
can be attributed to a balance between the energy
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increase through strain-induced processes such as va-
cancy production, dislocation accumulation and grain
refinement and energy reduction through thermal pro-
cesses such as self-diffusion, recovery and recrystalliza-
tion. All these phenomena are influenced by atomic
bond energy, and thus it is anticipated that the hardness
at the steady state depends upon the atomic bond
parameters. To the best of the authors’ knowledge, little
is understood to date regarding the correlations between
the hardness and the atomic bond parameters of pure
metals after processing with HPT. Buch [30,31] reported
some relations between the mechanical properties and
the atomic bond parameters of pure metals deformed
by conventional processes. Since the mechanical proper-
ties of pure metals are influenced by processing param-
eters such as imposed strain and heating hysteresis and
by microstructural features such as grain size, disloca-
tion density and texture, it is not easy to establish corre-
lations between the mechanical properties and the
atomic bond parameters at non-steady-state conditions.
However, the mechanical properties saturate to steady-
state levels by processing through HPT and the mechan-
ical properties at the saturation are less sensitive to the
processing parameters [12,28,29]. Therefore, HPT-
processed pure metals are ideal candidates with which
to investigate the relations between mechanical proper-
ties and atomic bond parameters.

In the present investigation, and for the first time, 30
high-purity elements are processed by HPT and the
correlations between the hardness and the atomic bond
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energy, and related parameters such as specific heat
capacity, specific latent heat of fusion, linear thermal
expansion coefficient and activation energy for self-diffu-
sion, are investigated.

Thirty pure metals and semi-metals with different
crystal structures were investigated in this study. The
purity levels were 99% for Ta and W and 99.9% or high-
er for the other elements. For each metal, the atomic
bond energy DH, specific heat capacity Q, latent heat
of fusion L, linear thermal expansion coefficient at room
temperature a and activation energy for self-diffusion
QSD are given in Table 1. The presented data were taken
from Refs. [30–35].

The as-received specimens were cut into discs 10 mm
in diameter and 0.8 mm in thickness using a wire-cutting
electric discharge machine. HPT was carried out on the
discs at room temperature using the facilities described
previously [21,27]. The disc samples were processed un-
der a selected pressure in the range of P = 2–6 GPa for
N = 4–10 revolutions with a rotation speed of x =
0.2–1 rpm. For Ti and Zr, the HPT was conducted
under a pressure of 2 GPa, which is smaller than the crit-
ical pressure for x-phase formation [26,27]. The samples
after HPT were kept at room temperature for �30 h.
Thereafter, the samples were polished to a mirror-like
finish and the Vickers microhardness was measured
Table 1. Atomic bond energy DH, specific heat capacity Q, specific
latent heat of fusion L, linear thermal expansion coefficient at room
temperature a and activation energy for self-diffusion QSD for various
elements.

Element DH Q L a QSD

(GJ m�3) (GJ m�3) (GJ m�3) (10�6 K�1) (kJ mol�1)
[32] [31] [31,33] [30,33] [34,35]

12Mg 10.6 1.15 0.63 25.2 138.2
13Al 33.7 1.79 1.08 23.6 126.4
14Si 38.0 0.72 4.22 0.0 424.0
21Sc 25.1 – 0.98 10.2 –
22Ti 44.2 5.23 1.64 10.2 169.1
23V 61.6 7.66 2.11 8.3 308.4
24Cr 54.8 8.62 2.88 6.2 339.1
25Mn 38.0 6.64 1.98 21.7 –
26Fe 58.7 8.85 2.18 11.8 239.5
27Co 63.7 7.88 1.95 13.8 288.5
28Ni 65.1 7.26 2.60 13.3 285.1
29Cu 47.7 4.02 1.92 16.7 203.6
30Zn 14.3 1.09 0.79 39.7 91.7
32Ge 27.6 1.34 2.69 2.3 318.0
40Zr 43.3 3.94 1.37 5.8 113.0
41Nb 67.2 7.01 2.48 7.3 401.9
42Mo 70.0 9.17 2.98 5.1 464.7
46Pd 42.7 5.36 1.73 11.8 266.3
47Ag 27.7 2.59 1.08 19.0 181.7
49In 15.5 0.24 0.21 24.8 78.5
50Sn 18.6 0.51 0.43 23.1 105.1
52Te 9.6 – 0.54 18.2 168.8
60Nd 15.9 1.71 0.35 9.6 –
72Hf 45.4 5.26 1.76 6.3 174.2
73Ta 71.7 8.22 2.26 6.5 413.2
74W 89.2 13.38 3.72 4.5 626.3
75Re 87.0 11.94 3.78 6.6 511.4
78Pt 62.2 5.84 2.16 9.1 278.8
79Au 33.0 3.11 1.25 14.2 176.6
82Pb 10.7 0.48 0.26 29.3 109.1
from the center to the edge in eight different radial direc-
tions. The average was taken from eight measurements
at equal distances from the disc center. The average val-
ues were then plotted against the distance from the cen-
ter, as done previously [17,21,22,25]. The hardness in
this study was taken from the hardness level at the stea-
dy state, where the hardness remained unchanged with
distance from the disc center.

Microhardness values at the steady state are plotted
in Figure 1 against (a) the atomic number (Z) and (b)
the atomic bond energy (DH). Here, DH is the enthalpy
required to break all atomic bonds in one cubic meter of
pure element [32]. Figure 1a shows that the hardness
tends to increase with increasing Z for groups IVB (Ti,
Zr, Hf), VB (V, Nb and Ta), VIB (Cr, Mo, W) and VIIB
(Mn, Re). The hardness tends to decrease with increas-
ing Z for groups VIIIB (Ni, Pd, Pt), IB (Cu, Ag, Au),
IIIA (Al, In) and IVA (Si, Ge, Sn, Pb). However, it ap-
pears that there is no specific rule governing the relation
between the hardness and Z except that the first four
groups consist of elements having the hcp and bcc crys-
tal structures, the next two groups have an fcc crystal
structure and the last two groups are mainly of diamond
and tetragonal structures. Alternatively, when the hard-
ness is plotted against DH, as in Figure 1b, it is apparent
that there is a good correlation between the two
Figure 1. Vickers microhardness at steady state plotted against (a)
atomic number and (b) atomic bond energy.
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parameters, with the hardness increasing with increasing
DH. The relations held for the eight groups now exhibit
positive slopes which reasonably follow a general corre-
lation between the hardness and DH. This correlation
arises because of the following reason. The indenter
forces the inter-atomic lengths to expand or compress,
but the inter-atomic forces and energies oppose the
external force. Once the external force exceeds a critical
value for each atomic bond, the bond will break and the
material will start to deform plastically. Therefore, the
materials with higher DH exhibit higher hardness. The
trend in Figure 1b suggests that there should be a corre-
lation between the hardness at the steady state and phys-
ical parameters related to DH. In the following, we
examine the correlations between the hardness and four
well-known atomic bond parameters: the specific heat
capacity (Q), the specific latent heat of fusion (L), the
linear thermal expansion coefficient (a) and the activa-
tion energy for self-diffusion (QSD).

Figure 2 shows the variation in the hardness at the
steady state with respect to (a) Q and (b) L. Here, Q rep-
resents the maximum energy that can be stored in a unit
volume before it melts and L represents the energy re-
quired for melting a unit volume of material at the melt-
ing temperature. It is apparent that the hardness values
are represented well as a unique function of Q in Figure
Figure 2. Vickers microhardness at steady state plotted against (a)
specific heat capacity and (b) specific latent heat of fusion.
2a. The hardness increases monotonically with increas-
ing Q except for Si and Ge, which are classified as
semi-metals having strong covalent bonds. It is known
that Si and Ge partly transform to an amorphous state
during indentation [36], thus it should be difficult to
measure their real hardness. Inspection of Figure 2b
shows that the hardness increases as a function of L.
The correlation between the hardness and L is not as
good as that between the hardness and Q. However,
the data points for Si and Ge are now closer to the fitted
curve in Figure 2b than in Figure 2a. Since Q and L in-
crease with increasing DH, the correlations indirectly
indicate that the hardness level at the steady state de-
pends upon DH and thus the energy required for break-
ing atomic bonds for plastic deformation.

Figure 3 plots the hardness at the steady state as a
function of a for the 30 elements covered in this study.
The hardness decreases as a hyperbolic function of a.
For Mn, Si and Ge, the data points deviate significantly
from the fitted curve when compared to the other ele-
ments. Because a higher value of a is related to a weaker
inter-atomic bond, it is reasonable that the hardness le-
vel is lowered with increasing a.

The hardness at the steady state is plotted in Figure 4
against QSD. The hardness increases with increasing QSD

and all the 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 Figure 4 can be attributed to
the fact that the thermal recovery, which is a crucial fac-
tor for reaching 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, Zr
and Hf were also exceptions to the universal level deter-
mined by shear modulus compensated by homologous
temperatures as reported in an earlier paper [12]. It is
reasonable to consider that QSD is strongly influenced
by DH because one atom needs to break bonds with
neighboring atoms and moves to an adjacent site. There-
fore, for elements with higher DH, more energy is re-
quired to overcome the barriers for diffusion, and thus
they exhibit a higher hardness.

In summary, all plots clearly demonstrate that there
exist good correlations between the hardness at the
Figure 3. Vickers microhardness at steady state plotted against linear
thermal expansion coefficient.



Figure 4. Vickers microhardness at steady state plotted against
activation energy for self-diffusion.
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steady state established after processing by HPT and DH
and related parameters such as Q, L, a and QSD. The
correlations hold in many pure elements irrespective of
the atomic numbers, crystal structures and melting tem-
peratures, with only minor exceptions.

Thirty metals and semi-metals, 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 correlated
well with the atomic bond energy (DH) and related
parameters such as the specific heat capacity (Q), the
specific latent heat of fusion (L), the linear thermal
expansion coefficient (a) and the activation energy for
self-diffusion (QSD).
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