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a b s t r a c t

Pure Hf (99.99%) is processed by high-pressure torsion (HPT) under pressures of 4 and 30 GPa to form
an ultrafine-grained structure with a gain size of ∼180 nm. X-ray diffraction analysis shows that, unlike
Ti and Zr, no � phase formation is detected after HPT processing even under a pressure of 30 GPa. A
hydride formation is detected after straining at the pressure of 4 GPa. The hydride phase decomposes
either by application of a higher pressure as 30 GPa or by unloading for prolong time after HPT processing.
Microhardness, tensile and bending tests show that a high hardness (360 Hv) and an appreciable ductility
eywords:
afnium
ydrides
ydrogen
igh-pressure torsion

(8%) as well as high tensile and bending strength (1.15 and 2.75 GPa, respectively) are achieved following
the high-pressure torsion.

© 2009 Elsevier B.V. All rights reserved.
evere plastic deformation
ltrafine-grained structure

. Introduction

Severe plastic deformation (SPD) is a useful procedure for sig-
ificant refinement of microstructures in metallic materials [1].
o achieve ultrafine-grained (UFG) metals with high strength and
easonable ductility, a great attention has been allocated to the
pplication of high-pressure torsion (HPT) [2–8]. Despite numer-
us researches of the HPT processing for different pure metals,
here is no report for pure Hf. It is well known that Hf is a heavy

etal with a density of 13.3 g cm−3 and can be promising as Ti and
r for biomedical materials and surgical implants because of high
orrosion resistance good biocompatibility and osteoconductivity
rovided that the strength to weight ratio is improved [9]. It is also
nown that Hf exhibits, as Ti and Zr, a phase transformation from
n � phase with the hcp crystal structure to an � phase with the
imple hexagonal structure at a high pressure [10–16]. Whereas
he critical pressure for the formation of the � phase is in the range
f 2–11 GPa in Ti and Zr [11–16], it is higher as ∼21 GPa [11] or
8 ± 8 GPa for Hf [12,13]. Furthermore, the � phase is retained as a

etastable phase at ambient pressure after unloading in Ti and Zr

ut this is not in Hf because of the � → � reverse transformation
pon unloading. Earlier studies reported that shear strain under
n application of high pressure facilitates the � → � phase trans-

∗ Corresponding author. Tel.: +81 092 802 2992; fax: +81 092 802 2992.
E-mail address: kaveh.edalati@zaiko6.zaiko.kyushu-u.ac.jp (K. Edalati).

921-5093/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.msea.2009.11.060
formation in Ti and Zr and thus increases the fraction of � phase
[7,17–21]. It may be then anticipated that an � → � phase trans-
formation is induced in Hf by straining under a high pressure and
the � phase may be present at ambient pressure as a metastable
phase.

It is also well known that Hf absorbs hydrogen as Ti and Zr
and forms a hydride phase with a crystal structure based on fcc
and fct [22–24]. It was reported that the formation of the hydride
phase in Zr was induced by straining, resulting in a ductility loss
even when the hydrogen content is fairly low [25]. To the best of
the authors’ knowledge, little is understood regarding the strain-
induced phase transformation in Hf including the influence of
pressure on the hydride formation. In this study, thus for the first
time, pure Hf is severely deformed by HPT over a wide range
of strain under high pressures. Evolutions of microstructures and
mechanical properties are investigated with a special attention on
phase transformation and hydride formation as a consequence of
HPT operation.

2. Experimental materials and procedures

Square-shaped chips of pure Hf (99.99%) with dimensions of

10 mm × 10 mm × 1.05 mm having impurity of 0.08 wt.% Fe were
purchased for this study. The chips were first annealed for 1 h at
1000 ◦C in an argon atmosphere for eliminating deformation his-
tory involved in the chips. The square chips were enclosed in an
evacuated silica glass tube and were further annealed at 400 ◦C for

http://www.sciencedirect.com/science/journal/09215093
http://www.elsevier.com/locate/msea
mailto:kaveh.edalati@zaiko6.zaiko.kyushu-u.ac.jp
dx.doi.org/10.1016/j.msea.2009.11.060
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where r is the distance from the center of disc, N is the number of
ig. 1. Schematic illustration of HPT discs and procedures for microhardness mea-
urements, and dimensions and locations for tensile and bending testing specimens
nd for TEM, XRD and TDS disc.

h in order to remove any possible formation of hydride during
andling as it was reported that the hydride is decomposed rapidly
y the annealing at the temperatures above 327 ◦C [22,23]. Samples
fter annealing were cut to discs with diameters of 3 and 10 mm
sing a wire-cutting electric discharge machine.

HPT was conducted at room temperature on the annealed discs.
wo sets of upper and lower anvils with a circular flat-bottom
ole at the center having a nitrified surface with the roughness
f ∼30 �m were used to process the disc samples. The hole depths
ere 0.15 and 0.35 mm and the hole diameters were 3 and 10 mm,

espectively. The disc samples with 10 mm diameters were pro-
essed for N = 0, 1, 3 and 10 revolutions under a pressure of 4 GPa
nd the disc samples with 3 mm diameters were processed for N = 0,
and 3 revolutions at 30 GPa. The rotation speed was 0.2 rpm for

oth 3 and 10 mm diameter discs.
The HPT-processed discs with 10 mm diameter were evaluated

sing Vickers microhardness measurement, tensile test, bending
est, transmission electron microscopy (TEM), X-ray diffraction
XRD) analysis and thermal desorption spectrometry (TDS) analysis
nd those with 3 mm diameter by XRD. First of all, after processing
y HPT, the 10 mm discs were polished to a mirror-like surface and
he Vickers microhardness was measured with an applied load of
00 g for 15 s along the radii from the center to edge at 8 differ-
nt radial directions with 0.5 mm increments as drawn by dotted
ines in Fig. 1. Second, miniature tensile specimens having 1.5 mm
auge length, 0.7 mm width and 0.5 mm thickness were cut from
he 10 mm discs at the position 2 mm away from the center as illus-
rated in Fig. 1. Each tensile specimen was mounted horizontally on
rips and pulled to failure using a tensile testing machine with an
nitial strain rate of 2 × 10−3 s−1. It should be noted that the dimen-
ions of the present tensile specimens are fairly small and therefore,
are is required when compared with other dimensions of tensile
pecimens as pointed out by Zhao et al. [26]. Third, for bending tests,
iniature rods with a 0.5 mm square cross section and 9 mm length
ere cut from the 10 mm diameter discs at 1 mm away from the
isc center as illustrated in Fig. 1. Three-point bending tests were

arried out at room temperature to measure the bending load and
isplacement of samples in both radial direction and pressing direc-
ion for individual HPT conditions. The supporting span was 8 mm
nd the stroke was controlled at a cross-head speed of 0.5 mm/s.
Fig. 2. Vickers microhardness plotted against distance from center for samples pro-
cessed under a pressure of 4 GPa and various revolutions.

The bending stress was calculated from the load and the specimen
geometry through the following equation [27]:

� = 3Pl

2bh2
(1)

where P is the bending load, l is the supporting span (8 mm), b is
the bending specimen width (0.5 mm) and h is the bending spec-
imen height (0.5 mm). Fourth, for XRD and TDS, 3 mm discs were
prepared from as-received and annealed materials as well as from
3 and 10 mm HPT-processed discs. Discs with 3 mm diameter were
punched out from the 10 mm discs at 3.5 mm away from the cen-
ter as shown in Fig. 1. The 3 mm discs were ground and polished
mechanically to a thickness of 0.5 mm very smoothly and XRD was
performed on these samples using the Co K� radiation at 40 kV
and 36 mA in a scanning step of 0.02◦ and a scanning speed of
0.4◦/min. TDS was carried out for the hydrogen measurement as
a function of the sample temperature from 56 to 850 ◦C at a heat-
ing rate of 0.17 ◦C/s. For TEM, the 3 mm diameter discs used for
the XRD were ground mechanically to a thickness of 0.15 mm and
further thinned with a twin-jet electro-chemical polisher using a
solution of 10% HClO4 and 90% CH3COOH at 25 ◦C. TEM was per-
formed at 200 kV for microstructural observation and for recording
selected-area electron diffraction (SAED) patterns.

3. Results and discussions

The variations of hardness are plotted in Fig. 2 against the dis-
tance from the disc center for N = 1, 4, 10 and 40 revolutions under
a pressure of (a) 2 and (b) 6 GPa. Microhardness increases with the
distance from the disc center for all numbers of revolutions and
for both pressures. Microhardness increases with the numbers of
revolutions after processing with HPT at 2 GPa; whereas, hardness
increases with an increase in the numbers of revolutions from 1 to 4
after processing at 6 GPa but the hardness level decreases for larger
numbers of revolutions from 4 to 10 through 40. All microhardness
values in Fig. 2 are plotted against the equivalent strain in Fig. 3.
Here, the equivalent strain was calculated by the equation as [28]:

ε = (1 − s)

∫ N

0

2�r√
3 t(N)

dN (2)
revolutions, s is the fraction of sample slippage, as described earlier
[29], and t(N) is the thickness of disc as a function of N determined
by fitting of experimentally measured thicknesses. It is apparent
from Fig. 3 that all microhardness data points tend to fall on a sin-
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ig. 3. Vickers microhardness plotted against equivalent strain for samples pro-
essed under a pressure of 4 GPa and various revolutions.

le curve. The hardness increases with increasing equivalent strain
t an early stage of straining but saturates to a steady state at high
trains where the hardness remains unchanged with further strain-
ng. The microhardness at the steady state is 360 Hv. The shape of
he hardness versus strain curve for pure Hf is similar to those for
u [30], Fe [28], Ti [20] and Zr [21]. It was considered that the sat-
ration stage (steady state) appears because of a balance between
he hardening and the softening, where the hardening is due to
islocation accumulation and grain refinement whereas the soft-
ning due to annihilation of dislocations through recovery [31,32]
r recrystallization [2,33].

The stress–strain curves for annealed sample as well as HPT
amples processed for N = 1, 3 and 10 revolutions under a pres-
ure of 4 GPa are delineated in Fig. 4 from tensile tests conducted
t room temperature at an initial strain rate of 2 × 10−3 s−1. The ten-
ile strength increases and the total elongation to failure remains
lmost unchanged with an increase in the number of revolutions or
n increase in the equivalent strain. The annealed sample exhibits
he tensile strength similar to the one in an earlier report after
nnealing [24]. For HPT-processed samples, the tensile strength is
xpressed by the hardness through the relation as � = 3.2 Hv where
he factor, 3.2, is consistent with the factor, ∼3, accepted for the

onversion for many materials. It is also found that the strength to
eight ratio for Hf after processing with HPT for N = 10 revolutions

s 86 J/g which is 3.5 times as high as the annealed one. This strength
o weight ratio of pure Hf is well comparable with that of commer-

ig. 4. Nominal tensile stress versus nominal strain curves for annealed sample and
amples processed under a pressure of 4 GPa and various revolutions.
Fig. 5. Nominal bending stress versus displacement curves for annealed sample and
samples processed under a pressure of 4 GPa and various revolutions.

cially pure Ti which is 52 J/g for Grade 1 and 148 J/g for Grade 4B
corresponding to ISO 5832-2 standard for implant materials [34].

Fig. 5 delineates the stress-displacement curves obtained from
bending tests at room temperature with a cross-head speed of
0.5 mm/s for samples processed for N = 1, 3 and 10 revolutions
under a pressure of 4 GPa including an annealed sample before
HPT. Examination of Fig. 5 indicates three important points: (1) the
bending strength significantly increases by processing with HPT
while the ductility remains reasonably large when compared with
the annealed sample; (2) the bending strength increases with an
increase in the equivalent strain but the total displacement to fail-
ure decreases as the equivalent strain increases from 3 to 10 and
slightly decreases with a further increase in the equivalent strain
from 10 to 36; and (3) the bending strengths for both radial direc-
tion and pressing direction are the same but the total displacement
to failure in the radial direction is higher than that in the press-
ing direction. Comparison of Fig. 5 with Figs. 3 and 4 shows that
the bending strength has the same trend as the hardness and the
tensile strength with respect to strain.

TEM microstructures are shown in Fig. 6 for the sample after
HPT processing for N= 10 revolutions under the pressure of 4 GPa.
A bright-field image and a dark-field image including the corre-
sponding SAED pattern are shown for this sample in (a), (b) and
(c), respectively. Note that the dark-field image was taken with
the diffracted beam indicated by an arrow in the SAED pattern. It
should be noted that the microstructure in Fig. 6 corresponds to the
steady state in the plot of hardness against equivalent strain shown
in Fig. 3. It is apparent from Fig. 6 that the microstructure consists of
small grains having high angles of misorientation as evident from
the SAED with a well defined ring pattern. Close examination of the
microstructures reveals that there are many dislocations within
the grains and most of the grains are surrounded by curved and
ill-defined grain boundaries. The grain size distribution after 10
revolutions under a pressure of 4 GPa is shown in Fig. 7, which was
obtained from the dark-field image similar to Fig. 6(b) by measuring
the two orthogonal axes of the bright areas corresponding to a total
of 260 grains. It is found that the sizes of all measured grains are
in the nanometer or sub-micrometer range and the average grain
size is ∼180 nm. These microstructural features of Hf are similar to
the earlier observation of Ti and Zr [20,21].

XRD profiles are shown in Fig. 8 for the samples after anneal-
◦
ing at 1000 C for 1 h, and after HPT processing at 4 GPa for N = 10

revolutions and at 30 GPa for N = 0 and 1 revolutions. Three points
should be noted for Fig. 8: (1) no peak associated with the � phase
is visible at any conditions including after application of 30 GPa:
(2) peaks of hafnium hydride (HfH2) are present after annealing at
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gen atoms diffuse through the lattice since the atomic diameter is
ig. 6. TEM (a) bright- and (b) dark-field images and SAED pattern for sample pro-
essed under a pressure of 4 GPa after 10 revolutions.

000 ◦C and after processing at 4 GPa; and (3) such hydride peaks
isappear by HPT processing after application of 30 GPa.

Regarding the first point, the absence of the � phase suggests
hat no transformation occurs from � phase to � phase through
PT processing, or the phase transformation occurs but the reverse

ransformation from � phase to � phase follows upon unloading

r quickly after unloading. Based on the dynamical observations
eported earlier using a diamond anvil cell at a pressure more than
1 GPa [11,12] or 38 ± 8 GPa [13], it is considered that the latter
hould be the case and it is suggested that, unlike Ti and Zr reported

ig. 7. Number fraction of grain size distribution for sample processed under a
ressure of 4 GPa after 10 revolutions.
Fig. 8. XRD profiles of Hf after annealing at 1000 ◦C for 1 h, after HPT processing
at 4 GPa for N = 10 revolutions and after HPT processing at 30 GPa for N = 0 and 1
revolutions.

earlier [7,17–21], straining under high pressure is not effective in
Hf to facilitate the phase transformation or to stabilize the � phase
after unloading.

The second and third points indicate that the hydride phase
is decomposed by application of a high pressure at 30 GPa. The
decomposition of the hydride phase was reported in the Cu–H sys-
tem at high pressures due to thermodynamic instability [35,36]. It
is considered that the hydride phase may decompose either during
application of the high pressures or after unloading.

According to the reports that the hydride phase is also decom-
posed at temperatures above 327 ◦C [22,23], some samples were
annealed at 400 ◦C for 5 h. As shown in Fig. 9, the hydride phase
disappears by this post-annealing. The samples after the post-
annealing were then processed by HPT at 4 GPa for N = 0 revolutions
and for N = 10 revolutions. No hydride peak appears after appli-
cation of 4 GPa without straining (N = 0), but the hydride peak
is detected after HPT processing for N = 10 revolutions. Thus, the
results indicate that strain-induced hydride formation has occurred
as reported in Zr [25], Ti [37,38], Nb [39,40] and V [41]. Hydro-
much smaller than any of the other metallic atoms. However, trans-
ported hydrogen can accumulate in microstructural defects such as
voids, dislocations and grain boundaries which are known as trap-
ping sites for hydrogen [42]. Thus, the hydrogen concentration may

Fig. 9. XRD profiles of Hf after post-annealing at 400 ◦C for 5 h and after HPT pro-
cessing at 4 GPa for N = 0 and 10 revolutions.
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ig. 10. TDS spectra of Hydrogen for samples post-annealed at 400 ◦C for 5 h and
rocessed with HPT at 4 GPa for N = 10 revolutions obtained before and after HPT.

ocally exceed a limit for the hydride formation in the strain field,
eading to the hydride formation even when the average hydrogen
ontent is fairly low [40,43–45].

The hydride formation is also confirmed by the two TDS spectra
s shown in Fig. 10, where the samples subjected to post-annealing
ere analyzed by TDS before and after HPT processing at 4 GPa for

0 revolutions. It is apparent that the TDS peak in the spectrum
hifts to a lower temperature by processing with HPT. This shift is
ue to desorption of hydrogen through the quick decomposition
f the hydride at a temperature around 327 ◦C. It should be noted
hat the samples were mechanically polished and cleaned before
DS analysis to avoid any possible effect due to surface corrosion
roducts [46].

Experiments were further carried out with the samples of
ydride formation after processing by HPT at 4 GPa for 10 revo-

utions. Such samples were then kept for 2 h and 10 days following
he HPT processing and XRD profiles of the corresponding sam-
les are shown in Fig. 11. Comparison reveals that the hydride
eaks clearly disappear after storage for 10 days. This indicates that
train-induced hydride phase is metastable and decomposes during
torage in the ambient pressure after HPT processing.
In summarizing the hydride formation, high pressure promotes
he decomposition of hydride phase, whereas the strain promotes
he formation of a metastable phase even when the average hydro-
en content is fairly less than solvus level. The pressure and strain
ffect an opposite way for the formation of the hydride phase in HPT

ig. 11. XRD profiles of Hf post-annealed at 400 ◦C for 5 h and processed with HPT
t 4 GPa for N = 10 revolutions obtained 2 h after HPT and 10 days after HPT.

[
[
[
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operation so that the hydride formation may be controlled by the
balance between the two factors. In this study, it was not possible
to introduce large strain under the application of 30 GPa to detect a
hydride phase because of a limited capacity for HPT operation, the
presence of the hydride formation was clearly confirmed after 10
revolutions under the pressure of 4 GPa.

4. Conclusions

High-pressure torsion (HPT) was conducted on pure Hf (99.99%)
at applied pressures of 4 and 30 GPa and the following conclusions
were obtained.

1. Vickers microhardness measurements revealed that the hard-
ness increases with an increase in the equivalent strain at an
early stage of straining and saturates into a steady state level at
high strains.

2. Tensile and bending tests showed that an appreciable ductility
as well as high tensile and bending strength (1.15 and 2.75 GPa,
respectively) is achieved for the samples processed at 4 GPa.

3. TEM observation showed that the average grain size at the steady
state for the pressures of 4 GPa is ∼180 nm.

4. XRD analysis revealed that no � → � phase transformation is
detected after processing at 4 and 30 GPa. This indicated that,
unlike Ti and Zr, straining under high pressure is not effective
in Hf to facilitate the phase transformation or to stabilize the �
phase after unloading.

5. XRD analysis also revealed that a strain-induced hydride phase
forms by processing with HPT at 4 GPa. However, because the
hydride phase is metastable it is decomposed by either storage
after releasing the pressure or by application of a higher pressure
as 30 GPa.
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