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a b s t r a c t

We investigate the tensile properties, strain rate sensitivity, and activation volume of nanostructured Ti

prepared by equal channel angular pressing plus a series of thermal treatment. Simultaneous

enhancement of strength and tensile ductility is achieved. The strain rate sensitivity is found to

decrease with decreasing grain sizes (�150–450 nm). A new Hall–petch relationship is presented and

discussed. The analyses on the internal friction peaks at around �70 1C suggest that twins could play

the primary role for the strain hardening of the annealed nanostructured Ti, consistent with the

miniscule activation volumes.

& 2013 Elsevier B.V. All rights reserved.
1. Introduction

Due to its excellent mechanical properties, light weight, good
corrosion resistance, and biocompatibility, ultrafine-grained (UFG)
or nanocrystalline (NC) titanium (Ti) has attracted a great deal of
attention over the last decade [1–3]. To date, the majority of UFG-Ti
materials have been prepared by equal channel angular pressing
(ECAP), which has the advantage of retaining the bulk dimensions.
Despite the coveted strength (o900 MPa), however, the ECAP-Ti is
known to suffer from early necking instability and hardly owns
much useful tensile ductility [4]. Hence, post-ECAP processing such
as thermomechanical treatment is often necessary in order to
recover uniform tensile ductility for advanced structural applica-
tions. Simultaneous enhancement in both strength and ductility
have indeed been achieved through short-time annealing [5,6], the
origin of which was attributed to the grain boundary (GB) struc-
tures. However, reproducible production of such materials has not
been forthcoming due to the degree of difficulty in pinpointing heat
treatment conditions and the potential impacts of other variables
such as impurities on the GB structures.

On the other hand, the deformation mechanism in hexagonal-
close-packed (HCP) nanostructured metals (e.g., Ti, Mg) is an
ll rights reserved.
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heng),
intriguing problem that has not been completely resolved in the
literature [7,8]. Some important deformation kinetics parameters
such as strain rate sensitivity and activation volume, or even the
classical Hall–petch scaling law, are not well-established for nanos-
tructured Ti materials. Because of the complicated microstructure
existing in ECAP samples (i.e., both twins and dislocations), it
remains a challenge to elucidate the deformation mechanisms
using postmortem microstructure characterizations [9]. In a recent
study of Ti single crystal pillars [10], deformation twinning is found
less important when the pillar size reduces below �1 mm and the
sample surface starts to play a significant role. Interestingly, an
inversed size-dependent twinning phenomenon is observed in HCP
NC cobalt [11], where GBs play an important role. These experi-
mental investigations suggest that there is no unified picture on the
deformation mechanisms especially twinning behavior in HCP
materials when the grain size or sample dimension reaches sub-
micron or nanometer regime [12]. Note that deformation twinning
could play deterministic role in the tensile ductility of some HCP
metals such as Mg alloys [8].

Through a series of thermal heat treatment, here we employ
tensile tests and nanoindentation to systematically explore the
achievable mechanical properties for nanostructured Ti prepared
by ECAP. We investigate the deformation kinetics and strength
scaling law for these materials. Simultaneous enhancement in
both strength and ductility is achieved for samples annealed at low
temperatures for several hours. Moreover, dynamic mechanical
analyses (DMA) are applied to survey the underlying deformation
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mechanisms of ECAP- and annealed-Ti samples with UFG struc-
tures. Activation energy is calculated from DMA spectra and used
to interpret the possible deformation mechanisms.
2. Experimental

Commercial purity (CP) Ti (ASTM grade 2) with a composition
(wt%) of 0.34% O, 0.2% Fe, 0.05% C, 0.005% N, and balanced Ti was
used as the starting material. The billets were subjected to ECAP
processing with route BC for 4 passes at room temperature, followed
by annealing at 350–500 1C for different time intervals (0.5–6 h).
Table 1 summarizes the sample conditions. The microstructure of all
Table 1
A summary of Ti materials used in this study, and the measured mechanical

properties. The Burgers vector b¼0.295 nm (i.e., assuming the a-type

dislocations).

Sample

conditions

Average

grain size

(nm)

Hardness

(GPa)

s0.2%

(GPa)

Ratio

(H/

s0.2%)

Strain rate

sensitivity

(m)

Activation

volume

As-ECAP 168 3.71 0.763 4.86 0.013 7b3

ECAPþ350 1C

6 h

263 3.76 0.796 4.72 0.019 12b3

ECAPþ400 1C

0.5 h

251 2.91 0.657 4.43 0.022 13b3

ECAPþ500 1C

0.5 h

290 2.78 0.560 4.96 0.0305 10b3

ECAPþ500 1C

1 h

453 2.29 0.519 4.41 0.042 9b3

Fig. 1. Representative TEM images of Ti samples prepared by different processing con

(d) ECAPþ500 1C for 1 h. The scale bar for all images is 500 nm. The grain size distrib
samples was examined using transmission electron microscopy
(TEM, JEOL JEM-2100) along the longitudinal direction (i.e., parallel
to the ECAP axis). TEM specimens were prepared by mechanical
polishing to a thickness of �80 mm and further thinned to electron
transparency using a twin-jet polishing with a solution of 5%
perchloric acid, 35% butanol and 60% methanol at a temperature
of �40 1C and an applied voltage of 40 V. Bright- and dark-field TEM
images were taken at an accelerating voltage of 200 kV. The gauge
dimension of dogbone tensile samples is 10 mm (length)�2 mm
(width)�1 mm (thickness). The tensile tests were performed at a
strain rate of 1�10�3 s�1 in the ambient environment. Nanoin-
dentation tests were conducted at room temperature using nanoin-
denter G200 (Agilent Inc.) with a Berkovich diamond indenter. All
the hardness measurements were conducted along the direction
normal to the pressing axis. The strain rate sensitivity (m) was
measured at loading rates ranging from 70 mN/s to 0.705 mN/s. At
least nine tests were repeated at each loading rate. The strain rate
sensitivity (m) and the activation volume (V) are calculated accord-
ing to

m¼
@ln H

@ln_e , ð1Þ

and

V ¼
3
ffiffiffi

3
p

kT

mH
, ð2Þ

where H is the hardness, _e strain rate, k the Boltzmann constant,
and T the absolute temperature. Internal friction and storage
modulus of the samples as a function of temperature were
measured in a dynamic mechanical analyzer (DMA Q800, TA
ditions: (a) as-ECAP; (b) ECAPþ400 1C for 0.5 h; (c) ECAPþ500 1C for 0.5 h; and

ution is measured along the grain width direction.
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Instruments) from room temperature to �150 1C at different
frequencies in a single-point bending mode. The cooling rate is
2 1C/min.
3. Results and discussions

3.1. Simultaneous high strength and high ductility

Fig. 1(a)–(d) display representative TEM micrographs of ECAP-
and annealed-Ti samples, which indicate that the grain morphology
evolves from highly-elongated structures to more equiaxed shapes
as the annealing temperature increases. The grain coarsening is also
evident, suggestive of recrystallization activities. Residual disloca-
tions and twins remain observable but decrease with increased
annealing temperatures and holding time. These results suggest that
Fig. 2. Grain size distribution histograms for the four samples presented in Fig. 1. The

from samples of as-ECAP, ECAPþ400 1C for 0.5 h, ECAPþ500 1C for 0.5 h, ECAPþ500 1C
pre-existing deformation twins induced during the ECAP can be
annealed away as the temperature arises (4350 1C). To quantify the
grain size (D) information, we manually measure D from a series of
bright-field TEM images taken for each sample condition. The
average D obtained from grain size histograms shown in Fig. 2 are
compiled in Table 1. Note that the D of all samples is in the UFG
regime, despite clear dislocation density difference.

The tensile engineering stress–strain curves of ECAP- and
annealed-Ti samples shown in Fig. 3(a) indicate that post-ECAP heat
treatment can produce samples with an impressive combination
of tensile strength and tensile ductility. Interestingly, the sample
annealed at 350 1C for 6 h exhibits simultaneous enhancement
in both strength and ductility vis-�a-vis those annealed at higher
temperatures. The 0.2% yield strength (s0.2%) of this sample is
0.796 GPa, with a total tensile elongation to failure of more than
�30%. Although annealing-induced enhancement in both strength
order of the plots follows the exact same order of the TEM images; i.e., (a)–(d) are

for 1 h, respectively.



Table 2
Some representative Hall–petch scaling laws reported in the literature

(sy¼s0þKyD�1/2, where sy is the yield point, s0 the friction stress, Ky the H–P

slope, and D the average grain size).

Material

specifications

s0 (MPa) Ky

(MPa m1/2)

Reference Note

Grade 2 182 0.36 [27] Nanostructured

Grade 2 – 0.37 [26] Microsized

99.998% – 0.671 [24] Microsized

99.998% 0.53 [25] Microsized

Ball-milled 747 0.63 [21] Nanocrystalline

With O2, 0oC 186 0.64 [23] –

Grade 2 163 0.25 Our work UFG and

nanocrystalline

Fig. 3. (a) Tensile engineering stress-strain curves for various UFG-Ti samples.

(b) A Hall–petch plot using the data report here and from the literature (references

[6,18–22]). (c) Measured strain rate sensitivity (m) and activation volume (V) as a

function of grain size (D) for UFG-Ti.
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and ductility has been reported in several nanostructured metals
[5,6,13–15], the origin of this behavior can be perversely complex. In
the case of nanostructured Ti, the measured D in 350 1C treated
sample is smaller or similar to other samples; however, the pre-
existing deformation twins are preserved due to its low annealing
temperature. In addition, grain interiors are relatively free of
dislocations due to the long annealing hours. We thus speculate
that the pre-existing twins may have played a critical role in
achieving simultaneous high strength and high ductility. The ability
of twin boundaries in helping retain high strength and high ductility
has indeed been well-recognized in nanotwinned copper [16].
However, this phenomenon has seldom been studied in HCP
materials due to their propensity to deformation twinning, which
complicates the mechanistic studies. Interestingly, earlier studies
have demonstrated that nanostructured Ti with multi-model dis-
tribution of grain sizes can also achieve both high strength and high
ductility [17] (yield strength �840 MPa, tensile elongation to failure
�27.5%), which is unlikely applicable to our case as we do not find
bimodal or multi-modal grain structures in all of our samples (see
Fig. 2). In contrast to some earlier experiments that typically use
very short annealing time of a few minutes [6,13], we note that our
experiments apply long annealing time (i.e., 6 h) in order to achieve
both strength and ductility. Therefore, we believe that our approach
is more controllable and could have more practical applications.
3.2. Hall–petch relationship for HCP Ti

To compare the hardness and strength measured in our
samples with others, we investigate the Hall–petch (H–P) scaling
law for our materials, Fig. 3(b), including the literature data from
Refs. [6,18–22]. The tensile yield strength data measured from our
samples seem to fit the literature data quite well; a linear-least-
squares fit yields a H–P slope (Ky) of 0.25 MPa m1/2, whereas the
same linear fit using hardness-only data yields a substantially
higher Ky¼0.47 MPa m1/2. Interesting, there apparently exist two
H–P slopes in different grain size regions; i.e., microsized grain
region and ultrafine- and nano-grain region. The origin of such
behavior could be related to the grain size dependent twinning
behavior in HCP materials but requires further investigations.
Table 2 summarizes several H–P relationships reported from
several other groups [21,23–27], as well as ours. The relative
scattering of Ky in the literature for Ti can be attributed to the
following reasons: (1) Materials purity. It is known that the
strength of HCP metals is more sensitive to impurities than
face-centered-cubic (FCC) metals, which contributes different Ky

seen in the literature; (2) The contribution of dislocation/twin to
the strength is often not considered; this is especially true when
the ECAP samples were used for scaling law analysis; (3) The
applicability of Tabor equation to HCP metals remain question-
able. Our studies here reveal that the constant of proportionality
(C) seen in our samples is mostly larger than four instead of the
value of three (see Table 1). These results strongly suggest that
the hardness measurements are likely to overestimate the Ky
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value—a trend that is also seen in FCC metals [28]. Due to the
difficulty of synthesizing truly NC Ti with Do100 nm, unfortu-
nately, the H–P slope of Ti has not been extended into the very
small D range. Future studies are clearly desirable in order to
extend the strength scaling law of Ti down to 15–20 nm.

3.3. Strain rate sensitivity and activation volume

The measured strain rate sensitivity m shown in Fig. 3(c) indicate
that it generally increases with the increasing D for UFG-Ti, which at
least holds true within the D range (�150–450 nm) we have
investigated. This trend reverses the behavior seen in FCC materials;
but agrees with m trend observed in another HCP metal Co [11,28].
The calculated activation volume V, on the other hand, does not
exhibit a monolithic trend vs. D. This observation is, however, not
surprising as the dislocation or twin density has significant effect on
V; these quantities are expected to be different in the annealed
samples (in additional to the D). The rather small V observed in UFG-
Ti may be related to the relative high-density dislocations and easy
twining behavior of Ti, which limits the average sweeping distance
for dislocation slips. In fact, a V value of �30b3 or less is typically
reported for CG- or UFG-Ti in the literature [19,29]. That HCP
materials have a rather small V is in sharp contrast to those seen
in FCC materials, where V typically varies by 2–3 orders of
magnitude (see, for example, Ref. [16]).

3.4. Internal friction measurements and implications

To further understand the deformation mechanisms of UFG-Ti,
especially the 350 1C annealed sample, we carried out the internal
frictions (IF) measurements. Fig. 4 compares the IF (Q�1) of
different samples at a measuring frequency f¼0.2 Hz down to
the temperature of �150 1C. The ECAP-Ti shows a peak (marked
as P2) at ��125 1C, the position of which is consistent with the
Hasiguti peak [30] in the range of �150– �73 1C observed in
cold-worked CP-Ti and is ascribed to the relaxation of dislocations
of the 1/3o11204/(0001) basal slip system at the interstitial
sites [31]. Such mechanism was found to have an activation
Fig. 4. Internal frictions of the ECAP-Ti, ECAP-Ti annealed at 350 1C for 6 h, deformed (st

the P2 and Pt peaks.
energy far below 0.5 eV [30]. After the UFG-Ti is annealed at
350 1C for 6 h, the peak is weakened which is indicated as a
change of slope in the IF near �100 1C. When the annealed UFG-
Ti sample is further deformed to �2% plastic strain, a significant
IF peak (marked as Pt) at ��70 1C is evident. Interestingly, plastic
deformation of the same sample to a larger strain (�6%) does not
affect the height and position of the Pt peak. As Hasiguti peak
characteristically increases with the increasing plastic strains, it is
speculated that the Pt peak around �70 1C is unlikely related to
dislocation relaxations.

Fig. 5(a) shows the IF and storage modulus of the ECAP-Ti. The
Hasiguti-type P2 peak is found to be a typical relaxation IF peak
accompanied by very little modulus change. Fig. 5(b) compares
the IF and storage modulus of the annealed UFG-Ti subjected to
2% strain, manifesting a significant modulus discontinuity close to
the peak temperature of the IF Pt peak. Using an Arrhenius
relation, the activation energy of these peaks can be calculated
based on the frequency-dependent temperatures of the IF peaks
obtained by subtracting the backgrounds. The inset of Fig. 4
shows the relation between the measuring frequency f and the
peak temperature of peaks P2 in the ECAP-Ti, and Pt in the
annealed UFG-Ti subjected to 2% strains, respectively. The Arrhe-
nius fitting yields activation energies of 0.7670.05 eV and
0.3570.04 eV for Pt and P2 peaks, respectively. The significant
differences of the peak temperature and activation energy
between Pt and P2 peaks favor our earlier hypothesis that the Pt

peak in the annealed UFG-Ti subjected to 2%–6% strain is not
related to the dislocation relaxation. Instead, such large activation
energy is typical for the activation of twining dislocations or the
relaxation of twin boundary microstructures [24].
4. Conclusions

CP-Ti has been processed into UFG states using ECAP route BC at
room temperature, and excellent tensile properties have been
achieved in UFG-Ti, due mainly to the recovery of strain hardening
capability despite their submicron grain sizes. The strain rate
rains 2% and 6%) UFG-Ti annealed at 350 1C for 6 h. The inset is the Arrhenius fits of



Fig. 5. (a) The IF and storage modulus of the ECAP-Ti at various frequencies. (b) The IF and storage modulus of the annealed UFG-Ti after 2% straining at various

frequencies.
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sensitivity of HCP Ti is found to decrease with decreasing grain size
(�150–450 nm), and the activation volume remains small for all
grain sizes, suggestive of the significant roles of twins in these
materials. A new H–P scaling law is presented and compared
favorably to the literature data. The internal friction analyses suggest
that the IF relaxation peak in the 350 1C-annealed UFG-Ti could be
related to the twin boundary relaxation. The mechanical testing and
internal friction analyses shed some light on the deformation
mechanisms of UFG-Ti processed through ECAP, providing useful
information on how to develop Ti with high mechanical strength and
useful ductility.
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