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Abstract Commercial purity nanostructured titanium

prepared by equal channel angular pressing plus cold

rolling (grain size ~260 nm) exhibits a nonnegligible

strain hardening behavior at large compressive strains

(>15%) and quasistatic loading conditions. The degree

of the strain hardening increases with increasing strain

rates and becomes more pronounced at dynamic

loading rates. This behavior is in contrast with what

we have seen so far in other nanostructured materials,

where flat stress-strain curves are often seen. It was

concluded from transmission electron microscopy

investigations that in addition to dislocation slips,

deformation twinning may have played a significant

role in plastic deformation of nanostructured Ti. The

structural failure behavior is in-situ recorded by a CCD

camera and reasoned according to the microscopic

observations.

Introduction

Hexagonal close-packed (hcp) ultrafine-grained

(UFG) titanium processed by severe plastic deforma-

tion (SPD) has gained wide interest due to its excellent

mechanical properties and potential applications as

biomedical implants [1–3]. Unlike traditional fcc and

bcc nanostructured materials, the nanostructured tita-

nium prepared by SPD contains not only high densities

of dislocations but also a significant amount of defor-

mation twins. Such unique microstructural character-

istic suggests that the deformation mechanism and

failure mode of nanostructured Ti may be different

from those of other UFG materials. It is well-estab-

lished that deformation twinning is an important mode

of deformation in coarse-grained hcp materials.

Whether and when dislocation slip or deformation

twinning becomes the dominant deformation mode in

nanostructured Ti remain an open question.

To date, a large amount of work [1–8] has been

reported on the deformation behavior and failure

mechanism of nanocrystalline and UFG materials, the

bulk of which has focused on fcc and bcc crystal

structures. Quite different deformation modes were

documented for these two types of nanostructured

materials. SPD nanostructured Cu (fcc), for example,

shows near perfect elasto–plastic behavior under both

compression and tension, with a total compressive

strain over 70% [9, 10]. Deformation twinning was not

observed in this material except at low deformation

temperatures or under high-pressure torsion condition

[2, 11]. On the other hand, hot-consolidated bcc

nanostructured Fe, though also showing a near elastic-

perfectly plastic behavior at small compressive strains

(<10%), fails prematurely due to the development of
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multiple shear bands that are attributed to the dimin-

ishing strain hardening and strain rate hardening

capability [12]. Earlier studies of nanostructured Ti at

different strain rates suggested that similar to nano-

structured Fe, UFG-Ti also exhibited a reduced strain

hardening behavior. However, no microstructural evo-

lution and damage mechanisms were reported [1].

In this study, we extend the mechanical testing of

nanostructured Ti to much larger strains and a wide

range of strain rates in order to understand what

factors and how they control the deformation/failure

behavior of UFG-Ti. We paid special attention on the

possibility of twinning activities in nanostructured Ti

that were previously overlooked. In order to do so, the

mechanical properties of nano-Ti were systematically

characterized. An in-situ high speed camera was

employed in the experiments so as to capture the

evolution of surface micrographs in UFG-Ti during

dynamic compressions. The postmortem microstruc-

tures at different strains were examined by transmis-

sion electron microscopy (TEM). The results were

used to interpret the deformation mechanism and

failure mode of UFG-Ti.

Experimental

Ultrafine-grained Ti was produced by equal channel

angular pressing (ECAP) of commercial purity tita-

nium (0.12%O, 0.07%C, 0.04%N, 0.01%H, 0.18%Fe,

and balanced Ti) following route Bc for eight passes

at 400–450 oC. The workpieces were further pro-

cessed by cold rolling at room temperature to a total

cross-sectional area reduction of 73%. The details of

the processing method were given in reference [2].

The as-rolled microstructures show grains elongated

along the longitudinal rolling direction and near

equal-axial in the transverse cross section. The

reference coarse-grained (CG) Ti was prepared by

annealing a commercial Ti (99.9%) at 705 oC for 2 h

and then air-cooling, resulting in an average grain size

of 35 lm. Before the mechanical testing, the nano-

structured samples were sit at room temperature for

over a year.

The specimens for quasistatic and dynamic com-

pression tests were cut (with the mechanical testing

axis parallel to the ECAP longitudinal direction) from

the as-processed samples using an Electrical-Discharg-

ing-Machine (EDM). Then the side surfaces of the

specimens were polished using SiC abrasive papers

with metallurgical grits down to 1,200 and diamond

paste of 0.1 lm. To ensure the parallelism of the two

loading surfaces, the specimens were mounted into

epoxy and the loading surfaces were lapped using a

LapMaster lapping machine with an Accupol to

remove the rough layers. After lapping, the flatness

of the two ground surfaces was less than 1 lm/30 mm.

The dimensions of the specimens were 2.5 mm ·
2.5 mm · 3.5 mm and /3 mm · 2.4 mm for quasistatic

and high strain rate compression tests, respectively. In

order to record the potential development of cracking

or shear banding on the sample surfaces during

dynamic loading, a prismatic side surface was cut

for cylindrical samples and polished down to 0.1 lm

finish for in-situ imaging during the dynamic loading

experiments.

The quasistatic compression tests were carried out

using a MTS servo-hydraulic machine under a constant

displacement control mode with initial strain rates of

10–4 s–1–10–1 s–1. The interface between the specimens

and the compression platens was lubricated by lithium

complex grease to reduce the influence of interfacial

friction. The dynamic compression tests were per-

formed using the Kolsky bar technique (Split Pressure

Hopkinson Bar) at the strain rates of 103 s–1–104 s–1. A

high speed camera (DRS ULTRA 8) having the

capacity to catch consecutive pictures at every 2 ms

was used to in-situ record the surface micrographs of

the samples during the dynamic tests. For each stress-

strain curve reported here, at least two tests were

carried out in order to verify the reproducibility.

The deformed UFG-Ti samples were sectioned

parallel to the compression axis and characterized by

transmission electron microscopy (TEM), which was

conducted in a JEOL 3000 FEG electron microscope

operated at 300 kV. TEM samples were prepared by

double-jet electro-polishing at room temperature with

an electrolyte consisting of 33% orthophoshporic acid

and 67% water.

Results and discussions

Figure 1 shows true stress-strain curves of UFG-Ti

with the strain rate in the range of 10–4 s–1–10–1 s–1. For

comparison, the stress-strain curve of a coarse-grained

(CG) Ti is also included. A considerably elevated

strength was observed in UFG-Ti with the yield stress

3–4 times higher than that of CG-Ti. In terms of

ductility, UFG-Ti fails after a total compressive strain

of ~30%, as compared to ~60% in CG-Ti and ~10% in

nanostructured Fe [12]. Such ductility is consistent with

what we have seen so far in other nanostructured

metals, where a notable reduction of tensile/compres-

sive strain to failure was observed as a result of

nanostructuring.
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Careful examinations of the strain hardening behav-

ior in UFG-Ti and CG-Ti reveal distinctive differences.

The CG-Ti demonstrates a strong strain hardening

behavior, the stress-strain curve of which has a

perceptible upward curvature throughout the test.

Such an increasing strain hardening behavior in CG-

Ti is believed to be associated with extensive twinning,

as documented by Chichili [13] and Harding [14]. In

contrast, a different scenario is observed for the plastic

flow of UFG-Ti, which exhibits initially little strain

hardening, with a near perfectly plastic behavior at

strains up to 15%. This low strain hardening behavior

at small strains agrees with our previous observations

and is believed to render early tensile instability in

nanostructured Ti [1]. At large strains, however, a

nonnegligible strain hardening is observed (Fig. 1),

though the degree of such strain hardening remains

limited and far less than that of CG-Ti.

The strain hardening for UFG-Ti becomes more

pronounced when the samples were tested at high

strain rates, as shown in Fig. 2. This strain hardening

behavior appears fairly reproducible in our multiple

tests of different geometry samples. Note that the

specimen-platen interface was sufficiently lubricated

during all the compression tests such that the optical

micrographs of the deformed samples showed no

evidence of inhomogeneous flow or barreling. There-

fore the observed strain hardening behavior reflects the

intrinsic material behavior, and its variation with strain

and strain rate is related to the microscopic deforma-

tion mechanism of UFG-Ti. Such a strong increased

strain hardening behavior has not been reported in

other ultrafine-grained materials and is clearly worthy

of further investigations.

Figure 3 displayed sequential TEM bright field

images of the as-processed and deformed UFG-Ti.

Due to the cold-rolling procedure, many grains in the

as-prepared samples exhibit filamentary shapes along

the longitudinal rolling direction (Fig. 3a), with an

average grain size of ~260 nm. Dislocation cells and

extremely high density of dislocations are the typical

microstructural features. Deformation twins resulted

from severe plastic deformation are also visible inside

grains with the twin band width on the order of

~150 nm. After 10% deformation (Fig. 3b), the ultra-

fine-grains become more or less equiaxed, though some

grains with straight boundaries and elongated contours

are still observable. The average grain size remains

approximate constant across the transverse direction.

After 30% strain (Fig. 3c), the grains look completely

equal-axed (the sample failed at this point). The

transformation of grain shape from fibrous type to

equal-axial type during the quasistatic compressions

implies the change of grain orientations and evolution

of the texture, suggesting that the dislocation slip plays

a significant role during plastic deformation of UFG-Ti

[2]. Mechanical twinning is known to strongly affect

the deformation behavior of coarse-grained hcp mate-

rials. Interestingly, our TEM examinations in quasi-

static deformed samples revealed little evidence of

additional twinning activities except at very large

strains. This supports the notion that dislocation slip

is the major mode of deformation in nanostructured Ti

at slow deformation rates and room temperature [2].
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Fig. 1 Room temperature compressive true stress-strain curves
of nanostructured Ti over strain rate range of 10–4 s–1–10–1 s–1, in
comparison with a representative true stress-strain curve of the
coarse-grained Ti. Only first 40% plastic strain is shown for
coarse-grained Ti
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Fig. 2 Dynamic compressive true stress-strain curves of nano-
structured Ti at room temperature
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At dynamic loading rates (103–104 s–1), however, a

different scenario is observed, Fig. 3d. Deformation

twin with the band width in the range of 50–100 nm

become the characteristic microstructural feature.

Note that the twin bands in as-processed samples are

noticeably wider, suggesting that deformation twinning

has become an important event during high strain rate

deformation of UFG-Ti. Additional and extensive

twinning activities were also observed when nanostruc-

tured Ti was deformed at cryogenic temperature

(77 K) [15], as shown in Fig.3e. It is noticed that the

twin bands observed in low-temperature deformation

is narrower (in the range of 10–50 nm) than those seen

at high strain rates. This indicates that the twinning

activity in nanostructured Ti is closely tied to defor-

mation conditions such as strain rates and tempera-

tures. The lack of significant twinning activity at slow

strain rates is not surprising, considering that the

as-prepared materials contain a high density of mobile

dislocations and/or deformation twins.

In addition to deformation twinning, it was sug-

gested by Nemat-Nasser et al. [16] that the dynamic

strain aging effect in commercial purity Ti should also

be taken into account when discussing the strain

hardening behavior of hcp Ti. Such dynamic strain

hardening is believed to be caused by the interaction

Fig. 3 TEM bright-field
images of (a) as-processed,
(b) 8%, (c) 30%, (d) high
strain rate, and (e) low-
temperature (77 K) deformed
UFG-Ti
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between moving dislocations and solute atoms. Nemat-

Nasser et al. proposed that the dynamic strain aging is

due to the directional diffusion of dislocation-core

point defects with the moving dislocations at high

strain rates, although the usual dynamic strain aging by

point defects segregating outside the dislocation core

through volume diffusion is also possible at low strain

rates. Because of the diffusion mechanism involved,

however, the dynamic strain aging generally occurs at

elevated temperatures (600–850 K). Therefore it is

expected that such dynamic strain aging has little

implication on the strain hardening behavior seen in

our experiments.

The strain hardening behavior has direct impact on

the failure mode of UFG-Ti. The development of

cracks during dynamic testing was captured by a high

speed camera and shown in Fig. 4. The alphabetic

order of the pictures is the same as those marked on

the stress-strain curve of UFG-Ti (Fig. 2) with each

letter representing a different strain level. The time

interval between two frames is 10 ms, and the camera

exposure time for each image is 1 ms. Note that the

cracks started to develop in the late stage of deforma-

tion (Fig. 4f), i.e., sudden strain hardening regime),

where the substantial strain hardening has advanced.

Though shear banding or surface roughing due to

dislocation slip or grain boundary sliding was not

captured by the high speed camera, postmortem

optical micrographs (not shown) revealed that local

microscopic shearing did occur in nanostructured Ti,

but no large shear bands were formed and penetrated

through the whole sample. The strong strain hardening

during the late stage of deformation apparently froze

the occasional shear localizations. Close examinations

of the fracture micrographs of the samples after

quasistatic compressions showed that cracks were

initiated from either the corner of the top surface or

the bottom surface and propagated to the opposite

direction (see Fig. 4f). The multiple shear bands were

not detected during the compression, suggesting over-

all homogenous deformation nature of the UFG-Ti.

These observations imply that the initialization and

development of the cracks are likely due to the

continuous increase of the flow stress, which eventually

reaches over the critical shear stress level that ruptures

the UFG-Ti samples. Such failure behavior bears

similarity to those observed in ductile coarse-grained

polycrystalline materials [17], but is somewhat differ-

ent from those reported in other UFG materials.

Summary

The mechanical behavior of ultrafine-grained titanium

has been investigated by compression tests over a wide

strain rate range of 10–4 s–1–104 s–1. The flow stress of

UFG-Ti showed an abnormal strain hardening behav-

ior at large strains and dynamic loading rates. The

onset of such abnormal strain hardening behavior can

be associated with twinning activities instead of

dynamic strain aging in nanostructured Ti. No plastic

instability or grain-boundary-related mechanism was

observed during the compression of UFG-Ti. As a

result, nanostructured Ti shows a different failure

mode in compared with other ultrafine-grained mate-

rials.
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