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a b s t r a c t

It is generally believed that thermo-hydrogen processing has a beneficial effect on tensile ductility and
fatigue properties of titanium. This study was concerned with investigating whether this also applies to
titanium of commercial purity (CP) with an ultrafine-grained structure obtained by equal-channel angular
pressing (ECAP). It was shown that despite the possibility to manipulate the microstructure of titanium
the thermo-hydrogen processing offers, temporary hydrogenation was not able to improve ductility and
vailable online 4 December 2010
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low cycle fatigue life of CP titanium over the levels achievable by straight ECAP.
© 2010 Elsevier B.V. All rights reserved.
ensile ductility
atigue

. Introduction

Ultrafine-grained titanium obtained by severe plastic deforma-
ion (SPD) exhibits yield strength significantly improved over that
f coarse grained material. An increase in the fatigue limit paired
ith very little deterioration of fatigue performance in the low

ycle regime is also observed [1]. These results give promise that
mprovement of both the high cycle and the low cycle fatigue prop-
rties of titanium by SPD-induced grain refinement is possible. This
s very encouraging, as a vast majority of materials manufactured
y SPD [2,3] exhibit degradation of fatigue resistance in the low
ycle fatigue regime. Apparently, this effect, which is believed to
e associated with reduced ductility after SPD [3,4], can be avoided
or ECAP-processed titanium.

Alloying with hydrogen has been shown to enhance the ductil-
ty of certain titanium alloys in a temperature range suitable for
mproving hot workability [5,6]. The high diffusivity of hydrogen
n titanium has made it possible to exploit this fact in a technique

nown as thermo-hydrogen processing (THP). THP involves hydro-
enation by controlled diffusion, followed by thermomechanical
rocessing and subsequent vacuum dehydrogenation. Improve-
ents to the microstructure and the properties of titanium alloys

∗ Corresponding author.
E-mail address: rimma.lapovok@eng.monash.edu.au (R. Lapovok).

925-8388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2010.11.188
(notably, in their hot workability) by THP have been widely dis-
cussed in literature [7–9].

The improvement in hot workability by THP is based on the fact
that hydrogen stabilises the more ductile � phase and expands the
range of � + � phase stability in Ti. Critically, the � to � transfor-
mation temperature is decreased from 882 ◦C in pure titanium to
300 ◦C at the eutectoid point; i.e. for a hydrogen concentration of
∼40 at.%, Fig. 1 [10]. This is important for performing SPD without
fracture at moderate temperatures as a large volume fraction of
the � phase ensures the formability required for SPD at tempera-
tures as low as 300 ◦C. Cooling of the hydrogen-containing � and
� phases below the eutectoid temperature results in the transfor-
mation of the remaining � phase into the � phase and the � phase,
one of several hydrides that can form. Subsequent dehydrogena-
tion results in � phase decomposition and promotes the formation
of microstructures with either equiaxed or acicular grains [11].

This study aims to explore whether the expected benefits of
the technique with regard to room temperature ductility can be
achieved with the ultrafine-grained CP titanium prepared by ECAP,
with an ultimate goal of enhancing the low cycle fatigue life. The
THP parameters and their effect on ECAP formability and low cycle
fatigue behaviour of the ECAP-processed material will be reported.
2. Materials and experimental procedure

Commercial purity titanium (Grade 2–0.07%Fe, 0.15%O, 0.01%N, 0.01%C, 0.0%H)
was purchased as a 10 mm diameter round bar, annealed at 704 ◦C for 1 h and air

dx.doi.org/10.1016/j.jallcom.2010.11.188
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:rimma.lapovok@eng.monash.edu.au
dx.doi.org/10.1016/j.jallcom.2010.11.188
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Fig. 1. Ti–H binary phase diagram (after [10]).

ooled. Before fatigue testing, samples were ether ECAP processed or first hydro-
enated and then ECAP processed at different temperatures. The experimental
chedule used is summarised in Fig. 2.

Based on the theoretically estimated time required to achieve a sufficiently uni-
orm hydrogen concentration across a 10 mm diameter billet, the procedure for
ydrogenation and dehydrogenation was developed. Hydrogen alloying was per-

ormed at 700 ◦C for 15 min, 1 h and 4 h in an induction heated alumina tube furnace
nder a flowing supply of 20% hydrogen in argon gas [12]. Billets of 36 mm length
two at a time) were treated in an alumina combustion boat. After inserting the boat
nto the centre of the heating region and sealing the furnace, the atmosphere inside
he furnace was purged three times. This was achieved by repeatedly filling it with
ydrogen in argon gas before closing the gas source and expelling the gas using a
acuum pump. The rate of heating and cooling was limited by the capabilities of
he furnace. A long heating time of approximately 2 h was used and cooling was
onducted at a natural rate for the furnace. Billets were kept in the furnace during
he entire heating and cooling cycle to minimise surface oxidation.

Dehydrogenation was carried out in an induction heated alumina tube furnace
nder a medium vacuum of ∼7.5 × 10−2 Torr with the remaining atmosphere made
p by a flow of inert argon gas. Dehydrogenation of UFG samples with all ECAP
istories used was performed at 500 ◦C for 1 h, using a heating rate of 10 ◦C min−1 and
ooling to ambient temperature at 3 ◦C min−1. As with hydrogenation, samples were
laced in the centre of the heating zone of the furnace in an alumina combustion

oat.

ECAP of titanium samples was performed at three temperatures, 300, 400 and
00 ◦C, using a rig designed and manufactured at Monash University. The setup
eatures controlled forward and backward pressures and velocities of punches, as
escribed in detail elsewhere [12,13]. Four ECAP passes were carried out using a die

ig. 2. Schematic of experiments. Shaded area indicates THP regime (CG = coarse
rained, UFG = ultrafine grained).
Compounds 509 (2011) 2709–2715

with cylindrical channels intersecting at an angle of 90◦ . Pressing was performed
at forward and backward pressures of 1800 MPa and 100 MPa, respectively, follow-
ing route Bc, which involves rotating the billet by 90◦ about the longitudinal axis
between passes. The die channels and the billets were coated with an even layer of
graphite lubricant releasing agent prior to each pass. Samples were water quenched
from the working temperature following each pass.

X-ray diffraction (XRD) was used to obtain both qualitative and quantitative
information about the phases present in titanium following each stage of processing.
The experiments were performed using a Philips diffractometer equipped with a
Cu-K� radiation source operating at 40 kV and 25 mA. Samples were mounted in
a wide angle goniometer and readings were taken over a 2� range of 30–90◦ at a
rate between 1 and 2◦C min−1 using step intervals of 0.02◦ . The range was chosen
to encompass the most prominent peaks produced by constructive scattering from
crystallographic planes in �, � and � phases.

Vickers hardness and microhardness tests were performed using loads of 5 kg
and 500 g, respectively. Measurements were performed on flat surfaces following
grinding with silicon carbide paper of 800 grit or finer. All hardness values reported
are based on the average of five manually measured indentations.

Reflected light optical microscopy was used to examine the microstructure of
samples. Samples were prepared by a three stage, water lubricated, grinding process
using progressively finer grades of silicon carbide paper (320, 800 and 1200 grit).
Fine-polishing was performed using a suspension of colloidal silica (Struers OP-S) in
an aqueous solution of 6 vol.% hydrogen peroxide. Microstructures were observed
using both polarised light in the non-etched form and following etching with Kroll’s
reagent (3 vol.% hydrofluoric acid, 6 vol.% nitric acid in water).

Ductility data was based on tensile tests performed using 5 kN static load cell
mounted to a screw-driven Instron 5500R machine. Sub-sized cylindrical specimens
with a cross-sectional area of 2 mm2 were tested in tension with a constant cross-
head velocity corresponding to an initial strain rate of 2 × 10−3 s−1.

The fatigue tests were carried out in air at room temperature, using smooth sub-
sized specimens with a 2.4 mm × 2.4 mm × 5 mm dimensions. The samples were
mechanically polished using an 0.5 �m diamond compound. A hydraulic Shimadzu
testing frame was operated at 10 Hz under sine-wave load control at stress ampli-
tudes ��/2 varied in the range from 350 to 600 MPa.

3. Results and discussion

3.1. Characterisation of as-received material

XRD analysis of the as-received CP titanium confirmed that it
had an � phase structure. A trace amount of titanium oxide (TiO2)
formed on the surface of the test sample was also identified, Fig. 3a.
The intensity of the (0 0 2) diffraction was more than three times
higher than that of the (1 0 1) diffraction, which can be attributed to
a preferred crystallographic orientation imparted on the material
by extrusion.

The microstructure of the as-received titanium, Fig. 3b, con-
sisted predominantly of equiaxed grains with an average diameter
of 36 ± 2 �m and a smaller fraction of plate-like grains. The
equiaxed microstructure is typical of that expected for a cross-
section of an extruded and subsequently annealed rod. The Vickers
hardness of the as-received material was 177 ± 2 (HV0.5) and the
tensile strength and ductility (averaged over two specimens) were
535 ± 3 MPa and 32 ± 2%, respectively.

3.2. Indirect experimental measurements of hydrogen
concentration profile

The characteristic time it takes for hydrogen to diffuse through
a cylindrical specimen of radius r can be estimated [14] as t ∼= r2/4D,
where D is the diffusivity. The hydrogen diffusivity in �-titanium
at temperature T is given by [15],

D = 1.8 × 10−6 exp

(
−12380 J mol−1

RT

)
m2 s−1
where R is the gas constant. On this basis, an extremely short hydro-
genation time of the order of 5 s would be required for a 10 mm
diameter billet at the temperature of 700 ◦C. Experimental evidence
tells us a different story, suggesting that penetration of hydrogen
into a billet takes a much longer time, see below.
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Fig. 4. Experimental characterisation of the hydrogenation profile. (a) Vickers hard-
ness vs. distance from the specimen surface for different hydrogenation times; (b)
XRD spectrum at five different distances from the specimen surface for sample
hydrogenated for 15 min at 700 ◦C.
ig. 3. Characterisation of as-received CP Ti (a) XRD spectrum; (b) optical micro-
raph of polished sample.

Alloying of Ti billets with hydrogen was performed at 700 ◦C for
hree different times: 15 min, 1 h and 4 h. Hardness (assumed to
e related to local hydrogen concentration) was measured along
everal diametric lines in cross-sections taken from the middle of
he billets. The data revealed that diffusion occurred at a markedly
lower rate than that predicted by the above estimate. This can be
een in a pronounced gradient of the hardness profile curve follow-
ng hydrogenation at 700 ◦C for 15 min, Fig. 4a, supported by the
RD spectrum, Fig. 4b. The hardness in the centre of a billet cross-
ection approaches that of the coarse grained material, which is
ndicative of a low hydrogen concentration in this area. This may
e seen as an indication that diffusion of hydrogen into the bulk of
he specimen is hindered by an oxide layer on the surface of Ti.

Uniformity of the hardness profiles across the billets treated for
oth 1 h and 4 h suggest complete hydrogenation, Fig. 5a. The dif-
erence in the overall hardness levels between the billets that had
xperienced hydrogenation times of 1 h and 4 h may be explained
y a greater stress relief in the extruded billet after 4 h at 700 ◦C.
he reduced hardness observed following the 4 h exposure can-
ot be attributed to the presence of a larger fraction of residual
phase as this was ruled out by XRD measurements, Fig. 5. This

s not unexpected given the low cooling rate employed. Similarly,
icrographs do not reveal any significant difference in grain size

etween the two samples and thus discount any influence of grain
rowth, (described in Section 3.3).

.3. Microstructure of hydrogenated titanium
Micrographs obtained from a region near the middle of a sample
ydrogenated for the various times are shown in Fig. 6. They reveal
highly acicular, plate-like structure, particularly in the case of the

wo samples held for longer hydrogenation times, Fig. 6b and c. In
oth cases the large, light coloured plates in these images corre-

Fig. 5. XRD spectrum corresponding to the middle of a billet following hydrogena-
tion for 1 h at 700 ◦C.
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Table 1
Summary of hardness and XRD results for ECAP-processed titanium.

TECAP (◦C) Hardness (HV5) Relative wt. fraction of ı

Before ECAP 320 ± 4 1
ig. 6. Microstructure near the middle of billets hydrogenated for: (a) 15 min; (b)
h; (c) 4 h.

pond to primary � phase (�′) and, interestingly, have a virtually
dentical average plate thickness of 2.2 �m. These plates form pref-
rentially along � phase grain boundaries while heating in, and
ooling through, the � + � region of the phase diagram [10]. The
lternating light and dark regions between �′ plates represent a
utectic �-Ti and � hydride structure. It is much finer than the �′

lates and is once again roughly the same size in both samples.
The predominantly � phase structure following a treatment

ime of 15 min, Fig. 6a, is attributed to a lower concentration of
ydrogen. The � phase present in the as-received structure has
emained largely untransformed; it has only become hydrogen-
nriched during heating. Cooling below 300 ◦C results in the
ormation of hydride plates mainly along grain boundaries.

The variation in the microstructure across a sample hydro-
enated for 15 min can be seen in Fig. 7. It shows the transition
rom a microstructure resembling that of the 1 and 4 h samples at
he surface to one consisting primarily of untransformed � phase
n the middle of the billet.
Based on these experimental results, a hydrogenation time of
h was selected as most appropriate for achieving an effectively
niform hydrogen concentration throughout a billet at the hydro-
enation temperature of 700 ◦C.
300 262 ± 1 0.59
400 250 ± 2 0.59
500 244 ± 1 0.60

3.4. ECAP of hydrogenated titanium

ECAP of hydrogenated Ti billets was performed at a number of
different temperatures in order to screen the various processing
conditions and check whether hydrogenation is beneficial for SPD
processing. Furthermore, the potential for achieving in situ dehy-
drogenation by altering the temperature was explored.

The microstructures of billets after ECAP processing are shown
in Fig. 8. Optical micrographs clearly show that the large shear
strains imposed on the material have imparted a degree of orien-
tation to the plate-like �′ phase and have given rise to an almost
lamellar morphology. The microstructure resulting from ECAP at
300 ◦C is very similar to that resulting from ECAP at 400 ◦C, Fig. 8a.
The thickness of �′ plates has actually increased slightly during
ECAP processing, with values of 3.4 ± 0.3 �m and 3.9 ± 0.2 �m for
the 300 ◦C and 400 ◦C processing, respectively. The �′ phase size
after ECAP at 500 ◦C is fine by comparison, Fig. 8b, with an average
thickness of 1.2 ± 0.1 �m. The trend observed in the darker regions
of � titanium and � hydride surrounding �′ plates is quite different.
Equiaxed grains of 860 ± 35 nm average size, with an appreciable
fraction of noticeably smaller grains at their boundaries, are visi-
ble following ECAP at 500 ◦C. The microstructure in these regions
cannot be resolved by optical microscopy in the billets processed
at the lower ECAP temperatures.

The different microstructures observed following ECAP at the
highest temperature can be attributed to a number of factors.
Firstly, the finer nature of the �′ plates is explained by their
increased decomposition into � + � at 500 ◦C. The expected reduc-
tion of flow stress due to the thermally activated nature of
plastic flow is compounded in hydrogenated CP titanium by the
fact that the ratio of soft � to hard � phase increases with
temperature. Indeed, Salishchev et al. have reported that in hydro-
genated CP titanium grain refinement becomes more effective
for lower ECAP temperature [16]. The finer microstructure was
observed down to 400 ◦C, the lower limit of their tested range,
and it was attributed to dynamic recrystallisation. The fact that
recrystallisation is driven by grain boundary diffusion means it
requires a higher critical strain to set in at lower temperature.
It is nevertheless observed due to the large fraction of relatively
mobile grain boundaries with large misorientations formed by
ECAP. However, given that recrystallisation is more prevalent at
higher temperature it is also possible that accelerated coarsen-
ing of recrystallised grains at 500 ◦C may contribute to the coarser
microstructure.

XRD was used to observe changes in hydride content result-
ing from ECAP at different temperatures, Fig. 9. It indicates that
the intensity of the �-(2 2 0) diffraction peak remains fairly consis-
tent with respect to the average intensity of the (1 0 2) and (1 1 0)
peaks for �-Ti. This information, based on the integrated intensi-
ties, is summarised in Table 1. Comparison with material that has
not been refined by SPD suggests that although appreciable dehy-
drogenation takes place, the processing temperature does not have
a significant effect on the final hydride concentration. Although

holding samples at elevated temperature for longer periods may
lead to more hydrogen removal, this would also be accompanied
by some grain growth. The possibility of achieving in situ dehy-
drogenation was discounted given the well documented ability to
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Fig. 7. Variation in microstructure across a Ti billet hydrogenated for 15 m
ccelerate removal in a vacuum environment. It should be noted
hat the absence of � phase peaks in the XRD spectra indicates that
he quenching rate used was too slow for the high temperature
hases to be retained.

ig. 8. Microstructure of Ti hydrogenated for 1 h at 700 ◦C and processed by ECAP
t (a) 400 ◦C; (b) 500 ◦C.
wn in optical micrographs taken at (a) low and (b)–(d) high magnification.

The results in Table 1 also reveal that irrespective of the
magnitude of the uniform hydride fraction, the hardness of sam-
ples decreases with increased deformation temperature. This
is consistent with expectations of grain coarsening at higher
temperature and increased microstructure refinement at lower
temperature mentioned previously. Surprisingly, hardness has
been significantly reduced by ECAP processing relative to the start-
ing hydrogenated material. This contradicts typical observations for
SPD processed materials but is consistent with the diminished rela-
tive fraction of � phase. Despite the reduced hardness, tensile tests
revealed a brittle failure mode for all samples that have undergone
ECAP. This highlights the need to perform vacuum dehydrogena-
tion.
3.5. Mechanical properties after dehydrogenation

To avoid grain coarsening, a low dehydrogenation temperature
of 500 ◦C was used. It is based on results reported in [16] where a
minimum dehydrogenation temperature of 500 ◦C was suggested

Fig. 9. XRD spectrum of titanium processed by ECAP at different temperatures.
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ig. 10. Microstructure after ECAP at 500 ◦C after vacuum dehydrogenation for 1 h
t 500 ◦C.

ased on differential thermal analysis of titanium hydride powder.
amples were heated to 500 ◦C and held at that temperature for 1 h
n the basis that complete dehydrogenation of TiH2 powder was
eported to occur within 50 min at this temperature [17].

The microstructure of samples processed by four passes of ECAP
t 500 ◦C followed by dehydrogenation is shown in Fig. 10. It is very
imilar to the bimodal microstructure observed just after ECAP,
ig. 8b, and consists of slightly coarsened elongated � phase of sev-
ral microns thickness surrounded by an equiaxed ultrafine grained
atrix.
The hardness of 218 ± 2 HV5 recorded for the material is con-

istent with the slight coarsening observed as it falls between that
f the ultrafine grained sample prior to dehydrogenation (244 ± 1
V5) and that of the coarse grained CP-titanium (169 ± 3 HV5). Ten-

ile curves for coarse grained, ultrafine grained (four ECAP passes
t 300 ◦C) and THP (hydrogenation, four passes of ECAP at 500 ◦C
r four passes of ECAP at 300 ◦C, dehydrogenation) samples are
hown in Fig. 11. It can be seen that despite the lower ductil-
ty of the THP sample compared to coarse grained titanium, the
haracter of the tensile curve is similar in that there is still apprecia-
le ductility after reaching the ultimate tensile stress, geometrical
oftening being not abrupt but rather producing a curve with the
ame prolonged shape. As expected, the strength of the material
s reduced on account of exposure to high temperature during
ehydrogenation and slight coarsening of the structure. The THP
aterial nevertheless retains an ultrafine grained structure and

ts strength is higher compared to coarse grained titanium. ECAP
emperature only slightly affects the strength and ductility of THP

◦
amples, though samples processed by ECAP at 500 C have frac-
ionally lower strength and higher ductility. This is in agreement
ith the hardness data in Table 1.

ig. 11. Tensile test data for Ti treated by THP for ECAP temperatures of 300 ◦C and
00 ◦C. Tensile curves for coarse grained (CG) and ultrafine grained (UFG) titanium
after ECAP at 300 ◦C) are also shown for comparison.
Fig. 12. LCF life of coarse grained Ti (rombs), ultrafine grained Ti after ECAP at 300 ◦C
(triangles), and for Ti treated by THP with ECAP temperatures 300 ◦C (circles) and
500 ◦C (squares).

3.6. Low cyclic fatigue life

A property of particular interest for applications of titanium is
fatigue resistance. This has been characterised using the S–N plot
shown in Fig. 12 for material in the as-received condition, following
ECAP and for titanium subjected to THP. At all stress amplitudes
the fatigue life of THP samples appeared to be shorter than that
of its ultrafine grained counterpart produced by ECAP alone. The
result is not surprising as empirical proportionality between the
fatigue strength and the ultimate tensile strength for monotonic
loading holds for ultrafine grained metals [3]. Hence the lower ten-
sile strength measured for material following THP also results in a
lower fatigue strength, which translates to a shorter fatigue life.

It is interesting to note that ECAP at 500 ◦C produced samples
with a longer low cycle fatigue (LCF) life than those processed by
ECAP at 300 ◦C. This may be rationalised in terms of additional in situ
dehydrogenation of samples during ECAP. However, the reduced
fatigue life of THP samples compared to ultrafine grained samples
indicates the possibility of the occurrence of residual � phase, which
is detrimental to ductility and thus to LCF life. The tendency for
improved fatigue life with increasing ECAP temperature confirms
this. Therefore, despite the fact that THP treatment can significantly
improve the ultrafine grained structure, no positive effect of THP
on ductility and LCF life of CP titanium was found. An increase in
dehydrogenation temperature above 500 ◦C was not possible as it
resulted in restoration of a coarse grained microstructure and in
stress-strain curves similar to that shown for as-received titanium
in Fig. 11.

4. Conclusions

The hydrogenation conditions for achieving complete and uni-
form hydrogen alloying of CP-titanium have been determined. The
hydrogenation for 1 h at 700 ◦C resulted in a uniform highly plate-
like structure with an average plate thickness of 2.2 �m. It formed
preferentially along grain boundaries in the � phase during heat-
ing and cooling through the � + � region of the phase diagram. A
15 min hydrogenation duration at 700 ◦C was not sufficient for uni-
form through-thickness alloying with hydrogen, as a gradient of
microstructure from a coarse grained core to a plate-like one at the
periphery of the billet was found. However, such a microstructural

profile and the attendant non-uniform hardness distribution may
be useful for achieving a gradient in mechanical properties akin to
case hardening of steels. A longer hydrogenation time of 1 h was
sufficient for producing a homogeneous microstructure and nearly
uniform hardness throughout a cross-section of a billet.
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Mechanical testing of THP samples has shown that temporary
lloying with hydrogen helps modify the microstructure of CP tita-
ium, resulting in a good compromise between tensile strength
nd ductility; it possesses ductility similar to that of coarse-grained
aterial without sacrificing the strength obtained by grain refine-
ent. However, the LCF life of THP samples, while being better than

hat for coarse-grained samples, was inferior to that of ultrafine
rained material processed by straight ECAP without temporary
ydrogen alloying. This is a somewhat discouraging result. It was

elt, however, that despite this negative finding/connotation its
ublication will be useful. It is hoped that it will spare our fel-

ow researchers working in the field future unsuccessful efforts to
pply THP in a hope to improve the LCF life of ultrafine grained CP
itanium.
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