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NANOSTRUCTURED MATERIALS
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Abstract At the beginning of the present century it has
been demonstrated that nanocrystalline titanium (NC-Ti)
can be fabricated by hydrostatic extrusion (HE) which is
one of the severe plastic deformation method. NC-Ti
obtained in such a way exhibited excellent mechanical
properties. The influence of HE on the microstructure and
mechanical properties of titanium Grade 2 was first ana-
lyzed in 2005. In this study the progress in HE of titanium
has been described. However, there are tribological and
technological challenges encountered in HE of titanium.
They can practically be eliminated by modifying the surface
of Ti billets with aluminum coatings. Another important
issue in extrusion is the optimum value of the accumulated
strain necessary for grain refinement of titanium. Our results
have shown that this value must exceed 3 to obtain nano-
crystalline Ti. The results obtained indicate that HE permits
producing NC-Ti rods with the diameter up to 10 mm.

Introduction

The hydrostatic extrusion (HE) was invented over a
100 years ago and was patented by James Robertson in
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1893. However, the first experiments with this method
were carried out by Percy W. Bridgman in the mid of
previous century as reported in [1-3]. In the 1960s and
1970s Avitzur and Pugh contributed significantly to the
development of this method [1, 2, 4, 5]. Among extruded
materials there were also titanium and its alloys. However,
at the end of the previous century the industrial importance
of this technique started to decline.

At the beginning of the present century researchers at
the Faculty of Materials Science and Engineering, Warsaw
University of Technology and the Institute of High Pres-
sure Physics, Polish Academy of Science, conducted the
first experiments with HE of titanium with the aim to
applying severe plastic deformation (SPD) and to refine
grain size to the nanometric scale. It has been further
shown that the grain boundary strengthening results in a
significant increase of hardness, yield stress, and tensile
strength of titanium [6-9]. These results motivated us to
continue investigations and to develop the HE of titanium.
Since that time the hydroextrusion method has been
applied for the fabrication of nanocrystalline titanium (NC-
Ti). The first results of the investigation of the influence of
HE on the microstructure and mechanical properties of Ti
Grade 2 were published in 2005 [6]. Nowadays, in spite of
changes in material dimensions, hydroextrusion method is
generally classified as a SPD method [10-13] and recog-
nized as a method of grain refinement in Ti. The reason of
this classification is the ability to induce SPD and possi-
bility of grain refinement in the materials.

The improved mechanical properties of NC-Ti com-
bined with biocompatibility, low weight, and good corro-
sion resistance make it a very attractive and perspective
material. However, there are still some remaining problems
and challenges related to the adhesion of titanium to the
material of the die, large surface development of the NC-Ti
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rods, and high pressure necessary for the extrusion.
Another important issue for explanation and optimization
is the value of accumulated strain necessary for grain
refinement of titanium especially in the context of pro-
cessing large volume products [10]. All these issues are
discussed in the present paper which describes recent
progress in HE of titanium.

Material, processing, and investigation methods

The material investigated was commercially pure titanium
Grade 2 (Ti > 99.38 % mass) in the form of rods. The
research program consisted of hydroextrusion processes of
billets with various diameters (12, 20, 33, and 50 mm). The
diameter of the final NC-Ti product was between 3 and
10 mm. HE of titanium is a multi-pass process conducted
with the gradual reduction of the rod diameter typically in
ten passes of extrusion. The extrusions were carried out at
the Institute of High Pressure Physics, Polish Academy of
Sciences, within the framework of a project coordinated by
the Faculty of Materials Science and Engineering, Warsaw
University of Technology. All the extrusion experiments
were conducted at ambient temperature.

The nanostructures of the extruded samples were
examined by transmission electron microscopy (TEM Jeol
1200). Analyses and observations of aluminum coatings
were conducted using Hitachi 2600N and Hitachi TM-1000
scanning electron microscopes (SEM + EDS). All the
tensile tests were carried out at room temperature and
at the same initial straining rate 4 = 3.3 x 107* s~'. The
microhardness of the samples was measured on cross
sections using the Vickers method under a load of 200 g.

Principle and description of the hydrostatic
extrusion method

The principle of the HE method is shown in Fig. 1. The
medium (3) fills the chamber (5) and surrounds the billet
(1). When the piston (4) moves, the medium is compressed
and thus the hydrostatic pressure in the chamber increases.
When the pressure becomes sufficiently high, deformation
begins. The surface of the contact between the billet (1)
and the die (6) is a zone of intensive friction and adhesion.

Characteristic features of hydroextrusion are: (a) no
direct contact between the piston and the billet; (b) no
direct contact between the billet and the chamber walls;
and (c) the presence of a liquid medium inside the cham-
ber. Hence the friction force is significantly reduced.
Compared to the conventional extrusion and other defor-
mation techniques, HE ensures better deformability of the
material, which is due to the applied hydrostatic pressure.
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Fig. 1 The schematic representation of the hydrostatic extrusion
(HE) method.

The hydroextrusion induces a uniform triaxial stress state.
It makes the formation and propagation of cracks more
difficult thereby increasing significantly the plasticity of
the material.

Surface modification

The basic technological problems and challenges in the
extrusion of titanium are:

(a) adhesion between titanium and the material of the die
(resulting in a high friction force and wear of the die),

(b) large surface roughness of the NC-Ti rods (including
scratches),

(c) high pressure needed for the extrusion (which restricts
possibility of extrusion with larger deformation
during one pass of extrusion).

The original results obtained show that by modification
of the titanium surface with 10 um aluminum coatings
these problems can be practically eliminated. Titanium
rods were covered with aluminum coatings using the
magnetron sputtering (MS) method. The assumption
underlying this experiment was based on the concept of
coatings with very good plasticity and adhesion to the
substrate. The results of testing confirmed that this
assumption was fulfilled. Comparing with microhardness
results of Ti base (HVy; = 342) the microhardness of Al
coating was much lower (HVqq, = 202). Using scratch
test any cracks or spalling were not visible. The aluminum
coating had an excellent plasticity. The examinations using
scanning electron microscopes show that the Al coatings
are homogeneous and distributed uniformly (Fig. 2). They
have the adhesive character and do not contain the inter-
metallic Ti—Al transition phases of the diffusive character
[energy dispersive spectroscopy (EDS) analysis—Fig. 3].

During the extrusion process, the Al coating and Ti
substrate were subjected to plastic deformation. Despite the
strain, the Al coatings maintain good adhesion to the tita-
nium substrate with no visible cracking or spalling. The
results proved that the coatings functioned as an excellent
lubricant which separated the titanium rods from the die.
This reduced the friction and protected titanium from
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Fig. 2 SEM image of an Al coating (10 um thick) formed on a Ti
substrate before HE
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Fig. 3 EDS analysis of an Al coating (10 pm thick) and its Ti
substrate before HE

adhering to the die. Also, based on the macroscopic
observations, the surface of the extruded coated products is
less rough. Another important advantage is a significant
decrease of the extrusion pressure which permits increasing
the strain applied in a single extrusion pass and deforming
titanium with higher reduction of the rod diameter. This is
a great profit which permits to decrease the number of
passes necessary to produce NC-Ti. This effect is demon-
strated in Fig. 4 which shows that reduction of the diameter
(D) of Ti rods from @12 to @3 mm requires from 5 to 11
extrusion passes (fragments of the diagram between the
individual points), whereas the Al-coated rods can be
extruded in only two HE passes (@12-@6 and @6-(33)
conducted at moderate pressure.

The benefits and progress in HE of Ti achieved due to
the aluminum coatings are the following:

— reduction of the frictional wear of the die,

— decrease of the surface roughness of the extruded rods,

— significant reduction of the maximum extrusion pres-
sure (pmax) permitting a higher reduction of the rod
diameter during one extrusion pass,

——Ti —&—Ti

—A — Ti with Al coating |

pressure p_.. [MPa]

accumulated strain

Fig. 4 Reduction of the number of extrusion passes achieved due to
the presence of Al coatings. Maximum pressure as a function of
accumulated strain during successive extrusion passes (where
D diameter of rods)

— decrease of the number of the extrusion passes needed
for grain refinement.

Accumulated strain

The hydroextrusion of titanium is conducted in several
passes in which the rod diameter is gradually reduced.
During each pass the plastic deformation is induced into
material. The sum of deformations induced by all the
extrusion passes is defined as accumulated strain, which is
one of the basic parameters of the extrusion process. It can
be calculated from the formula:

¢ = 21In(Dy/Dx) (1)

where D is starting diameter and Dy is final diameter of the
rod.

The HE of titanium may be conducted to obtain a wide
range of accumulated strain. The aim of our experiments
was to optimize the extrusion process by finding the min-
imum value of strain ensuring the formation of nano-
structured titanium. It was also important to examine how
the successive passes affect the structure and mechanical
properties of titanium. The optimization of the accumu-
lated strain will permit producing nano-titanium with the
desired optimum mechanical properties and will permit
avoiding an extra costs.

These experiments included 14 extrusion passes with
gradual reduction of the rod diameter up to accumulated
strain ¢ = 4.60.

Our investigations have shown that the accumulated
strain is the key parameter that decides about the
strengthening of titanium and the formation of its nano-
structure. We can see that the structure of titanium
extruded with ¢ = 2.54 features very high density of
dislocations which form cells (Fig. 5). Nevertheless the
nanostructure was not observed. Only a few nano-grains
were observed occasionally, so the evaluation of average
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Fig. 5 TEM image of titanium extruded at accumulated strain
e =254

grain size was impossible. On the other hand, for the
titanium extruded with accumulated strain & > 3.22 the
nanostructure was obtained as seen in TEM images and
diffraction patterns (Figs. 6, 7, 8). For the accumulated
strain between 3.22 and 3.93, the grain size is in the
range 73-62 nm. The further increase of the strain to
4.60 does not change the size of the nanograins
[E(dy) = 62 nm—Fig. 8]. At higher strains, the refine-
ment process is much slower and the grain sizes tend to
a certain limiting value.

If the accumulated strain 2.5 is not sufficiently high for
the formation of a nanocrystalline structure in titanium,
whereas 3.2 is high enough, the present authors assumed
that hydroextrusion guarantee nanocrystalline structure in
titanium when the accumulated strain exceeds 3.0. Accu-
mulated strain within the range from 3.2 to 4.6 does not
change the average sizes of the nano-grains, but increases
their number and their share in the volume of the material.
The grain size distribution of NC-Ti obtained for strain 3.2
and 4.6 is similar also (Figs. 9, 10). With a high probability
we can anticipate that the strain above 4.6 will give no
further marked refinement and, thus, it is economically
unjustified.

Extrusion with various accumulated strains permitted us
to estimate its effect on the mechanical properties of tita-
nium. The results are given in Table 1. It can be seen that
with increasing strain the material is gradually strength-
ened. The greatest increase of yields stress (YS), ultimate
tensile strength (UTS), and hardness (HV) was observed in
the first stage of the experiment when the dislocation
density in the material was lower. At the accumulated
strain above 2.5 the strengthening of the material is weaker
or does not occur at all. This is especially true in the case of
YS and hardness. The UTS on the other hand increases
almost linearly (Fig. 11).

The knowledge of how YS, UTS, and HV depend on the
accumulated strain permits designing the material
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Fig. 6 TEM image of titanium extruded at accumulated strain
£=322

Fig. 7 TEM image of titanium extruded at accumulated strain
£=393

Fig. 8 TEM image of titanium extruded at accumulated strain
e =4.60

according to the current needs. It is noteworthy that the
strength of the material extruded with the accumulated
strain of 3.0 is similar to that of titanium alloys [14].

The authors of Ref. [13] carried out experiments with
extrusion of titanium using the accumulated strain above
4.6, up to 5.4. For strain 5.4 the average grain size they
obtained was 47 nm and the tensile strength of the material
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was 1320 MPa. Taking into account that, comparing to the
samples with strain 4.6, the UTS increased by only 11 %,
we can conclude that the extrusion with so high accumu-
lated strain is less effective.
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Fig. 9 Grain size distribution for sample after extrusion with
accumulated strain 3.22
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Fig. 10 Grain size distribution for sample after extrusion with
accumulated strain 4.60

Table 1 Mechanical properties of titanium depending on the accu-
mulated strain

g-strain 0 0.83 138 254 321 393 4.60

YS [MPa] 357 614 736 878 860 1033 1045

UTS [MPa] 482 677 811 955 1053 1144 1190
A [%] 211 68 68 60 81 68 69
HV,» 184 222 237 242 266 256 279

YS yield stress, UTS ultimate tensile strength, A elongation, HV;»
microhardness
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Fig. 11 Dependence of YS, UTS, and HV on accumulated strain

Volume of NC-Ti

In producing nano-metals one of the basic challenges is to
obtain a sufficiently large volume of the final material. This
is also important with NC-Ti developed for medical
applications [15-17].

During our first experiments with refining titanium
microstructure by HE we achieved the nano-titanium in the
form of a rod 3 mm in diameter [12, 18]. In the next years
we attempted to produce nano-products with larger volume
and we tried to examine the possibility of scaling up the
hydroextrusion of titanium.

The experiments with the increasing diameter of the nano-
product were successful. We obtained NC-Ti rods with lar-
ger diameters such as 5, 7, and 8 mm (Fig. 12) [19]. Finally,
we managed to produce an NC-Ti rod with a diameter of
10 mm (Fig. 13). The material was very homogeneous along
the length and along the diameter [20]. All the NC-Ti rods
had similar grain sizes below 100 nm (Table 2). The typical
length of these rods was about 250-300 mm.

The results of our experiments have shown that by
accumulating strain above 3.0 it is possible to refine its
structure to the nano-scale, irrespective of the billet or
product diameter. Products of larger diameters can be

Fig. 12 Nanocrystalline titanium in the form of a rod 5 mm in
diameter

Fig. 13 Nanocrystalline titanium in the form of a rod 10 mm in
diameter

@ Springer



4548

J Mater Sci (2013) 48:4543-4548

Table 2 Average size E(d,) of the nano-grains and mechanical
properties of final bulk NC-Ti

NC-Ti rod diameter [mm] 5 8 10

E(d) [nm] 55 59 73
YS [MPa] 1040 960 860
UTS [MPa] 1141 1069 1053
HVy, 273 273 266

produced by increasing the diameter of the billet. This
opens the possibility of scaling up the process of hyd-
roextrusion of titanium. The only restriction is the con-
struction and possibility of the installation.

The product with increased volume had very good
mechanical properties similar to the NC-Ti obtained in our
earlier experiments (Table 2). It should be noted that,
compared with many typical titanium alloys, the mechan-
ical properties of NC-Ti obtained in our experiments were
similar or superior [14, 21, 22].

Conclusions

The last 10 years of experiments and studies have resulted
in a significant progress in processing NC-Ti by HE. The
HE method applied to titanium has been successfully
developed and optimized.

Modification of titanium surface with aluminum coat-
ings improved the tribological conditions of the hydroex-
trusion process. It permitted reducing the frictional and
adhesive wear of the die and the roughness of the surface of
the product. The precision of shaping the product also
increased. Owing to the aluminum coating, the extrusion
pressure could be lower which allowed increasing strain
applied in one extrusion pass, and thereby, when process-
ing NC-Ti, decreasing the number of the extrusion passes.

To obtain NC-Ti using the HE method at room tem-
perature the accumulated strain should exceed a value of
3.0. This requirement is valid irrespective of the diameter
of the billet. Our experiments have shown that it is possible
to produce NC-Ti in the form of rods with a diameter from
3 up to 10 mm. Therefore, the possibility of scaling up the
HE method has been confirmed.
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