
www.elsevier.com/locate/cap
www.kps.or.kr

Current Applied Physics 6 (2006) 262–266
Application of bulk nanostructured materials in medicine
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Abstract

Titanium alloys have been the mostly used materials of choice for medical implants. They are generally considered chemically
inert, biocompatible with human tissue and resistant to corrosion by human body fluids. However the small percentages of vana-
dium and aluminum atoms (main alloying elements) contained in the alloy are potentially toxic. Normal wear can lead to deterio-
ration of the implant and the release of alloying elements into the body.

The novel process—a combination of severe plastic deformation with traditional metal forming process—can produce special
material structure with nanosize grains. This nanostructured material has high tensile and fatique strength and even the enhanced
ductility.

Pure titanium is chemically and biologically more compatible with human fluids and tissue than other materials but the coarse-
grained titanium is too weak for prostheses that must bear heavy loads such as leg or hipbone implants. The strength of pure tita-
nium is less than half the strength of Ti–6Al–4V alloy what is mostly have used for medical implants. By using the mentioned novel
process the strength of pure titanium with nanosize grains can be increased even higher than in case of the conventional Ti–6Al–4V
alloy.

This new process creates medical implants that are strong enough to bear heavy loads without failure. The implant material is
corrosion resistant and biocompatible with human body organs and fluids so it can remain in the body for years.
� 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The present work studies commercially pure (CP)-Ti
and the methods of severe plastic deformation used to
process nanocrystalline structure in the material
considered.

The main goal of the investigations is to develop
an industrial technology for competitive high-efficient
production of long-sized titanium nanostructured
semi products and items, made of them—medical im-
plants.
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In spite of the theoretical possibility to process the
specified physical and mechanical properties in CP-Ti
[1–5], the practical industrial fabrication of bulk billets
is a very complicated separate scientific and technologi-
cal task. This situation is connected with a number of
requirements to the technology of fabrication of high-
strength nanostructured Ti semi products in commercial
quantity, such as:

• high metal utilization ratio—reduction in waste
product;

• stability of the processed product quality;
• high efficiency of the process;
• reduction in labor intensity;
• competitive product price.
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Finally, the solution of these tasks is to provide the
large output of items with specified dimensions. The
work is based on our earlier investigations dedicated
to the development and upgrading of the design of tech-
nological equipment, die-set and Ti treatment regimes
by various strain methods [6–12].

The results obtained enabled to offer a new techno-
logical process for fabrication of nanostructured items
by means of combinations of SPD and (TMT) thermo-
mechanical treatment.

The current work shows the results of the study of
microstructure and its properties at various stages of
processing by new technology aimed at commercial pro-
duction of ultra strong Ti rods of specified size with
nanocrystalline structure.
2. Materials and methods of investigation

Hot-rolled rods out of CP-Ti Grade 2 (Ti-base, C—
0.07%, O2—0.25%, Fe—0.3%, N—0.05%). The struc-
ture of rods is globular with grain size of a-phase in both
cross and longitudinal section constituting 30–35 lm.

In correspondence with the offered technological
scheme and the developed methods of nanostructure
formation in Ti alloys [6,7,12], the material was sub-
jected to the combinations of SPD methods and meth-
ods of strain-thermal treatment (STT).

The main stages of a new technological process were
as follows: preliminary structure preparation, SPD by
equal channel angular pressing (ECAP), rod formation
and additional strengthening (Fig. 1).

During the investigations, billets were subjected
to SPD by ECAP (T = 450 �C, angle = 90�) [4].
Subsequent strain-thermal treatment was conducted in
few stages with total accumulated strain of about
80%.

The microstructure of billets at intermediate stages
was studied by OM and TEM methods. Mechanical ten-
sile tests were carried out at room temperature using
Instron material testing machine with loading rate of
1 mm/min using standard samples with the relation of
working part equal to 1:5.
Fig. 1. Billets out of CP-Ti Grade 2 at various processing stages. (a)
deformed by ECAP; (b), (c) and (d) deformed by ECAP + STT with
different levels.
3. Study results and their discussion

During development and investigation of technologi-
cal methods, the main attention was paid to the
improvement of ECAP process. Along with the study
and reasoning of the choice of optimal geometry of
deforming die-set, the investigations of friction condi-
tions and efficient ECAP routes were conducted, con-
firming the possibility of productivity increase due to
the decrease of ECAP cycles (without a noticeable
decrease in the quality of ultrafine grained material
(UFG) structure formation). The investigations were
conducted using CP-Ti Grade 2. It was confirmed that
the values of strain effort and deformation resistance
increase already at low strains (after 2 passes) and are
subject to small changes with the further increase in
the values of accumulated strain (number of passes).
Actually, these characteristics are stabilized within the
range of 4–8 passes, which can be explained by the for-
mation of rather equiaxed UFG structure in this area.

Experimental results of structure evolution and
mechanical properties in billets are presented in Figs.
2–4. It was established that four ECAP passes result in
the formation in both cross and longitudinal section
equiaxed UFG structure with grain size of 0.3–0.7 lm
(Fig. 2(a) and (b)). SAED patterns show that most grain
in samples� structure after ECAP have high-angle
boundaries.

Fig. 3 presents diagrams revealing the influence of
number of passes on mechanical characteristics (ulti-
mate tensile strength (UTS), yield strength (YS) and
elongation) of CP-Ti Grade 2. It is seen that after four
passes a considerable strengthening takes place. After
eight passes, the values of strengthening and ductility
increased only slightly. Due to the decrease in ECAP
passes to the number of four, the productivity of the
combined process was enhanced.

The formation of UFG structure contributes to the
increase in strength properties as well as to the preserva-
tion of considerable ductility (A � 22%). Thus, the
possibility of further strengthening treatment without
samples failure was achieved, in particular, by the meth-
ods of multipass rolling.

At the first stages of strengthening strain-thermal
treatment is an additional refinement and the formation
of grain–subgrain structure took place in the alloy con-
sidered. Size of certain grains made up 200 nm. The
analysis of SAED patterns showed that the structure
has both high-angle and small-angle boundaries. Azi-
muth smearing of spots testifies to the increase in inter-
nal stresses (Fig. 4(a) and (b)).

The final strain-thermal treatment procedures result
in the formation of homogeneous and equiaxed struc-
ture in a billet cross section and in preservation of struc-
ture elongation in strain direction in longitudinal section
(Fig. 5(a) and (b)). The longitudinal section has grains



Fig. 2. Microstructure of Ti Grade 2 after 4 ECAP passes: (a) cross section and (b) longitudinal section, TEM.
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Fig. 3. The influence of the number of ECAP passes on mechanical
properties of billets out of Ti Grade 2.

Fig. 4. Microstructure of Ti Grade 2 after 4 ECAP passes + TM

Fig. 5. Microstructure of Ti Grade 2 after 4 ECAP passes + TM

264 V. Latysh et al. / Current Applied Physics 6 (2006) 262–266
with definite substructure, which are strongly elongated
along strain direction. In the cross section grains have
equiaxed form with mean grain size of about 70 nm.
SAED pattern is typical for the UFG state with predom-
inantly high-angle boundaries.

The study of mechanical properties (UTS, YS, A-
Elongation, Z-Reduction in area) evolution at room
temperature confirms that a considerable strengthening
of the alloy takes place at SPD by ECAP (Table 1). Dur-
ing the further strain-thermal treatment, the increase in
accumulated strain is up to 80% due to the development
of high dislocation density in the structure and the for-
mation of metallographic texture resulted in strength
enhancement in comparison with the annealed state
by nearly three times. The reduction value Z slightly
decreased, which was conditioned by higher strain local-
ization in UFG samples at tension at room temperature.
Mechanical properties were studied along the semi
T 60%: (a) cross section and (b) longitudinal section, TEM.

T 80%: (a) cross section and (b) longitudinal section, TEM.



Table 1
Mechanical properties of Ti Grade 2 at various SPD stages

State UTS (MPa) YS (MPa) A (%) Z (%)

Initial 440 370 38 60
ECAP, 4 passes 630 545 22 51
ECAP, 4 passes + TMT e = 60% 1030 845 12 51
ECAP, 4 passes + TMT e = 80% 1150 1100 11 56

Fig. 6. Examples of screw implanted items out of nanotitanium.
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product length on standard specimen cut along a billet
length. Spread in strength and ductility values consti-
tuted on average 5%, which testifies to the formation
of UFG structure homogeneous along a billet length.

The technological process realized on the basis of the
conducted studies allowed proposing perspective con-
structions of medical implants, including implants with
screw fixing elements [13–15].

The originality of the proposed products (Fig. 6) con-
sists in the fact, that application of new materials (chem-
ically pure titanium with nanocrystalline structure)
allows providing high mechanical properties with com-
plete lack of intoxication of the organism and corrosion
of metal.
4. Conclusions

The carried investigations revealed the possibility to
fabricate long-sized nanostructured Ti semi products
and items, made of this material—titanium rods—
implants, using the combination of SPD and strain-ther-
mal methods. Applying the severe plastic deformation
with repeated cycles of ECAP causes considerable
changing in the microstructure resulting nanosize grains
with high-angle grain boundaries and high density of
dislocation. According to the Hall–Petch relationship
we measured increasing strength press by press on the
specimens.

The sequence of the methods and treatment regimes
to be used within the frames of specific technological
process will depend on the chemical composition of Ti
alloy, specified geometrical dimensions and physical
and mechanical properties to be processed in the semi
products.

In total, the use of the proposed technology for pro-
cessing Ti Grade 2 enabled to enhance strength by 2.5
times in comparison with the initial state, while ductility
made up A P 12%. Thus, there processed semi products
and items for medical application having high strength
and biocompatibility.
References

[1] R.Z. Valiev, R.K. Islamgaliev, I.A. Alexandrov, Progr. Mater.
Sci. 45 (2) (2000) 103–189.

[2] V.V. Stolyarov, V.V. Latysh, R.Z. Valiev, Y.T. Zhu, T.C. Lowe,
The Development of Ultrafine-Grained Ti for Medical Applica-
tions, in: T.C. Lowe, R.Z. Valiev (Eds.), Proceedings of the
NATO ARW on Investigations and Applications of Severe Plastic
Deformation, Kluwer Publ., Moscow, Russia, NATO Sci. Series,
2000, p. 80.

[3] Y. Iwahashi, Z. Horita, M. Nemoto, T.G. Langdon, Acta Mater.
46 (1998) 3317.



266 V. Latysh et al. / Current Applied Physics 6 (2006) 262–266
[4] V.V. Stolyarov, Y.T. Zhu, I. Alexandrov, T.C. Lowe, R.Z. Valiev,
Mater. Sci. Eng. A 303 (2001) 82.

[5] V.V. Stolyarov, Y.T. Zhu, I.V. Alexandrov, T.C. Lowe, R.Z.
Valiev, MRS A 343 (2003) 43–50.

[6] Patent of USA No.6399215, MKI7 C 22 C014/00; C 22 F 001/18.
Ultrafine-grained titanium for medical implants. Published-
04.06.2002.

[7] Patent of Russian Federation No. 2175685, MKI7 C 22 F1/18,
B21j5/00. Technique for fabrication of ultrafine-grained titanium
billets. Published-10.11.2001. Issue No. 31.

[8] Patent of UK No. 2135617, MKI4 B 21 C23/32 23/08. Technique
for fabrication of metallic items. Published-02.07.1986.

[9] Inventors Certificate No. 1166402 USSR, MKI4 B2175/00.
Technique for fabrication of items out of high-strength alloys.
Published-07.07.1985. Issue No. 25.

[10] Inventors Certificate No. 1182065 USSR, MKI4 C10M, 125/04,
C10N40:24. Lubricant for cold plastic deformation of metals.
Published-30.09.1985. Issue No. 36.
[11] Patent of Russian Federation No. 2128095, MKI6 B21 C 25/00.
Device for pressure treatment of metals. Published-27.03.1999.
Issue No. 9.

[12] Patent of Russian Federation No. 2139164, MKI6 B21J5/00
C2117/00. Technique for deformation in intersecting channels.
Published-10.10.1999. Issue No. 28.

[13] Pappa,onra b bcckeloBaybe nexyokoubxecrbx venoloB gokyxeybz
yayorpbcnakkbxecrouo nbnaya lkz opnogelbb b npabvanokoubb/
Kansi B.B., MyxavenoB U.U. b lp.//Arnyak]yse Bogpocs
opnogelbb b npaBvanokoubb: C,opybr npyloB roya. Gol pel.
Mypnapbya P.Z.–Yaa: Ckobo, 1997. – C. 74–79.

[14] U.U. MyxavenoB, H.<. LapvbyoB, B.B. Kansi, B.M. GokoBybroB.
YcnpoqcnBo lkz rovgpeccboyyouo ocneocbynepa, Cbblenek]cnBo
ya gokepyy. volek] PU Nº11047. MRB6 A61B17n58.

[15] U.U. MyxavenoB, Y.U. MyxavenoB, H.<. Kansi, B.M.
GokoBybroB, P.P. BakbeB. YcnpoqcnBo lkz ropperwbb
gopBoyoxybra, CBblenek]cnBo ya gokepyy. volek] PU Nº14009,
MRB7 A61F5n00.


	Application of bulk nanostructured materials in medicine
	Introduction
	Materials and methods of investigation
	Study results and their discussion
	Conclusions
	References


