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Abstract

The beta titanium alloys are widely used for hard tissue replacements due to their properties (e.g. high strength,
low Young's modulus or biocompatibility). Mechanical properties are dependent on microstructure which can
be controlled through suitable thermo-mechanical treatment. The effect of cold rolling on texture evolution and
mechanical properties has been studied in this paper. Hot forged, solution treated (850 °C / 0.5 h / water
quenched) Ti-35Nb-6Ta alloy has been cold rolled with thickness reduction 40, 60 and 80 and 95%. The texture
evolution has been studied by using X-ray diffraction analysis and EBSD analysis. The {100} <110> texture is
dominant for all studied specimens and became more distinct with increasing thickness reduction. Another
texture evolution from {211} <110> to {111} <112> was observed with increasing thickness reduction. The
tensile strength increased with thickness reduction from 600 to 830 MPa. On the other hand elongation
decreased from 32 to 9%. The Young’s modulus value has been determined within range of 43 to 55 GPa.
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1. INTRODUCTION

The importance of development of new 3-titanium alloys forimplants is growing simultaneously with increasing
demand on hard tissue replacements. The materials for new implants should posses better (not only)
mechanical properties the materials that are used currently (e.g. stainless steel, Ti-6Al-4V) [1-2]. The Ti-35Nb-
6Ta alloy has been developed for medical applications and contains exclusively fully biocompatible elements.
Solution treated alloy posses quite low tensile strength and low Young's modulus. There are several
possibilities of improving mechanical properties of B-titanium alloys. Increasing the strength through aging
treatment leads to significant increase in modulus [3-4] and therefore another way to material with higher
tensile strength and low modulus should be find. Cold deformation seems to be efficient in increasing ultimate
tensile strength due to dislocation density increase. The requirements of B-titanium alloys used as materials
for implants are numerous (e.g. high strength, corrosion resistance, biocompatibility, low Young’'s modulus).
Desirably high strength to modulus ratio is very difficult to achieve. It has been reported that properties of [3-
titanium alloys depend on crystallographic directions [5]. Cold rolling could be used to establish desired
deformation texture and therefore improve the properties. The lowest Young’'s modulus in B-titanium (bcc) has
been observed in <100> direction whereas the <111> posses the highest modulus value [2, 5 ,6]. The texture
development depending on thickness reduction and its correlation has been studied in this work in order to the
best process parameters with respect to mechanical properties.

2, METHODS

The Ti-35Nb-6Ta alloy (all compositions in this work are in wt.% unless it said different) has been prepared in
a vacuum arc melting furnace LEYBOLD HERAEUS L200h with a water cooled copper crucible. The oxygen
content was measured to be between 0.05 and 0.1 %. As-cast specimens were homogenized 1000 °C/6 hin
a vacuum furnace. These specimens were machined and subsequently hot rolled at 750-1050 °C into a
rectangular shape rod. The section reduction during hot forging was about 40%. Hot rolled specimens were
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annealed at 850 °C for 0.5 h and water quenched. The rods were machined in order to remove the oxidized
surface layer and defects. Cold rolling with various thickness reductions (i.e. 40, 60, 80 and 95 %) has been
performed on specimens. The microstructure has been studied by using light microscopy (LM). Specimens
were prepared via standard metallographic route. Specimens were grinded up to #4000 with SiC papers and
polished with Struers OP-S emulsion with addition of 0.6 ml OP-S, 2 ml H.O and 2 ml NHs. For etching 3 ml
HF + 8 ml HNO3z + 100 ml H,O etchant was used. Nikon EPIPHOT 300 was used for light microscopy
observation. For etching 3 ml HF + 8 ml HNO3 + 100 ml H,O etchant has been used. Nikon EPIPHOT 300 was
used for light microscopy observation. Polished specimens were used for electron back scattered (EBSD)
analysis. For this purpose the specimens were electro-polished by using 1000 ml CoHsOH + 50 ml HCIO4 + 15
ml HNO3 electrolyte at 50V. Analysis was performed on JEOL JSM 7600F with EBSD detector (Nordly’s -
Oxford instruments). EBSD data were collected at 20 kV and 65° tilt. Results were evaluated with HKL Chanel
5 software equipment. Texture was also characterized by X-ray diffraction analysis (XRD). XRD analysis was
carried out on vertical 6/6 X’Pert PRO MPD diffractometer using Schultz reflection geometry and radiation from
X-ray tube with copper anode (A = 0.15419 nm). Textures are noted as plane {hkl} parallel to rolled surface
(NL) and direction <hkl> parallel to rolling direction (RD). Mechanical properties (except of specimen rolled
with 95% thickness reduction) were obtained from tensile tests of “dog-bone” shaped flat specimens on
INSTRON 1185 testing machine equipped with video-extensometer. The dimensions of tested specimens
were 3 mm in width and 0.9 - 4 mm thickness. The gauge length was 20 mm. Specimens were tested in the
direction parallel to rolling direction (RD). At least three specimens were tested for each value. Vickers
hardness tests (HV10) were carried out on Zwick Roell ZHU 250 Top testing machine.

3. RESULTS AND DISCUSSION

The microstructure of as-cast and homogenized alloy consists of very coarse and elongated grains. The
microstructure has been significantly refined due to dynamic and post-dynamic recrystallization during hot
rolling and subsequent solution treatment. It can be seenin Fig. 1, where the microstructure of solution treated
specimen is presented, that the microstructure consists of relatively fine (~100 - 200 ym) equiaxed

Fig. 1 The microstructure of solution treated Ti- Fig. 2 The microstructure of Ti-35Nb-6Ta alloy cold
35Nb-6Ta alloy rolled with 40% thickness reduction

B-grains. Not all grains after solution treatment are fully recrystallized and locally coarser deformed grains can
be observed. Weak n-fibre texture (<100> parallel to hot rolling direction) can be distinguished in solution
treated alloy, but this texture is not strong. The formation of n-fibre texture in hot rolled B-titanium alloys was
also observed by Sander et al. [7].
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The microstructure after cold rolling exhibits
elongated original grains in the rolling
direction (RD) - Fig. 2. Deformation bands or
twins can be observed inside these grains
(see Fig. 3). The twins were analyzed to be in
general {112} <111> B twins (CSL = 3) [8, 9],
which are typical for B-titanium alloys with low
B-phase stability [10 - 12]. Also deformation
bands (with various misorientations) have
been observed. Those effects are more
clearly visible in specimens with lower
thickness reduction (40 or 60%) as they are in
general quite fine in specimens with higher
thickness reductions (i.e. 80%).

Fig. 3a EBSD of 60% deformed alloy with twins and The texture analysis revealed that even after

deformation bands 40% thickness reduction some preferred
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— ND orientations has been established (see
b T Fig. 4a), however they are not well developed.
;x_fgﬁl“g{? Weak residual n-fibre texture can be observed

along with other textures (e.g. {111} <112>).
In specimen with 60% (Figs. 3b and 4b)
reduction {100} <110> and also other textures
(e.g. {211} <110>) can be distinguished. With
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Fig. 3b Inverse pole figures of 60% deformed specimen increasing thicknes§ reduc_:tion the {100}
(obtained by EBSD) showing the dominant {100} <110> ~ <110> became dominant (Figs. 4c, d) - the
texture and weaker {211} <110> texture 80% and 95% deformed specimens posses

strong {100} <110> texture (stronger in 95%
deformed specimen).
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Fig. 4a Inverse pole figures of 40% deformed specimen (obtained by XRD)
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Fig. 4b Inverse pole figures of 60% deformed specimen (obtained by XRD)
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Fig. 4c Inverse pole figures of 80% deformed specimen (obtained by XRD)
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Fig. 4d Inverse pole figures of 95% deformed specimen (obtained by XRD)
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Fig. 5 Hardness vs. thickness reduction

Mechanical properties of cold rolled alloy were studied in direction parallel to RD. The results of tensile tests
and hardness tests are plotted in Fig. 5 and Fig. 6 respectively. The hardness (Fig. 6a) increased from 140
HV10 to more than 300 HV10 due to deformation strengthening. It is also evident that both the ultimate tensile
strength (Rm) and 0.2 proof strengths (Rpo.2) significantly increased with increasing cold deformation. The
tensile strength increased from 600 MPa in solution treated specimens to 830 MPa of specimen deformed with
80% thickness reduction. The same situation is for the yield strength values (from 385 to 720 MPa). The
deformation strengthening has significant influence on this alloy and it is linearly dependent on thickness
reduction within studied thickness reduction range. Elongation values of specimens decreased simultaneously
with tensile strength (or deformation) increase.
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Fig. 6a Tensile strength vs. thickness reduction

Fig. 6b Elongation vs. thickness reduction

Young’s modulus values decreased significantly from 55 GPa to values less than 45 GPa. It has been reported
[6, 13, 14] that the lowest Young's modulus in B-titanium is in <100> direction. The modulus is slightly higher
in <110> whereas <111> direction posses the highest modulus along to theoretical calculations. Therefore it
can be assumed that the decrease in modulus is to a certain amount caused due to {001} <110> texture
evolution during cold rolling. Similar texture obtained by cold rolling was observed in Ti-Nb-Al alloy by Inamura
et al. [15]. It means that the <110> direction (with small Young’'s modulus) is preferentially oriented in rolling
direction which was parallel to tensile test axis direction. In specimens with lower thickness reductions more
grains are oriented with other directions (with higher modulus) parallel to tensile test axis.
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Fig. 6¢ Young‘s modulus vs. thickness reduction

4, CONCLUSIONS

Fig. 6d Strength to modulus ratio vs. thickness
reduction

Ti-35Nb-6Ta alloy was processed by hot rolling, solution treatment and cold rolling with various thickness
reduction. The texture evolution and correlating mechanical properties have been studied. It can be concluded

that:

The {100} <110> texture is stronger with increasing thickness reduction. In 95% deformed specimen

this texture is dominant. Other textures are significant in specimens with lower thickness reduction.

The strength to modulus ration increased with increasing thickness reduction as the result of increasing

strength (from 600 to 830 MPa) and decreasing Young’s modulus (from 55 to 45 GPa). The former
increased due to deformation strengthening and the latter due to texture development.
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