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Specialized beta titanium alloys containing biocompatible elements (Nb, Zr, Ta) are increasingly considered as
a material for orthopaedic implants. In this study, small additions of Fe and Si are used to increase the strength of
commercial Ti35Nb7Zr5Ta (TNZT) alloy. Six dierent advanced alloys with iron content up to 2 wt% and silicon
content up to 1 wt% were manufactured by arc melting and hot forging. Flow curves were determined from tensile
tests carried out at room temperature. The yield stress is increased from 450 MPa to 700 MPa due to small Fe and
Si additions. Fe causes solid solution strengthening exhibited by sharp yield point and signicant work hardening.
(Ti,Zr)5 Si3 intermetallic particles further increase the strength via precipitation hardening. An unusual serrated
yielding behaviour of benchmark TNZT alloy is caused by twinning as shown by acoustic emission measurement
and electron backscattered diraction analysis.
DOI: 10.12693/APhysPolA.128.574
PACS: 81.05.Bx, 81.40.Cd, 81.70.Bt, 81.40.Lm
1. Introduction

Titanium alloys are extensively applied in orthopaedic
implants due to their superior mechanical properties, excellent corrosion resistance, and favourable biocompatibility. There are numerous studies reviewing the outstanding properties of these materials for medical use
[14]. Excellent biocompatibility of titanium was proven
by many authors both in vitro and in vivo [5, 6]. However, less often reported mechanical properties are of
major interest in this work. The biggest current interest is focused on metastable β -titanium alloys with increased biocompatibility and decreased elastic modulus
to avoid stress-shielding and increase of life-time of an
implant [7]. TiNbZrTa alloys are the mostly investigated alloy system. Dierent types of TiNbTaZr
(sometimes abbreviated as TNTZ or TNZT) have been
developed. The two mostly used and investigated compositions are Ti29Nb13Ta4.6Zr [8] and Ti35Nb7Zr
5Ta. The latter alloy was developed in 1990s in USA and
patented in 1999 [9]. This TNZT composition was used
as a benchmark material for experimental investigations
in the present work. The considerable disadvantage of
this alloy is its relatively low strength. Despite both Zr
and Ta provide some solution strengthening compared to
TiNb binary alloys [10, 11], the ultimate tensile strength
reaches only around 500 MPa that is signicantly lower
than the ultimate tensile strength (UTS) of the most
common Ti6Al4V alloy (≈800 MPa) The strengthening eect of iron and silicon is investigated in this work.
Fe causes simple solution strengthening in β -alloys [12],
whereas Si contributes to hardening via the creation
of dispersed precipitates (Ti,Zr)5 Si3 [13, 14]. Si contents of 0.20.4 wt% is often utilized in high-strength
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and high-temperature alloys in aerospace industry in order to increase the strength and to suppress excessive
creep [15, 16].
2. Material and experimental procedure

A TNZT alloy with chemical composition Ti35.3Nb
7.3Zr5.7Ta (wt%) was used as a benchmark. Six dierent tailored alloys utilizing 02 wt% Fe and 01 wt% Si in
excess of Ti content were manufactured and their chemical compositions are summarized in the Table.
TABLE
Chemical composition of alloys based on
the Ti35.3Nb5.7Ta7.3Zr alloy (TNZT),
Si and Fe contents are given in wt%.
TNZT
TNZT+1Si
TNZT+2Fe

TNZT+0.5Si+1Fe
TNZT+0.5Si+2Fe
TNZT+1Si+1Fe

All alloys were prepared by arc melting of pure elements under a low pressure of clean He (350 mbar) Each
part of the sample was remelted at least six times by electric arc to ensure homogeneity. Samples of approximate
weight 200 g were subsequently homogenized at 1400 ◦C
for two hours and furnace cooled. The oxygen content is
below 0.04 wt% and the nitrogen content below 200 ppm
after homogenization. The material was then forged using a forging hammer into shape of rods that were nally machined to the diameter of 14 mm. Material was
heated to approximately 1100 ◦C before and during forging, however, the forging temperature was not precisely
controlled.
Tensile tests were conducted at room temperature with
a 10−4 s−1 strain rate, using an Instron 5882 computer
controlled machine. Scanning electron microscope FEI
Quanta 200F (FEG) operating at the accelerating voltage of 20 kV was used. Electron backscattered diraction
(EBSD) was analyzed using DigiView3 EBSD camera
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from company EDAX and OIM (orientation imaging
mapping) software was employed for EBSD observations.
A computer-controlled DAKEL-CONTI-4 acoustic emission system was used to monitor acoustic emission (AE)
during the tensile test. Four channels with dierent amplication (0203040 dB) and 2 MHz sampling frequency were used to detect and store data. More details on the method and the data analysis are reported
in [17, 18].
3. Results and discussion

Figure 1 shows the yield stress and the UTS of prepared alloys in the as-forged condition. Presented values are mean values from three samples and the standard deviation is shown by the error bar. The yield
stress of the benchmark TNZT alloy is below 500 MPa.
Fe causes solid solution strengthening due to dierent
electron bonding and Si causes precipitation strengthening. The combined eect of Fe and Si leads to even
increased strength. The TNZT2Fe0.5Si alloy yields
above 700 MPa and its ultimate strength is higher
than 800 MPa. Such values are relatively high, considering that the metastable beta alloys were not aged to
achieve hardening by α-phase precipitates.

Fig. 1. Yield stress and (UTS).

Fig. 3. Flow curves  alloys containing less than
2 wt% Fe, common plastic deformation behaviour is observed.

Fig. 4. Flow curves  alloys containing 2 wt% Fe,
sharp yield point is observed.

Complete ow curves were recorded for each measured sample. Flow curves for each alloy are depicted
in Figs. 35. Figure 3 shows ow curves of alloys containing Si. These ow curves are rather typical for β -titanium
alloys in a solution treated condition [19]. Plastic deformation is accompanied only by a low work hardening.
Figure 4 shows ow curves of alloys containing 2 wt%
of Fe. The yield point is followed by short work softening and subsequent work hardening. The yield point
resembles the sharp yield point that is commonly observed in some steels when dislocations are released from
the surrounding atmosphere of carbon atoms [20]. Such
a sharp yield point was also observed in titanium and related bcc alloys and was attributed to either rapid dislocation multiplication, omega particles cut by gliding dislocations or even hydrogen content [2123]. In this case,

Fig. 2. Total elongation (A5 elongation  length of
active part of the specimens equals 5× diameter).

Figure 2 summarizes the total plastic elongation. All
alloys are ductile at room temperature, but Si signicantly reduces the total elongation. Fe content increased
total elongation when compared to the benchmark alloy.
This eect is associated with work hardening and is discussed below based on analysis of ow curves.

Fig. 5. Flow curve  initial TNZT alloy, insert shows
details of the serrated yield behaviour.
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the sharp yield point is probably caused by solute atoms
of Fe. These atoms cause distortion of crystallographic
lattice attracting (or pinning) dislocations during forging. During tensile test these dislocations are pulled out
from these preferential sites causing short work softening.
Short softening is followed by pronounced work hardening during more than 15% of straining for TNZT2Fe
alloy followed by a long evolution of necking and failure.
For TNZT2Fe0.5Si, the uniform elongation is shorter
and also the neck is less ductile. It follows that 2 wt% of
Fe create sucient obstacles for dislocation motion causing dislocation multiplication responsible for work hardening. 1 wt% of Fe is insucient in this respect. Thanks
to work hardening, the specimen undergoes longer uniform elongation before the limit of stability of plastic ow
is reached [24]. Therefore the alloy with 2 wt% Fe shows
both increased strength and ductility.
Figure 5 shows the true-stress true-strain ow curve for
the benchmark TNZT alloy that is intentionally showed
as the last one. The reason is the unusual behaviour
around the yield point, which is highlighted in the inset.
Note that those distinctive stress jumps in the ow curve
were accompanied by a clearly audible acoustic emission
(i.e. the acoustic emission was just audible with no equipment) Proper acoustic emission measurement was therefore used during the next set of tensile tests.

Fig. 6. (a) Acoustic emission (AE) during tensile test
of benchmark TNZT alloy. Flow curve is represented by
solid black line and AE is shown in red. High intensity
of AE is observed around yield point. (b) representative
example of low acoustic emission observed for all other
alloys. Flow curve is represented by a solid black line
and AE is shown in red.

Figure 6a shows the ow curve for the benchmark
TNZT alloy along with the acoustic emission signal. Not
surprisingly, the high intensity of the acoustic emission
was measured around the yield point and is obviously
associated with the serrated yielding. Acoustic emission
was measured also for samples from other alloys. The AE
signal for these alloys was incomparably lower and not
concentrated around a yield point. An example of such
behaviour is given in Fig. 6b.
Even a detailed inspection of the ow curve in Fig. 5
did not reveal any jumps/serrations in the rest of the
ow curve after the yield point. Several explanations of
such serrated yielding of beta titanium alloys were proposed. The rst one is the twinning in Ti alloys with
bcc structure [2528]. Another explanation is the interaction between dislocations and solute/interstitial atoms.

However, such mechanism requires sucient mobility of
solute/interstitial atoms during the test. Finally, a completely dierent mechanism was proposed by Banerjee
and Naik [29]. The authors assumed that load drops are
caused by deformation bands within which omega particles are destroyed and dislocations can freely move.

Fig. 7. (a) TNTZ, nondeformed part. (b) TNTZ, active part. In the insets there is color coding  orientation triangle for the bcc structure.

EBSD analysis was undertaken in order to identify the
deformation mechanism causing the serrated yielding.
EBSD images of respectively the nondeformed and the
active part of the same sample after fracture are shown
in Fig. 7a and b. The nondeformed part shows coarse
grained recrystallized structure. The image is a little
blurred, because of poor surface quality of the specimen
and the consequent extensive software clearing of the raw
EBSD image. Figure 7b shows the twinned structure
and deformed coarse grains. The concentration of twins
is comparatively low [27]. Twin nucleation is associated
with serrated yielding; however, it remains unclear why
the concentration of twins remain quite low and why the
serrated yielding occurs only around the yield point.
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4. Conclusions

Six dierent alloys based on the TiNbZrTa alloy
with various Fe and Si content were manufactured and
their tensile properties were determined. The following
conclusions can be drawn from this investigation:
1. The yield stress can be increased from 450 MPa
to 700 MPa by small Fe and Si additions.
2. The Ti35Nb7Zr5Ta alloy shows an unusual tensile behaviour with a serrated ow curve around the
yield point. This can be attributed to twinning.
3. A small Fe content increases the plastic elongation
thanks to work-hardening. The concentration of Fe
(2 wt%) is sucient for dislocation mutliplication
during straining and also a sharp yield point is
observed.
4. The alloy with composition Ti35Nb7Zr5Ta
2Fe0.5Si showed a maximum strength that is sufcient for biomedical use.
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