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Sufficient biocompatibility and high strength are fundamental properties required for total joint endoprostheses material. Recently developed Ti-based alloy Ti–35.3Nb–7.3Zr–5.7Ta–0.7O (wt%) exhibits these properties.
However, the as-cast material does not meet requirements for fatigue resistance due to pores and very coarse grain
structure and therefore a feasible forming procedure must be established. Gleeble apparatus was used to deform
the studied alloy at high temperatures (from 800 ◦C to 1400 ◦C) and high strain rates (up to 1 s−1 ) to the total
strain of 0.5. Mechanical properties at elevated temperatures were evaluated. The resulting microstructure was
investigated by scanning electron microscopy and electron backscatter diffraction (EBSD). It was found that forming procedure should be performed at temperatures higher than 1400 ◦C to reach conditions similar to forming of
Ti–6Al–4V. Calculation of kernel average misorientation from EBSD data showed that most deformation is stored
in the material in the vicinity of grain boundaries without any apparent recrystallization.
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1. Introduction
Titanium and its alloys have been traditionally used
in medicine and orthopaedics [1, 2]. There are numerous
applications where these materials take advantage from
excellent corrosion resistance, high biocompatibility and
low Young’s modulus. Commercially pure Ti has been
successfully used as tooth replacement material and α+β
Ti alloy Ti–6Al–4V (wt%) (Ti64), primarily developed
for aerospace industry, has been used for decades as a
material for implants of big body joints. Ti64 has a very
high strength (around 1000 MPa), but the drawback is
the content of toxic vanadium and high Young’s modulus
(110 GPa [3]) — although very low when compared to
steels, it is still much higher than that of a bone (10–
30 GPa [4]).
Alloys that retain pure β phase after quenching, which
ensures lower Young’s modulus [5], and contain only biocompatible elements (Nb, Ta, Mo, Zr) [6] are extensively
studied nowadays. Several biocompatible Ti–Nb–Zr–Ta
based alloys exhibiting the Young’s modulus as low as
50–60 GPa have emerged recently; one of them having
the composition Ti–35.3Nb–7.3Zr–5.7Ta (wt%; all composition values are in wt% from now on) [7]. However,
their strength is approximately only one half of that of
Ti64. Small amount of oxygen addition, typically 0.3%–
0.5%, has a great strengthening effect on this type of
β-Ti alloys [8–11] and adding more than 0.5% of oxygen,
as in Ti–35.3Nb–7.3Zr–5.7Ta–0.7O, yields even higher
strength, sharp yield point and deformation strengthening [12, 13]. The addition of 0.7% of oxygen raises
Young’s modulus to the value of 80 GPa that is still significant improvement to 110 GPa of Ti64.
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The alloy with the composition Ti–35.3Nb–7.3Zr–
5.7Ta–0.7O, studied in this work, contains very large
grains (0.5–3 mm), small pores (5–30 µm) and dendritic
inhomogeneities after casting. As a consequence, it exhibits a reduced strength [14] and poor fatigue performance. Forming procedure is therefore necessary. The
goal of the current work is to find suitable conditions of
working, namely the temperature and the speed of forming to allow its feasible procedure.
2. Material and methods
The alloy used in this study was cast at Retech, Co.,
USA in helium atmosphere. Rod with diameter 55 mm
was produced by plasma arc melting of pure Ti, Nb, Zr,
Ta and TiO2 (for oxygen addition) into small compacts
and remelting these compacts into final ingot. Cylindrical samples with the diameter of 8 mm and the length
of 12 mm were cut from the cast ingot for compression testing using Gleeble® 1500 machine equipped with
a servo-hydraulic system. Compression tests were performed at temperatures of 800 ◦C–1400 ◦C with strain
rates ε̇ = 0.01 s−1 and ε̇ = 1 s−1 up to the total strain
of 0.5. Duration of a compression test was 0.5 s and 50 s
for high strain rate of ε̇ = 1 s−1 and lower strain rate
of ε̇ = 0.01 s−1 , respectively. Each sample was heated
with the rate of 5 K/s up to the final temperature of
deformation. Compressive flow curves were recorded in
situ. Each sample was immediately water quenched after deformation. The resulting microstructure was studied by scanning electron microscope (SEM) Quanta FEG
200FX equipped with EDAX electron backscatter diffraction (EBSD) detector. Samples for microstructural observations were ground with SiC papers up to the grit of
2400 and polished with Buehler vibratory polisher with
alumina 0.3 µm, 0.05 µm (for 8 h each) and colloidal
silica (for 3 h) suspensions.
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3. Results and discussion
Flow curves from compression tests at elevated temperatures are shown in Fig. 1. It should be noted that curves
recorded at high strain rate of ε̇ = 1 s−1 contained artefacts and heavy noise and massive smoothing procedure
was employed which resulted in wavy curves (mostly recognizable at temperature 1400 ◦C). As expected, lower
temperatures and higher strain rates lead to higher compressive strength. The sample deformed at T = 800 ◦C
with ε̇ = 0.01 s−1 exhibits the sharp yield point similarly to the tensile flow curves performed at room temperature [13]. On the other hand, flow curves measured
at higher temperatures did not exhibit the sharp yield
point because the temperature is sufficiently high to activate diffusion of oxygen in matrix and prevent pinning
dislocations by interstitial oxygen atoms. Note that the
flow curve at 1100 ◦C with ε̇ = 1 s−1 does not exhibit the
sharp yield point. The origin of this undulation is the
smoothing of recorded curve only.

Fig. 1. Compression flow curves at various temperatures and strain rates.

Ultimate compressive strength (UCS) was determined
from each flow curve. The temperature dependence
of UCS is shown in Figure 2 for the ε̇ = 1 s−1 and
ε̇ = 0.01 s−1 . Fitted lines indicate that the slope is
steeper for the ε̇ = 0.01 s−1 than for ε̇ = 1 s−1 . The
main reason of this difference is the sharp yield point of
the sample deformed at 800 ◦C. On the other hand, the
slope between samples deformed at 1000 ◦C and 1300 ◦C
is very similar to that at high strain rates. The strength
of studied material at ε̇ = 1 s−1 exceeds 170 MPa at
1000 ◦C and decreases below 100 MPa only at 1400 ◦C.
This behaviour is much different from that of Ti64 that
has strength value at 1000 ◦C and ε̇ = 1 s−1 already below 50 MPa [15] but similar to commercial stainless steel
AISI 304 [16].
SEM observations revealed that porosity present in the
cast condition was not completely removed by high temperature deformation. Two types of pores were found

Fig. 2. The temperature dependence of the ultimate
compressive strength for two strain rates.

in the deformed material: (i) small, homogeneously distributed pores and (ii) larger pores mainly along grain
boundaries. Smaller pores of the size of a few micrometers were formed already during casting and Gleeble
processing deformed the area around them and closed
some of them. The deformed zones can be observed in
backscattered electrons in Fig. 3a (sample deformed at
T = 1100 ◦C and ε̇ = 1 s−1 ) as lighter area near both
pores. The deformed area appears lighter in the SEM micrographs thanks to channelling contrast of the deformed
crystal lattice that has locally different scattering condition. Larger pores have sizes of tens of micrometers and
are located at the grain boundaries, especially in triple
points, as in Fig. 3b for sample deformed at T = 1300 ◦C
and ε̇ = 1 s−1 . Note that these pores were not observed
in all deformed samples and the correlation with temperature or strain rate of deformation is rather inconclusive.
EBSD measurements were performed to analyse the
degree and the distribution of deformation present in
samples. The area of 1300 µm×1800 µm and the step
size of 4 µm were employed. For this purpose, kernel
average misorientation (KAM) was determined for each
data point as the mean misorientation of all points within
the maximum distance of the triple step size around each
point (note that hexagonal grid was used for measurements). Grain boundaries (points with misorientation
higher than 5◦ from reference point) were excluded from
each kernel. Example of inverse pole figure (IPF) map
for sample deformed at T = 1300 ◦C and ε̇ = 1 s−1
is shown in Fig. 4a, corresponding KAM map is displayed together with the colour code of respective misorientations in Fig. 4b. It is clearly seen that the deformation (higher KAM value) is concentrated near the
grain boundaries, especially near triple points. This phenomenon was present in all samples deformed at the
strain rate ε̇ = 1 s−1 and is typical in β-Ti deformed at
high strain rates and/or relatively low temperatures [17].
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Fig. 4. Sample deformed at T = 1300 ◦C and ε̇ =
1 s−1 . (a) IPF map, (b) KAM map.

Fig. 3. (a) Small pores (formed during casting) in the
sample deformed at T = 1100 ◦C and ε̇ = 1 s−1 ,
deformed zones are indicated by white arrows. (b)
Large pore on grain boundary in sample deformed at
T = 1300 ◦C and ε̇ = 1 s−1 , small black dots are remnants from polishing suspensions.

The KAM distribution of samples deformed at the
lower strain rate of ε̇ = 0.01 s−1 depends strongly on
the temperature of deformation. Figure 5a shows that
at lowest temperature of 800 ◦C the KAM values are distributed very homogeneously while at higher temperature
of 1000 ◦C (Fig. 5b), the deformation is concentrated at
grain boundaries similarly as at the faster strain rate; cf .
Fig. 4b. In addition, several spots of enhanced deformation (higher KAM value) can be seen in Fig. 5a. These
spots indicate the presence of pores around which the
material is highly deformed. The highest deformation
temperature of 1300 ◦C leads to lowest amount of deformation which will be discussed below; cf . Fig. 5c. The
area fraction of individual misorientations was computed
from the KAM maps.
The respective KAM distributions for strain rates of
ε̇ = 0.01 s−1 and ε̇ = 1 s−1 are shown in Fig. 6. At
the ε̇ = 0.01 s−1 , deformation stored in the material
decreases with increasing temperature. The sample de-

Fig. 5. KAM maps of samples deformed at ε̇ =
0.01 s−1 and (a) T = 800 ◦C, (b) T = 1000 ◦C and (c)
T = 1300 ◦C. For the orientation colour code, see Fig. 4.

formed at the highest temperature (1300 ◦C), contains
almost 80% of area with KAM value less than 1◦ . At
this slow strain rate, recovery processes are probably fast
enough to reduce the dislocation density. The recovery
rate increases with the increasing temperature. Similar behaviour has been recently observed in other β-Ti
alloy and was ascribed to high stacking fault energy of
β-Ti [17] which enhanced the dynamic recovery and prevented the dynamic recrystallization. On the other hand,
at the high strain rate ε̇ = 1 s−1 , the deformation stored
in material does not vary monotonously with increasing
temperature. It increases up to 1100 ◦C, then decreases
up to 1300 ◦C. As a consequence, one may assume that
the effect of deformation temperature on the stored strain
is only minor at the highest strain rate ε̇ = 1 s−1 .
KAM analysis of EBSD data indicate that dynamic recovery occurs at the lower strain rates of ε̇ = 0.01 s−1
at the whole temperature range employed (800–1300 ◦C).
On the other hand, even the highest temperature of
1300 ◦C was not high enough to initiate the recrystallization. In contrast, the stainless steel recrystallizes already
at 900 ◦C to 1100 ◦C [16].
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