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Abstract: Ti-23Nb-0.7Ta-(0, 2)Zr-(1.2, 4, 6, 10)O alloys were prepared using a non-consumable arc-
melting method. The tensile property of Ti-23Nb-0.7Ta-2Zr-1.20 alloys was tested at temperatures
from —196 °C to 750 °C. The influence of O and Zr contents on thermal forgeability, room-temperature
hardness and tensile property at 750 °C was investigated. For Ti-23Nb-0.7Ta-2Zr-1.20 alloy, the
tensile strength decreased, and the ductility increased with the temperature increase. O and Zr
had a negative effect on the thermal forgeability. Room-temperature hardness and tensile strength
increased with an increase in O and Zr contents due to interstitial, solid solution strengthening
and second-phase strengthening. All of the alloys exhibited high ductility at 750 °C with the total
elongation above 34% and reductions in area above 80%.

Keywords: titanium alloy; element; mechanical property; microstructure

1. Introduction

Because of their high specific strength, low Young’s modulus, good corrosion resis-
tance and superior biocompatibility, titanium alloys have been widely applied in various
fields [1-6]. By controlling the composition and microstructures, the mechanical properties
may vary within a wide range [7-12]. Zr is one of the most important elements in titanium
alloys. It can strengthen « and 3 phases via solid solution strengthening and result in a
higher strength [13-18]. In addition, in Ti-3Al-8V-6Cr-4Mo-xZr (x = 0, 2, 4 and 6 wt.%)
alloys Zr and trace impurity Si may form (TiZr)¢Si3 silicide to increase the strength via 3
grain refinement and precipitation strengthening [19]. The effects of Zr content on the me-
chanical properties of conventional titanium alloys were described as decreasing ductility
and increasing strength at room and high temperatures [13,20]. Moreover, Zr can increase
the stability of the 3 phase and be treated as a 3 stabilizer in 3 titanium alloys [18,21-23].

Some so-called “impurity” elements, such as N and O, could be added to titanium
alloys as alloying elements to improve the mechanical properties, like Ti-22Nb-O (at.%,
unless otherwise noted) [24], Ti-10V-2Fe-3V-N (wt.%) [25], Ti-30Nb-12Zr-O(N) (wt.%) [26],
Ti-24Nb-4Zr-85n-O (wt.%) [27], Ti-35Nb-7Zr-5Ta-O (wt.%) [28,29] and Gum Metal [30]. As
an interstitial element, even a small amount of N or O can change the properties dramati-
cally. Additionally, too much N or O may damage the ductility of the alloy. Therefore, the
concentrations of added N or O in the alloy are generally at a relatively low level.

Gum Metal [30] is one of the representative alloys containing Zr and O. It repre-
sents a group of multifunctional § titanium alloys, with the composition fundamentally
expressed as Ti-24(Nb + Ta + V)-(Zr, Hf)-O. O concentration was restricted in the range
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of 0.7-3.0 at.%. It has been reported that Zr and O might form Zr-O atom clusters to en-
hance the strengthening effect of Zr and O on each other [30]. Various alloy composition
combinations are available, such as Ti-9Nb-12Ta-3V-6Zr-O, Ti-23Nb-0.7Ta-2Zr-O, Ti-20Nb-
3.5Ta-3.4Zr-0, etc. [30-32]. Of which, Ti-23Nb-0.7Ta-2Zr-O alloy has received the most
extensive attention, due to lower levels of Ta, an amazing complex deformation mode and
superior properties [32-45]. Some works [31,33,46-49] have studied the effect of O content
on the mechanical properties of the Ti-23Nb-0.7Ta-2Zr-O alloy. In the O content range of
0.3-3.0% the attainable elastic strain, elastic modulus and tensile strength increased, and
ductility decreased as the O content increased.

All the above studies are about the mechanical properties at room or cryogenic temper-
atures. The effects of O and Zr contents on mechanical properties at relatively high tempera-
tures, especially for Ti-23Nb-0.7Ta-Zr-O alloy with quite high O content, remain unknown.

In the present work, Ti-23Nb-0.7Ta-(0, 2)Zr-(1.2, 4, 6, 10)O alloys were prepared using a
non-consumable arc-melting method. The influence of temperature on the tensile properties
of Ti-23Nb-0.7Ta-2Zr-1.20 alloy, as well as the influence of O and Zr contents on thermal
forgeability, room-temperature hardness and tensile property at 750 °C, were investigated.

2. Materials and Methods

The nominal compositions of the alloys are shown in Table 1. The measured com-
position of the 2Zr-1.20 alloy was Ti-22.4Nb-0.73Ta-2Zr-1.340, which was very close to
the nominal composition as shown in Table 1 [39,41]. The 3 transus of the alloys were
calculated according to Sun’s study [50] and presented in Table 1. Ti sponge, Zr sponge,
pure Nb, Ta;O5 and TiO, were used as the raw materials. The alloys were melted three
times using a KEJING MSM20-8 consumable arc-melting furnace (Shenyang Kejing Auto-
Instrument Co., LTD, Shenyang, China) under argon protection. The melting current was
600 A and the magnetic stirring current was 15 A. The 2Zr-1.20 alloy ingot was 1300 g
and the others were 60 g. 2Zr-1.20 alloy was open-forged at 1080 °C and then 750 °C, and
other ingots were open-forged at 1220 °C. After forging, 2Zr-1.20 alloy was solutionized at
1010 °C for 30 min followed by water quenching, and then the alloy was compressed at
room temperature to 77% reduction in height with a constant crosshead speed of 0.1 mm/s.
(0, 2)Zr-40, (0, 2)Zr-60 and (0, 2)Zr-100 alloys were solutionized at 900 °C, 950 °C and
1050 °C, respectively, for 1 h followed by furnace cooling.

Table 1. Nominal compositions of the studied alloys and the heat treatments. WQ-water quenching,
FC-furnace cooling.

Alloy Nominal Calculated Ingot Open Forging

Name Composition, at.% Transus, °C Weight, g Temperature, °C Post Treatment
27r-120  Ti-23Nb-0.7Ta-2Zr-1.20 574 1300 1080 and 750 1010 °C, 30 min, WQ, 7%

compression

27r-40 Ti-23Nb-0.7Ta-2Zr-40 695 60 1220 900 °C, 1 h, FC
27r-60 Ti-23Nb-0.7Ta-2Zr-60 827 60 1220 950 °C, 1 h, FC
27r-100 Ti-23Nb-0.7Ta-2Zr-100 1234 60 1220 1050 °C, 1 h, FC
0Zr-40 Ti-23Nb-0.7Ta-40 707 60 1220 900 °C, 1 h, FC
0Zr-60 Ti-23Nb-0.7Ta-60 842 60 1220 950 °C, 1 h, FC
0Zr-100 Ti-23Nb-0.7Ta-100 1264 60 1220 1050 °C, 1 h, FC

Microstructure observations were performed by a ZEISS Axiovert 200 MAT optical
microscope (Zeiss, Oberkochen, Germany) and a Hitachi S-3400N scanning electron micro-
scope (SEM, Hitachi, Tokyo, Japan) under 30 KV. Tensile fracture surfaces were examined
using Hitachi S-3400N SEM. A SHIMADZU EPMA-1610 electron probe microanalyzer
(Shimadzu Corporation, Kyoto, Japan) was employed to obtain the distribution of elements.
Phase identification was carried out with a Rigaku D/max-2400PC X-ray diffractometer
(XRD) using Cu-Ka at 56 kV and a current 182 mA. Vickers-hardness (HV) was tested
using a FUTURE FM-700e digital micro-hardness-testing device (FUTURE-TECH CORP,,
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Kawasaki, Japan) with a load of 300 g and a dwell time of 15 s. Each specimen was tested
five times. Uniaxial tensile test was carried out using a SHIMADZU AG-5000A machine
(Shimadzu Corporation, Kyoto, Japan) at —196 °C with strain rates of 8.3 x 107#/s and
25 x 107*/s before and after yielding, respectively, and a SHIMADZU DCS-25T machine
(Shimadzu Corporation, Kyoto, Japan) at 19 °C, 250 °C and 750 °C with strain rates of
2.5 x 107*/s and 12.5 x 10~*/s before and after yielding, respectively. The elevated tem-
perature tensile samples were heated to the testing temperature at a rate of 20 °C/min and
held for 10 min in the air before tensile testing. The tensile specimens were cylindrical
rods with a gauge diameter of 3 mm and a gauge length of 12 mm. One specimen was
tested at each temperature. The strain gauges were used in the cryogenic and ambient tem-
perature tensile tests until yielding. The elongation and reduction in area were measured
after fracture.

3. Results
3.1. Effects of O and Zr on Thermal Forgeability

27r-1.20 alloy showed excellent thermal forgeability and compression plasticity even
at room temperature as reported in our previous work [39,41]. The morphologies of a
60 g ingot and open-forged specimens are shown in Figure 1. The forged specimens
were 10-13 mm square bars except for 2Zr-100 alloy because of its lower forgeability.
Thermal forgeability of the alloys was judged from the surface cracks. It could be observed
that three Zr-free specimens presented good surfaces, as shown in Figure le-g. For the
specimens with 2% Zr the size of surface cracks increased as O content increased, as shown
in Figure 1b—d. Especially, 2Zr-100 alloy cracked severely. It indicates that the thermal
forgeability of the alloys decreased as O content increased with the addition of Zr.

(0 L@

Figure 1. The morphologies of the 60 g ingot (a) and open-forged specimens (b-g). (a) 60 g
ingot; (b) 2Zr-40 alloy; (c) 2Zr-60 alloy; (d) 2Zr-100 alloy; (e) 0Zr-4O alloy; (f) 0Zr-60 alloy;
(g) 0Zr-100 alloy.

3.2. Effects of O and Zr on Microstructures

After solution treatment at 1010 °C for 30 min followed by water quenching, the
microstructure of the 2Zr-1.20 alloy was equiaxed with the average grain size of approxi-
mately 200 um (Figure 2a). After compression it is conceivable that the 3 grains changed
into disk-like shapes, which were segmented by a mass of dislocations, stress-induced
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o” martensite and w phase, {332}<113>f and {112}<111>{ twins, kink bands, as well as
shear bands [41]. In Ti alloys, O works as a (3-stabilizer in the process of quenching in
metastable (3 titanium alloys [24,39,46,51], while it works as an «-stabilizer during 3/ o
phase transformation [52] and increases (3 transus dramatically, as shown in Table 1. In the
other six alloys with higher O content, the elements redistributed and a short club-shaped
o phase precipitated from the 3 matrix during furnace cooling, as shown in Figure 2d—i.
All microstructures were taken from the central parts of the square bars. For 2Zr-100 and
0Zr-100 alloys, 3 transus are ~1234 °C and ~1264 °C, respectively. Because of extremely
high $ transus the solution temperature (1050 °C) for both alloys located in « + 3 phase
field, and « phase grew up during solution and following furnace cooling. For 2Zr-40,
27r-60, 0Zr-40 and 0Zr-60 alloys, the solution temperatures are all located in 3 phase
field, and o phase precipitated and grew up only during furnace cooling. Therefore, it
can be observed that o phase in 2Zr-100 and 0Zr-100 alloys are larger than that in others.
During heat treatment, the alloying elements will segregate, i.e., x-stabilizers segregate into
o phase and (3-stabilizers segregate into 3 phase. 2Zr-100 alloy was chosen to illustrate
such changes Distribution of elements in 2Zr-100 alloy has been analyzed using EPMA.
It clearly shows that conventional 3-stabilizers, Nb and Ta, enriched in (3 phase matrix,
conventional o-stabilizer, O, enriched in « phase, and Zr distributed uniformly in o and
phases, as shown in Figure 3.

(o)

Figure 2. Microstructures of the alloys: (a) 2Zr-1.20 alloy after solution treatment; (b,c) 2Zr-1.20
alloy after cold compression, the observed plane is vertical (b) and parallel (c) to the compression
direction; (d) 2Zr-40 alloy; (e) 2Zr-60 alloy; (f) 2Zr-100 alloy; (g) 0Zr-40O alloy; (h) 0Zr-60 alloy;
(i) 0Zr-100 alloy.
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Figure 3. Distribution of elements in 2Zr-100 alloy.

XRD profiles of 2Zr-40, 2Zr-60 and 2Zr-100 alloys are presented in Figure 4. It
confirmed that the alloys contained o« and 3 phases.

i .o

(a)

I

30 35 40 45 50 55 60 65 70 75
26, degree

Figure 4. XRD profiles of the alloys after heat treatment: (a) 2Zr-40 alloy; (b) 2Zr-60 alloy;
(c) 2Zr-100 alloy.
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3.3. Effect of Temperature on Tensile Properties of 2Zr-1.20 Alloy

The tensile properties of cold-compressed 2Zr-1.20 alloy were tested in a range of
—196 °C to 750 °C. At —196 °C the alloy presents an ultra-high strength of ~1800 MPa and
an acceptable ductility of ~6.5% elongation and ~21% area reduction, which makes the
alloy have the potential to be used at low temperatures. As the temperature increases the
tensile strength decreases and the ductility increases, as shown in Figure 5. At 750 °C the
alloy shows a tensile superplasticity with an elongation of ~168%, which may be related
to the recrystallization of cold deformed microstructure. Figure 6 shows the specimens
before and after the tensile test at 750 °C. It presents a high uniform elongation. The
tensile fracture surfaces were observed under SEM, as shown in Figure 7. It can be found
that the fracture surfaces at —196 °C and 19 °C have a similar fine dimple morphology,
which means a typical ductile fracture. The fracture surface at 250 °C presents an entirely
different morphology. It shows a large deep dimple morphology, which is formed via the
combination of neighboring fine dimples. For the specimen at 750 °C, because of large
elongation and area reduction, the fracture surface shows a fiber-like morphology.

=200 O 200 400 600 800
2000f@ "~ T T T T 7]
o
£ 1500 ]
<|£ 1000 ]
= 500} ]
0 (Ib) . I .—IEIon.gatilon . I
S 10 Reduction in Area i
Z 100+
S
3 50t 1
0 . 1 . 1 . 1 . 1 .
=200 O 200 400 600 800

Temperature, °C

Figure 5. Tensile property of cold-compressed 2Zr-1.20 alloy: (a) Ultimate tensile strength (UTS) and
(b) tensile ductility.

(@)
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:

Figure 6. The 2Zr-1.20 alloy specimen before (a) and after (b) tensile test at 750 °C.
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Figure 7. SEM images of the tensile fracture surfaces of 2Zr-1.20 alloy at different temperatures:
(a,b) =196 °C; (¢,d) 19 °C; (e,f) 250 °C; (g,h) 750 °C. (a,c,e,g) The entire fracture surfaces; (b,d,f,h) the
enlarged images of fracture surfaces.

3.4. Effects of O and Zr on Mechanical Properties

Hardness is one of the most important mechanical properties of the alloy. It can be
used to evaluate the strength changing conveniently and simply. In the present study,
Vickers-hardnesses (HV) of the alloys at room temperature were tested and the results were
shown in Figure 8a. It shows that as O content increases the HV increases dramatically, and
the Zr-containing alloys have a higher HV. For 2Zr-xO alloys when the O content increases
from 4% to 10% HV increases from 2.94 GPa to 4.40 GPa. For 0Zr-xO alloys when the O
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content increases from 4% to 10% HYV increases from 2.62 GPa to 3.85 GPa. The relationship
between O content and HV can be expressed as:

HVayz, = 1.96 + 0.24[0], 1)

HVoz = 1.79 + 0.21[O0], )

where [O] is oxygen content in at.%, Equation (1) is for 2Zr-xO alloys and Equation (2) is
for 0Zr-xO alloys.

45 —(a) — T T T T T T T ; _

S 40} 5

I 3.5 _ / ]

30+t ) _

I B

e D/ . . ~ 00zrd

300 [{b) _

m | ]

a 2 i _

L 2507 .

(|£' 200 | _.

ol m27r ]

100 i N 1 1 1 . I O OIZF_

120 Hc) —— Elongation ]

O\Ci a0 _ i ’ --;- RedUCtIOnlnAreaoooZr_

2 g0« |

S 60r | _-

(@] 40 -_ |
20 I I : ! 1 1

4 5 6 7 8 9 10
Oxygen content, at.%

Figure 8. Effect of oxygen and zirconium contents on the mechanical properties: (a) Vickers-hardness
(HV) at room temperature; (b) Ultimate tensile strength (UTS) and (c) tensile ductility at 750 °C.

This means that HV will be increased by ~0.24 GPa on average for 2Zr-xO alloys and
~0.21 GPa on average for 0Zr-xO alloys as O content is increased by 1%. It indicates that Zr
addition increases the strengthening effect of O.

The effects of O and Zr on ultimate tensile strength (UTS) at 750 °C shows a similar
trend, as shown in Figure 8b. O increases the strength dramatically. It is similar to that at
lower temperatures [13,31,33,46]. The solution strengthening effect of O is obvious even
at 750 °C. In the Zr-containing alloys, the strengthening effect of O is more intensive. The
relationship between O content and UTS can be expressed as:

UTSyz, =30.00 + 46.00[O], (©)]

UTSoz, = 94.43 + 19.54[0], @)

where [O] is oxygen content in at.%, Equation (3) is for 2Zr-xO alloys and Equation (4) is
for 0Zr-xO alloys.

All of the alloys exhibited perfect ductility at 750 °C with the elongation above 34%
and reductions in area above 80%. Compared with at room temperature [20], the negative
effect of O on the plasticity reduces at elevated temperature.
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The tensile fracture surfaces were shown in Figures 9 and 10. For 2Zr-40 and 2Zr-60
alloys large deep dimple morphology are observed. For Zr-free alloys, the size of dimples
is finer. All alloys present typical ductile fractures.

500 pm - P8

Figure 9. SEM images of the tensile fracture surfaces of the alloys at 750 °C: (a,b) 2Zr-40 alloy;
(c,d) 2Zr-60 alloy. (a,c) The entire fracture surfaces; (b,d) the enlarged images of fracture surfaces.

500 pm

500 pm ‘

Figure 10. SEM images of the tensile fracture surfaces of the alloys at 750 °C: (a,b) 0Zr-40O alloy;
(c,d) 0Zr-60 alloy; (e,f) 0Zr-100 alloy. (a,c,e) The entire fracture surfaces; (b,d,f) the enlarged images
of fracture surfaces.
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4. Discussion

A few works have been done about the effects of N or O on the mechanical properties
of 3 titanium alloys. Furuhara et al. [25], Hou et al. [26], Kim et al. [24], Qazi et al. [29]
and Furuta et al. [46] have studied the tensile properties of Ti-10V-2Fe-3V-(0.009-0.2)N
(wt.%), Ti-30Nb-12Zr-(0.08-0.5)O(-(0.09-0.49)N) (wt.%), Ti-22Nb-(0-2)O (mol.%), Ti-35Nb-
7Zr-5Ta-(0.06-0.68)O (wt.%) and Ti-36Nb-2Ta-3Zr-(0.07-0.93)O (wt.%) alloys, respectively.
Almost all the results showed that O or N increased the tensile strength and decreased the
ductility. Moreover, the N or O could improve the elasticity of the alloys [25,27,46]. In the
low-alloyed titanium alloys, in which the dominant phase is the « phase, the effect of O
content on the tensile properties also showed similar results to those mentioned above.
The relationship between HV of « titanium alloy and N or O content was given by the
equation of HV =a + b[O(N)]*/2 [20,53], where the exponent is 1/2 rather than 1 in the
present study. This indicates that the effect of O on the HV and UTS in the present study is
more significant than that in the « titanium alloy. Especially the increasing rates of HV and
UTS along with O content in the 2Zr-xO alloys are more rapid than those in the 0Zr-xO
alloys. Duplex phases in the studied alloys cause a compound strengthening effect. At the
same time, the effects of Zr and O on the strength interact with each other. Zr enhances the
strengthening effect of O and Zr has a better strengthening effect in the condition of higher
O content. This may be induced by the formation of the Zr-O atom clusters, which could
effectively inhibit dislocation activity and produce an improved strengthening effect in the
present alloy system [30].

In the above analysis, the effects of the size of the « phase on the HV at room tem-
perature and tensile strength at 750 °C were ignored. Xu’s research [54] indicated that a
precipitated phase with a size beyond about 0.4 um had a very small precipitation strength-
ening effect. In (0, 2)Zr-40, (0, 2)Zr-60 and (0, 2)Zr-100 alloys, the widths of the « phase are
all above 0.5 um. Therefore, it is reasonable to simplify the discussions. The morphologies
of the micro-fractures (Figures 9 and 10) also provide some evidence. The characteristics of
micro-fractures of these five alloys are only related to the Zr content. The Zr-containing
alloys show big nest-like dimple morphology (Figure 9b,d), and the Zr-free alloys show
fine dimple morphology (Figure 10b,d,f), although the size of « phase in (0, 2)Zr-100 alloys
is much bigger than that in other alloys.

5. Conclusions

Ti-23Nb-0.7Ta-(0, 2)Zr-(1.2, 4, 6, 10)O alloys were prepared using a non-consumable
arc-melting method and open-forged at elevated temperature. The effects of O and Zr
on the thermal forgeability were estimated. Ti-23Nb-0.7Ta-2Zr-1.20 alloy was tensed at
a temperature range of —196 °C to 750 °C. The influence of O and Zr contents on room-
temperature hardness and tensile property at 750 °C were investigated. The following
conclusions can be drawn:

(1) Ti-23Nb-0.7Ta-2Zr-1.20 alloy shows wonderful forgeability. Along with the O content
increasing, the thermal forgeability of the alloys decreases. Zr has a negative effect on
thermal forgeability.

(2) For Ti-23Nb-0.7Ta-2Zr-1.20 alloy, the UTS decreases, and the ductility increases with
the temperature increasing. At 750 °C the alloy shows a tensile superplasticity with
an elongation of ~168%.

(3) All of the alloys exhibit perfect ductility at 750 °C with the elongation above 34% and
reductions in area above 80%. Room-temperature HV and 750 °C UTS increase as O
and Zr contents increase. HV will be increased by ~0.24 GPa on average for 2Zr-xO
alloys and ~0.21 GPa on average for 0Zr-xO alloys as O content is increased 1%. UTS
will be increased ~46.00 MPa on average for 2Zr-xO alloys and ~19.54 MPa on average
for 0Zr-xO alloys as O content is increased by 1%. Zr enhances the strengthening
effect of O and Zr has better strengthening effects in the condition of higher O content.
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