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1. Introduction

ABSTRACT

The internal friction behavior of Ti-Nb alloys is investigated using a dynamic mechanical analysis (DMA)
Q800 from TA Instruments in single cantilever mode. Relaxational internal friction peaks are found on
the internal friction temperature dependent curves in the sintered alloys. The peak does not appear in
the sintered Ti-Nb alloys with low Nb content. The water-quenched Ti-35.4 (wt.%) Nb alloy has much
higher the internal friction peak than the as-sintered alloy with identical compositions. Therefore, the
peak height depends on heat treatment and Nb content. It is deduced that the peak is linked to the 3
phase of Ti-Nb alloys and that the peak height is determined by the stability and amount of the 3 phase.
When the stability of the (3 phase is decreased, the peak height is increased. The increase in the amount
of B phase results in the increase of the peak height. The B phase in the quenched Ti-35.4Nb specimen
is metastable (3 phase (3m), which can be transformed into the stable « and 3s by aging. The (3 phase
in as-sintered specimen is the stable 3 phase (3S). The modifications in microstructures results in the
difference between the two Ti-35.4Nb specimens with different states in their peak heights. The peak
height presents a maximum in the vicinity of 35wt.% Nb for the quenched alloys, resulting from the
variation of the stability and amount of 3y with Nb content. In as-sintered alloys, the height of the peak
increases monotonously with increasing Nb content due to the increase of the amount of 3s. It has been
suggested that the internal friction peak is related to oxygen jumps in lattice and the interactions of
oxygen-substitute atoms in By for the water-quenched alloys and in 35 phase for the as-sintered alloys.

© 2011 Elsevier B.V. All rights reserved.

Recently, Saitoh et al. investigated the influences of substitutional
atoms on the Snoek peak of carbon in bcc iron [4-6]. In 3-type

When Ti-Nb alloys were water-quenched from the high temper-
ature (3 phase that possesses single disorder body-centered cubic
(bcc) structure, the formation of the equilibrium low temperature
a phase with hexagonal close-packed (hcp) structure and the sta-
ble 3 phase (Bs) is suppressed. The high temperature (3 phase can
be retained by quenching to room temperature, obtaining the so-
called metastable 8 (Bm). By contrast, if the alloys were annealed
from high temperature, the stable o and [3s phases would be pro-
duced [1].

The presence of interstitial atoms (C, N, O and H) has great
effects on the physical, chemical and mechanical properties of most
metallic materials, which is also true for elastic and anelastic prop-
erties [2]. It has been known that point defects in crystalline solids
can generate a time-dependent strain under the application of an
external cycle stress due to the reorientation of the point defects.
The phenomenon was experimentally investigated in a-Fe with
interstitial impurities of carbon or nitrogen by Snoek in 1941 [3].
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Ti-Nb alloys, the Snoek relaxation peak is caused by oxygen and/or
nitrogen [2,7-11]. However, it is not yet clear which changes of
the relaxation correlated to oxygen and/or nitrogen may take place
when the microstructures of the sintered Ti-Nb alloys are varied
by the compositions and heat treatment. The aim of the present
research, therefore, is to make clear the effects of chemical compo-
sition and heat treatment on the internal friction peak of the 3-type
Ti-Nb alloys by studying the internal friction behavior of the Ti-Nb
alloys.

2. Experimental procedures

Ti-Nb alloy samples were prepared by powder metallurgy. Commercially avail-
able elemental metal powders of Ti (purity 99.8%, particle size 325 mesh) and Nb
(purity 99.8%, particles size325 mesh) were used as starting materials. The powder
handling was conducted in argon gas atmosphere. Ti and Nb powders with differ-
ent nominal Nb mass concentrations of 12, 20, 30, 35.4, 41 and 45 were blended
using a planetary ball-milling machine (Retsch PM400) at 110rpm for 2 h. The
weight ratio of ball to powder was 2:1. Ti-Nb rectangle samples with a size of
100 x 10 x 5mm? were prepared by consolidating the metal powder mixture at
1450 bar (atmosphere pressure) and then sintering at 1200 °C for 5 h in a vacuum of
10->-10-% Torr (CAMCoG-VAC 12). The surface of the sintered Ti-Nb samples were
ground using silicon carbide papers to a 1200 grit finish.
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Fig. 1. Tand and storage modulus as a function of temperature for the water-quenched Ti-35.4 Nb alloy at different vibration frequencies (¢ =3 x 1074).

The specimens for the internal friction measurements (4.5 x 1.2 x 30 mm3) were
spark cut from the rectangle sample. They are homogenized at 1000°C for 1 h, and
then quenched into water. The internal friction (Tand, 8 is loss angle between stress
and strain) and storage modulus were measured using a dynamic mechanical analy-
sis (DMA) Q800 from TA Instruments in single cantilever mode (¢ =(2.4-4.3) x 10~%)
for the as-sintered and water-quenched (WQ) specimens. Two measurements at
£=3x10"*and £=5.6 x 10~* was also performed for the water-quenched Ti-35.4Nb
alloy to investigate the effect of strain amplitude on the internal friction peak.
Four frequencies (0.2, 0.4, 1, 4Hz) were swept when the specimens were heated
with a temperature rate of 6°C/min since sufficient data can be obtained for the
above four frequencies at the heating rate. The thermal cycling of the quenched
Ti-35.4Nb specimen was performed between room temperature and 350 °C by the
in situ heating/cooling of the specimen in the instrument and the data of Tand and
storage modulus during heating was recorded for 6 times. In addition, X-ray diffrac-
tion experiments were also carried out in order to detect the differences in the
microstructures of the specimens with different heat treatments for the Ti-35.4Nb
alloy.

3. Results and discussion
3.1. The internal friction in the Ti-Nb alloys

Fig. 1 shows the Tand and storage modulus of the water-
quenched Ti-35.4Nb alloy as a function of temperature during
heating at different vibration frequencies. It can be seen that an
internal friction peak appears at around 250°C and the storage
modulus declines at the peak position according to Kronig—Kramers
relation [2,3]. The peak is shifted to higher temperature when the
vibration frequency is increased, indicating that the peak is a ther-
mally activated relaxation process. The peak has not dependence
on amplitude and the peak position and height are kept unchanged
when amplitude is raised, as shown in Fig. 2, being an evidence of
linear anelastic relaxation.

For a thermally activated relaxation process with a single relax-
ation time, the relaxation time t follows the Arrhenius law [3]:

H
T =Ty exp (ﬁ)

Where 1 is the pre-exponential factor and H is the activation
energy of the relaxation process. At the peak position, wtp=1
is satisfied, where w=27f is the angular frequency and t; is
the relaxation time at the peak temperature. Relaxation param-
eters can be calculated from Fig. 1 to be Hyq=1.67+0.1eV and

(1)

Towq = 1.1 x 10717 s for the water-quenched Ti-35.4Nb alloy at the
heating rate of 6 °C/min. For the heating rate of 3 °C/min., the activa-
tion parameters are H'ywq=1.66+0.06eV and T oyq=1.7 x 1017,
indicating that the influence of the heating rate on the activation
parameters can be neglected. From these activation parameters,
the present internal friction peak is similar to those reported in
Refs. [7-12]. Oxygen jumps in bcc solution are the main physi-
cal mechanism of the peak [7-12]. In Ti-Nb alloy, it is extremely
difficult to remove oxygen even though the heat treatment is con-
ducted at high vacuum. Therefore, the specimens contain oxygen
under the condition of non-vacuum heat treatment. The present
oxygen concentration is estimated to be about 0.05 (wt.%) in the
present Ti-35.4Nb alloys from the peak height according to Ref. [7]
although O is not designedly introduced into the sintered Ti-Nb
alloys in all processing steps. If the oxygen atoms are located in
the octahedral positions of the alloys with bcc structure, they will
produce relaxation process under the application of cycle stress
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Fig. 2. Tand as a function of temperature for the water-quenched Ti-35.4 Nb alloy
for different amplitude (f=1Hz).
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Fig. 3. The dependence of the peak height on Nb content for the water-quenched
Ti-Nb alloys (& =(2.4-4.3) x 1074, f=1Hz).

and an internal friction peak known as the Snoek peak will appear
on the internal friction-temperature curve. The present activation
energy of the relaxation peak is also close to the activation ener-
gies for intrinsic diffusion of Ti and Nb in the Ti-Nb alloys, which
are 164.22 kJ/mol (1.7 eV) for Ti and 177.66 k]/mol (1.84 eV) for Nb,
respectively, according to Ref. [14]. Thus, the present relaxation
process may be related to not only oxygen but also the metallic
atoms such as Ti and Nb. The interaction of Nb-O may be involved
in the internal friction peak according to Ref. [13]. From Fig. 3, it can
be seen that the peak height depends on Nb content and varies non-
monotonously with Nb content for the quenched alloys. The peak
height presents a maximum in the vicinity of 35 wt.% Nb, result-
ing from the variation of the stability and amount of )y with Nb
content.

Fig. 4 presents the internal friction-temperature curves of as-
sintered Ti-35.4Nb alloy. It can be seen that the internal friction
peak still exists although the peak height is much smaller com-

Z.C. Zhou et al. / Journal of Alloys and Compounds 509 (2011) 7356-7360

0.025 " wt.% Nb
uy ® 30
0.02 & L] O 354
= mo = o 41
002045 Om m 45
% 0.01 w 0
3 * -
o C- o
0.015
= 0.00 Cm =
[=
& 30 40 s0 Ug 00O EE
Nbiwt & Q (o) |
(wt.%) o o 9]
0.010 - o [
mjL_e] fe) ..
T 007 87 000%eeq . C000nnny
oooo ® [
56000000 _ o® ®0ecoccsists
0.005 o®
.':. As sintered
=1 Hz
0.000

T T T T T T
50 100 150 200 250 300 350

Temperature (°C)

Fig. 5. The dependence of the peak height on Nb content for the as-sintered Ti-Nb
alloys (e=(2.5-4) x 104, f=1Hz).

pared with the water-quenched Ti-35.4Nb alloy, indicating that the
producing procedure has an effect on the internal friction peak.
The peak in the as-sintered specimen has also relaxational fea-
ture from its peak temperature dependence on frequency. The
activation energy can be calculated to be Hs=2.13+0.2eV and
Tos =2.7 x 10723%2 5 respectively. In contrast, for as-sintered Ti-Nb
alloys, the variation of the peak height with Nb content is different
from that of the water-quenched alloys, as shown in Fig. 5. Obvi-
ously, the peak height increases monotonously with increasing Nb
content in the as-sintered alloys.

3.2. The relationship of the internal friction peak with
microstructures

B-type Ti-Nb alloys exhibit single disordered bcc B phase at
higher temperatures. If A specimen at higher temperatures with
[ phase is water-quenched, the high temperature 3 phase will be
retained to room temperature, forming a so-called metastable 3
phase (Bm), which is then partly or completely transformed into

T
150

T
300

T
250

T
200

= 46500 -

o

s ]

@ —m—f=02 Hz

2 45000 =

g —0—f=0.4 Hz

g ] —o—f=1Hz

Q —_— =

2 43500 O—f=4 Hz

S

0N J
T T T v T T
0 50 100

0.012

. ]

& 0.009

'—

0.006 -

T T T T T T
0 50 100

T
150

T T T T 1

T T T T
200 250 300 350

Temperature ("C)

Fig. 4. Tand and storage modulus as a function of temperature for the as-sintered Ti-35.4 Nb alloy at different vibration frequencies (¢ =3.7 x 10~4).



Z.C. Zhou et al. / Journal of Alloys and Compounds 509 (2011) 7356-7360 7359

700
b 1-(110)p
500 2-(110)p,, 1--1000°C-1h WQ
3-(110)8,, 2--1000°C-1h WQ+300°C-aged 1h
3--As sintered
__ 500
S Ti-35.4Nb
L 400
rnd
£ .
& 300 a
“":' o
s 13
)]
Z 200 i L
B By
(] 1 2 W
® oo . (3 o
1 hmifz,\u::) o (112)]0(.(2;\00)[% 3o : J\ " (221)0r
0 1w -
T 4 T v T ¥ T T T *: T K T
20 30 40 50 60 70 80
20(degree)

Fig. 6. XRD results of three Ti-35.4Nb specimens with different heat treatments.

either hexagonal martensite (') or orthorhombic martensite (")
inthe Ti-Nb alloys with lower Nb content[15]. When Nb concentra-
tion exceeds about 25 wt.%, the final microstructures will contain
the retained By, i.e., Bm can not completely be transformed into
«”. When Nb content is over 38 wt. %, By is completely kept to
room temperature. Therefore, the final microstructures consist of
o” and By for the water-quenched alloys with 25-38 wt.% Nb [16].
Furnace-cooled alloys always form o and 3 (8s) phases accord-
ing to Ti-Nb binary phase diagram [1]. According to Ref. [16], the
present water-quenched Ti-35.4Nb alloy should possess «” and By,
which is also confirmed by the XRD results in Fig. 6. Obviously, the
quenched Ti-35.4Nb alloy contains o” and 3 phases and the as-
sintered specimen exhibits both a and 35 phases. From Fig. 3, no
obvious internal friction peak can be resolved for the quenched
Ti-20Nb alloy. This indicates that the peak does not appear in
the specimen without (3 phase since this Ti-20Nb quenched alloy
contain only o’ and o’ according to Ti-Nb binary phase diagram
[1]. Therefore, the internal friction peak of the quenched alloys is
closely linked to By.

It has been experimentally confirmed that as-sintered speci-
mens possess o and [3s phases. According to Ti-Nb binary phase
diagram [1], the amount of stable « phase decreases and that of B
phase increases with increasing Nb concentration. From Fig. 5, it
can be deduced that the peak height increases with increasing the
amount of the s phase, indicating that the internal friction peak
in as-sintered alloys is also correlated to the 3 phase.

The By with bee structure has many octahedral positions. The
positions are octahedral of the types (1/2,0,0) and (1/2, 1/2,0). The
ensuing strain tensor has local tetragonal symmetry with one of
the principal axes coinciding with one of the three main directions
(100) of the bcc matrix [3]. The anelasticity can be caused by stress-
induced migration of interstitial atoms in the octahedral positions
of bcc lattices. Nevertheless, in Ti-Nb alloys, oxygen atoms were
claimed to be trapped by the substitutional atoms, therefore the
Snoek-type relaxation can be corresponded to O atomic jumps in
bce B phase or their interactions between metallic atoms and inter-
stitial atoms [8]. These interactions may include Nb-0, Nb-N, Ti-O,
Ti-0-0 and Nb-0-0 in 3 phase [9,10].

3.3. The mechanisms of effects of Nb concentration and heat
treatment on the relaxation

It is known that the stable « is a rich-Ti phase and the (s is a
rich-Nb phase. The amount of the 35 increases when Nb content
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Fig. 7. Influence of water-quenching temperature on the relaxation strength for
Ti-35.4Nb specimen with different quenching temperature (&=(2.8-3.7) x 104,
f=1Hz).

is increased for the as-sintered Ti-Nb alloys since Nb is a 8 phase
stabilizer. This indicates that the number of Nb—O atomic pairs in
as-sintered Ti—-Nb alloys may increase when Nb content is increased
or that the interaction in Nb-O atomic pairs is strengthened, result-
ing in the increase of the peak height with increasing Nb content
with increasing Nb content.

It has been known that the 8 can be obtained by quenching and
the s is formed by annealing [3]. The present as-sintered alloys are
similar to the annealed alloys in their structures. For the Ti-35.4Nb
alloy, it can be seen that the peak height in the quenched specimen
is much higher than that in the as-sintered specimen by comparing
Fig. 1 with Fig. 4, indicating that the peak height has also depen-
dence on the stability of the 3 phase. On one hand, the amount of
the Bm phase increases with the increase of Nb content. On another
hand, the stability of 3 phase increases with increasing Nb content
even though for the quenched Ti-Nb alloys since Nb element is
[ stabilizer [17], which suppresses the further increase of the By
phase in amount and even promote the formation of 35 when Nb
content is further raised. If so, the peak height and 3, amount have
similar dependency on Nb content in the quenched alloys. The peak
height will not be influenced by heat treatment when Nb content
is over certain value, in accordance with the present results. Fig. 7
shows the influence of the water-quenching temperature on the
relaxation strength. It can be seen that the peak-height increases
with increasing the quenching temperature. When the quenching
temperature is raised, O atoms dissolved in solution are increased,
resulting in the increase of the peak height. It can be deduced that
oxygen jumps are main contributions to the internal friction peak
for the water-quenched alloys in addition to the s-i (e.g., Nb-O)
interactions.

Fig. 8 shows the dependence of the peak on the thermal cycling
times for the quenched Ti-35.4Nb alloy. It can be seen that the
peak height is gradually decreased and storage modulus is ele-
vated when the thermal cycling times are increased. It is known
that the quenched Ti-35.4Nb alloy possesses (3. The B can firstly
be transformed into a transition w phase when it is aged at inter-
mediate temperature and eventually the stable o and 85 phases are
formed [18,19], which is confirmed by XRD results. From Fig. 6, it
can be seen that the specimen of the Ti-35.4 Nb aged at 300°C for
1 h contains the w phase. Therefore, )y amount is decreased with
the increases of thermal cycles, causing the peak height to decrease.
In addition, the increase in the storage modulus is attributed to the
increase of the volume fraction of w [19] since w phase is larger
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than 3 phase in modulus and hardness [20]. Generally, the aging
can decrease the amount of O atoms in solution, which can also
cause the peak height to reduce.

A diffusional-displacive transformation is characterized by a
strong interaction of its displacive component with stress when
temperature is high enough to allow diffusion to occur. Such
a stress-induced transformation is time-dependent and strongly
dependent on temperature [21]. This indicated that the volume
fraction of formed w depends on the aging time and increases with
the increase of aging time [22,23]. Therefore, the volume fraction of
 phase should increase with increasing the thermal cycles when
the internal friction of the water-quenched Ti-35.4Nb alloy is circu-
larly measured in the temperature range from room temperature
to 350°C. The increase in the volume fraction of w will cause the
storage modulus of the specimen to increase.

It should be pointed out that the storage modulus in the
water-quenched Ti-35.4% Nb specimen is smaller than that in the
as-sintered Ti-35.4% Nb alloy, which results from the difference in
microstructures of two specimens. As-sintered Ti-35.4% Nb alloy
has stable a and 35 phases, while the water-quenched Ti-35.4% Nb
specimen possesses 3y and o”. By and o have lower storage mod-
ulus [20]. However, the detail mechanism of the modulus difference
should be further investigated for the two specimens.

4. Conclusion

There is a relaxational internal friction peak in sintered Ti-Nb
alloys. The peak height depends on Nb content and heat treatment.
No internal friction peak can be found in the Ti-Nb alloys with low
Nb content. The peak is related to 8, phase in the water-quenched
alloys and to s phase in the as-sintered alloys. Oxygen jumps in
lattice and the interactions between O and Nb are contributed to
the internal friction peak in B) for the water-quenched alloys and
in Bs phase for the as-sintered alloys.
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