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Structure and vibration characteristics
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Ti-5Al-2.5Mo-1.4V rolled plates were subjected to solid-solution heat treatment at 870 or
930◦C for 1 h and aged for 1–8 h at 460◦C to investigate the relationship between the
microstructure and the vibration characteristics of the alloy. According to the experimental
results, the S870 solid solution matrix contains α + α′ + β structures and the S930 solid
solution specimen possesses α + α′ structures (β transus is ∼900◦C). Increasing the α′ phase
content improves strength and hardness but reduces ductility. It also promotes internal
friction and thus increases damping. During the 460◦C aging process, the α′ phase in the β

region of S870/Ah grows and transforms into a finer needle structure and the primary α

phase (bounded by prior β grain boundary) of S930/Ah grows within the α′ matrix. Both
S830/Ah and S930/Ah reveal similar tendencies in mechanical properties with increased
aging time. When the aging time exceeds 1 h, S870/Ah, having a large quantity of β phase,
has a better vibration damping ratio than S930/Ah (containing a great quantity of primary
α phase). C© 2005 Springer Science + Business Media, Inc.

1. Introduction
The mechanical properties, heat treatment and damp-
ing capacity of Ti alloys have been studied and the
knowledge gained has been applied to improving many
processes [1–5]. Research has revealed that increases
in the β content of the α/β matrix promote fracture
toughness [3, 4]. However, acicular martensite can raise
internal friction and thus the damping capacity of the
material [6–8]. Reports also indicate that the vibration
characteristics of Ti alloys are affected by microstruc-
ture [1, 2, 6–8]. Surprisingly, literature discussing Ti-
Al-Mo-V alloys indicate that they possessed excellent
hot workability, mechanical properties and wear resis-
tance, but the relationship between the microstructure
at near β transus temperature and vibration properties
has not yet been ascertained [5, 9–11]. In the current
study, the vibration damping capacity of two kinds of
solid solution matricies and their aged structures will
be investigated. The goal of the study of Ti-Al-Mo-V
alloy is to explore the relationship between structural
characteristics and vibration resistance with vibration
modal analysis.

2. Experimental procedure
2.1. Materials description
The specimen used for the experiment contains
4.8 mass% Aluminum, 2.5 mass% Molybdenum and
1.4 mass% Vanadium (see Table I for detailed com-
position data). Fig. 1 shows the microstructures of the
Ti-5Al-2.5Mo-1.4V raw material, where the darker re-
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gions are β phase and the white regions are α phase. The
quantitative data and mechanical properties of the raw
material are given in Table II. According to previous
results, the β transus of this alloy is at ∼900◦C [12], so
the solid solution heat treatment conditions of the spec-
imens were set at 870 and 930◦C for 1 h under vacuum
followed by water quenching. Hereafter, the specimens
will be designated according to treatment temperature
as S870 and S930. The specimens were aged at 460◦C
for 1–8 h and designated as S870/Axh and S930/Axh,
where x represents the aging time.

The tensile mechanical properties and hardness of
all specimens after heat treatment were confirmed. The
dimensions of the gauge section of the tensile test spec-
imens were 1.5 mm thick × 4.5 mm wide × 24 mm long
and the tensile test results of each sample had a constant
strain rate of 3.3 × 10−3 s−1. An image analyzer and X-
ray diffraction were used for quantitative analysis of the
microstructure. The Cu-Kα standard (λ = 1.5403 nm)
was used for X-ray diffraction. The scanning angle was
varied from 30◦ to 90◦ and the scanning velocity was
1◦·min−1. The X-ray diffraction figures were used by
integral method to measure the content of the phases. In
order to understand the characteristics of the matricies,
the structures of the affected regions were also observed
by TEM (JEOL-JEM-3010).

2.2. Vibration modal analysis
Each specimen was fixed so that it would act as a can-
tilever beam. An impact hammer was used to cause
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TABLE I Chemical composition of specimens, in mass (%)

Al Mo V Fe C Ti

4.8 2.5 1.4 0.2 0.06 Bal.

TABLE I I Quantitative structures, tensile properties and hardness of
the specimens

α β α′ YS UTS El
Specimen (vol%) (vol%) (vol%) (kgf/mm2) (kgf/mm2) (%) HRC

O 62 38 – 88 91 16.1 31
S870 31 65 4 93 104 10.5 34
S930 7 – 93 102 110 4.2 36

O: raw material.
S870: solid solution treatment at 870◦C for 1 h, then water quenched.
S930: solid solution treatment at 930◦C for 1 h, then water quenched.
α′: martensite phase.

Figure 1 Optical microstructure of Ti-5Al-2.5Mo-1.4V raw material.

vibration in the beam and accelerometers were used to
monitor the resulting motion. The natural frequency of
the test specimens was determined from the frequency
response data. The natural frequency of the specimen
was selected as the standard with which to obtain the
damping ratio through the half power point method
[13]. The dimensions of the vibration test specimens
were 1.5 mm thick × 12 mm wide × 90 mm long.
Each vibration analysis datum was the average of at
least three test results.

3. Results and discussion
3.1. Solid solution characteristics
The optical microstructures of S870 and S930 spec-
imens are shown in Fig. 2. The S870 solid solution
matrix has white regions (α) and dark regions (β). The
S930 specimen contains needle martensite structures
(α′). The TEM analyses of S870 and S930 are shown in
Figs 3 and 4 respectively. Fig. 3 reveals α′ in the small
β region (the concentration of V and Mo were low).
The S930 specimen matrix contains lath α in addition

Figure 2 Optical microstructure of solid solution specimens: (a) S870
and (b) S930.

Figure 3 Transmission electron micrograph and SADP of S870.

to α′ (see Fig. 4). In the current study, the solid solu-
tion matrix is divided into two systems: the α + α′ + β

matrix (S870 specimen) and the α + α′ matrix (S930
specimen).

The quantitative data of the above structures includ-
ing tensile properties and hardness data is provided in
Table II. Comparing S870 with S930, increasing the α′

3684



Figure 4 Transmission electron micrograph and SADP of S930: (a) BF image, (b) DF image, (c) and (d) SAED pattern of α′.

phase content improves strength and hardness but re-
duces ductility. Except α′ phase, increasing the β con-
tent also results in changes similar to these mentioned
above. In order to understand the effect of solid so-
lution structures on vibration, the damping ratio was
measured.

The damping ratios, DR, determined by the vibra-
tion modal analysis are given in Fig. 5. The S930 spec-
imen possesses the best vibration resistance. Also, it
can be seen from Fig. 5 that increasing the α′ or β con-
tent can improve the damping ratio, even if the spec-
imen has lower ductility. Most of the available litera-
ture indicates that both increasing internal friction and
improving fracture toughness can increase the damp-
ing capacity of Ti alloys [3, 6–9]. For the S930 speci-
men, the ∼93 vol% α′ (see Table II) provides a great
deal of internal friction. To give supporting evidence
for this, a matrix with 100 vol% α′ was obtained (it’s
treatment was at 1020◦C for 1 h, water quenched) and
designated as S1020 (not listed in Table II). The vibra-
tion damping ratio of S930 was still higher than that
of S1020 (the average damping ratio of S930 is about
∼78 × 10−4; S1020’s is about ∼65 × 10−4). This evi-
dence also indicates that the ∼7 vol% α -Ti of S930 (see
Table II) also increases the vibration resistance. Aside
from the effects of α′ phase, it has also been found that

Figure 5 Damping ratio of solid solution specimens.

increasing the β content increases fracture toughness
and thus vibration resistance [3, 4]. The important re-
sult is that the relationship between vibration resistance
and tensile strength has been deduced for solid solution
matricies.
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Figure 6 Microstructure of S870/A8 h specimen.

3.2. Aged characteristics
The S870 and S930 specimens that were aged at 460◦C
for 1–8 h are designated as S870/Axh and S930/Axh.
Regardless of the aging duration, the structures of the
S870/Ah specimens did not change obviously accord-
ing to OM analysis. But the β phase grain size of
S870/Axh specimen increased with increased the ag-
ing time. The optical microstructure of S870◦C/A8h is
shown in Fig. 6 (compare this with Fig. 2a). Accord-
ing to TEM images (see Fig. 7), the α′ in the β re-

Figure 7 Transmission electron micrograph and SADP of S870/A4 h: (a) BF image, (b) DF image, and (c) SAED pattern of α′.

gion of the S870/A4h specimen transforms into a finer
needle structure with increased aging time. However,
the change in the aged structure of S930/Axh is read-
ily apparent. For the S930/A1h specimen in Fig. 8a,
many primary α phases formed along the former β grain
boundaries in the martensite matrix (compare this with
Fig. 2b). Prolonging the aging duration causes the gain
size and the amount of primary α to increase, and the
needle structure of the α′ matrix apparently disappears
(see Fig. 8b). Table III shows the tensile properties and
hardness of the aged specimens. The mechanical prop-
erties of the S870/Axh and the S930/Axh specimens
follow similar tends with increased the aging time. Ex-
cept for elongation, the properties of S930/Axh have
higher values than these of S870/Axh. The relationship
between aging time and change in mechanical proper-
ties is roughly linear, but the change in damping is very
non-linear.

The damping ratio (DR) of the aged specimens de-
termined by the vibration modal analysis is shown in
Fig. 9. For comparison, the damping ratios of the non-
aged specimens (S870 and S930) are also shown in
Fig. 9. For the S870/Axh, the peak of damping ratio
curve occurs at the 4 h point. However, the maximum
value of the damping ratio curve is observed at the 1 h
point for S930/Axh. After aging for more than 2 h, the
vibration resistance of S870/Axh is better than that of
S930/Axh.
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Figure 8 Microstructure of the aged heat treatment specimens: (a)
S930/A1 h and (b) S930/A8 h.

It can be seen from Fig. 9 that after 2 h of aging, the
DR of S930/Axh drops significantly below that of non-
aged S930. The most likely explanation for this is that
a large amount of primary α forms in the martensite
matrix increasing strength and hardness but greatly re-
ducing vibration resistance. The DR of S870/Axh aged
from 1 h to 6 h is still higher than that of non-aged
S870. This is because S870/Axh still possesses a large
quantity of β phase and the α′ phase transforms into a
finer needle structure both of which promote vibration
damping. The mechanism of vibration damping will be
confirmed by vibration crack dissemination in a future
study.

TABL E I I I Tensile properties and hardness of 460◦C aged specimens

S870/Axh
Aged time 1 h 2 h 4 h 6 h 8 h
YS (kgf/mm2) 100 104 106 108 111
UTS (kgf/mm2) 106 109 110 114 115
El (%) 6.4 6.2 5.3 4.7 4.1
HRC 37 37 38 40 40

S930/Axh
Aged time 1 h 2 h 4 h 6 h 8 h
YS (kgf/mm2) 105 107 111 116 117
UTS (kgf/mm2) 112 118 119 120 122
El (%) 3.7 3.4 2.9 2.5 2.1
HRC 40 41 41 43 43

Figure 9 Damping ratio of S870/Axh and S930/Axh at 460◦C aged.
(The only solid solution data was shown in Y-axis)

It should be noted that the vibration resistance of the
aged specimens does not seem to be significantly af-
fected by the increased strength and hardness of the sys-
tem. Additionally, the heat treatment conditions must
be chosen very precisely, so as to attain desired matrix
otherwise the vibration resistance cannot be improved
even if the Ti alloy has better strength and hardness.

4. Conclusion
Based on the above results and discussion, the following
conclusions can be drawn.

(1) If the solid solution temperature of Ti-5Al-2.5Mo-
1.4V alloy is chosen at a point above β transus, the
structure contains α′(matrix)+α and thus possesses
better vibration resistance. The DR of the solid solu-
tion specimen increases with increased the strength and
hardness.

(2) The vibration resistance of the aged structure de-
creases as primary α phase forms in the α′ matrix.
After 2 or more hours of aging, the DR of the β

(matrix)+α + α′ structure is higher than that of the
α′(matrix)+α structure. The vibration resistance of
the aged specimen does not correlate with increased
strength and hardness for this system.
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