Effects of Fe Addition on the Snoek-Type Damping Behavior
of Surface-Oxidation-Treated Ti-Mo Alloys
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Effects of Fe addition on the oxygen diffusion and the Snoek-type relaxation damping behavior
of the Ti-15 wt pct Mo alloy were investigated in this study. After surface oxidation treatment,
the Ti-15 wt pct Mo-1 wt pct Fe alloy exhibits a higher damping capacity compared to the
Ti-15 wt pct Mo alloy. The dual-phase zone and the oxygen-enriched f-phase zone in the
surface-oxidation-treated Ti-Mo alloys were determined by electron backscattered diffraction
(EBSD) and hardness measurements. Based on the oxygen distributions in both alloys obtained
through a diffusion model, the relative damping capacity of different zones contributing to the
beam sample damping was estimated to be proportional to the thickness of the oxygen dissolved
zones. On the other hand, the substitutional solute of Fe in the Ti-Mo-Fe alloy is considered to
affect the oxygen distribution by lengthening the oxygen diffusion zone and increasing the
oxygen concentration in this zone. As a result, the addition of Fe in Ti-Mo alloy improves the
damping capacity of the surface-oxidation-treated alloys.
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I. INTRODUCTION

SNOEK relaxation, i.e., the anelastic relaxation
caused by interstitial solute atoms in body-centered-
cubic (bcc) metals, has been widely mvestlgated in many
bee metals, such as Fe, Nb, Ta, and V.["?! The Snoek
relaxation in substltutlonal alloys is often modified by
the interaction between substitutional solutes and inter-
stitial solutes in alloys, and this type of relaxation is
usually called Snoek-type relaxation.”) Recently, Yin
et al*applied the Snoek-type relaxation mechanism to
the Ti-Nb alloys containing a high concentration of
oxygen, in order to design a new type of high damping
alloys with both the high strength and high damping
capacity. Ti-Mo alloys and Ti-Nb alloys share some
common mechanical properties with  Ti alloys, such as
high strength, low modulus, suitable ductility, and
superior workability for engineering application. Com-
pared with Nb, Mo is a more effective f-phase stabilizing
element for Ti alloys, because the equivalent Mo content
efficient to suppress the f— «” martensitic transforma-
tion to a temperature below room temperature is Mo,,
(mass pct) = 1.0Mo + 0.28Nb + 2.9Fe + ...[%
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On the other hand, previous internal friction studies
on Nb-Mo-O"! and Nb-Ti-O"! indicate that Mo-O
interaction and Nb-O interaction show different influ-
ences on the Snoek-type relaxations in f Ti alloys. It was
also confirmed that substitutional solutes of Mo show a
beneficial effect on the relative index of relaxation
strength of O (relaxation strength at unit oxygen
concentration) in the Nb-based alloys. According to
the damping behavior of the designed Ti-Nb-O alloys,?’
lower f-phase stabilizing element content and lower
oxygen content (higher relaxation strength at unit
oxygen content) are required in order to make f Ti
alloys with oxygen dissolved into advanced high damp-
ing alloys. The Ti-Mo-O alloy should be a perspective
candidate considering these two conditions.

The Fe is another effective f§ Ti stabilizer, considering
the equivalent Mo content mentioned }oreviously. More-
over, its strengthening potential,'” low cost, and
possible better damping properties compared to other
p stabilizers suggest a potential substitutional solute. In
general, the presence of substitutional solutes may
influence the Snoek-type relaxation of the interstitial in
bce metals in various ways including lowering the Snoek
peak, suppressing all of the peaks, broadening the Snoek
peak, or developing a new peak at a high temperature,
due to the interaction of the substitutional and intersti-
tial solute atoms."'' ' However, in our present research,
the interesting finding is that the substitutional solutes of
Fe bring an increase of the Snoek peak in the surface-
oxidation-treated Ti-Mo alloys. This may due to the
change of the oxidation properties results in the specific
distribution of the oxygen, which hence affects the
Snoek-type relaxation of the oxygen.

The oxidation of the Ti-Fe alloys was well studied
from the aspects of the variation in the microstructure
and mechanical properties of the alloys,!'*'*! and the
oxidation kinetics and the mechanism. 6 171 ' When Ti is
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alloyed with Fe, the strength of interatomic bonds in the
Ti matrix lattice decreases, and the redistributions of Fe
in oxidation products influence the growth rates of the
oxygen diffusion layer. According to D’yachkov’s
research,!"® the oxygen diffusion layer of Ti-Fe alloy is
shorter than that of the Ti. The reason is that Fe
stabilizes the f phase, in which the diffusion rate of
oxygen is higher than that in the o phase.'” On the
other hand, Stringer’s research indicates that Fe
increases the oxidation rate principally by reducing the
time that is necessary for the oxide to lose coherency.['”!
Therefore, it is considered that Fe additions in Ti-Mo
alloy may influence the oxidation process considerably,
and the different oxygen diffusion layers in the Ti-Mo
alloy should result in the varied behavior of Snoek-type
damping.

The Ti-Mo and Ti-Mo-Fe alloys with oxygen dis-
solved were prepared by the atmosphere controlled
diffusion process. This process has the advantages of
relatively low cost, high rate of treatment, and process-
ing easiness, compared to the conventional method of
introducing the interstitial oxygen atoms in titanium
alloys during alloy melting. On the other hand, Ti alloys
treated by this method possesses a gradient distribution
of oxygen, other than the conventionally uniform
distribution of oxygen. The Ti alloys with gradient
oxygen distribution may exhibit different characters of
both the damping behavior and mechanical properties.

In this work, we applied the atmosphere controlled
diffusion process to the Ti-15wtpct Mo and
Ti-15 wt pct Mo-1 wt pct Fe alloys. The effects of Fe
addition on the distributions of the alloying components
and the Snoek-type damping behavior of the Ti-Mo
alloys were investigated.

II. EXPERIMENTAL PROCEDURE

The ingots of the Ti-15.3 wt pct Mo and Ti-15.3
wt pct Mo-1.16 wt pct Fe alloys were prepared by the
cold crucible levitation melting method. These ingots
were hot forged and annealed at 1173 K (900 °C) for
1 hour, followed by a cold rolling of 80 pct in thickness
reduction. Rectangular samples with dimensions of
I mm x 5 mm x 60 mm (thickness x width x length)
were cut off, polished, and pickled by a solution
containing 1 pct HF and 14 pct HNOj. These two
kinds of rectangle samples were then subjected to
recrystallization annealing at 1073 K (800 °C) for
1 hour in a quartz tube under a vacuum of less than
0.02 Pa, and denoted hereafter as Til5SMo and
Til5MolFe, respectively. Then, some of these vacuum-
annealing-treated samples were subjected to a surface
oxidation treatment, which was two-step. The first
heating was conducted at 1073 K (800 °C) for 1 hour
in a mixed gas of argon and oxygen, with the flow rate
ratio of 10:1. The second heating was vacuum annealing
at 1073 K (800 °C) for 4 hours. Specimens after the
surface oxidation treatment are denoted hereafter as
Til15MoO and Til5MolFeO, respectively.

The rectangular samples of Til5Mo, Til5MolFe,
Til5MoO, and Til5SMolFeO were applied for the

METALLURGICAL AND MATERIALS TRANSACTIONS A

damping behavior measurement on the dynamic
mechanical analyzer (DMA 2980, TA Instruments,
Inc., New Castle, DE) in the dual cantilever bending
vibration mode. Damping capacities at different vibra-
tion frequencies such as 0.4, 1.0, 2.0, 4.0, and 10.0 Hz
were measured while heating the samples at a heating
rate of 2 K/min (2 °C /min).

The microstructure of Til5MoO and Til5SMolFeO
was observed by scanning electron microscopy (LEO-
1550 scanning electron microscope, Carl Zeiss Co., Ltd.,
Oberkochen, Germany) with energy dispersive spectros-
copy and orientation image microscopy accessories. The
distribution of molybdenum in the alloys was deter-
mined by energy dispersive X-ray spectroscopy. The
proportion of a Ti phase in the dual-phase microstruc-
ture zone was deduced from the electron backscattered
diffraction (EBSD) measurement.

The microhardness distribution profile of the speci-
men was measured by a micro Vickers hardness tester
(MHT-10, Carl Zeiss Co., Ltd.) with a load of 1 N.
Oxygen penetration depth was evaluated by the depth of
the hardening layer, from the surface to the location
where the hardness showed the same value with the
matrix unaffected by the oxidation treatment.

III. RESULTS

A. Damping Behavior of Til5Mo, Til5MolFe,
Til5MoO, and Til5MolFeO Alloys

Figure 1 shows the temperature-dependent variation
of damping capacity, tan delta, of Ti-15 wt pct Mo and
Ti-15 wt pct Mo-1 wt pct Fe alloys before and after
oxidation treatment at various vibration frequencies.
The damping peak shifts to higher temperatures with the
increased vibration frequency. The frequency depen-
dence of the damping peak is a characteristic of the
Snoek-type strain-relaxation process.”” The activation
energies of the Snoek-type relaxation in Til5Mo and
Til5MoO are 1.29 and 1.33 eV, respectively; in Til5-
MolFe and Til5MolFeO, 1.47 and 1.49 eV, respec-
tively, are the calculation results of the Arrhenius plot:

In(2nf) +1Into + (H/K)Tp' =0 1]

where f'is the vibration frequency, 1, is the relaxation
time at infinite temperature for the strain relaxation
process, H is the activation energy, k is the Boltzmann
constant, and 7'p is the peak temperature. The values of
7o also obtained from the ﬁ)receding relation are
1.16 x 10°"s and 1.0 x 107'°s for Til5Mo and
Til5MoO, respectively, and 4.12 x 107! s and 4.53 x
107'® s for Til5MolFe and Til5MolFeO, respectively.
These results suggest that the relaxation peaks are
induced by the atomic site shift of oxygen atoms.

It is also observed that the background damping level
increases considerably at higher temperatures. The
increase could be attributed to the presence of disloca-
tions in the microstructure. Oxygen may migrate to
unsaturated dislocations and grain boundaries, when it
is dissolved in metals with quite small solubility of
oxygen.”! Thus, in the present case, some amount of
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Fig. I—Damping peaks of the Ti-15 wt pct Mo alloy (a) before and (c¢) after oxidation treatment, and the Ti-15 wt pct Mo-1 wt pct Fe alloy

(b) before and (d) after oxidation treatment at varied frequencies.
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Fig. 2—Background subtracted damping profiles as a function of
temperature of the Ti-15 wt pct Mo and Ti-15 wt pct Mo-1wt pct Fe
alloys before and after oxidation treatment, measured with frequency
of 1 Hz. The peaks were fitted by the Debye curve, as shown in lines.

oxygen is interstitials in the bee lattice of the Ti alloys,
while the others are bound to dislocations and grain
boundaries, which are unable to contribute to the
observed Snoek-type relaxation peak.

Figure 2 shows the temperature-dependent variation
of the damping capacities of the samples at 1 Hz after
the subtraction of background, which is approximated
with an enhanced exponential function of tempera-
ture.”? After the oxidation treatment, the damping
peaks in both Til5Mo and Til5MolFe are increased in
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the peak height and shifted to higher temperatures, also
as shown in Table I. Further, from Figure 2, we can
observe that the damping profiles of the alloys can be
fitted by the Debye function in a broadened form.

Figure 3 shows the activation energy for the Snoeck
peaks of oxygen in the present Ti-Mo alloys, plotted as a
function of the peak temperature at 1 Hz. Weller!”
summarized the activation energy and peak temperature
of the Snoek peak in conventional bcc metals with
different interstitial solutes and put forward the approx-
imately linear relation

T,,(K) = 362H(eV) 2]

The present alloys almost fit in with this linear relation.
For comparison’s sake, the same figure also shows the
peak temperature and activation energy of the Snoek-
type relaxation process obtained from the Ti-Nb-O alloys
with oxygen concentration ranging from 0.16 to
3.1 at. pct. The proportionality constant is nearly half
that for the binary alloys."” The deviations for the Ti-Nb-O
alloys from the linear relation may be attributed to the
species and concentration of the substitutional solute.
The peak temperature and activation energy of Nb-O is
422 K (149 °C) and 1.15 ¢V, respectively, while the
corresponding values of Mo-O are higher, about 500 K
(227 °C) and 1.4 e¢V.®! However, the present Ti-Mo
alloys show less deviation than Ti-Nb-O alloys, indicat-
ing that Mo atoms exert a weaker influence on the Ti-O
Snoek relaxation than Nb atoms do, which agrees with
the fact that the Mo-O interaction is relatively weak.”””!
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Table I. Nominal and Chemical Compositions of the Ti-15 Wt pct Mo and Ti-15 Wt pct Mo-1 Wt pct Fe Alloys before and after
Oxidation Treatment, as well as Damping Parameters at 1 Hz

O wt pct Mo wt pct Fe wt pct Activation Peak Temperature

Alloys (At. pct) (At. pct) (At. pct) Energy (eV) (K (°0)) Tan Delta (1072
Til5Mo 0.105 (0.34) 15.3 (8.3) — 1.29 498 (225) 0.62
Til5SMoO — 15.4 (8.3) — 1.33 505 (232) 1.15
Til5MolFe 0.092 (0.298) 15.3 (8.3) 1.16 (1.07) 1.47 502 (229) 0.49
Til5Mol1FeO — 15.6 (8.3) 1.17 (1.07) 1.49 511 (238) 1.46

P J : : 2. Til5MoOIFe alloy .

|0 Ti15Mo Ti-24Nb-O .The surface microstructure Qf T115M91F e;O analyzed

1.8 o Ti15MoO i Wlth SEM and EBSD methods is shown in F}gure; 4. The

% | Nb-N' oxide zone of Til5SMol1FeO is about 1 um in thickness,
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%" | @ TilSMo1FeQ ® NbC * equiaxed o layer, the o Ti grains become larger and tend

S 14l . S Nb- i to develop along the refined f Ti—phase grain boundaries

g as well as in them. Farther from the surface, the plate-

E 12 i form o grains form in the f Ti—phase grain and become
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08| Tp(K) =362 H (V) i the depth of 92 um, as shown in Figure 5. The oxygen
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Fig. 3—Peak temperatures and activation energies of the Snoek-type
relaxation peaks in Ti-15 wt pct Mo and Ti-15 wt pct Mo-1 wt pct
Fe alloys before and after oxidation treatment, in comparison to the
Ti-Nb-O alloys and other published results for bcc metals.

B. Microstructure and Composition of the Oxygen
Dissolved Zones

1. Til5MoO alloy

Figure 4 shows the surface microstructure of Til5-
MoO after the surface oxidation treatment observed by
SEM and EBSD methods. An oxide zone (about 16 um)
exists in the outmost parts of the specimen, as shown in
Figure 4(a). Intimately beneath the oxide zone, the
dissolved oxygen induces the formation of small equi-
axed o Ti grains in the f matrix. Inward to the matrix,
the o Ti phase in the form of plates grows both in the
p-phase grains and along the grain boundary. Only the
latter o Ti phase exists in the more inward area.

Figure 5 shows the volume fraction of the o Ti phase
in the dual-phase zone, analyzed by EBSD measure-
ments, and the microhardness of the gradient micro-
structure. It is found that the volume fraction of the o Ti
phase decreases remarkably from the surface (beneath
the oxide zone) and fades away at the depth of 130 um,
where the division line between the dual-phase zone
(o Ti and p Ti) and the single-phase zone (ff phase only)
can be determined. Meanwhile, the hardness declines to
a steady value at the depth of 400 um, where the division
line between the single-phase zone (with enriched
oxygen) and the matrix can be drawn. With the applied
surface treatment condition, three zones are newly
formed on the single f Ti-phase matrix: the oxide zone
(16 um), dual-phase zone (130 wum), and oxygen-
enriched f-phase zone (270 um), as listed in Table II.
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measurement is shallower than that of Til5MoO. Three
zones are also newly formed on the f Ti—phase matrix
after the surface oxidation treatment: the oxide zone
(1 pum), dual-phase zone (92 um), and oxygen-enriched
f phase zone (278 pum) for Til5MolFeO, as listed in
Table II.

It is noted that Fe plays a primary role in the
differences of microstructure between TilSMoO and
Til5MolFeO. The Fe additions increase the oxidation
rate principally by reducing the time necessary for the
oxide to lose Coherency;“] thus, the oxide zone of
Til5MolFeO is much thinner than that of Til5SMoO.
The thickness of the a-dominant layer is related to the
solubility of an alloying element in the hexagonal close-
packed lattice of Ti, so the dense equiaxed o layer
beneath the oxide zone is thinner in Til5Mo1FeO since
the solubility of Fe in o Ti is still lower than that of Mo
in o Ti.'" The oxygen diffusion depth in Til5MolFeO
is shorter than that of Til15MoO, which is in agreement
with the proposal that Fe enhances the rate of oxygen
diffusion in Ti-Mo alloys.['$1]

C. Deduction of Oxygen Contents of the  Ti—Phase
in the Separate Phase Regions

1. Til5MoO alloy

The distribution of Mo content in the f Ti phase was
measured by energy dispersive X-ray spectroscopy. The
enrichment of Mo beneath the oxide zone conforms to
the works of Glass and Hong?¥ and Shida and
Anada.*¥

The calculated distribution of the oxygen content in
the p Ti phase was analyzed in separate phase regions.
In the dual-phase zone, from the surface (beneath the
oxide zone) to the depth of 130 um, the oxygen content
distribution was calculated based on the Ti-Mo-O
ternary phase diagram.”> In the oxygen-enriched
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Fig. 4—Microstructure of (a) and (¢) Til5MoO and (b) and (d) Til5MolFeO. The subsurface microstructure measured by (a) and (b) SEM and

(c) and (d) EBSD.

f-phase zone, from the depth of 130 to 400 um, the
oxygen distribution was analyzed by the unidirectional
diffusion function with the semi-infinite solid model,
based on Fick’s second law shown in the following:

x— 130
C, = C Ciz0 — Cp)erfe| —— 3
0+( 130 O)erc(Z\/D_ﬂ> []

where x is the depth from the surface (beneath the oxide
zone); C, is the concentration at the depth of x from the
surface; and Ci3q is the concentration in the depth of
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130 um, which is assumed to be invariant. Since the
oxide zone was maintained throughout the oxidation
treatment, C is the concentration in the base material,
0.105 wt pct; D; is the diffusion coefficient; and ¢ is the
time, 4 hours. The boundary conditions are C, = Cj3g
at x = 130 and C, = C, at x = 400, which deter-
mine the values of the diffusion coefficient D, as
2.5 x 107" m?s™'. This value is comparable to the
linear extraPolated result from the work of Wasilewski
and KehL,”® (0.5 to 6.6) x107"° m?s™' at 1073 K
(800 °C).
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Fig. 5—Volume fraction of the o Ti in the dual-phase zone and
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respectively.

Table II. Main Parameters of the Partitions Divided
According to the Oxygen Distribution
Oxide  Dual-Phase
Zone Zone Oxygen-Enriched
Alloys (um) (pum) p-Phase Zone (um)
Til5MoO 16 130 270
Til5MolFeO 1 92 278

2. Til5MolFeO alloy

The enrichment of Fe, as well as Mo, beneath the
oxide zone conforms to the 1nvest1gatlon results of
Stringer.*”! The enrichment of Fe in the surface layer of
Til5MolFeO shields oxygen diffusion, resulting in the
reduction of the oxide as well as the oxygen penetration
depth compared to that of Til5SMoO. The ternary
phase equilibrium of the Fe-Mo-Ti system shows that
the Ti-15 wt pct Mo-1 wt pct Fe allogys fall into the f Ti
area without the TiFe compounds

The distribution of oxygen in Til5SMolFeO was
analyzed in the same way as that for TilSMoO.
However, the equivalent amounts of f-stabilizer in
Welght percent were quantified by the values of Moe%
that is, Mo, (mass pct) = 1.0 Mo + 2.9 Fe + -[°
Figure 6 shows the distribution of the Mo,, as well as
the calculated oxygen content distribution in the f Ti
phase. The diffusion coeﬁiment in the oxygen-enriched
B-phase zone is 2.1 x 10~'* m? s™', as in the calculation
result by the diffusion equation mentloned previously.
The coeflicient is smaller than that of Til5MoO,
25 x 107" m . It is reasonable to consider that
Fe atoms are prone to be enriched in the surface layer
and, thus, shield oxygen diffusion.!'®!

3. Comparison of oxygen distributions in the B phase
of Til5MoO and Til5MolFeO alloys

Table II lists the main parameters of the oxygen-
diffused surface region of the two alloys. From Figure 6,
we can find that, in Til5SMoO, the oxygen content
decreases extensively from the surface to a depth of
about 100 um, while in Til5MolFeO, the oxygen
content is higher and spread deeper than the
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Fig. 6—(a) Measured distribution of molybdenum (equivalent) in the
p phase of Til5SMoO and Til5SMolFeO alloys. (b) The calculated
distribution of oxygen. The dash lines and dot lines are dividing
lines of Ti15MoO and Til5MolFeO, respectively.

corresponding parts of TilSMoO. The volume fraction
of a Ti phase in the TilSMol1FeO alloy is higher than
that in the Til5SMoO alloy, though the depth of dual
phase is a bit shorter, as shown in Figure 5.

The strength of Snoek-type relaxation is relevant to
the direction of the stress applied to the crystal lattice,
the dissolve element concentration, the temperature, the
grain size of a polycrystal, and the substitutional atoms,
which influence the Snoek-type relaxation via substitute-
interstitial (s-7) interaction. In the present research, the
addition of 1 wt pct Fe into the Ti-15 wt pct Mo alloy
brings in an increase of the strength of Snoek-type
relaxation. The influence of substitutional atom Fe will
be analyzed in the discussion part.

IV. DISCUSSION

A. Influence of Substitute-Interstitial Interaction
on the Snoek-Type Damping Peak

Up to now, the influence of substitutes on the Snoek-
type peak has been summarized in terms of the s-i
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interaction, which leads to a change in the diffusion
activation energy of dissolved interstitial atoms located
near the relatively immobile substitutional atoms. Two
types of s-i interaction are considered to affect the Snoek
relaxation: short-range type in the case of a strong
chemical interaction and long-range type in the case of
an elastic interaction.)

The attractive interaction between O and Fe is
supposed to reduce the number of oxygen atoms in the
free interstitial sites, and thus lower the Snoek-type peak
in Til5MoFeO, considering the energies of maximum
attraction of interstitial and substitutional atoms in the
Nb-(Ti, Mo, Fe)-O alloys are as follows: 0.17 eV for
Ti-O, 0.056 eV for Mo-O, and 0.157 eV for Fe-O.I'!
Therefore, a chemical interaction cannot account for the
heightening of the Snoek-type peak in Ti-Mo alloys.

On the other hand, size factor, i.e., the difference in
atomic size between the solute and solvent atoms, has
been studied to reveal its influence on the extent of the
s-i interactions by Hansson and Arsenault®® and
Szkopiak and Smith.[”! Recently, Saitoh er al.*! pro-
posed that the linear size factor, ie., the ratio of
change in the lattice spacing by the additional atom, is
closely related to the Snoek-type peak height. The
difference in atomic size between the substitutional
atoms and solvent atoms gives rise to elastic strain
field, which dominates the reduction of the Snoek peak
height. As for the present Ti-based alloy, since Fe
(with the linear size factor —22.59) distorts the lattice in
a more pronounced way than Mo (with the linear size
factor —7.64),°" the reduction rate of the Snoek peak
height by the substitutional atom of Fe should be
more than that of Mo. Therefore, the influence of the
elastic strain could not account for the rise of the
Snoek-type peak height of Til5SMolFeO compared to
Til5MoO.

B. Influence of Distribution of Oxygen
on the Snoek-Type Peak

The oxidation property of Fe influences the oxidation
process of the Ti-Mo alloy, which can be related to the
observed improvement of the Snoek-type damping. As
shown in Figure 4, the morphology of the surface-
oxidation-treated Til5SMoO and Til5Mo1FeO is similar,
while the lengths of the dual-phase zone and oxygen-
enriched-phase zone are different separately, suggesting a
difference in the oxygen distribution between them, as
seen in Figures 5 and 6. The oxygen distribution from
the surface to the basis in Til5Mo1FeO is more gradual
and generally higher than in Til5MoO. The inhomoge-
neous distribution of oxygen as well as the distribution of
the strain during the measurement of damping capacity
will be taken into consideration.

The surface-oxidation-treated alloys were analyzed
based on the law of mixtures for internal friction, in
order to investigate the contribution of the oxygen
dissolved layer to the total damping capacity. In terms
of the fractional energy dissipation per cycle, the
damping capacity of the oxidation-treated alloy consist-
ing of an oxygen-dissolved zone and a matrix can be
given by
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_ 1L AW 1 AWy + AW,
QTl_ =5 - 2 [4]

_%7_275 WM+W0

where AW is the dissipated energy per cycle and W the
strain energy stored at maximum deflection. The suf-
fixes T, M, and O refer to total, matrix, and the oxy-
gen dissolved zone, respectively. The internal frictions
in the matrix and the oxygen dissolved zone are

1 AW, 1 AW,
-1 M -1 _ 0
Qv =5, A Q=5 - [5]
Combining Egs. [4] and [5] gives
—1 |22 M —1 W 0 -1
= 6
QT WM + WOQM + WM 4 WOQO [ ]

Considering the sample measured undergoes an inho-
mogeneous strain condition during the dual cantilever
vibration, and the strain energy is expressed as

W= %E / // e dxdydz [7]

where E is the Young’s modulus and ¢ is the strain
amplitude. The strain amplitude ¢ as a function of
position can be written in the form®*

8(x7y7z) = Emax 27)} x0.164
* (cosh azcos(20z/L) — cosoocosh(20z/L))
8]

where o is 2.365 for the fundamental mode of vibration,
£max 18 the maximum strain amplitude, y is the distance
from the neutral plane in the thickness direction, z is in
the length direction, L is the length of the sample, and d
is the thickness.

Combining Egs. [7] and [8] and providing E,, ~ Eo
gives

hM/Z+hQ 4}’2
Wo Jo&W)dy thQ ad

W [y @0)dy [l a2

= 6r+12/* + 817

]

where h,, and h, are the thickness of the matrix and the
oxygen dissolved zone on one side, respectively, and r is
the relative thickness hp/hy,.

Combining Egs. [6] and [9] gives

1
Ter4+ 1224+ 83 + 1

6r + 1212 + 853
6r+12r2 +8r3 4+ 1

0,
[10]

07! 0y +

Equation [10] makes it feasible to express the damping
effectiveness of a surface oxygen dissolved zone, as
shown in Figure 7. The relative damping, i.e., the ratio
of the damping of the total to that of the oxygen
dissolved zone per unit oxygen content, is approximately
proportional to the thickness of the oxygen-dissolved
zone, within the bulk of the oxygen-dissolved zone.
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Fig. 7—Relative damping plotted to the thickness of the oxygen dis-
solved zone and the relative thickness.

The thickness of the bulk of the oxygen-dissolved zone is
about 100 um from the surface to the matrix in
Til5MoO and is about 150 yum in Til5MolFe, as
shown in Figure 6(b). In addition, Figure 7 also illus-
trates that the relative damping increases dramatically
with increasing relative thickness (the ratio of the
thickness of the oxygen dissolved zone to that of the
basis), restricting the bulk of the oxygen dissolved zone.
The approximate linear relations are useful as a guide in
scaling, suggesting that a thicker oxygen dissolved zone
is related to a higher damping. The proportionality
factor in Til5MolFeO, 2.41 x 10* at. pc‘[*1 m', s
lower than in Til5MoO, 3.34 x 10* at. pct_' m~'. This
is conformable to the suppressive effect of the substitu-
tional atoms on the Snoek-type relaxation, due to the s-i
interaction. On the other hand, the length of the bulk
oxygen dissolved zone in Til5SMolFeO is longer than
that in Til5MoO, and moreover, the oxygen concentra-
tion in the oxygen dissolved zone of TilSMolFeO is
apparently higher than that of Til5MoO, due to the
modified oxygen diffusion performance by the addition
of Fe atoms. Consequently, the damping capacity of
Til5MolFeO improves compared to that of Til5MoO.

V. CONCLUSIONS

1. Surface oxidation treatment was conducted for
Ti-15 wt pct Mo and Ti-15 wt pct Mo-1 wt pct Fe
alloys at 1073 K (800 °C). The obtained Til5SMolFeO
exhibited higher Snoek-type relaxation peak com-
pared to that of Til5SMoO.

2. Three new zones, the oxide zone, dual-phase zone,
and oxygen-enriched f§ phase zone, formed on the
single f Ti—phase matrix after the oxidation treat-
ment for the Ti-15 wt pct Mo and Ti-15 wt pct
Mo-1 wt pct Fe alloys. A simple diffusion model
was developed to predict the oxygen distribution.
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. The relative damping is approximately proportional

to the thickness of the oxygen dissolved zone. Com-
pared to Til5MoO, Til5SMolFeO possesses a thick-
er oxygen dissolved zone and a higher oxygen
concentration in this zone due to the substitutional
solute of Fe, and thus a higher Snoek-type relaxa-
tion peak.
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