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Abstract—When the Ti—6A1-4V alloy is overaged at 500—-600°C, nanometer-sized o, (Ti,Al) particles can be
homogeneously precipitated inside o phases, thereby leading to strength improvement. Widmanstitten and
equiaxed microstructures containing fine o, (Ti,Al) particles were obtained by overaging the Ti—-6Al-4V alloy.
Precipitation of o, (Ti,Al) particles was monitored using thermoelectric power measurements for different ag-
ing conditions in the Ti—6Al-4V alloy. Overaging heat treatments were conducted at 515, 545 and 575°C for
different aging times. In addition, overaging samples were examined by optical microscopy, scanning electron
microscopy and hardness measurements. It was found that the thermoelectric power is very sensitive to the
aging process in the two studied Ti—6A1-4V structures.
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1. INTRODUCTION

High strength titanium alloys for structural appli-
cations are generally formed by two-phases (o + f3).
Ti—6Al1-4V alloy is characterized for being sensitive
to microstructural variations. Depending on heat treat-
ment conditions different microstructures can be found,
namely Widmanstétten, equiaxed and bimodal. Some
parameters that affect the mechanical properties of
these microstructures are the volume fraction of o and
B phases, their morphology, the crystallographic arran-
gement, the prior 3 grain size, the o colony size, the o
platelet thickness and the presence of martensite.
Amongst these, the o colony size is one the most impor-
tant microstructural parameters [1-4]. Extensive re-
search has been performed to obtain the desired mecha-
nical properties by tailoring the microstructure through
the optimization of the heat treatments or thermome-
chanical control processes [5].

When Ti—6A1-4V alloy is over-aged at 500—600°C,
nanometer-sized, fine, ordered o, (Ti,Al) particles can
be homogeneously precipitated inside o phase [6, 7].
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These precipitates have a DO, 4 structure [8], and nucle-
ate homogeneously keeping coherent relationship with
o during aging. Aluminum in the Ti—-6Al-4V alloy
plays a role in increasing the o/f} transformation tempe-
rature and in forming a region coexisting o and o,
phases in the phase diagram because it works as an o
stabilizing element. The size and interparticle spacing
of o, are mainly affected by aging temperature and
concentration of aluminum.

In this study, Widmanstétten and equiaxed micro-
structures were obtained by different heat treatments,
and then o, (Ti,Al) particles were homogeneously pre-
cipitated inside o phases by aging Ti—-6Al-4V samples
at 515, 545 and 575°C for different times. o, (Ti,Al)
precipitation process was monitored using thermoelec-
tric power measurements on unaged and aged samples.
Two different methods have been employed in this re-
search, the lateral gradient and hot tip thermoelectric
power methods. To investigate the age hardening ef-
fect of this heat treatments, Vickers hardness measure-
ments have been also carried out in parallel in the same
range of aging times.
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2. THERMOELECTRIC POWER METHODS

The thermoelectric methods are based on the See-
beck effect that is commonly used in thermocouples
to measure temperature. This technique allows moni-
toring the thermoelectric power in metallic conductor
materials for those processes affected by the different
types of defects present in the atomic lattice such as
atoms in solid solution, precipitates and dislocations.
Two different experimental devices were used in this
research to measure the thermoelectric power: the la-
teral gradient method and the hot tip method. A schema-
tic representation of the lateral gradient thermoelec-
tric apparatus is given in Fig. 1a. The sample is placed
between two blocks of a reference metal such as cop-
per or iron that are subjected to a temperature gradi-
ent. The thermoelectric power value of the sample is a
measure of the magnitude of the induced potential dif-
ference at the metal contacts in response to the tempe-
rature gradient across the sample. Figure 1b shows the
thermal gradient produced inside the sample by using
the lateral gradient method. Some advantages of the
mentioned thermoelectric method are: the thermal gra-
dient is homogeneous in the sample, the macroscopic
thermoelectric power of the whole sample is measured,
the measurement takes only a few seconds to be made
and it is a very sensitive measurement (resolution of
~1 nV/°C) as long as some rules are respected such as
thermal resistance of the sample and contact thermal
resistance [9, 10].

Figure 2a shows the schematic representation of
the hot tip thermoelectric measurement. One of the re-
ference electrodes (copper) is heated by electrical
means to a preset temperature of 7, while the other

ip
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Fig. 1. Schematic diagram of the lateral gradient thermo-
electric method (a) and the thermal gradient inside the
sample (b).

electrode is left cold at room temperature 7. The mea-
surement is done quickly in a few seconds to assure
that the hot reference electrode is not cooled down per-
ceivably by the sample and that the rest of the sample
beyond the close vicinity of the contact point is not
warmed up perceivably. Then, the measured thermo-
electric voltage due to Seebeck effect is given by

Ty T,
V=[[S()-S(DdT = | S (T)dT, (1)
T T
where T 'is the temperature; S, and S, denote the ab-
solute thermoelectric powers of the sample and the ref-
erence electrode, respectively. Any variation in mate-
rial properties can affect the measured thermoelectric
voltage via S, = S, —S,, which is the relative thermo-
electric power of the specimen to be tested with re-
spect to the reference electrode. In most cases, the tem-
perature dependence of thermoelectric power can be
neglected over the range of operation and thermoelec-
tric voltage can be approximated as V' = (T}, — T,)S,
Ideally, regardless of how high the temperature differ-
ence between the junctions is, only thermocouples
made of different materials, or more precisely, materi-
als of different thermoelectric power, will generate a
thermoelectric signal. This unique feature makes the
simple thermoelectric tester one of the most sensitive
material discriminators used in nondestructive inspec-
tion. Figure 2b shows the thermal gradient produced
inside the sample by using the hot tip method. Some
advantages of the above thermoelectric method are:
the thermoelectric power measurement is localized and
thus can be used to detect heterogeneities, possibili-
ties to measure 2D thermoelectric power map of mas-
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Fig. 2. Schematic diagram of the hot tip thermoelectric
method (a) and the thermal gradient inside the sample (b).
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sive materials, adjust the measured zone by changing
the tip size, nondestructive testing possibilities directly
on massive materials (in-situ measurements).

In both thermoelectric methods, the most impor-
tant parameters affecting the thermoelectric measure-
ments are those associated with volumetric and con-
tact effects. The volumetric effect is closely related to
the thermoelectricity phenomena by the kinetics of the
diffusion of electrons throughout the material 11, 12].
The thermoelectric power coefficient, which is tempe-
rature-dependent, is a function of the electron scatter-
ing behavior, the electron concentration and the effec-
tive mass of the electrons. This effect is mainly affect-
ed by chemical composition, the degree of deforma-
tion of the microstructure, the presence of micro/nano-
precipitates, grain boundaries and texture [13—17]. In
steels, it has also been observed that the type of crys-
tal structure of the matrix affects the thermoelectric
power significantly, which allows following solid—so-
lid phase transformations [18, 19], in addition to preci-
pitation and recrystallization/recovery processes [9,
10]. The contact effects are related to the imperfect
contact between the test sample and the reference
probe/block, amount of pressure applied to the probe/
block, temperature of hot and cold junctions and probe/
block material.

3. MATERIAL AND EXPERIMENTAL
PROCEDURE

The material used in this study was a Ti-6Al-4V
alloy plate with a thickness of 1.7 mm, supplied by
Titanium Industries Inc. (USA), and its exact chemi-
cal composition is 6.19A1-4.05V-0.19Fe—-0.120—-
0.02C-0.01N—0.004H-Ti (wt %). Material was sub-
jected to different heat treatments to get Widmanstétten
and equiaxed microstructures and to precipitate fine
o, intermetallic precipitates inside o phase. The Wid-
manstitten microstructure was obtained by holding the
material at 1075°C for 15 min (above the  transfor-
mation temperature), then it was cooled down to 950°C
and held for 2 h and, finally, it was water quenched.
The equiaxed microstructure was obtained by holding
at 700°C (o.+[3 region), for 2 h followed by water cool-
ing/quenching. These two microstructures were over-
aged at 515, 545 and 575°C for different aging times
ranging from 1 min to 576 h to promote the formation
of very fine o, (Ti,Al) precipitates. For optical and
scanning electron microscopy (SEM) inspection, heat
treated samples were mounted in bakelite, ground and
polished down to 1 um diamond cloth. Microstruc-
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tural features were unveiled using Kroll’s reagent (H,O
100 ml, HF 100 ml, HNO, 100 ml). The size and vo-
lume fraction of the o and B phases was measured us-
ing an image analyzer. To evaluate microhardness va-
riations amongst the samples, Vickers hardness measu-
rements were performed by applying a load of 500 g
on selected samples. At least three indents were per-
formed on each sample and the average value was re-
ported. Prior to the microhardness test, samples were
cross-sectioned and metallographically prepared in a
similar fashion as for optical microscopy observation,
but using a much finer finishing approach with a colloi-
dal silica solution (0.05 um).

The lateral gradient thermoelectric power measure-
ments were performed using a calibrated TECHLAB
lateral gradient thermoelectric contact apparatus. The
sample is pressed between two blocks of a reference
metal (pure copper). One of the blocks is set at 15°C,
while the other is at 25°C to obtain a temperature dif-
ference AT. A potential difference AV is generated at
the reference metal contacts. The apparatus does not
give the absolute thermoelectric power value of the
sample, but a relative thermoelectric thermoelectric
power value in comparison to the thermoelectric power
value of pure copper at 20°C. The relative thermoelec-
tric power value is given by Eq. (1). The measurements
are performed very quickly (<1 min) and precisely
(£0.5%), with a resolution of about ~1 nV/°C.

In addition, the absolute thermoelectric power of
each Ti—6Al-4V specimen was also measured by us-
ing a calibrated ATS-6044T Alloy Thermo-Sorter,
which provides relative readings with arbitrary units.
Therefore it was firstly calibrated by materials of
known absolute thermoelectric power such as copper
and standard thermocouples like alumel and chromel.

The hot tip thermoelectric instrument sets up the
temperature difference by means of a dual tipped refe-
rence probe. One tip is at room temperature and the
other is heated to a specific temperature. In our case, a
copper hot tip (standard probe) was used in order to
measure the thermoelectric power of the Ti—6Al-4V
overaged samples. The dual-tipped probe is placed on
the Ti—6A1-4V specimen, an electric circuit is complet-
ed and a signal is generated. This signal is then pro-
cessed to obtain a peak reading, which is displayed on
the microvolts digital display. The reading is represen-
tative of the crystalline microstructure of the sample
in this case due to the precipitation process in overaged
titanium alloy samples. Each sample was measured
three times and the distribution of the results was in
the range of several nanovolts, while the thermoelec-
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Fig. 3. Optical micrographs of the Widmanstitten (a) and equiaxed microstructures (b). Etched with Kroll’s reagent. In this micro-

graphs, o is the white/bright phase and 3 is the black/dark phase.

tric power values for both types of measurements were
of the order of microvolts, making the measurement
error negligible.

4. RESULTS

4.1. Microstructural Characterization

In Ti-6Al-4V, appreciable improvements in me-
chanical properties such as: strength and creep resis-
tance can be achieved by precipitation hardening [5].
The strengthening effect critically depends on the size,
volume fraction, dispersion of particles and coherency
with matrix. In this respect, the promotion of o, phase
precipitation appears to be beneficial as the optimum
dispersion can be achieved by homogenization and
ageing procedures.

Figure 3 shows the optical micrographs of the Wid-
manstitten and equiaxed microstructures. In the
Widmanstitten microstructure, o0 phase grains (white

phase) have been formed along prior [ grain bounda-
ries and colonies of lath-type 3 and o lamellar struc-
ture are present inside prior f§ grains (Fig. 3a). The
colony size, the o platelets thickness and the grain bo-
undary o phase thickness were measured to be in the
range 973—1868 um, 1-5 um and 1-7 um respectively.
In the equiaxed microstructure, about 48% of f3 is pre-
sent at triple points of o grains, and the grain size and
amount of the o phase are about 4—-12 um and 52%,
respectively (Fig. 3b). Table 1 shows a summary of
the quantitative analysis data performed for the two
microstructures investigated, considering several cha-
racteristic microstructural features of the unaged and
aged conditions after holding for 2, 144 and 576 h at
the three different aging temperatures under investiga-
tion. These results show that the aging treatment af-
fect the amount of o and 8 phases present initially in
the unaged (Widmanstétten and equiaxed) microstruc-
ture; a slight increase in the amount of o phase (thus, a

Table 1. Quantitative analysis results of the microstructures of the Ti—6A1-4V

Aged
Microstructure Parameter Unaged 2h 144 h 576 h

515 545 | 575 | 515 | 545 575 515 545 575

Colony size, um min | 973 411 726 | 1061 | 790 | 899 | 843 | 1074 492 771
max | 1868 | 1018 | 1912 (2339|1439 | 1678 | 1837 1277 1367 | 1430
Grain boundary o thickness, um | 1-7 4-11 |4-16| 2-9 |3-11| 7-19 | 5-12| 9-17 5-9 | 5-12

Widmanstétten | Amount o phase, % 59.0 61.5 | 61.8 609|632 | 635 | 63.2| 64.0 639 | 63.6
Amount f phase, % 41.0 385 | 382391368 | 365 | 36.8| 36.0 36.1 | 364

o platelet thickness, um 1-5 3-9 |5-15|3-7 |3-14| 7-15 | 5-9| 5-23 6-13 | 4-13

Vanadium in  phase, wt % 42 (6.0-8.0| 5.7 | 5.6 | 10.0 |6.9-7.7| 6.2 |13.0-14.0/9.0-10.6| 11.6
oL grain size, um 4-12 | 3-12 [4-12 |4-16 |4-11| 5-11 | 5-14| 3-12 4-12 | 4-15

Equiaxed Amount o phase, % 522 54.8 | 54.1 | 548|565 | 564 | 56.9| 573 57.1 | 58.0
Amount {3 phase, % 47.8 452 459 | 462|435 | 446 | 440 427 429 | 450

Vanadium in  phase, wt % 9.6 125 | 148 | 12.0 | 18.0 | 143 | 18.1 18.5 22.9 | 20.0
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Fig. 4. SEM micrographs of the overaged Widmanstitten (a—c) and equiaxed microstructures (d—f) at 575°C for three different
aging times 2, 144 and 576 h respectively, showing very fine o, phases homogeneously distributed in the o phase. Insets are optical
micrographs (like Figs. 3a and 3b), and the regions marked by square-pointed indicate o phases, which are magnified in the SEM

micrographs. Etched with Kroll’s reagent.

decrease in ) is observed. In addition, there are some
differences in the high-magnification SEM micro-
graphs of the aged Widmanstitten and equiaxed micro-
structures as shown in Fig. 4. The insets are optical
micrographs (like Fig. 4), and the regions marked by
square-pointed indicate o phases, which are magni-
fied in the SEM micrographs. Fine o, phases of 50—
200 nm in size are homogeneously distributed in the
o phase of the Widmanstitten and equiaxed micro-
structures.

Figure 5 displays the variation of hardness in the
two initial microstructures: Widmanstitten and equi-
axed as a function of different aging times at 515, 545
and 575°C. When designing these experiments it should
be bore in mind that the ageing temperature should lie
above the Ti,Al solvus temperature so as to assure that
the age-hardening of the o phase by Ti,Al particles
occurs. In Ti-6A1-4V alloy, the Ti,Al solvus tempera-
ture is ~600°C, which means that aging at 500—600°C
will promote the precipitation of Ti,Al particles whe-
reas aging at 7> 600°C will be only a stress relieving
treatment. Microhardness measurements show that the
initial hardness of the Widmanstétten microstructure
is higher than that of the equiaxed microstructure. Pro-
moting these type of lamellar/lath like structures help
to refine the microstructure; besides, these microstruc-
tures contain more interfaces that take part in the dislo-
cation origination [20]. The microstructure of this type

PHYSICAL MESOMECHANICS Vol.20 No.4 2017

show higher hardness and, in general, better combina-
tion of mechanical properties (strength, ductility, tough-
ness). As the ageing time increases the hardness con-
tinuously shows a rise up to 144 h and then remains
roughly constant for all temperatures. Although the
hardness increases with the aging time for both micro-
structures due to the precipitation of the o, particles,
the hardening effect (net hardness increment) for a cer-
tain ageing time is greater for the Widmanstétten one.
Finally, after 144 h of aging, the hardness seems to
remain constant or even start decreasing. This effect
can be related to some mechanisms which are consider-
ed in the discussion.

600 Widmanstitten microstructure
- x x xx 315°C
E x X Xxx 545°C
= 5007 X % " "Eessec
b 4% o
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= 400 o ¢ 000515°C
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T
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Fig. 5. Variation of hardness as a function of aging time for
the three different holding temperatures (515, 545, 575°C)
and the two different initial microstructures (Widmanstétten
and equiaxed) under investigation.
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4.2. Thermoelectric Power Measurements

Figure 6 shows the time evolution of the thermo-
electric power signal for the two different microstructu-
res and three different aging temperatures under inves-
tigation measured by both thermoelectric power me-
thods. For all aging temperatures, there is a drop in the
thermoelectric power values up to around 144 h and
then the thermoelectric power increases. This is observ-
ed after using both thermoelectric power methods al-
though, surprisingly, only the lateral gradient method
is sensitive to the different initial microstructures (Wid-
manstitten and equiaxed). According to the lateral gra-
dient thermoelectric method, in the case of the Wid-
manstitten microstructure, the thermoelectric power
value for the unaged specimen is —6.53 uwV/°C; while for
an aging time of 144 h, the magnitude of the thermo-
electric power decreases down to —7.27 uV/°C (515°C),
—7.12 uwV/°C (545°C) and —7.01 wV/°C (575°C). In the
equiaxed microstructure, the thermoelectric power va-
lue for the unaged specimen is —6.12 uV/°C; while for
an ageing time of 144 h, the magnitude of the thermo-
electric power decreases down to—6.71 uV/°C (515°C),
—6.60 uWV/°C (545°C) and —6.47 uVv/°C (575°C). On
the other hand, according to the hot tip method, in the
case of the Widmanstétten microstructure, the ther-
moelectric power value for the unaged specimen is
—6.10 uwV/°C; while, again, for an aging time of ~144 h,
the magnitude of the thermoelectric power decreases
down to —7.17 uV/°C (515°C), —6.85 wV/°C (545°C)
and —6.78 uV/°C (575°C). In the equiaxed microstruc-
ture, the thermoelectric power value for the unaged
specimen is —6.04 wV/°C; while for an aging time of
144 h, the magnitude of the thermoelectric power de-
creases down to —6.72 wV/°C (515°C), —6.58 uVv/°C
(545°C) and —6.53 wV/°C (575°C). Finally, the hot-tip
method shows that up to 2 h (120 min) of aging time
the thermoelectric power is almost independent of the
microstructure, while the lateral gradient method regis-
tered a constant thermoelectric power difference of
about 0.4—0.5 wV/°C between the Widmanstétten and
equiaxed microstructures. These differences observed
in the initial thermoelectric power values when compar-
ing both methods are still not well understood; how-
ever, both of them are able (very sensitive) to capture
the influence of ageing heat treatments on the micro-
structure. The fact that the main disagreement concerns
with the starting values may have to do primarily with
initial calibration.

Several investigations can be found in the litera-
ture concerning the influence of ageing on thermoelec-
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Fig. 6. Thermoelectric power measurements using the lateral
gradient thermoelectric method (a) and the hot tip thermo-
electric method (b) in the Widmanstétten and equiaxed mi-
crostructures overaged at 515, 545 and 575°C for different
aging times.

tric power in Fe-, Al-, Cu- and Zr-based alloys [9, 21—
34]. During this process, the thermoelectric power is
governed by the specific thermoelectric power value
of every solute atom present in solid solution and by
the intrinsic effect of precipitates formed. According
to the literature, the effect of solutes can be positive or
negative. In Zr-based alloys, precipitation reactions
seem to increase the thermoelectric power (removal
of Fe, Cr and Ni from solid solution) [21]. Similarly,
in steels, the thermoelectric power has been observed
to decrease due to the solid solution of atoms like C,
N, Cu, Cr, Ti [9, 22-31]; however contrary to these
investigations, it was observed that the effect of Mo
on iron is positive [29], result that has been supported
by a recent paper on the ageing behavior of a marag-
ing steel C250, in which Mo seems to have a positive
influence as-well [30]. In Al- and Cu-based alloys, the
thermoelectric power shows a more complex behav-
ior; it decreases [32—35] or increases [32—34] depend-
ing on the precipitated species. In this latter type al-
loys, the intrinsic effect seems to have an important
effect.

In spite of all these studies, no work could be found
in the literature concerning the influence of solutes in

PHYSICAL MESOMECHANICS Vol.20 No.4 2017
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solid solution and/or precipitation on the thermoelec-
tric power in Ti-based alloys. As it has been shown in
this work, during ageing the formation of coherent
nanometer-sized o, (Ti;Al) particles takes place
(Fig. 4); this is associated with a thermoelectric power
decrease up to ~144 h and, then, a gradual increase for
longer times. The results depicted in Table I highlight
that besides precipitation, other changes take place in
the microstructures are: (i) there is an increase in the
amount of o phase (4-5%) up to 144 h which then
remains roughly constant; (ii) the amount of vanadium
in the B phase increases continuously in the Widman-
stitten microstructure from 4.20 wt % in the unaged
sample, up to 9—14 wt % in the samples aged for 576 h
(Table 1); while in the equiaxed microstructure it in-
creases from 9.6 wt % in the unaged condition up to
values of 18.5-22.9 wt % in the samples aged for 576 h;
(iii) besides, in the Widmanstitten-like microstructure
the o platelet size increases significantly and continu-
ously during ageing, from 1-5 um in the unaged samp-
les up to 5-23 um in some aged ones; in the equiaxed
microstructure there is also an increase in the average
size of the o phase. Finally, the main difference be-
tween the Widmanstitten and the equiaxed initial mi-
crostructures (apart from the morphology of the o
phase) is the amount of o phase (lower for the equi-
axed): according to the lateral gradient method, the
thermoelectric power of the initial microstructure de-
creases around 0.4—0.5 uwV/°C due to an increase in the
amount of o phase of around 6.8% (although the hot
tip method does not differentiate this two microstruc-
tures). Thus, based on this later result (higher amount
of o phase, lower thermoelectric power) one could
suggest that the initial decrease in the thermoelectric
power up to 144 h could be due to the increase in the
amount of the o phase (4-5%) during ageing. How-
ever, other factors should be also considered: (i) the
intrinsic effect of the nanometer size precipitates would
introduce internal stresses in the matrix which act as
additional scattering sites for electrons (decrease in
thermoelectric power) [18]; (ii) the enrichment in vana-
dium of the 3 phase will have an effect; (iii) in addi-
tion, in the Widmanstétten microstructure, the platelet
size increases in size significantly with the ageing time
and, thus, the number density of grain/phase bound-
aries decreases (that serve as scattering points for elec-
tron diffusion), which should have a positive (increase)
effect on the thermoelectric power. In the second stage
of the aging process, above ~144 h, the growth of the
o, phase due to ageing seems to reach equilibrium, but
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the precipitation of the o, nanophase becomes very
pronounced in the o phase (Fig. 4). The formation of
the o, phase depletes the matrix in solutes like Al and
Ti, which seems to have a strong positive effect on the
thermoelectric power (increase) beyond 144 h. Besides,
as precipitates grow in size with the ageing time, they
will probably become incoherent and the intrinsic nega-
tive effect likely present for shorter aging times will
probably disappear, resulting in a further increase in
thermoelectric power. Further studies on the influence
of the aging process in Ti—6Al-4V on the thermoelec-
tric power measurements should be considered in the
future to support this investigation.

5. DISCUSSION

The present research is mainly aimed at achiev-
ing the optimum precipitation of nanometer-sized o,
(Ti,Al) particles in an overaged Ti—6Al-4V alloy with
the Widmanstétten and equiaxed microstructure. Pre-
cipitation of o, (Ti;Al) particles was monitored using
thermoelectric power measurements. It was necessary
to classify all regularities of TEM and Ti,Al particle
relations to have an optimum effect of the precipita-
tion process.

As Ti,Al particles precipitate within the o phase, it
is very important to understand the conditions and role
of the Widmanstétten, equiaxed and o phase structures
in the Ti—-6Al-4V alloy.

The Widmanstitten structure is most preferential
in the Ti-6Al-4V alloy. It gives a reinforcing effect in
misoriented grains of the polycrystal, which ensures
high hardness of the alloy. The developed system of
interfaces provides a high generation of dislocations
and high plasticity of the alloy [20]. The possibility of
reversible transformation of the w phase and o/ phase
under dynamic loading [36, 37] explains high fracture
toughness of this microstructure. A high volume frac-
tion of the a-phase in the Widmanstétten microstruc-
ture, in which the o, (Ti,Al) precipitation is possible,
causes the alloy hardness to sufficiently increase dur-
ing its overaging (Fig. 5).

All the mentioned effects are less pronounced or
lack in the equiaxed microstructure (for example, the
reinforcing effect). However, the very high interaction
of internal stress fields related to equiaxed particles
governs the development of dynamic rotations in the
particle distribution at the aging time 576 h (Fig. 4f).
This is a rotational mechanism of relaxation, which
appears as an individual stage in the dependences of
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Fig. 7. Schematic curves of the density of states M(E) as a
function of energy E for titanium.

hardness and thermoelectric power on the aging time.
The additional plausible explanation could be a chang-
ed mechanism of precipitation hardening because,
when growing in size, they become incoherent and the
interaction between dislocations and precipitates
changes from shearing to Orowan one [38].

In full accordance with the mechanical behavior
and structural transformations, an increase in aging
time changes thermoelectric power (Fig. 6). Negative
thermoelectric power is related to the electronic den-
sity of states at the Fermi level, which is illustrated in
Fig. 7 for Ti. The (s-p) and (3d) bands are overlapped
in Ti and have the common Fermi energy and N(E}). It
allows a redistribution of (s-p)- and d-electrons in the
electron spectrum of Ti and its alloys.

A clear separation of o/f and o phases in the Wid-
manstitten microstructure and the presence of three
d-electrons in vanadium (Ti has only two d-electrons)
govern more negative thermoelectric power values in
the Widmanstétten microstructure as compared to those
in the equiaxed one. With increasing aging time, the
precipitation of Ti,Al is accompanied by an increase
in the electronic density of states N(E;) at the Fermi
level. This increases electronegative values of thermo-
electric power in both the microstructures. The final
stage of the thermoelectric power increase in the ther-
moelectric power aging time curves can be related to
the appearance of dynamic rotations in the distribu-
tion of Ti;Al particles and loss of their coherency with
the o phase, which decreases the general contribution
of Ti;Al precipitation to thermoelectric power and me-
chanical characteristics of the alloy.

The thermoelectric power value is a very sensitive
characteristic of structural states in the titanium alloy.
However, the correct analysis of the observed mecha-
nisms requires the knowledge of corresponding chang-
es in the electron subsystem of the heterogeneous mate-
rial.

6. CONCLUSIONS

This work investigates the relationship between the
thermoelectric power and microstructural changes in
the Widmanstétten and equiaxed microstructures du-
ring aging of a Ti—-6Al-4V alloy using two thermo-
electric methods: lateral gradient and hot tip. The late-
ral thermoelectric method exhibited a stronger inter-
action with the initial microstructural features as com-
pared to that of the hot tip thermoelectric method. In
particular, this phenomenon was observed for the signi-
ficant separation between the thermoelectric thermo-
electric power data obtained. However, the present
study reveals an unusual sensitivity of the thermoelec-
tric power value to the aging state of Ti-6Al-4V al-
loy. Following 144 h of aging at the three heat treat-
ment temperatures (515, 545, 575°C) the thermoelec-
tric power value of the titanium alloy showed a change
of —0.9 uwV/°C which is significantly different to other
aged alloys. In this Ti alloy, this decrease is probably
due to the increase in the volume fraction of the o phase
and the intrinsic effect of the o, nanoprecipitates. Be-
sides, other effects like the increase in the platelet size
and the § phase enrichment in vanadium could be also
contributing to the thermoelectric power value during
the initial stages of ageing. Finally, the increase in ther-
moelectric power for long times is attributed to the
precipitation of nanometer-sized o, (Ti,Al) particles
inside o phases and to the loss of coherency of the .,
precipitates for long ageing times. On the other hand,
the microhardness measurements show the strong
strengthening effect of this precipitates up to 144 h.
However, for longer aging times, the development of
dynamic rotations in o, (Ti,Al) distribution and the
increase in size of these precipitates leads to a plateau
in the hardness, probably due to a loss of coherency of
the precipitates.
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