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Using a novel in-situ laser ultrasonic technique, the evolution of longitudinal velocity was used to measure the
α−β transformation during cyclic heating and cooling in commercially pure titanium. In order to quantify the
transformation kinetics, it is shown that changes in texture can not be ignored. This is particularly important in
the case of titaniumwhere significant grain growth occurs in theβ-phase leading to theultrasonicwave sampling
a decreasing number of grains on each thermal treatment cycle. Electron backscatter diffraction measurements
made postmortem in the region where the ultrasonic pulse traveled were used to obtain an estimate of such
local texture and grain size changes. An analysis technique for including the anisotropy of wave velocity
depending on local texture is presented and shown to give self consistent results for the transformation kinetics.
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1. Introduction

There are a number of challenges associatedwith the in-situ study of
the technologically important α−β phase transformation in titanium
and titanium alloys. Unlike the austenite-ferrite phase transformation
in steels, the volume change between the α-phase and β-phase is very
small rendering the measurement of transformation kinetics by
dilatometry a significant challenge [1,2]. Like ultra-low alloyed steels,
the observation of themicrostructure postmortem is also not a viable op-
tion for low alloyed titanium alloys as the β-phase cannot be retained to
room temperature. Direct observation of the transformation performed
in-situ at high temperature is possible [3], but limited to the extreme
surface of the specimen and unsuitable for the measurement of bulk
transformation kinetics. In-situ neutron or X-ray diffraction [4,5]
measurements made during continuous heating and cooling are
another option but are limited by the acquisition time of the technique
(particularly for neutron diffraction) [6] and by the rapid grain growth
that occurs in theβ-phase at high temperature. In-situ electrical resistiv-
ity measurements have been shown to be viable for measurements in
commercially pure titanium since it provides accurate global kinetics
(α/β ratio); however, other techniques (e.g. XRD) are necessary to
obtain an absolute value of the α phase fraction [7,8].

In this work we have explored whether high-temperature in-situ
laser ultrasonicmeasurements could be suitable for the characterization
of the α-β phase transformation in commercially pure titanium. The
laser ultrasonic technique has been developed over the last three
ne).
decades as a technique for the in-situ quantification of microstructure
evolution in metals and alloys [9–11]. An advantage of this technique
over those described above is that it is performed within a Gleeble
(TM) thermomechanical simulator meaning that, in principle, micro-
structure evolution can be followed during complex thermomechanical
process routes. Using the fact that the ultrasonic velocity is a function of
amaterial's bulk elastic properties and density, which in titanium are af-
fected by phase fraction and crystallographic texture, one can monitor
phase transformations [12,13] and recrystallization [14,15] in-situ.
Other properties, such as grain size, can be evaluated by following the
evolution of the signal's attenuation [16]. To date, the vast majority of
studies using laser ultrasonic have been limited to steels, [12–21],
though promising results have been also shown for nickel [22,23],
aluminum [24,25] zirconium [26] and tin alloys [27]. Two previous
studies have applied laser ultrasonic measurements to titanium alloys
[28,29]. One study used laser ultrasonics to measure the elastic
constants in Ti-H alloys [29] and the second was used to observe the
α-β phase transformation in Ti-6V-4Al [28]. While this later study
[28] showed the potential for laser ultrasonics to be sufficiently sensi-
tive to observe the phase transition, no attempt was made to quantify
the transformation kinetics.

In the work presented here, laser ultrasonic measurements are
presented for the continuous heating and cooling of a commercially
pure titaniumplatewith the goal being to provide a quantitative assess-
ment of the transformation kinetics. By performing experiments that
thermally cycled through the β transus, the kinetics of the α to β and
β to α-phase transformations could be assessed. Quantitative ex-situ
metallography and EBSD have also been used to evaluate grain size
and texture of the α-phase postmortem. The purpose of examining
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specimens after different numbers of thermal treatment cycles through
the β transus was to illustrate the importance of grain size (particularly
in the β-phase) and crystallographic texture on phase fraction. From
this, a systematic method is presented for analyzing the ultrasonic
velocity to obtain the fraction of α-phase and β-phase accounting for
the effects ofmaterial property and texture changes on phase transition.

2. Methodology

A commercially pure (99.7 wt% Ti) titanium (cp-Ti) plate purchased
from Alfa-Aesar was used for this study and was received in the
cold-rolled and annealed condition. The primary impurities in this
material were oxygen (1800 wt·ppm), iron (500 wt·ppm), nitrogen
(100 wt·ppm) and hydrogen (15 wt·ppm). The as-received micro-
structure of this material was composed of polygonal α grains with a
mean equivalent area diameter (EQAD) of 42 μm as determined by
EBSD. Thin plate specimens having dimensions of 60 × 10 × 3 mm
were machined from the as-received plate for the laser ultrasonic
experiments, with the plate's normal direction (ND) corresponding to
the smallest specimen dimension and the rolling direction (RD) to the
largest (Fig. 1).

Heat treatments and laser ultrasonicmeasurementswere conducted
in a Gleeble 3500 thermomechanical simulator (Dynamic System Inc.
Poestenkill, NY) equipped with a Laser Ultrasonics for Metallurgy
(LUMet) sensor. The LUMet sensor is attached to the rear door of the
Gleeble chamber. A frequency-doubled Q-switched Nd:YAG laser with
a wavelength of 532 nm is used for the generation of a wide band
compressive ultrasonic pulse. The duration of the laser pulse is approx-
imately 9 ns, it has a maximum energy of 72 mJ and up to 50 pulses
can be generated per second. The laser pulse produces a broadband
ultrasonic pulse by vaporizing a small quantity ofmaterial at the surface
(of the order of a micrometer per hundred laser pulses). The ultrasonic
pulse propagates back and forth through the thickness of the specimen
and its amplitude decreases by interacting with thematerial and its mi-
crostructure. Successive arrivals of the ultrasonic pulse at the generation
surface are detected with a frequency-stabilized Nd:YAG pulsed laser
which illuminates the surface with infrared radiation at a wavelength
of 1064 nm and a pulse duration of 90 μs. The infrared detection laser
that is reflected on the specimen surface is demodulated inside a
photo-refractive crystal using an active interferometer approach [30].
After only a few oscillations of the ultrasonic pulse between the two
parallel surfaces of the specimen, its intensity is only weakly diffused
in other directions and the ultrasonic properties measured are
representative of the average properties of the material over a volume
created by the surface of the laser spot (about 2 mm) multiplied by
the specimen thickness. Both generation and detection laser beams
Fig. 1. Schematic of specimen inGleeblewith the normal direction (ND) alignedwith the directi
the transverse direction (TD) aligned with the width of the specimen, and the EBSD image pla
are co-linearly aligned at the center length of the specimen. The time
required for the ultrasonic pulse to travel back and forth through the
specimen thickness is calculated using a cross correlation algorithm
applied on two echoes collected at the specimen surface. The velocity
is then computed by the ratio of the propagation distance by the time
between two echoes.

Prior to the tests, the specimen chamber was evacuated to 0.5 Pa.
The temperature of the specimen was measured and controlled with a
pair of K-type thermocouple wires spot-welded at the mid-length of
the specimen on the opposite side of the laser beams. Fig. 1 shows a
schematics illustration of the measurement configuration for these
tests. Continuous heating and cooling cycles were conducted at a rate
of 3 °C/s. Three conditions were selected for monitoring the α/β trans-
formation. As will be shown below, these cyclic thermal treatments
led to three distinct microstructures and textures allowing the
technique to be evaluated for a wide range of conditions. In the first
set of tests the as-received material was continuously heated to
1000 °C followed by cooling to room temperature where the micro-
structure was observed. In a second set of tests, specimens were heated
to 1000 °C followed by cooling to room temperature. This same speci-
men was then subjected to the same cycle, the transformation kinetics
being monitored in the 2nd heating/cooling cycle and the microstruc-
ture observed after the 1st cycle. In the final set of experiments,
specimens were cycled 4 times between room temperature and
950 °C. On the 5th cycle the transformation kinetics were monitored,
the microstructure being observed following the final cooling. In the
third set of experiments it was decided to limit the upper temperature
to 950 °C so as to avoid excessive grain growth. The first two sets of
tests were conducted to 1000 °C so as to allow for the ultrasonic velocity
to be monitored over as large a range of temperatures in the β-phase
as possible.

Specimens for scanning electron microscopy (SEM) and electron
backscatter diffraction (EBSD) observation were prepared by surface
grinding using 400, 600, 800, and 1200 grit silicon carbide papers
using water as a lubricant. The specimens surfaces were then mechani-
cal polished using 6 μm and 1 μm diamond suspension followed by a
finishing step using a 5:1 (by volume)mixture of 0.05 μmcolloidal silica
to 30 wt% hydrogen peroxide solution. SEM-EBSD observations were
made using a Carl Zeiss NTS Ltd. Sigma scanning electron microscope
with a field emission source and an applied voltage of 20 kV. The
EBSD patterns were collected with a Digiview detector and indexed
using the EDAX TSL Orientation ImagingMicroscopy (OIM) data collec-
tion software with a selected step size of 4 μm in the as-received speci-
men, and of 2 μm in both treated specimens. Using the EDAX TSL OIM
Analysis 6 software, grains were defined as clusters of at least 5 points
in size and grain boundaries were identified using a disorientation
on ofwave propagation, the rolling direction (RD) alignedwith the length of the specimen,
ne is shown in grey lying in the plane defined by the TD normal.
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angle of 5° or greater. The grain confidence index standardization
method was employed to ensure indexed points with lower confidence
indices that shared the same orientation as their surrounding grains
were not excluded. The area of each grain was extracted and the grain
sizes were taken as the diameter of a circle of equal area (EQAD) and
as diameter weighted by the grain area divided by the total area (d A).
The location of thepriorβ grain boundaries for the as-treated specimens
were estimated using the 6 reduced axis-angle pairs method as de-
scribed by Wang et al. [31]. This approach allows for the approximate
reconstruction of the β grain structure from a fully α microstructure
by identifying special grain boundary disorientations between α grains
within a tolerance of ±5°. The grain boundaries that do not share
special axis-angle relationships arising from the Burgers orientation
relationship between the α-phase and β-phase are considered as prior
β grain boundaries.

3. Results and discussion

3.1. Ex-situ metallography

Fig. 2 shows representative portions of inverse pole figure maps
measured for the specimens in the a) as-received state (AR), b) after 1
treatment cycle (1-cycle), and c) after 5 treatment cycles (5-cycles) of
Fig. 2. Representative inverse ND polefiguremaps (ND-IPFmaps, A=6.49× 105 μm2) showing
c) after 5 treatment cycles. In a), b), and c) the area of observation corresponds to the region w
cropped from much larger maps, the overall size of the parent map being given in Table 1.
heat treatment. In each case the observations were made on the plane
normal to the TD direction at the center of the specimen. Moreover,
the location of observation was selected to coincide with the region
sampled by the ultrasonic pulse. Measurements were made in only
one two-dimensional plane. All the EBSD maps were ≥1.5 × 1.5 mm in
the plane of wave propagation (cf. Fig. 1). This includes a large fraction
of the grains that interacts with the ultrasonic pulse. This is important
so as to have the local texture for velocity prediction. The surface of
the specimens after high temperature treatment shows a slight blue
coloration which remains over the successive cycles. This coloration in-
dicates the formation of a thin oxide at the surface of the specimens. No
variation of themicrostructure between the near surface and the bulk of
the sample was however measurable by metallographic observation.

As can be seen in Fig. 2a, the as-received state is composed of polyg-
onal grains, whose size is relatively homogeneous. In contrast, the
microstructure of the specimens subjected to 1 and 5 treatment cycles
(Fig. 2b and c) are composed of coarse grains with irregular grain
boundaries resulting from the cycling between the α and β-phases.
The grain size (d A and EQAD) for the threemicrostructure are reported
in Table 1 together with the total number of grains sampled for each
specimen. Note that the total area sampled is much larger than the
size of the representative maps shown in Fig. 2. After 1 treatment
cycle, a 3-fold increase in area weighted grain size (d A) is measured
themicrostructure andmicrotexture in the: a) as-received state, b) after 1 treatment cycle,
here the ultrasonic pulse was induced and measured. Note that these regions have been



Table 1
Microstructural parameters of commercially pure titanium in the: as-received condition,
after 1 treatment cycle, after 5 treatment cycles.

Specimen cycles
of treatment

d A

(μm)
EQAD
(μm)

Grains
sampled

Overall map size
(106 μm2)

α β α β α β

As-received 57 – 42 – 6371 – 8.67
1 cycle 195 397 70 242 846 60 3.24
5 cycles 538 802 145 289 316 67 5.23

Table 2
Reduced axis/angle pairs for each type of α/α boundaries that can result from the same
parent β grain [31].

Type Axis Angle Color

1 I 0°
2 [1 1 �2 0] 60°
3 [ �18 13 31 8] 60.83°
4 [ �10 5 5 �3] 63.26°
5 [8 �19 11 0] 90°
6 [0 0 0 1] 10.53°
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for the α-phase, while after 5 treatment cycles an area weighted grain
size 9 times that of the as-received material was obtained.

Grain boundary disorientations for specimens following 1 treatment
cycle (Fig. 2b) and 5 treatment cycles (Fig. 2c) were calculated from the
grain orientations. Each boundary was selected according to the
classification proposed by Wang et al. [31] with a tolerance of ±5°.
The results of this analysis are shown in Fig. 3a and b where
coloured boundaries correspond to one of the 6 reduced axis-angle
pairs (provided in Table 2) that describe α/α boundaries in the case
where both crystals nucleated from the same β grain as distinct α
variants defined by the Burgers orientation relationship. The black
grain boundaries do not share a special orientation relationship and
therefore are taken as the boundaries between α grains nucleated
from two different β grains. Assuming that the α grains nucleate at β
grain boundaries [32], the boundary between these two α grains can
be considered as the approximate location of a prior β grain boundary.
The resulting grain boundaries of the parent β-phase are given in
Fig. 3c and d for specimens after 1 and 5 treatment cycles respectively.
This method allows for the estimation of themean EQAD of the β grains
for these two specimens, which are presented in Table 1. The β grain
size is estimated to be very large by this technique. After 1 treatment
cycle, a 7-fold increase in area weighted grain size (dA) is measured
for the β-phase when compared to the as-received grain size. After 5
treatment cycles, an area weighted grain size 14 times that of the as-
received material was obtained (cf. Table 1). This observation suggests
extensive grain growth occurring above the β transus, which has been
observed before for commercially pure titanium [3].

Fig. 4 shows the pole figures extracted from the full set of EBSD
measurements (cf. Table 1) for specimens in the as-received state,
after 1 treatment cycle and after 5 treatment cycles. The initial
Fig. 3.Grain boundarymaps demonstrating: a) theα/α and b) priorβ special boundarymap of a
specimen after 5 treatment cycles.
as-received texture shown in Fig. 4a has a near basal texture with a dis-
tinct split around the rolling direction, characteristic of amicrostructure
initially cold-rolled and annealed [3,33]. The spotty textures observed
after 1 cycle and after 5 cycles in Fig. 4b and c are characteristic of the
coarse α grain size given in Table 1.

3.2. Evaluation of the ultrasonic velocity

Fig. 5 presents the ultrasonic velocity measured during the 1st, 2nd,
and 5th thermal cycles. The velocity in the α-phase is observed to
decrease linearly with temperature as expected based on the change
in density [34] and elastic constants [35,36]. In all cases, the linear
portion of the heating segment of the curves was observed up until a
temperature of approximately 885 °C, this being close to the expected
equilibrium β transus temperature for pure titanium of 882 °C [37].
Similarly, a linear increase of velocity with decreasing temperature
was observed in the α-phase for temperatures below ~850 °C. At high
temperature, the β-phase exhibits a weakly temperature dependent ul-
trasonic velocity, this being consistent with previous experiments [36].

The velocity in the α-phase is measurably higher at 700 °C in the
heating stage of the 1st cycle compared to the value observed at
700 °C after cooling. This difference suggests a strong evolution of the
texture during the α→β→α transitions, this being consistent with the
texture and grain size changes shown in Fig. 4a and b. Aside from
as-received specimen, the velocity measured at 700 °C for all other
conditions (on heating and on cooling) were found to be the same
within experimental error. This suggests that, while the texture change
on the 1st treatment cycle strongly affects the velocity measurement,
subsequent texture changes on heating/cooling do not. In contrast, the
absolute value of the velocity of the β-phase measured, for example,
specimen after 1 treatment cycle, and c) theα/α and d) priorβ special boundarymap of a



Fig. 4. Pole figures showing texture in the: a) as-received state, b) after 1 treatment cycle, c) after 5 treatment cycles
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at 920 °C was found to vary strongly from one experiment to another.
Repetitions of the 1 cycle experiment (Fig. 5d) showed a wide
range of final velocities of the β-phase. As will be discussed below,
this specimen-to-specimen variation is indicative of statistical scatter
arising from having few grains in the measurement volume. The in-
creasing grain size observed upon repeated cycling was demonstrated
Fig. 5. Comparison of calculated velocity values to LUMet observations for heating and cooling o
d) a compilation of velocity profiles demonstrating the variation in β velocity following heatin
in the ex-situ results, and as a consequence, the number of grains
sampled in the volume scanned by the ultrasonic is also reduced
(cf. Table 1).

To extract the phase transformation kinetics from the measure-
ments shown in Fig. 5, a model is required that combines the tempera-
ture dependence of the density and elastic constants. The temperature
f the a) 1st treatment cycle, b) 2nd treatment cycle, and c) 5th treatment cycle, alongwith
g in the 1st cycle



Fig. 6. α→β and β→α phase transformation kinetics obtained from Eq. (3) using the
parameters given in Table 3 for specimens during the 1st, 2nd and 5th cycle, respectively
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variation of the density of the α-phase and β-phase was estimated
based on the CALPHAD approach described in Lu et al. [34]. The
temperature dependence of the five independent elastic constants
of the α-phase for pure titanium were obtained by linearization of
the data provided by Ogi et al. [36], and Fisher and Renken [35].
To calculate the polycrystalline ultrasonic velocity of the α-phase,
the polycrystalline averaged stiffness tensor was calculated. To do
this, the EBSD measured texture (Fig. 4) was used to construct a
discrete orientation distribution function, and from this and the tem-
perature dependent single crystal elastic constants, the Hill average
polycrystalline stiffness tensor was computed [38]. The Cristoffel
tensor was next constructed from the polycrystalline stiffness tensor
and the pressure wave modulus, λ1 ,α

Hill , obtained as the appropriate
eigenvalue [39].

The single crystal elastic constants for unalloyed β-phase in Ti have
been reported by Fisher and Dever [40]. These experiments as well as
those of Senkov et al. [29] point to a very low temperature dependence
for theβ-phase. Notably, the results also show a very high elastic anisot-
ropy with 2C44/(C11−C12)≈4.8 [35]. As with theα-phase, one can cal-
culate the expected ultrasonic velocity knowing the elastic constants
only if the crystallographic texture is also known. In the present work,
the texture of the β-phase could not be directly evaluated. Lacking this
data, it was decided to fix the value of the pressure wave modulus for
the β-phase, λ1,β

poly, based on the experimentally observed velocity at
1000 °C. The temperature dependence of λ1,β

poly was then fit to the
experiments. Averaging the slope of the velocity-temperature plot for
all runs within the fully β condition led to a temperature dependence
of −0.0001 mm·μs−1·°C −1. This was therefore used in the model as
the temperature dependence of the velocity in the β-phase.

To calculate the ultrasonic velocity in the regime where two
phases co-exist, one must make an assumption regarding the way
in which the velocities of the individual phases contribute. As point-
ed out by Kruger and Damm [13], the predicted velocity is only
weakly dependent on the assumed averaging scheme when the
density and moduli are similar. In the present alloy, the percent dif-
ferences in the modulus and densities of the α-phase and β-phase
are 6.8% and 0.18 %, respectively when calculated at the β-transus
temperature under a polycrystalline aggregate assumption. Given
these small differences we follow the assumption of Kruger and
Damm [13] and assume a simple linear addition law,

vmix ¼ 1− fβ
� �

vα þ fβvβ ð1Þ

¼ 1−fβ
� � λHill

1;α

ρα

 !1=2

þ fβ
λpoly
1;β

ρβ

 !1=2

: ð2Þ

Using the values of λ1,α
Hill , λ1,β

poly, ρα and ρβ as described above, the
only unknown parameter is the volume fraction of the β-phase, fβ.
To simplify fitting the experimental data, the variation of fβ with
temperature was assumed to vary sigmoidally:

fβ ¼ 1
1þ e −A1� T−A2ð Þð Þ½ � ð3Þ
Table 3
Best fit values of the adjustable parameters (A1 and A2) in Eq. (3) obtained by comparing
during fitting the heating and cooling portions of the experimental data in Fig. 5 for
the 1st, 2nd, and 5th cycles.

Cycle Heating Cooling

A1 A2 A1 A2

1st 0.219 908 0.260 871
2nd 0.166 903 0.361 868
5th 0.166 899 0.260 872
where A1 and A2 are adjustable parameters, and T is temperature in °C.
The optimal values of adjustable parameters for each cycle are shown
in Table 3.

Fig. 5a compares the experimentally measured and numerically
predicted ultrasonic velocities (via Eq. (2)). Fig. 6 shows that the
transformation kinetics required to fit the experiments (via Eq. (3))
are nearly the same for the all of the heating cycles and all of the cooling
cycles, as one would expect. The simple model described above, ac-
counting for the temperature dependence of the material properties,
texture, and phase fraction, adequately describes the variation of ultra-
sonic velocity during cooling in each of the cycles shown in Fig. 5. In the
case of the 5-cycle specimen during the heating stage one sees a dis-
crepancy between the temperature dependence of the velocity in the
α-phase during heating. As noted above, for this specimen the texture
of the α-phase was measured only after the 5th treatment cycle, not
before. This result would suggest that the texture before and after the
5th treatment cycle was not the same, leading to the good prediction
of the velocity in the α-phase on cooling but a poor fit on heating. If
this was the case, then one might expect the same problem in the case
of the specimen cycled twice where the texture was measured prior
to, but not after, the thermal cycle. Another factor must be considered
in this analysis, however. Examining the data in Table 1, one sees that
the α grain size increases drastically between the 2nd and 5th treat-
ment cycle. This suggests that the discrepancy in the model fit to the
heating and cooling segments of the 5th treatment cycle comes from
the sampling of too few grains in the α-phase. This leads to incomplete
statistical sampling of the texture and the unsuitability of the texture
measured after the cycle as a replacement for the texture before the
cycle. Conversely, the α-phase area weighted grain size in the case of
the specimen after one treatment cycle is only approximately one
third of the grain size after 5 treatment cycles.

A more drastic discrepancy between the model and experiments
occurred during the α→β transformation on heating during the 1st
cycle. In this case the experiments reveal a surprising variation in the
velocity, its valuefirst dropping before once again increasing. This result
was reproduced on 3 specimens, though as noted above, the final high
temperature velocity of the β-phase varied strongly from one specimen
to the next (cf. Fig. 5d). One interpretation of this result could be that the
α→β transformation does not finish until the end of the strong increase
in velocity following theminimum at 922 °C. This, however, would sug-
gest a drastically different transformation kinetics of the transformation
on the first heating compared to all of the other specimens studied. If,
however, one considers the bottom of the minimum in velocity as the
end of the transformation, then one finds very close agreement for the
transformation kinetics with the other two conditions during heating.
This observation suggests that another mechanism is more likely to
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cause the strong increase in velocity in the β-phase following the end of
the transformation. It is notable that this increase in velocity continues
to the highest temperature monitored, this temperature dependence
being abnormal compared to the other two specimens.

One possible explanation for the rapid increase in velocity is that
it is due to the very rapid grain growth that has been reported in
the β-phase just following the completion of the phase transformation
[3,41]. The α grain size of the as-received material was shown in
Table 1 to be 42 μm while the back-constructed β grain size after the
1st treatment cycle was estimated to be ~242 μm. As shown by the
in-situ EBSD observations of Seward et al. [3], the formation of the
β-phase occurs both within the grain and from the α/α grain bound-
aries simultaneously. They were able to observe directly and in-situ a
drastic evolution in both the grain size and texture of the β-phase. Sig-
nificantly, the texture at the end of the α→β transformation has been
noted to be strongly cube-like, this texture having a very low longitudi-
nal wave velocity [3,42,43]. Using the single crystal elastic constants
from Fisher and Dever [40] at 1000 °C a lower-bound velocity of
5.139 mm/μs would be expected for propagation along a b100N direc-
tion. The fact that all tests performed showed very similar values of
the minimum in velocity would be consistent with all specimens
transforming to a similar cube texture on the 1st heating cycle. The scat-
ter in the velocities of the β-phase at high temperature would also be
consistent with this interpretation as this is what would be expected
to arise from the large elastic anisotropy of the β-phase combined
with statistical scatter in texture as the number of grains sampled by
the ultrasonic wave decreases with further grain growth. In addition,
the range of temperature for the α→β and β→α transformation does
not vary significantly between the successive cycles. This observation
indicates that the dissolution of oxygen at the near surface of the sample
is not significant and can therefore be neglected.
4. Conclusion

The ultrasonic velocity has been shown to be sensitive to α→β and
β→α transformation in commercially pure titanium, despite the simi-
larity of density and elastic modulus of the two phases. Converting
this ultrasonic velocity to a phase fraction is, however, complicated by
the effect of a strong starting texture and extensive grain growth in
the β-phase. Under such conditions it is shown that one needs to accu-
rately incorporate the local texture into the analysis in order for one to
predict the experimentally measured ultrasonic velocity from known
material properties. For tests where the texture is well known, e.g. in
cases where we were able to measure the texture on cooling, an excel-
lent agreement between the predicted and measured velocity could be
obtained. In contrast, the variation of ultrasonic velocity in cases where
the texture was not well known led to an inability to directly match the
simulation results. Most notably, the non-monotonic variation of the
velocitywith temperature during the 1st treatment cyclewas attributed
to a velocity change caused first by the phase transformation (decrease
in velocity) followed by rapid grain growth in the β-phase (increase in
velocity). This change is qualitatively consistent with the recent
observations of the α→β transformation by in-situ EBSD [3].
References

[1] W. Szkliniarz, G. Smołka, Analysis of volume effects of phase transformation in tita-
nium alloys, J. Mater. Process. Technol. 53 (1-2) (1995) 413–422.

[2] J. Teixeira, B. Appolaire, E. Aeby-Gautier, S. Denis, G. Cailletaud, N. Späth, Transfor-
mation kinetics and microstructures of Ti17 titanium alloy during continuous
cooling, Mater. Sci. Eng. A 448 (1-2) (2007) 135–145.

[3] G.G.E. Seward, S. Celotto, D.J. Prior, J. Wheeler, R.C. Pond, In situ SEM-EBSD observa-
tions of the hcp to bcc phase transformation in commercially pure titanium, Acta
Mater. 52 (4) (2004) 821–832.

[4] S. Malinov, W. Sha, Z. Guo, C.C. Tang, A.E. Long, Synchrotron X-ray diffraction study
of the phase transformations in titanium alloys, Mater. Charact. 48 (4) (2002)
279–295.
[5] J.W. Elmer, T.A. Palmer, S.S. Babu, E.D. Specht, In situ observations of lattice expan-
sion and transformation rates of α and β phases in Ti-6al-4v, Mater. Sci. Eng. A
391 (1-2) (2005) 104–113.

[6] D. Ma, A.D. Stoica, K. An, L. Yang, H. Bei, R.A. Mills, H. Skorpenske, X.-L. Wang, Tex-
ture evolution and phase transformation in titanium investigated by in-situ neutron
diffraction, Metall. Mater. Trans. A 42 (6) (2011) 1444–1448.

[7] M.S. Oh, L. Jai-Y., P.J. K., Continuous cooling β-to-α transformation behaviors of
extra-pure and commercially pure Ti, Metall. Mater. Trans. A 35 (10) (2004)
3071–3077.

[8] S.K. Kim, J.K. Park, In-situ measurement of continuous cooling β to α transformation
behavior of CP-Ti, Metall. Mater. Trans. A 33 (4) (2002) 1051–1056.

[9] J.-P. Monchalin, Laser-Ultrasonics: From the Laboratory to Industry, 7002004 3–31
(AIP).

[10] C.B. Scruby, L.E. Drain, Laser Ultrasonics Techniques and Applications, Taylor &
Francis Group, New York, 1990.

[11] M. Falkenström, M. Engman, E. Lindh-Ulmgren, B. Hutchinson, Laser ultrasonics for
process control in the metal industry, Nondestruct. Test. Eval. 26 (3-4) (2011)
237–252.

[12] M. Dubois, A. Moreau, J.F. Bussière, Ultrasonic velocity measurements during phase
transformations in steels using laser ultrasonics, J. Appl. Phys. 89 (11) (2001) 6487.

[13] S.E. Kruger, E.B. Damm, Monitoring austenite decomposition by ultrasonic velocity,
Mater. Sci. Eng. A 425 (1-2) (2006) 238–243.

[14] A. Smith, S.E. Kruger, J. Sietsma, S. Van Der Swaag, Laser-ultrasonic monitoring of
austenite recrystallization in C-Mn steel, ISIJ Int. 46 (8) (2006) 1223–1232.

[15] E. Lindh-Ulmgren, M. Ericsson, D. Artymowicz, B. Hutchinson, Laser-ultrasonics as a
technique to study recrystallization and grain growth, Mater. Sci. Forum 467-470
(2004) 1353–1362.

[16] M. Dubois, A new technique for the quantitative real-time monitoring of austenite
grain growth in steel, Scr. Mater. 42 (9) (2000) 867–874.

[17] A. Moreau, D. Lévesque, M. Lord, M. Dubois, J.-P. Monchalin, C. Padioleau, J.F.
Bussière, On-line measurement of texture, thickness and plastic strain ratio
using laser-ultrasound resonance spectroscopy, Ultrasonics 40 (10) (2002)
1047–1056.

[18] S. Sarkar, A. Moreau, M. Militzer, W.J. Poole, Evolution of austenite recrystallization
and grain growth using laser ultrasonics, Metall. Mater. Trans. A 39 (4) (2008)
897–907.

[19] M. Militzer, T. Garcin, W.J. Poole, In-situ measurements of grain growth and recrys-
tallization by laser ultrasonics, Mater. Sci. Forum 753 (2013) 25–30.

[20] M. Maalekian, R. Radis, M. Militzer, A. Moreau, W.J. Poole, In-situ measurement and
modelling of austenite grain growth in a Ti/Nb microalloyed steel, Acta Mater. 60
(3) (2012) 1015–1026.

[21] B. Hutchinson, B. Moss, A. Smith, A. Astill, C. Scruby, G. Engberg, J. Björklund, Online
characterisation of steel structures in hot strip mill using laser ultrasonic measure-
ments, Ironmak. Steelmak. 29 (1) (2002) 77–80.

[22] S.E. Kruger, Monitoring Microstructure Evolution of Nickel at High Temperature,
615AIP, 2002 1518–1525.

[23] T. Garcin, J.H. Schmitt, M. Militzer, In-situ laser ultrasonic grain size measurement in
superalloys inconel 718, J. Alloys Compd. 670 (2016) 329–336.

[24] S.E. Kruger, A. Moreau, M. Militzer, T. Biggs, In-situ, laser-ultrasonic monitoring of
the recrystallization of aluminum alloys, 426 (2003) 483–488.

[25] A. Moreau, C. Bescond, S. Bolognini, M. Lord, S.E. Kruger, C.S. Man, Inline measure-
ments of texture and recrystallization on aluminum alloys, Automation & Control/
Advanced OnLineMetallurgicalModels/SensorsMaterials, Materials Science & Tech-
nology 2005, pp. 3–10.

[26] A. Moreau, P.J. Kielczynski, J.F. Buissière, J.H. Root, Ultrasonic Characterization of
Texture in Pure and Alloyed Zirconium, Nondestr. Charact. of Mater., VI, Plenum
Press, N. Y., 1994 119–128.

[27] E. Fraizier, M.-H. Nadal, R. Oltra, Noncontact determination of the elastic moduli of
β-Sn up and through the melting point, J. Appl. Phys. 93 (1) (2003) 649.

[28] S. Zamiri, B. Reitinger, H. Grun, J. Roither, S. Bauer, P. Burgholzer, IEEE (2013)
683–686.

[29] O.N. Senkov, M. Dubois, J.J. Jonas, Elastic moduli of titanium-hydrogen alloys in the
temperature range 20 °C to 1100 °C, Metall. Mater. Trans. A 27 (12) (1996)
3963–3970.

[30] R.K. Ing, J.-P. Monchalin, Broadband optical detection of ultrasound by two-wave
mixing in a photorefractive crystal, Appl. Phys. Lett. 59 (25) (1991) 3233.

[31] S.C. Wang, M. Aindow, M.J. Starink, Effect of self-accommodation on/boundary pop-
ulations in pure titanium, Acta Mater. 51 (9) (2003) 2485–2503.

[32] C. Jourdan, J. Gastaldi, G. Grange, Heterogeneous nucleation during the titaniumα β
transformation studied by Synchrotron X-ray topography, Acta Metall. 36 (11)
(1988) 2979–2987.

[33] A.O.F. Hayama, H.R.Z. Sandim, Annealing behavior of coarse-grained titanium de-
formed by cold rolling, Mater. Sci. Eng. A 418 (1-2) (2006) 182–192.

[34] X.-G. Lu, M. Selleby, B. Sundman, Assessments of molar volume and thermal expan-
sion for selected bcc, fcc and hcp metallic elements, Calphad 29 (1) (2005) 68–89.

[35] E.S. Fisher, C.J. Renken, Single-crystal elastic moduli and the hcp → bcc transforma-
tion in Ti, Zr, and Hf, Phys. Rev. 135 (2A) (1964).

[36] H. Ogi, S. Kai, H. Ledbetter, R. Tarumi, M. Hirao, K. Takashima, Titanium's high-
temperature elastic constants through the hcp to bcc phase transformation, Acta
Mater. 52 (7) (2004) 2075–2080.

[37] C. Leyens, M. Peters, Titanium and Titanium Alloys Fundamentals and Applications,
John Wiley & Sons and Wiley InterScience (Online service), Weinheim; Chichester,
2003.

[38] D. Mainprice, R. Hielscher, H. Schaeben, Calculating anisotropic physical properties
from texture data using the MTEX open-source package, Geol. Soc. Lond. Spec.
Publ. 360 (1) (2011) 175–192.

http://refhub.elsevier.com/S1044-5803(16)30111-5/rf0005
http://refhub.elsevier.com/S1044-5803(16)30111-5/rf0005
http://refhub.elsevier.com/S1044-5803(16)30111-5/rf0010
http://refhub.elsevier.com/S1044-5803(16)30111-5/rf0010
http://refhub.elsevier.com/S1044-5803(16)30111-5/rf0010
http://refhub.elsevier.com/S1044-5803(16)30111-5/rf0015
http://refhub.elsevier.com/S1044-5803(16)30111-5/rf0015
http://refhub.elsevier.com/S1044-5803(16)30111-5/rf0015
http://refhub.elsevier.com/S1044-5803(16)30111-5/rf0020
http://refhub.elsevier.com/S1044-5803(16)30111-5/rf0020
http://refhub.elsevier.com/S1044-5803(16)30111-5/rf0020
http://refhub.elsevier.com/S1044-5803(16)30111-5/rf0025
http://refhub.elsevier.com/S1044-5803(16)30111-5/rf0025
http://refhub.elsevier.com/S1044-5803(16)30111-5/rf0025
http://refhub.elsevier.com/S1044-5803(16)30111-5/rf0030
http://refhub.elsevier.com/S1044-5803(16)30111-5/rf0030
http://refhub.elsevier.com/S1044-5803(16)30111-5/rf0030
http://refhub.elsevier.com/S1044-5803(16)30111-5/rf0035
http://refhub.elsevier.com/S1044-5803(16)30111-5/rf0035
http://refhub.elsevier.com/S1044-5803(16)30111-5/rf0035
http://refhub.elsevier.com/S1044-5803(16)30111-5/rf0040
http://refhub.elsevier.com/S1044-5803(16)30111-5/rf0040
http://refhub.elsevier.com/S1044-5803(16)30111-5/rf0045
http://refhub.elsevier.com/S1044-5803(16)30111-5/rf0045
http://refhub.elsevier.com/S1044-5803(16)30111-5/rf0050
http://refhub.elsevier.com/S1044-5803(16)30111-5/rf0050
http://refhub.elsevier.com/S1044-5803(16)30111-5/rf0055
http://refhub.elsevier.com/S1044-5803(16)30111-5/rf0055
http://refhub.elsevier.com/S1044-5803(16)30111-5/rf0055
http://refhub.elsevier.com/S1044-5803(16)30111-5/rf0060
http://refhub.elsevier.com/S1044-5803(16)30111-5/rf0060
http://refhub.elsevier.com/S1044-5803(16)30111-5/rf0065
http://refhub.elsevier.com/S1044-5803(16)30111-5/rf0065
http://refhub.elsevier.com/S1044-5803(16)30111-5/rf0070
http://refhub.elsevier.com/S1044-5803(16)30111-5/rf0070
http://refhub.elsevier.com/S1044-5803(16)30111-5/rf0075
http://refhub.elsevier.com/S1044-5803(16)30111-5/rf0075
http://refhub.elsevier.com/S1044-5803(16)30111-5/rf0075
http://refhub.elsevier.com/S1044-5803(16)30111-5/rf0080
http://refhub.elsevier.com/S1044-5803(16)30111-5/rf0080
http://refhub.elsevier.com/S1044-5803(16)30111-5/rf0085
http://refhub.elsevier.com/S1044-5803(16)30111-5/rf0085
http://refhub.elsevier.com/S1044-5803(16)30111-5/rf0085
http://refhub.elsevier.com/S1044-5803(16)30111-5/rf0085
http://refhub.elsevier.com/S1044-5803(16)30111-5/rf0090
http://refhub.elsevier.com/S1044-5803(16)30111-5/rf0090
http://refhub.elsevier.com/S1044-5803(16)30111-5/rf0090
http://refhub.elsevier.com/S1044-5803(16)30111-5/rf0095
http://refhub.elsevier.com/S1044-5803(16)30111-5/rf0095
http://refhub.elsevier.com/S1044-5803(16)30111-5/rf0100
http://refhub.elsevier.com/S1044-5803(16)30111-5/rf0100
http://refhub.elsevier.com/S1044-5803(16)30111-5/rf0100
http://refhub.elsevier.com/S1044-5803(16)30111-5/rf0105
http://refhub.elsevier.com/S1044-5803(16)30111-5/rf0105
http://refhub.elsevier.com/S1044-5803(16)30111-5/rf0105
http://refhub.elsevier.com/S1044-5803(16)30111-5/rf0110
http://refhub.elsevier.com/S1044-5803(16)30111-5/rf0110
http://refhub.elsevier.com/S1044-5803(16)30111-5/rf0115
http://refhub.elsevier.com/S1044-5803(16)30111-5/rf0115
http://refhub.elsevier.com/S1044-5803(16)30111-5/rf0120
http://refhub.elsevier.com/S1044-5803(16)30111-5/rf0120
http://refhub.elsevier.com/S1044-5803(16)30111-5/rf0125
http://refhub.elsevier.com/S1044-5803(16)30111-5/rf0125
http://refhub.elsevier.com/S1044-5803(16)30111-5/rf0125
http://refhub.elsevier.com/S1044-5803(16)30111-5/rf0125
http://refhub.elsevier.com/S1044-5803(16)30111-5/rf0130
http://refhub.elsevier.com/S1044-5803(16)30111-5/rf0130
http://refhub.elsevier.com/S1044-5803(16)30111-5/rf0130
http://refhub.elsevier.com/S1044-5803(16)30111-5/rf0135
http://refhub.elsevier.com/S1044-5803(16)30111-5/rf0135
http://refhub.elsevier.com/S1044-5803(16)30111-5/rf0140
http://refhub.elsevier.com/S1044-5803(16)30111-5/rf0140
http://refhub.elsevier.com/S1044-5803(16)30111-5/rf0145
http://refhub.elsevier.com/S1044-5803(16)30111-5/rf0145
http://refhub.elsevier.com/S1044-5803(16)30111-5/rf0145
http://refhub.elsevier.com/S1044-5803(16)30111-5/rf0150
http://refhub.elsevier.com/S1044-5803(16)30111-5/rf0150
http://refhub.elsevier.com/S1044-5803(16)30111-5/rf0155
http://refhub.elsevier.com/S1044-5803(16)30111-5/rf0155
http://refhub.elsevier.com/S1044-5803(16)30111-5/rf0160
http://refhub.elsevier.com/S1044-5803(16)30111-5/rf0160
http://refhub.elsevier.com/S1044-5803(16)30111-5/rf0160
http://refhub.elsevier.com/S1044-5803(16)30111-5/rf0165
http://refhub.elsevier.com/S1044-5803(16)30111-5/rf0165
http://refhub.elsevier.com/S1044-5803(16)30111-5/rf0170
http://refhub.elsevier.com/S1044-5803(16)30111-5/rf0170
http://refhub.elsevier.com/S1044-5803(16)30111-5/rf0175
http://refhub.elsevier.com/S1044-5803(16)30111-5/rf0175
http://refhub.elsevier.com/S1044-5803(16)30111-5/rf0180
http://refhub.elsevier.com/S1044-5803(16)30111-5/rf0180
http://refhub.elsevier.com/S1044-5803(16)30111-5/rf0180
http://refhub.elsevier.com/S1044-5803(16)30111-5/rf0185
http://refhub.elsevier.com/S1044-5803(16)30111-5/rf0185
http://refhub.elsevier.com/S1044-5803(16)30111-5/rf0185
http://refhub.elsevier.com/S1044-5803(16)30111-5/rf0190
http://refhub.elsevier.com/S1044-5803(16)30111-5/rf0190
http://refhub.elsevier.com/S1044-5803(16)30111-5/rf0190


64 A. Shinbine et al. / Materials Characterization 117 (2016) 57–64
[39] B.A. Auld, Acoustic Fields and Waves in Solids, Volume 1, John Wiley & Sons, Inc.,
1973

[40] E.S. Fisher, D. Dever, The single crystal elastic moduli of beta-titanium and
titanium-chromium alloys, The Science, Technology and Application of Titani-
um 1968, pp. 373–381.

[41] F.X. Gil, D. Rodrguez, J.A. Planell, Grain growth kinetics of pure titanium, Scr. Metall.
Mater. 33 (8) (1995) 1361–1366.
[42] Z.S. Zhu, J.L. Gu, R.Y. Liu, N.P. Chen, M.G. Yan, Variant selection and its effect on phase
transformation textures in cold rolled titanium sheet, Mater. Sci. Eng. A 280 (1)
(2000) 199–203.

[43] N. Gey, M. Humbert, Characterization of the variant selection occurring during the
phase transformations of a cold rolled titanium sheet, Acta Mater. 50 (2) (2002)
277–287.

http://refhub.elsevier.com/S1044-5803(16)30111-5/rf0195
http://refhub.elsevier.com/S1044-5803(16)30111-5/rf0195
http://refhub.elsevier.com/S1044-5803(16)30111-5/rf0200
http://refhub.elsevier.com/S1044-5803(16)30111-5/rf0200
http://refhub.elsevier.com/S1044-5803(16)30111-5/rf0200
http://refhub.elsevier.com/S1044-5803(16)30111-5/rf0205
http://refhub.elsevier.com/S1044-5803(16)30111-5/rf0205
http://refhub.elsevier.com/S1044-5803(16)30111-5/rf0210
http://refhub.elsevier.com/S1044-5803(16)30111-5/rf0210
http://refhub.elsevier.com/S1044-5803(16)30111-5/rf0210
http://refhub.elsevier.com/S1044-5803(16)30111-5/rf0215
http://refhub.elsevier.com/S1044-5803(16)30111-5/rf0215
http://refhub.elsevier.com/S1044-5803(16)30111-5/rf0215

	In-�situ laser ultrasonic measurement of the hcp to bcc transformation in commercially pure titanium
	1. Introduction
	2. Methodology
	3. Results and discussion
	3.1. Ex-situ metallography
	3.2. Evaluation of the ultrasonic velocity

	4. Conclusion
	References


