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This study focuses on continuous imaging of microstructural changes in Ti 6% Al 4% V when cooling
from the B transus of ~ 995 °C or above. A range of microstructures were obtained by accessing different
cooling rates. With cooling rates of 0.1-0.5 °C/s, lamellar microstructures were observed, which initiate
in a colony microstructure below temperatures of ~930 °C. When the lamellar microstructure began
forming at grain boundaries, cooling was interrupted to further observe the kinetics in the system.
Lamellae changed in projected length from 40 um to ~ 160-320 um over three minutes at ~ 930 °C,
within the a+ B mixed phase. On further time at temperature, the lengthening of lamellae stagnated.
With further cooling at 0.1 °C/s, lamellae grew in projected width, while the projected length remained
the same. In addition, a surface topography formed at elevated temperatures (around 800 °C), evolved
during the a to 8 heating transition, and persisted upon cooling.

Ti 6% Al 4% V (Ti 6-4) has both a (hcp) and p (bcc) phases.
Above 995 °C (the B transus), only the  phase is thermody-
namically stable. Upon cooling from above the P transus, three
characteristic microstructures may be formed during the devel-
opment of the a phase: fully lamellar, basketweave, and marten-
sitic, or a combination thereof.

Fully lamellar microstructures form in colonies at cooling
rates of less than 2 °C/s. These lamellar colonies form selecting
one of the 12 orientation variants of the (110)4[|(0002), Burger’s
orientation relationship[1], the lowest energy interface between
the two phases. In this paper, we define basketweave microstruc-
tures as those which form with cooling rates greater than 2 °C/s,
during which lamellae can nucleate within the grain itself on
different crystallographically equivalent planes. These lamellae
are typically of a higher aspect ratio than those found in fully
lamellar microstructures. With cooling rates above 3.5 °C/s and
the appropriate composition present, martensitic phases can
form from the  phase. Martensitic phase transformations can
create both «, a hexagonal structure, and a which is orthorhom-
bic [2], depending on the chemical composition, cooling rate,

and heat treatment temperature of p prior to cooling [3].
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Traditional processing of Ti 64 involves the iteration of
multiple distinct thermomechanical steps to produce a desired
microstructure and the corresponding mechanical properties.
These steps generally begin with the homogenization of material
above the B transus temperature. Deformation and recrystalli-
zation steps can be performed in the a+  mixed phase regime
and during further annealing of the material at lower tempera-
tures [4]. The combination of hot working and heat treatment
allow a variety of two-phase a+ B microstructures to form [5].
The resulting microstructures can impact material properties
such as yield strength and fracture toughness. These properties
are controlled by grain size, microstructure morphologies and
dimensions, and the volume fraction of a and f [6, 7].

To our knowledge, in-situ scanning electron microscope
(SEM) observations of microstructures formed by cooling from
temperatures above the P transus in Ti 6-4 have not been previ-
ously reported. Studies by Boehlert et al. targeted tensile defor-
mation studies up to 480 °C and at room temperature [8], and
Li et al. reported studies of tension-creep behavior of Ti 6-4 and
Ti 3%Al 3.5%V at temperatures of 455 °C [9, 10]. The work of
Alabort et al. employed maximum temperatures of 900 °C for in-
situ SEM investigations into superplasticity [11, 12]. Walley et al.
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utilized instrumentation that was stated to be capable of heat-
ing to 1200 °C but employed a maximum reported temperature
of 700 °C for observing creep in nickel-based superalloys [13].
This study explores the real-time microstructural evolu-
tion of Ti 6-4 when cooling from above the { transus by real-
time imaging in-situ in an SEM. Imaging is performed using a
secondary electron (SE) Everhart-Thornley (ET) detector for
all subsequent results unless otherwise noted. Each sample is
heated at 100 °C per minute to 1200 °C using a proportional-
integral-derivative (PID) temperature controller (labeled “Con-
troller” in subsequent temperature curves), with a type R ther-
mocouple (“Heater TC”) placed within the cover of the heater,
and with a type R thermocouple that is spot welded to the sam-
ple surface (“Sample TC”). This allows for the homogenization
of B grains, followed by direct observation of the nucleation and
growth of a lamellae into the existing f matrix upon cooling.
Heating / cooling sequences are shown in Table 1, together
with the maximum temperature attained as measured by the
Sample TC. Note that although the controller was set to the
nominal maximum of 1200 °C for each iteration of the experi-
ments, the maximum sample TC temperature that was recorded
varied according to the exact assembly of the heater components
for each experiment. Grain size statistics are taken as an aver-
age of the spacing between intersections of grain boundaries
with 6 lines across the horizontal field width of the images. The
horizontal field width of each image for this analysis was 2 mm.
Grain sizes are taken at room-temperature post-cooling, as well

as before thermal processing.

Results
Formation of periodic surface topography

The existence of a periodic surface topography is observed in
all experiments, as initially described in Kane et al. [14] where

TABLE1: Heating/cooling sequences employed.

the topography is observed to form during heating at approxi-
mately 930 °C and persists throughout the subsequent tempera-
ture sequences. Figure 1a shows surface topography within the
B grain at the lower right of the image, while the sample is held
at 1060 °C. Figure 1b shows an image of the same location when
the sample is cooled below 200 °C. Figure 1c indicates the tem-

perature vs time conditions for the experiment. It is noted that
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Figure 1: Experiment A (a) Periodic topography imaged after 40 min at
1060 °C with 20 keV primary beam energy; (b) periodic topography post-
cooling imaged at 5 keV primary beam energy. (c) Temperature-time
curve for Experiment A.

Grain size after

Temperature maximum Hold Time (min- heat treatment
Experiment (sample TC) (°C) utes) Cooling rate (°C/s) Additional information (um)
A 1060 40 Radiative Cooling NA 1000
B 970 30 0.1 NA 600
C 1100 0 Radiative Cooling NA 400
D 1100 30 0.5 NA 700
E 1100 0,45 0.1 Sample held at 950 °C to examine 375

lamellar formation

A Sample annealed to a maximum temperature of 1060 °C, held for 40 min, and then radiatively cooled; B Sample annealed to a
maximum temperature of 970 °C, held for 30 min, and then cooled at 0.1 °C/s using PID Control; C Sample annealed to a maximum
temperature of 1100 °C and then immediately radiatively cooled; D Sample annealed to a maximum temperature of 1100 °C, held for
30 min, and then cooled at 0.5 °C/s; E Sample annealed to a maximum temperature of 1100 °C, cooled at 0.1 °C/s, and held at 950 °C
for 45 min to observe lamellar microstructure formation, followed by additional cooling at 0.1 °C/s. All temperatures are those deter-

mined from the Sample TC. Starting average grain size is 30 pm.
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shortly before reaching the B transus in this experiment, the
temperature measured on the heater and sample TCs drop. We
occasionally have observed such temperature glitches when the
temperature reaches its maximum, and suspect it is associated
with the current limit and controller in the heating apparatus.
However, as it is transient and short in duration, it should not
affect the microstructural evolution significantly.

Figure 2 shows the formation of periodic topography as the
sample temperature is ramped up during Experiment B. Fig-
ure 2a is imaged 360 s into the experiment at 752 °C during
heating and continues showing a lamellar microstructure similar
to the pre-anneal structure. At 794 °C (30 s later), we observe
in Fig. 2b initiation of periodic topography. Figure 2c shows the
topography has further developed at 968 °C, and that the bi-
modal microstructure has fully dissolved by this temperature,
approximately 10 min into the experiment.

Figure 3 shows an atomic force microscope (AFM) ampli-
tude scan of the periodic surface topography, and a correspond-
ing SEM image from the same location, from Experiment E
described later in the document. The period of the topography
is around 300 nm and is around 100 nm in amplitude in this
instance.

In Fig. 3, the period of the topography on the bottom right
of the image (within an a phase lamella) is greater than on the

4 um

Temperature (°C)

top left of the image (in the B phase). In a mixed phase region
containing an a lamellae, the period of topography increases by a

factor of 2 or 3. We observe this generally across all experiments.

The impact of cooling rate on transverse and lateral
lamellar growth

Three different cooling rates were used to investigate lamellar
growth rates. Figure 4 shows the microstructure in Experi-
ment C after completion of the temperature sequence shown in
Fig. 4g, using radiative cooling (3-4 °C/s). Figure 4a, b shows a
grain boundary triple junction after cooling to room tempera-
ture, in which a basketweave structure is present in all grains.
Lower magnification images in the left column show variations
in the characteristic size of the basketweave microstructures
from grain to grain, much like the lamellar colonies seen at
slower cooling rates. The variation in the length of the lamellar
components of the basketweave structure within neighboring
grains can be seen in Fig. 4c, d vs e, f. As experiments are per-
formed without the ability to tilt the sample, we acknowledge
that there are stereological effects associated with the measure-
ments. Specifically, with the twelve geometrical variants asso-
ciated with the lamellae habit planes, the width and length of
a given lamellae are not known, because of uncertainty in the

1000 b P S i
800 -
600
400 ~
—Controller
= = =~Heater TC
----- Sample TC
1000 1500

Time (s)

Figure 2: Microstructure evolution for Experiment B. (a) Microstructure at 752 °C during heating ramp, (b) continued heating ramp at 794 °C, (c) after
reaching the maximum temp of 968 °C. All images taken with primary beam energy of 20 keV. Circles indicate the same location in each image.
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Figure3: (a) Surface topography imaged in an SEM following Experiment E conditions, taken with 5 keV primary beam energy. (b) AFM amplitude scan

from the same area.

orientation of the habit plane with respect to the sample sur-
face. We thus describe projected lamellae widths and lengths in
the subsequent results, and emphasize relative versus absolute
changes in dimensions. The projected dimensions of the lamellar
components are around 8 pm wide and around 24 pum long in
Fig. 4c, d but around 4-6 pm wide and 16 um long in Fig. 4e, f.

Figure 5 shows results from Experiment D, performed with a
cooling rate of 0.5 °C/s. Figure 5a shows the nucleation of lamel-
lae from a grain boundary, at a temperature of 940 °C and at pro-
jected lamellar lengths of 10-20 um. Figure 5b taken 20 s later
shows lamellar growth to ~ 20-40 pum in projected length (dur-
ing a ~ 10 °C drop in temperature). An additional 10 s and 5 °C
temperature drop leads to the lamellae doubling in projected
length to 80-120 pum in Fig. 5¢c. Figure 5d shows additional
lamellar microstructure forming in neighboring grains after an
additional 10 s (with a~ 5 °C drop in temperature). Here, lamel-
lae range in projected length from 80 to 160 pm. Beyond this
time, we see stagnation in the lengthening of lamellae. Figure 5e
shows the final microstructure upon cooling to 100 °C.

In Experiment E, with sample cooling at a rate of 0.1 °C/s,
we examine how fast lamellae grow while held at the initial
nucleation temperature of 946 °C (as determined by the sample
TC), as well as the impact of cooling on the aspect ratio of the
lamellae. In our previous work [14], lamellae in this sample were
shown to grow from 40-160 pm in projected length (the nuclea-
tion event was not captured) to 80-320 um in projected length
at 946 °C during imaging over a period of 3 min. At this time,
lamellar growth stopped, often with no observable microstruc-
tural features such as grain boundaries impeding the growth.

Figure 6 further details the evolution of lamellae during cooling

© The Author(s), under exclusive licence to The Materials Research Society 2021

in this sample. A low magnification image taken at the start of
cooling is shown in Fig. 6a. Figure 6b shows a region where the
a lamellae are 3.5 to 7 pm in projected width during cooling
from 946 to 940 °C. Figure 6¢ shows that the resulting projected
width of the lamellar structure arrests at around 8 to 15 um at
494 °C (4500 s into the cooling cycle.). Figure 6d shows the
microstructure near the end of cooling at 445 °C (5000 s into the
cooling cycle). The lamellae double in width, showing an overall
projected aspect ratio change (length:width) of ~ 25:1 to ~12:1
from ~ 940 to 445 °C.

Discussion

Periodic topography

We were unable to find previous reports of the periodic sur-
face topography we observe in Ti 6-4. A possible reason for
this is that in most papers in the literature, samples are gen-
erally polished after annealing and cooling, prior to imaging
in an electron microscope, thus removing any fine surface
topography. The topography we observe forms during heating
at temperatures around 800 °C, where the microstructure is
still predominantly a, and reorients when o lamellae dissolve
into the p matrix (at around 930 °C), presumably because of
the different crystallography of the o and P grains. It is then
largely stable through subsequent heating and cooling. The
direction of the topography is consistent throughout each
grain but varies depending upon the grain it is observed in.
The period and orientation of the topography are uniform

from the temperature of formation, up to the maximum
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Figure 4: Microstructure after cooling to room temperature for Experiment C conditions. (a and b) Low- and high-magnification images of
microstructure around a triple junction. (c and d) Basketweave microstructure within a grain at low- and high-magnification images. (e and f) Low- and
high-magnification images of basketweave microstructure in a different neighboring grain. (g) Temperature-time curve for this experiment. All images
taken with a 5 keV primary beam energy. Note that discontinuity in cooling curve occurs was due to a momentary heater stage controller malfunction
but will not affect the radiative cooling process.

temperature in our experiments (1100 °C). The topography  [11], attributed to shear banding at elevated temperatures of
only changes in period upon cooling through 930 °C, in  ~700 °C and strain rates of 10~*s™". The shear bands in Alabort’s
regions where lamellae nucleate and grow. elevated temperature study have a minimum period of ~2 pm

The only superficially similar topographical features we  and do not occur throughout each grain [12]. The topography
found in literature were in the superplasticity study by Alabort  seen in the experimental results in this paper does not occur
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Figure 5: Microstructure evolution during cooling with Experiment D conditions in Table 1. Images recorded at (a) 940 °C (b) 930 °C (c) 925 °C (d) 920 °C
(e) 100 °C. Secondary electron images taken at 5 keV. Arrows indicate the growing a lamellae.

under applied strain, nor does it have similar periodicity. Rather
we believe that the surface topography is surface faceting that
occurs to reduce the surface energy at the Ti 6-4 to vacuum
interface.

While we could find no reports of surface faceting in the
literature for Ti 6-4, it is a well-studied phenomenon in other
materials systems [15-17]. The basic principle behind sur-
face faceting is that different faces (e.g., exposed planes) of a
crystal have different surface energies associated with them,
and given time and adequate thermal energy [18], the sur-

face will rearrange topographically[19], increasing the crystal

© The Author(s), under exclusive licence to The Materials Research Society 2021

surface area, but decreasing the total surface energy by expos-
ing low energy facets. The surface facets would be distinct
for a and P in this system, because of the different crystal-
lography of the two phases. Thus, while the facets initially
form in the mixed phase during heating, as the a phase dis-
solves into the B phase, at around 930 °C, it is to be expected
that the orientation of the surface faceting changes, as we
observe. The topography is stable while the microstructure
remains predominantly B, but on subsequent cooling below
the B transus, nucleation and growth of the a phase would be
expected to modify the topography. The ability to re-orient
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Figure 6: Microstructure evolution during cooling with Experiment E conditions. Images recorded at (a) 946 °C at low magnification (b) 940 °C (c) 494 °C
(d) after cooling to 445 °C. All images taken at 5 keV. In images, a lamellae are annotated accordingly. (e) Temperature-time curve.

the topography to adapt to the different crystallography of
the o phase would depend on the adatom mobility and, thus,
the time at temperature, which is defined by the cooling rate.
In practice, we observe that as a lamella form, the topography
changes mainly in period (by a factor of 2-3x) in the mixed
phase regions, rather than in orientation (for example, as seen
in Fig. 3), presumably due to the finite cooling rates. The
volume change while heating from a to , and cooling to a
again may also affect the faceting of the exposed surface as
strain, as well as temperature, has been shown to drive sur-
face faceting [20-22].

© The Author(s), under exclusive licence to The Materials Research Society 2021

Surface and bulk microstructure comparison

We next consider how the distribution of the phases at the sur-
face (which is what we observe in our real-time SEM studies)
might differ from the bulk of the material. Figure 7 shows a
cross-sectional image of the sample from an experiment where
the sample was annealed above the B transus for 40 min, then
radiatively cooled. While we acknowledge that different atomic
diffusivities at the surface versus the bulk may impact obser-
vations of lamellar growth in our secondary electron images,
no discernible systematic changes in lamellar microstructure

or phase concentrations are observed in the surface versus the
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20 pm

Figure7: SEM image of cross section of post-annealed microstructure,
showing uniform distribution of  (bright features) near surface and
within bulk of material. Changes in contrast near the top edge are
likely due to rounding of the edges of the sample from polishing.
Backscattered electron image taken with 20 keV primary electron beam
energy. Sample was annealed above the {3 transus for 40 min, then
radiatively cooled

bulk in cross-sectional images, such as Fig. 7 and other higher
magnification images. Figure 7 additionally demonstrates the
absence of a case formation (a surface layer in which the o phase
is stabilized by oxygen diffusion from the surface into the bulk
of Ti 6-4), since oxygen has been reported to be an a stabilizer
[23]. For example, Brice et al. [23] furnace annealed Ti 6-4 in
atmosphere at 950 °C for 25 h and 50 h creating 40 pm and
80 um thick a case regions, respectively. While the annealing
temperature of 950 °C is similar to our study, the annealing
times are significantly longer than ours (1 h maximum). More
significantly, we perform annealing at the SEM vacuum level of
107 torr, which will reduce arrival rates of oxygen on the sur-
face of the sample by about 8 orders of magnitude compared to
atmospheric pressure and thus drastically reduce the adsorption
and diffusion of oxygen into the material [24, 25]. Based on the
reduced time at temperature and oxygen adsorption, we would
expect an a case thickness that does not significantly affect our

observations.

Lamellar growth in Ti 6-4

The growth and dissolution of lamellar microstructure in Ti 6-4
are described in multiple sources in the literature, e.g., [26-29],
but we are not aware of prior studies of real-time observations of
growth and nucleation of lamellae within Ti 6-4. Such real-time
studies allow us to analyze how lamellae nucleate and grow as
a function of thermal treatment. This work shows that lamellar
microstructures lengthen quickly after nucleation, increasing
in aspect ratio (length: width) but eventually stagnate in length
when held at a constant temperature for an extended time. The
lamellae only grow measurably in width during cooling cycles,

not when held isothermally at temperatures where significant

©The Author(s), under exclusive licence to The Materials Research Society 2021

lengthening occurs. We note that projected lengths of lamel-
lae are only directly comparable in a given colony, due to the
stereological effects described earlier.

In the recent comprehensive work by Ackerman et al. [30],
lamellar growth in a somewhat different composition alloy,
Ti-6Al-2Sn-4Zr-6Mo, was studied in detail experimentally and
by modeling, where their modeling results were extended to
other alloys such as Ti 6-4. For the Ti-6Al-2Sn-4Zr-6Mo system,
their experimental samples were heated above the  transus by
passing a direct current through the sample, rapidly cooled from
above the B transus to a holding temperature of 800-900 °C for
5-50 min, and then water quenched. In measurements taken
after quenching and sectioning, it was inferred that lamellae
grew tenths of microns per minute during the holding period.
This agreed with Ackerman et al’s analytical velocity modeling
predictions (using established diffusion equations, thermody-
namic data calculated by commercial software, and lamellar
geometry as inputs) in Table 1 of reference 30.

In our work in Ti 6-4, we measure a projected lamellar
growth velocity (length) on the order of 10 pum/min when held
at 948 °C (Experiment E), while Ackerman et al’s models predict
a growth velocity for Ti 6-4 of 1.32 pm/min at 900 °C in Table 1
of reference 30. Their model further predicts that the velocity
would decrease at temperatures closer to the B transus, such as
in our experiments at 948 °C.

In comparing our measurements to those of Ackerman et al.,
which are inferred from post-quench, final microstructures, we
make the following points: (i) We acknowledge that stereological
effects in our observations (as discussed earlier) mean that for
lamellae whose growth front are inclined to the surface, the pro-
jected velocity we observe is necessarily greater than the actual
lamellar growth velocity. (ii) In our observations, lamellae grow
rapidly after nucleation and then stagnate after a few minutes.
Thus, if we were to infer velocities in our work from longer
anneal times, we would underestimate the velocity while growth
is actually occurring. (iii) Related to point (ii), inspection of fig-
ures such as Fig. 7 in Ackerman et al. (consistent with our own
observations) suggests that lamellar growth is terminated rela-
tively quickly by intersection with other microstructural features
such as grain boundaries or lamellae in different orientations.
In fact, in our in-situ observations, we see a relatively narrow
time window where lamellar growth occurs unimpeded by other
microstructural features. In summary, these points illustrate the
power of in-situ, real-time methods: microstructural observa-
tions can be made continuously, and variations in kinetic pro-
cesses such as lamellar growth can be continuously observed.

Figure 8 shows the projected lamellar length versus time
for a constant temperature of 946 °C (Experiment E) and with
cooling rates of 0.1 °C/s from a maximum temperature of 968 °C
(Experiment B) and 0.5 °C/s with a starting temperature of
940 °C (Experiment D). In both Experiments B and E, doubling
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Figure 8: Average projected length of lamellae versus time for
Experiment B (Cooled at 0.1 °C/s from a maximum temperature of

968 °C); Experiment E (annealed isothermally at 946 °C); and Experiment
D (Cooled at 0.5 °C/s from a temperature of 940 °C).

of the projected length of the lamellae occurs on the order of
minutes (corresponding to a projected growth rate of 20-30 pm/
min), whereas the projected length of lamellae in Experiment D
doubles in just 10 s corresponding to a projected growth rate of
over 100 pum/min). This is consistent with a greater undercool-
ing at the faster cooling rate, as discussed below. In contrast, the
average projected growth rate in width of lamellae is in the range
of tenths of um per minute (e.g., doubling from 4 to 8 pm over
4000 s cooling from 946 °C at 0.1 °C/s, Experiment E). In fact,
in Experiment E, we do not see any observable widening during
the 45 min anneal at 946 °C, prior to cooling.

These observations are consistent with a competition
between the thermodynamic driving force to create the a phase
upon cooling below the B transus, and the diffusivity of Al and
V atoms (the stabilizing elements for a and B phases, respec-
tively). Greater undercooling (determined by the cooling rate)
increases the growth rate of the o phase, until reduced diffu-
sion becomes the limiting factor [31]. At a slow cooling rate, the
system has time to fully equilibrate its a fraction and requires
further cooling to drive the growth of more a. At fast cooling
rates, the system cannot equilibrate fast enough to accommodate
the increased driving force for greater a fraction.

The lowest energy interface ((110)ﬁ||(0002)a) within Ti
6-4 leads to 12 orientation variants for a lamellae in the
matrix. The reduction of the number of a variants (and thus
lamellae orientations) is to be expected for slower cooling,
due in part to the preference for growth over nucleation for
smaller degrees of undercooling [32]. The relatively fewer

lamellae at lower cooling rate tend to nucleate in colonies,

©The Author(s), under exclusive licence to The Materials Research Society 2021

because one variant will have the lowest activation energy at
a given local orientation of a grain boundary. At high rates
of cooling, nucleation becomes more preferred relative to
growth, leading to a larger number of smaller o lamellae, and
increasing the number of o variants, and thus a microstructure
that is more characteristic of basketweave.

This demonstrates how in-situ SEM observations can pro-
vide a more detailed understanding of the processing condi-
tions that lead to a desired microstructure. In particular, we have
shown here how lamellar aspect ratios may be controlled. Sev-
eral reports [33-35] have shown significant changes in ductility,
fracture toughness, and crack growth mechanisms in Ti 6-4 as
a function of the size and shape of a phase (in particular, equi-
axed versus lamellar microstructure). For example, fully lamellar
microstructures are shown to be more resistant to growth of
macro-scale cracks, since the a/p lamellae interface may deflect
the crack path, increasing crack tortuosity, crack tip shielding,

and crack tip closure.

We have provided new insight into the lamellar growth in Ti 6-4
using in-situ heating techniques in the SEM, while imaging in
real time during cooling from above the p transus temperature.
At cooling rates of 0.1 °C/s and 0.5 °C/s from temperatures below
about 940 °C where lamellae first nucleate, they initially lengthen
(at ten times the rate for 0.5 °C/s versus 0.1 °C/s) and then cease
growth in length in the span of minutes. They continue to widen
on further cooling, reducing the projected lamellar aspect ratio.
Utilizing such measurements, specific aspect ratios and densities
of lamellae may be engineered. This can impact material property
optimization, for example, in terms of macro- and micro-crack
propagation in Ti 6-4, as discussed above.

A novel surface topography was observed to form while the
sample was heating at around 800 °C. This topography initiates
when the microstructure is still predominately a, however by
around 930 °C, when the a phase has largely dissolved into the
B matrix, it is reoriented according to the new crystal struc-
ture. This topography is consistent with surface faceting. The
periodicity of the surface topography then changes as a lamellae
grow during cooling. The existence of this topography, and its
inter-relationship with the underlying phase structure, could
be significant in affecting the evolution of microstructure at the

surface.

A Zeiss Crossbeam dual scanning electron and focused ion
beam microscope is integrated with a heating-stressing-inden-
tation stage created by Kammrath & Weiss GmbH [36]. The
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stage (shown in Fig. 9) is capable of heating the sample to a
maximum of 1200 °C, with radiative cooling rates averaging
around 3-4 °C/s in the temperature range of 1100 to 500 °C,
where most microstructural evolution is observed. Cooling
rates below the radiative cooling rate are controlled by a PID
controller. The radiative cooling rate of 3-4 °C/s was chosen to
observe basketweave microstructure formation, while controlled
cooling rates of 0.5 and 0.1 °C/s were chosen to observe lamellar
microstructure formation.

A complete description of sample preparation for the
Ti 6-4 (Grade 5) samples is described in Kane et al. [14].
Sample dimensions are shown in Fig. 9, where the length,
width, and thickness post-mechanical polishing are 24 mm,
2.5 mm, and 1.5 mm, respectively. The beginning microstruc-
ture is bi-modal, seen in Fig. 9b, with the p phase appear-
ing brighter in this image due to the difference in secondary
electron yields between the phases. In general, we are able to
discern between grains during high-temperature imaging due
to channeling contrast, from variations in the SE2 secondary
electrons that are generated from backscattered electrons.
Additional contrast at the grain boundaries may be due to
thermal etching at high annealing temperatures, as described
in Heard et al. [37].

Heater
Zone

(0

Gauge Length =24 mm

We cannot directly identify a and p phases with the signals
we have available at high temperature; however, during the in-
situ experiments, we cool from above the P transus, allowing for
unambiguous identification of a lamellae as they form. Further,
in post-mortem analysis, we were able to confirm the identity
of p and a phases in the same imaged regions as those studied at
high temperature through backscattered electron imaging and
energy dispersive x-ray spectroscopy (EDS) mapping.

The SEM setup uses a 25 mm working distance to mitigate
the effects of stage heating on detectors and columns, as well as
to accommodate the stage size and geometry.

Images were captured with field widths of 60 um, 300 pm,
and 2 mm to utilize sufficient spatial resolution to determine
microstructural features and to ensure a sufficient field of view
to allow statistically meaningful observations to be drawn. As
described earlier, the temperature is defined by the PID tem-
perature controller (“Controller”) and measured by thermocou-
ples at the heater (“Heater TC”) and the sample (“Sample TC”).

Cooling rates are either the maximum attainable cooling
rate from radiative cooling, or a controlled lower cooling rate
0f 0.1-0.5 °C/s, as set by the PID controller. These cooling rates
encompass the conditions for formation of lamellar and bas-

ketweave microstructures, but not martensitic structures [6].

|
Width = 2.5 mm I

—

Heated Zone = ~10 mm

Figure 9: (a) Image of thermomechanical stage. (b) Initial bi-modal microstructure of as-recieved Ti 6-4 samples taken at 5 keV primary beam

energy prior to heating. (c) Schematic of the sample.
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During cooling, a temperature change of 5-10 °C occurs during
the SE image capture time for the experiments shown which are
cooled at 0.1-0.5 °C/s.
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