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ABSTRACT

We describe experimental approaches to real time examination of the
microstructural evolution of Ti 6%Al 4%V upon cooling from above the beta transus (~995
°C) while imaging in the scanning electron microscope. Ti 6%Al 4%V is a two phase, a+ /8
titanium alloy with high strength and corrosion resistance. The S —»a transformation on
cooling can give rise to different microstructures and properties through various thermal
treatments. Fully lamellar microstructures, bi-modal microstructures, and equiaxed
microstructures can each be obtained by accessing different cooling rates upon the final
treatment above the beta temperature, each resulting in uniquely enhanced material
properties.

Utilizing the capabilities of a heating/ tensile stage developed by Kammrath &
Weiss Inc., are able to apply real-time imaging techniques in the scanning electron
microscope to monitor the development of the microstructure. Annealing temperatures up to
1100 °C are attainable, with cooling rates ranging from 0.1 ° C per second to 3.3 °C per
second. This has allowed us to directly observe the formation of lamellae at different
annealing temperature/ cooling rate combinations to determine the lamellar microstructure
width, separation, and colony size.

INTRODUCTION:

Ti 6% Al 4% V is a two-phase alloy comprised of & (hcp) +8 (bec) phases
that is known for high strength and corrosion resistance, and has aerospace and
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biomedical applications [1], [2]. The control of transformations between a and B through
thermomechanical processing conditions allows control of the resultant mechanical
properties.

Three primary characteristic microstructures are observed upon cooling from
above the beta transus near 1000° C. 1) Lamellar microstructures occur when o
precipitates form in the S matrix upon cooling, creating lamellar structures that are
separated by the retained S in the grain. The overall microstructures comprise
“colonies.” Colonies are areas of & which have the same misorientation with relation to
the B grain. The size of colonies and the number of lamellae therein depends on cooling
rate, with faster cooling rates resulting in smaller colonies [3]. 2) Widmanstatten
microstructures form at higher cooling rates, forming as elongated o precipitates.
Precipitate growth can occur from the lamellar interfaces, and intersect each other
forming a characteristic “basketweave” [4]. 3) At higher cooling rates, martensitic
phase transformations can also occur creating both o, a hexagonal structure, and
o which is orthorhombic [5].

Thermomechanical processing of Ti 6%Al 4%V involves multiple steps
including material homogenization above the S transus, deformation and
recrystallization in the &+ regime and further annealing at lower temperatures [6].
These hot working and heat treatment steps allow the material to undergo a transition
from high temperature B to a lower temperature, two-phase @+ colony microstructure
[7]. Heat treatments vary depending on the desired material properties. Properties such
as yield strength, and fracture toughness will be a function of the size of the & grains,
volume fraction and the microstructure[8], [9]. For example, to optimize strength,
cooling rates below 2 °C/s will yield lamellar microstructures, with faster cooling leading
to smaller colonies. This leads to an increased impediment of dislocation motion [10].
Fracture toughness can be optimized by producing a basketweave microstructure or
lamellar microstructures[11], [12]. A material’s ability to resist brittle fracture increases
with the increase of lamellar structures and acicular (needle-like) microstructures. These
are capable of influencing the crack path and causing further crack deflection, impeding
crack growth more than the bi-modal microstructure [13], [14].

This paper describes the development of techniques that enable real time study
of the evolution of microstructure in Ti 6% Al 4% V when cooling from above the
transus at cooling rates of ~3.3 °C/s (basketweave) and at 0.1 °C/s (lamellar
microstructures). The ability to bring the sample above the B transus allows for
homogenization of the microstructure into large B grains, and direct observation of the
reintroduction of a lamellae into the  matrix upon cooling.

EXPERIMENTAL METHODS:

A heating-stressing-indentation stage from Kammrath and Weiss GmbH, is
integrated with a Zeiss Crossbeam (dual focused electron and ion beam) instrument. The

stage, Figure 1, is capable of heating to a maximum temperature of 1200° C. An
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example radiative cooling curve is shown in Figure lc. The radiative cooling rate is an
average of around 3.3 ° C/s in the temperature range 1100 — 500 ° C, where most
microstructural evolution is observed. Lower cooling rates (0.1 °C/s) are controlled
through a proportional-integral—derivative (PID) controller.
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Figure 1 a.) Overview of the heating / stressing stage. b.) Secondary electron image of starting bi-modal microstructure

of Ti 6%Al 4%V samples taken at 5 keV primary electron beam energy. c.) Example radiative cooling curve.

The stage is equipped to apply tensile loads up to 5 kN, corresponding to
stresses up to about 1 GPa for our sample dimensions, with strain rates ranging from
1x10” s™" down to 1x10” s™'. However, all experiments described in this paper are with
zero applied load. Samples of Grade 5 Ti 6%Al 4 %V are obtained from ATI specialty
materials (https://www.atimetals.com/) and electrical discharge machined to required
dimensions. The dimensions comprise a 24 mm gauge length, with a width of 2.5 mm
and a final sample thickness of 1.5-1.6 mm after polishing and etching. After electrical
discharge machining, the samples are mechanically ground using 15 micrometer
abrasive, followed by a 60 nm colloidal silica polishing, and etch in Kroll’s reagent for
6s. The expected starting micro-structure of equiaxed & grains with regions of mixed

phase lamellar microstructure is seen in Figure 1b. The lighter contrast of S is
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attributed partially to the different secondary yield of the & and B phases, and also to
the topography associated with the lamellae due to different etch rates between & grains
and lamellar microstructure.

Relatively long working distances of 25 mm are used in the SEM during
imaging due to the stage geometry and the need to minimize the effects of stage heating
on the electron/ion columns and detectors. With this working distance we are able to
attain to approximately 10 nm resolution with an incident electron beam energy of 20
keV. Due to a starting average grain size that is tens of micrometers in size, experiments
target relatively low magnifications and large fields of view to view a statistically
significant number of grains — field widths of 60 pm, 300 um, and 2 mm were typically
employed. Secondary electron (SE) images were taken using either 20 keV primary
electron beam energy to optimize image resolution, or 5 keV to optimize contrast.

During sample heating, ramp rates of 100 °C per minute are used for the PID
controller, to the maximum controller temperature of 1200 °C in all experiments.
Thermocouple readings are taken from the top surface of the heater cover, where a type
R thermocouple is inserted into the heater cap (“Heater TC”). In addition to this, a type
R thermocouple is spot welded to the top surface of the sample to give the temperature
close to the area of viewing (“Sample TC”). At the 0.1 °C/s cooling rates, SE images can
be recorded during a temp. change of ~ 10 °C. These cooling rates encompass the
conditions for formation of lamellar and basketweave microstructures [15], [16].

RESULTS:

A salient result of our observations is that a periodic surface topography forms in all
samples heated to near or above the beta transus, and persists — even amplifies — during
subsequent cooling to room temperature. Figure 2 shows the evolving microstructure
during an experiment employing the radiative cooling rate. Figure 2a and 2b show the
topography in the S grains after sample heating at 1060 °C for 40 minutes, with the
direction of the topography varying from grain to grain, presumably depending on the
grain orientation. Figure 2¢ and 2d are imaged upon cooling to below 200 °C, where the
basket weave structure has developed in each grain during cooling.
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Figure 2: Microstructure evolution at a) Triple junction after 40 mins at 1060 °C imaged at 20 keV primary electron
beam energy b) post cooling microstructure at triple junction imaged at 20 keV ¢) triple junction examined at higher
magnification at 1060 °C imaged at 5 keV primary electron beam energy d) microstructure of triple junction post cooling

imaged at 5 keV primary electron beam energy. Temperature -time curve for this experiment included.

Figure 3 correlates atomic force microscopy (AFM) and SEM images of the
periodic surface topography. To our knowledge this topography has not been
previously reported in the literature. This may be because in ex-situ studies that
examine microstructure after the processing cycle, this surface topography would be
typically removed by sample polishing and etching prior to imaging. The amplitude
of the topography from our AFM studies is of the order of 100 nm, which would be
removed during such procedures. No observable o case was found in these
experiments, nor do we anticipate such formation based on the work of Brice et al,
where the formation of a 40 pm and 80 pm a case in ambient air furnace studies was
shown at temperatures of 950 ° C for 25 hours and 50 hours respectively [17].
Performing our heat treatments in vacuum of 10~ Torr for less than 1 hour would
thus greatly restrict o case formation.
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Figure 3: a) SEM Image of surface topography following sample heating and cooling taken with 5 keV primary electron

beam energy. b) Amplitude scan from AFM from corresponding area.

The period of the surface topography from Figure 3 is around 300 nm. In areas
where the lamellar structure co-exists with this topography, the period increases, by a
factor 2-3x.

To further investigate how the lamellar microstructure evolves, a sample was
annealed to 1100 °C and then cooled at 0.1 °C/s until the lamellar structure began to form
starting at 946 °C (as measured by the sample thermocouple) as seen in Figure 4a. At
this point, the lamellae ranged from around 40 — 160 pum in length. Over the course of
two minutes at 946 °C, the length of the lamellae approximately double, as seen in Figure
4b. Notably, significant growth did not occur after the first three minutes for these
lamellar structures, despite the sample being held at 946 °C for 45 minutes (sample
temperature varied by less than 5 °C during this hold period). Figure 4c and 4d show the
sample after this holding period. The lamellar microstructure remained 3.5 — 7 um in
width during the holding period, and remained similar in length to those shown in Figure
4b at around 80 — 300 um. Figure 4d shows the aforementioned periodic topography
within the grain at higher magnification, and also shows the change in direction of the
topography in the neighbouring grain. It is again noted that this topography changes
periodicity in regions where the lamellar structure co-exists with it. Figure 4e shows the
sample cooling to 800 °C at 0.1°C/s, where there is a significant widening of the existing
lamellae to 6 — 13.5 um in width. Again, there is no significant change in length.
Additional lamellae do begin to develop and grow upon further cooling, but the
previously formed lamellae remain stagnant in length. When the sample reaches 445 °C
during cooling, the originally observed lamellar structures continue to remain arrested in
length but widen to 8 — 15 pm as seen in Figure 4g.
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Figure 4: a) Initial lamellar microstructure formation upon cooling to 946 ° C. b) Lamellar microstructure after holding
for two minutes at 946 °C; c&d) after holding for 45 min at 946 °C at low (c) and high (d) magnification; e) after
cooling to 800 °C at 0.1 °C/s; f) after cooling to 835 °C (imaged just before Figure 4e); g&h) after cooling to 445 °C at
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low (g) and high (h) magnification. Note: Figure 4a and 4b taken at 20 keV primary electron beam energy. Figure 4c-h

taken at 5 keV. Temperature -time curve for this experiment included.

CONCLUSIONS:

Through in-situ annealing experiments in a scanning electron microscope, we
were able to demonstrate the ability to image the developing microstructure of Ti 6% Al
4% V while cooling from above the 3 transus temperature. We observe the formation
of surface topography above 930 ° C during heating, at which temperature @ is observed
to start rapidly dissolving into 3. The observation of this surface topography and it’s
change in periodicity in lamellae regions may be an initial factor in the growth of
lamellar/ acicular microstructures in surface regions.. Also, upon observing the growth
of lamellar microstructures during cooling, we observe that the aspect ratio of the
lamellae change for different cooling histories, giving rise to potential impacts on
material property optimization.
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