
UC Berkeley
UC Berkeley Previously Published Works

Title
In situ TEM observation of FCC Ti formation at elevated temperatures

Permalink
https://escholarship.org/uc/item/9cr7h595

Authors
Yu, Qian
Kacher, Josh
Gammer, Christoph
et al.

Publication Date
2017-11-01

DOI
10.1016/j.scriptamat.2017.06.033
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/9cr7h595
https://escholarship.org/uc/item/9cr7h595#author
https://escholarship.org
http://www.cdlib.org/


Scripta Materialia 140 (2017) 9–12

Contents lists available at ScienceDirect

Scripta Materialia

j ourna l homepage: www.e lsev ie r .com/ locate /scr ip tamat
In situ TEM observation of FCC Ti formation at elevated temperatures
Qian Yu a,b,c,⁎, Josh Kacher b,c,⁎⁎, Christoph Gammer b,c,1, Rachel Traylor b,c, Amit Samanta d,
Zhenzhong Yang e,f, Andrew M. Minor b,c

a Center of ElectronMicroscopy and State Key Laboratory of SiliconMaterials, Department of Materials Science and Engineering, Zhejiang University, Hangzhou 310027, People's Republic of China
b Department of Materials Science and Engineering, University of California, Berkeley, CA, United States
c National Center for Electron Microscopy, Molecular Foundry, Lawrence Berkeley National Laboratory, Berkeley, CA, United States
d Lawrence Livermore National Laboratory, Livermore, CA, United States
e Beijing National Laboratory for Condensed Matter Physics, Institute of Physics, Chinese Academy of Sciences, Beijing 100190, China
f Collaborative Innovation Center of Quantum Matter, Beijing 100190, China
⁎ Correspondence to: Q. Yu, Center of Electron Microsco
Silicon Materials, Department of Materials Science and En
Hangzhou 310027, People's Republic of China.
⁎⁎ Correspondence to: J. Kacher, School ofMaterials Scien
Atlanta, GA 30332, United States.

E-mail addresses: yu_qian@zju.edu.cn (Q. Yu), josh.ka
(J. Kacher).

1 Present address: Erich Schmid Institute of Materials
Sciences, Jahnstraße 12, 8700 Leoben, Austria.

http://dx.doi.org/10.1016/j.scriptamat.2017.06.033
1359-6462/© 2017 Acta Materialia Inc. Published by Elsev
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 20 May 2017
Received in revised form 17 June 2017
Accepted 17 June 2017
Available online 4 July 2017
Pure Ti traditionally exhibits the hexagonal closed packed (HCP) crystallographic structure under ambient con-
ditions and the body centered cubic (BCC) structure at elevated temperatures. In addition to these typical struc-
tures for Ti alloys, the presence of a face centered cubic (FCC) phase associatedwith thin films, interfaces, or high
levels of plastic deformation has occasionally been reported. Here we show that small FCC precipitates form in
freestanding thin foils during in situ transmission electron microscope (TEM) heating and we discuss the poten-
tial origins of the FCC phase in light of the in situ observations. This FCC phasewas found to be stable upon cooling
and under ambient conditions, which allowed us to explore its mechanical properties and stability via nanome-
chanical in situ TEM testing. It was found that FCC platelets within the HCP matrix phase were stable under me-
chanical deformation and exhibited similar mechanical deformation behavior as the parent HCP phase.

© 2017 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Ti alloys display three different phases on the temperature/pressure
phase diagram: the HCP phase (α-Ti), the BCC phase (β-Ti) and a hex-
agonal phase (ω-Ti). The α-phase (HCP) is the ambient-conditions sta-
ble phase. When heated to ~882 °C at atmospheric pressure it
transforms to the β-phase (BCC), and transforms to the hexagonal ω-
phase under high pressure conditions (2–9 GPa) [1–3]. Pure β-Ti is
not stable at room temperature, unless heavily alloyed with β-stabi-
lizers. In general, alloying leads to dramatic increases in strength at
the cost of reduced ductility for both α-Ti and β-Ti alloys [4,5].

Apart from the phases seen in the equilibrium phase diagram, many
studies have reported the presence of a FCC Ti phase. This phase was
first reported by Wawner et al. in 1969 in single crystalline epitaxial
thin films deposited onNaCl substrates of varying orientations and tem-
peratures [6]. They reported that Ti deposits with an FCC structure and
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subsequently transforms to the equilibrium HCP structure at a critical
thickness. This critical thicknesswas dependent on the substrate surface
orientation and temperature, which was maximized at 500 °C on a
{110} surface. These findings, as well as additional deposited thin film
studies, indicate that the criteria for FCC Ti stability are related to film
thickness, surface orientation, and temperature [6–11]. FCC Ti has also
been widely observed in Ti-Al, -Ni, and -Ag multilayer films, where it
was found that anHCP to FCC transformation occurred during cross-sec-
tional ion-milling/thinning of the multilayer for TEM studies. Interest-
ingly, the transformation did not occur during plan view milling for all
of the Ti-multilayer studies [12–14]. However, it is unclear if this ob-
served thinning orientation dependency was a consequence of surface
orientation, beam damage induced by ion milling, or a combination of
the two. Zhang and Ying observed small amounts of FCC Ti after ball
milling Ti-Al powders and concluded the transformation was thermally
induced, with the energy provided from the ball milling process [15].
Jing et al. observed the formation of a metastable FCC-Ti phase during
heat treatment processing of a Ti-20Zr-6.5Al-4 V alloy [16]. Upon
cooling from 905 °C, they detected the presence of FCC laths forming
from the boundaries of α-Ti grains. After further aging at 700 °C, the
FCC phase was completely replaced by α-Ti. Consequentially, it was
concluded that defect accumulation and grain refinement promote the
formation of the FCC phase [17,18]. Recently, Sarkar et al. reported
that a FCC Ti structure formed during two different TEM sample prepa-
rationmethods, ionmilling and electro-polishing, within theα-phase of
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the metastable β-Ti alloy, Ti-15 V-3Sn-3Cr-3Al [19]. It was suggested
that the transformation occurred as a means to reduce the intrinsic
stresses formed during alloy processing. Finally, FCC Ti has been theo-
retically shown to exist by Aguayo et al. using first principles calcula-
tions [20] and by Xiong et al. using a Gibb's free energy calculation
[21]. Xiong et al.'s calculations showed that the FCC phase was thermo-
dynamically stable in Ti nanoparticles with diameters below ~27 nm at
elevated temperatures (~882 °C). The prevalence of this FCC phase in
thin films or under high strains has been explained by theminimization
of Gibb's free energy [21], stability under compressive stresses found in
thin films [7], and epitaxial stabilization [6,8]. However, despite the vast
number of sightings, there is little agreement on the reported FCC-Ti lat-
tice parameters,which range from4.02 Å [10] to 4.42 Å [22,23]. Further-
more, the driving force and mechanism behind the HCP to FCC phase
transformation in Ti, as well as the mechanical stability of the FCC-Ti
phase, have yet to be determined.

In the present work, we observed the thermally-induced formation
of FCC-Ti in thin HCP-Ti TEM foils. It was found that the phase transfor-
mation during in situ TEM annealing occurred at approximately 600 °C
in the thinner regions of the samples, i.e. near the edge of the hole in
the TEM foil. To our knowledge, this is the first direct observation of a
high temperature FCC Ti phase nucleation. The phase transformation
is discussed in terms of potential phase transformation mechanisms
and the possible role of chemistry (oxide or hydride formation).

2. Experimental methods

Ti–0.1 wt% O ingots were prepared for TEM characterization by first
cutting thin sheets of material by electrodischarge machining, grinding
them to approximately 100 μm thick, and punching out 3 mm disks.
Final thinning to electron transparency was accomplished using a
Fischione twin jet polisher with 6% perchloric, 39% butanol, and 55%
methanol electrolyte maintained at a temperature of −30 °C. Sample
characterization and heating was conducted in a JEOL 3010 LaB6 TEM
operated at 300 kV, a FEI TitanX operated at 300 kV, and the TEAM 0.5
microscope located at the National Center for Electron Microscopy.
The TEAM 0.5 is a double-aberration-corrected STEM/TEM capable of
producing images with 50 pm resolution.

In situ TEMheating anddeformation experimentswere conducted in
the JEOL 3010 TEM. Samples were heated at a rate of approximately 1
°C/s from ambient temperature up to 900 °C in a stepwise manner,
with the heat rampingpaused every 50–100 °C to allow for stabilization.
Nanopillar compression experiments were conducted using a Hysitron
PI95 picoindenter. Square cross-section nanopillars were cut from the
edge of the thinned Ti samples after in situ TEM annealing using focused
ion beam (FIB) machining. The nanocompression tests were performed
in displacement-control mode with a displacement rate of 2 nm/s. Mul-
tiple samples were prepared from a single grain tomaintain the crystal-
lographic compression direction consistent between samples.

Samples were characterized after the in situ annealing experiments
by an array of techniques, including bright and dark field imaging (BF
and DF TEM), high angle annular dark field scanning TEM (HAADF-
STEM), nanobeam diffraction (semi-convergence angle of 1.5 mrad),
energy dispersive X-ray spectroscopy (EDS), and electron energy loss
spectroscopy (EELS).

3. Results and discussion

Pre-annealing inspection of the polished Ti samples showed that the
sample was initially composed of only α-Ti. During in situ TEM anneal-
ing, small precipitateswere observed to form. These precipitates formed
only in the thin regions of the sample, i.e. those regions nearest the hole
in the center of the TEM sample, and were not spatially correlated with
any observable microstructural feature such as grain boundaries or pre-
existing dislocations. An example of this behavior is shown in Fig. 1. In
this case, the sample had been heated previously in the TEM to a
temperature of 650 °C, resulting in the formation of larger FCC islands
(indicated by an arrow in Fig. 1a). This initial formation of FCC islands
occurred away from the area being irradiated by the electron beam.
Upon reheating the sample, short line segments nucleated throughout
the foil at a temperature of ~600 °C. The contrast was suggestive of dis-
locations, but this could not be confirmed due to the transient nature of
the experiments. The segments had a strong directionality in their
growth, apparent in Fig. 1c. Further heating led to the formation of
small FCC regions located adjacent to the short segments, which, over
the course of approximately 4 min, grew in size to an average projected
width of 48 nmand length of 72 nm. At this point, the regions stabilized
and remained stable upon cooling the sample back to ambient temper-
ature. Diffraction patterns from before and after heating are shown in
Fig. 1e. The appearance of new diffraction spots after heating were
indexed and found to be consistent with a FCC crystal structure. A
dark-field image using a HCP matrix diffraction condition acquired
after the heating showed that the FCC phase formed with a dislocation
or high strain region on one side, indicated by an arrow in the inset in
Fig. 1f.

The crystal orientation relationship between FCC andHCP phaseswas
studied post-annealing using HAADF-STEM analysis in the TEAM 0.5 mi-
croscope. Fig. 2 shows the rawHAADF-STEM image and the associated in-
verse fast Fourier transformation (FFT) filtered image using the FFT
patterns from the HCP and FCC phases. The lattice parameter of FCC Ti
was measured from the image to be aFCC = 4.12 ± 0.03 Å. In addition,
the following orientation relationships can be identified: (0111) ~2°
(002) and (2110) ~1° (111). Here the angle represents the deviation
from perfect alignment of the planes. These results are consistent with
the basal plane in HCP-Ti aligning with a {111} plane in FCC Ti. Periodic
contrast variations at the boundary are Moiré fringes associated with
the boundary plane inclination with respect to the electron beam direc-
tion. Confirmation of the (0001)//{111} orientation relationship is given
by the nanobeam diffraction patterns and associated STEM image
shown in Fig. 2c–d. The nanobeam pattern was collected from a different
sample after itwas subjected to the same in situ TEMannealing treatment
as was used to form the precipitate shown in a–b.

In order to investigate the deformation behavior of the FCC phase rel-
ative to the HCP phase, single and dual-phase nanopillars weremachined
from the electron transparent edge of the jet-polished disks. Understand-
ing themechanical properties of FCC Ti is important for the following rea-
sons: 1) to better understand how the thermally ormechanically induced
nucleation of FCC Timight impact themechanical properties of Ti (as seen
in [15–18]), 2) to determine the mechanical stability of the FCC phase,
and 3) to satisfy the scientific interest associated with understanding
the properties of a new phase. As shown in the inset of Fig. 3a, single-
phase FCC Ti, single-phase HCP Ti, and dual-phase HCP/FCC Ti pillars
were machined. All the tested pillars had similar sizes, approximately
200nm indiameter and400nm in length, andweremachined froma sin-
gle parent HCP grain to maintain a consistent compression direction.
From the video recording of the nanocompression test (Suppl. Vid. 1–
3), it can be seen that plasticitywas accommodated in all samples via dis-
location activation and propagation. As expected, dislocation activation
primarily occurred at the contact surface between the indenter tip and
the pillar, but quickly spread throughout the pillar interior. In the FCC pil-
lars, this resulted in the formation of discrete slip steps on the pillar sur-
face (Suppl. Vid. 1). Such features were not present on the deformed
HCP pillars (Suppl. Vid. 2). In the dual-phase pillar, the top HCP phase de-
formed homogeneously via dislocation activity during the initial stages of
plastic deformation. The deformation thenquickly transferred to the inte-
rior FCC phasewhere a large number of pre-existing dislocationswere ac-
tivated (Suppl. Vid. 3). No significant dislocation activity was observed in
the lower HCP phase even after significant deformation in the top HCP
and FCC phases had occurred. Furthermore, no dislocation transfer across
the HCP/FCC phase boundary and no apparent boundary instabilities,
such as boundary sliding, was observed.



Fig. 1. a, b, c, and d are BF TEM images captured from the in situ TEM heating experiment showing the formation and growth of the new phase from HCPmatrix (Suppl. Vid. 4). The beam

direction is [0110]HCP. e) Diffraction patterns from the in situ heating experiment showing the appearance of new FCC spots after formation of the FCC platelets. f) DF TEM image showing
the short dislocation segments or strain localization at the phase boundary (indicated by arrow in inset).
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The representative engineering stress-displacement curves of FCC,
HCP and HCP/FCC two-phase pillars are plotted in Fig. 3. All three sys-
tems had similar yield strengths, approximately 1.75GPa, and exhibited
ductile deformation up to the maximum applied strain (approximately
0.3 for all three pillars). Themaximum stress in compressionwas calcu-
lated by using themaximum load and the real time contact surface area.
Themaximum stress achieved in the two-phase sampleswas alsomuch
higher than the than those computed from either of the single-phase
HCP and FCC pillars, reflective of the increased work hardening rate as-
sociated with the phase boundary. As the mechanical behavior of the
two phases are similar, these results suggest that the FCC Ti regions re-
ported by other groups after thermal and mechanical processing [15–
18] should have similar influence on the mechanical behavior as grain
refinement of the HCP phase, though it is difficult to draw broad conclu-
sions from limited testing.

The experimental results above show that freestanding HCP Ti thin
films can transform to an FCC structure via a thermally induced phase
transformation. Once formed, The FCC phase remains stable, even at
ambient temperatures and under compressive loads.
Fig. 2. a) HAADF-STEM image of HCP and FCC Ti interface. b) Colorized image using the inv
precipitates. d) Nanobeam diffraction patterns collected from FCC region (green) and HCP mat
Previous studies have discussed the possibility of forming a FCC-Ti
phase in terms of free energyminimization [21,23], where surface ener-
gies and interfacial constraints are considered to be the important fac-
tors. The restriction of phase nucleation to the thinnest regions of the
specimens as seen in this study is consistent with this concept. The ob-
served orientation relationships also agree with what was theoretically
demonstrated by Bauer et al. for allotropic HCP-FCC phase transforma-
tions in Co [24]. Their mechanism relies on gliding partial dislocations
transforming a HCP ABAB stacking sequence to a FCC ABCAB stacking
sequence. If the partial dislocations reside on every other close-packed
plane, so-called ‘ordered glide’, the HCP matrix is transformed
allotropically to FCC. As the close-packed plane for HCP materials is
the basal plane, this mechanism should result in an (0001)//{111} ori-
entation relationship, which is in agreement with Fig. 2. Interestingly,
in the results reported here, the FCC phase did not revert to HCP upon
cooling. This may be due to FCC being stabilized by the free surfaces in
the thin foil.

The effect of impurities also must be taken into account when con-
sidering the origin of the FCC phase transition. Variants of Ti hydrides
erse of the FFT patterns of HCP and FCC phases from (a). c) DF STEM image of two FCC
rix (red). Colors correspond to boxed regions in panel c.



Fig. 3. The engineering stress-displacement curves of nanocompression tests on an HCP
+ FCC pillar, an HCP pillar and a FCC pillar, respectively. The TEM images of those pillars
after deformation are also shown. Videos of the deformation behavior can be seen in
Suppl. Vid. 1–3.
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have often been suggested as the culprit for the observed FCC Ti phase in
the literature [25]. Only the Ti-δ hydride (TiH1.5–2) demonstrates an
FCC-like structure, i.e. Ti-δ has the CaF2 prototype phase structure
where Ti atoms occupy FCC sites, while Ti-γ and Ti-ε hydrides have
face-centered tetragonal (FCT) structures with c/a ratios of 1.09 and
0.96 respectively [26]. However, the possibility that the observed FCC-
Ti phase is a type of Ti-hydride can quickly be ruled out as Ti-hydrides
are known to be unstable at temperatures above 300 °C, i.e. the (α +
β) eutectoid temperature in the Ti-H binary phase diagram [25]. Ti
also forms FCC-like impurity compounds with oxygen (γ-TiO), nitrogen
(TiN), and carbon (TiC), all with NaCl type structures. Of these, γ-TiO is
the most likely as it is stable at elevated temperatures and, due to the
native oxide existing on the polished foil surfaces and the imperfect vac-
uum conditions of the electron microscope, there are potential sources
of O for the transformation. EDS and EELS measurements of the precip-
itates did not conclusively show any O enrichment relative to the levels
in the surrounding matrix, though it is difficult to analyze this effect
with such small precipitates surrounded by an inevitable native oxide.
The mechanical testing results are also suggestive that the FCC phase
is not anoxide as it is unlikely that an oxidewould have similarmechan-
ical properties as the native HCP phase. Atom probe tomography could
potentially provide a definitive answer, but such an investigation is out-
side the scope of the present study.

To summarize, it was observed that a thermally-induced HCP to FCC
phase transformation occurs in Ti thin films at a temperature of approx-
imately 600 °C. The FCC phasewas shown to remain stable upon cooling
to ambient temperatures and displayed considerable dislocation-based
plasticity under nanocompression tests. EDS and EELS analysis did not
show any O enrichment in the particles themselves, though additional
characterization is needed to definitively rule out oxidization effects.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.scriptamat.2017.06.033.
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