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An interstitial carbon induced-FCC-Ti was observed in a carbon-doped Tis3;Nb,gMo,g-C; (atomic percent-
age) complex concentrated alloys (TNMC alloys). Not only the true crystal structure of this FCC-Ti was di-
rectly characterized using Cs-corrected STEM, but also the mechanical properties were tested by nanoin-
dentation and micro-pillar compression for the first time. The FCC-Ti exhibited a high nano hardness of

17.8 GPa and a high elastic modulus of 233.1 GPa. The micropillar compression tests demonstrated the
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ultrahigh strengths of the interstitial C induced FCC-Ti (4.48 GPa at [1 1 1] direction, 2.67 GPa at [1 0
1] direction, and a CRSS of 1.12 4+ 0.07 GPa). The nature of this FCC allotropic transformation was deter-
mined to be a rearrangement of lattice structure caused by interstitial C atoms, based on ab-initio studies.
Findings in this study provide insights into the characteristics of FCC-Ti as well as the role of interstitial
atoms in RCCAs which could open up unlimited possibilities in future material designing.

© 2020 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

As a class of promising engineering material, titanium materi-
als, such as titanium alloys, titanium matrix composites, and Ti-
Al intermetallics, have attracted increasing attention over the past
century owing to the low density, high strength, and superior
corrosion resistance [1-6]. Ti also plays a critical role in emerg-
ing and rising refractory complex concentrated alloys (RCCAs) [7-
10] intended for high-temperature applications to fabricate the Ti-
rich RCCAs [11-14] to cope with the high-density problem brought
by concentrated heavy alloying elements [15]. However, with less
heavy refractory elements used, the strength enhancement would
also drastically decrease. In recent years, doping non-metallic in-
terstitial atoms (e.g., boron, carbon, and oxygen) was found with
the ability to effectively strengthen the 3d transition metal CCAs
(Co-Cr-Fe-Mn-Ni CCAs) without much sacrifice of ductility [16-19].
The impact of different interstitial elements on the 3d transition
metal CCAs can be various, such as dislocation pinning, tuning sta-
bility of metastable matrix, grain boundary decorating, and form-
ing reinforcing phases. Considering the low atomic mass of inter-
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stitial elements, applying the “interstitial CCAs” concept instead of
using heavy metallic elements, could effectively alleviate the criti-
cal high-density problem. Yet, the application of this novel alloying
strategy in RCCAs is quite rare [9,20], despite its tremendous po-
tential. Thus, to further utilize this novel alloying strategy, it is of
great significance to continue exploiting in the interstitial RCCAs
compositional space and figure out the role of interstitial atoms
in RCCAs. Here, based on the high-temperature application back-
ground, a carbon-doped Ti3;NbygMo,5-C; RCCA (TNMC alloy) with
relatively lower density was designed and fabricated, and due to
the doped C atoms, an unexpected face-centered cubic phase of
Ti (FCC-Ti) was formed in the body-centered cubic RCCA. In fact,
titanium exhibits multiple allotropic phases under different con-
ditions. Namely, hexagonal close-packed (HCP) phase («-Ti), body-
centered cubic (BCC) phase (B-Ti), hexagonal w-phase, ' and or-
thorhombic «” martensitic phases [21-27]. The discovery of FCC-Ti
dates back to the year of 1969 when Wawner and Lawless [28] re-
vealed such a structure within an epitaxial grown Ti nanofilm. The
FCC-Ti has been found in different material systems and across
multiple length scales: Nanosized FCC-Ti was found in epitaxial
grown Ti nanofilm [29-35], interfaces between «-phase and S-
phase in o+f titanium alloys [36-39], cp-Ti powder [40], Ti-Al
powders after severe plastic deformation [41], and a metastable
B-type alloy [42]. Recently, sub-micro scale FCC-Ti was observed
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in deformed Ti (~300nm) [43-46], in-situ heated Nb-Ti-Si alloy
(50~500nm) [47], sintered Ti-Mo-Fe alloy (500~1200nm) [48], Ti-
20Zr-6.5A1-4V alloy (weight percentage) aged at high tempera-
tures [49], FIB fabricated TEM samples [50] and in-situ heated Ti-O
TEM sample (~400nm) [51]. The nature of the HCP to FCC allotropic
transformation of titanium was also discussed: the formation of
nano-sized FCC-Ti is due to the energy minimization and it was
reported that the nano FCC-Ti could be stable in a large tempera-
ture range within the critical size (~27 nm at 882 °C, and 5-7 nm
at room temperature) [52,53]; the formation of the sub-microsized
FCC-Ti, on the other hand, is achieved by the sequential gliding of
a/3 <1 1 0 0>-type Schockley partials along every other {0 0 0
1} plane of the HCP lattice. According to these studies, the lattice
constants of the FCC-Ti were inconsistent and varied from 4.02 A
[54] to 4.40 A [30]. However, as the research on the FCC-Ti ac-
cumulated, some of the reported FCC-Ti was eventually proved to
be artifacts induced during sample preparation. According to sys-
tematic researches on the «-8 interface phase in Ti alloys by D.
Banerjee et al. [55-58], the FCC interface phase was determined to
be titanium hydrides formed during TEM sample preparation. The
same conclusion has also been found to be true in the cold-rolled
cp-Ti TEM samples, that the so called “deformation induced FCC-
Ti” has a great chance to only be titanium hydride artifact [59].
The cause of such a artefacts could be ascribed to the hydrogen ab-
sorption during the electropolishing process which could be easily
overlooked [60]. And the difficulties in characterizing hydrogen el-
ement make it even harder to detect such an artifact. Therefore,
it is critical to carefully and thoroughly examine the FCC phase
of titanium to rule out any possibility for it being titanium hy-
drides, oxides, carbides, and nitrides artifacts. Even though FCC-
Ti has been studied systemically for half a century, yet this novel
allotropic phase of Ti still cannot be utilized for the phase trans-
formation mechanism and mechanical properties of the FCC-Ti are
still lacking.

In order to have a better understanding of this hidden allotropic
phase of Ti and the effect of interstitial C atoms in this RCCAs,
a systematic investigation was carried out on this novel FCC-Ti.
Microstructure and crystallographic structures of the interstitial
carbon induced FCC-Ti were carefully examined and determined
using transmission electron microscopy (TEM) and state-of-the-
art double Cs-corrected scanning transmission electron microscopy
(STEM). Especially, the crystal structure was determined by direct
observation of the true atomic arrangement for the first time. The
nature of this FCC-Ti allotropic transformation was revealed by ab-
initio calculations. The FCC-Ti was found to possess high hard-
ness and modulus according to the nanoindentation test. The mi-
cropillar compression tests on the single crystal FCC-Ti of differ-
ent orientations provided the mechanical properties at a micro-
scale which could rule out the size effect of mechanical tests. Find-
ings in this work provide critical insights into not only the char-
acteristics of FCC-Ti but also the role of interstitial atoms in RC-
CAs and could open up unlimited possibilities in future material
designing.

2. Experimental
2.1. Alloy synthesis

The TNMC alloy was fabricated by powder metallurgy method
using high purity spherical titanium powder with a mean diam-
eter of 100 um, angular niobium and molybdenum powder with
a mean diameter of 5 pum as starting materials. 1 wt.% stearic
acid was used as carbon source and possess controlling agent.
The powders were ball milled at 300 rpm for 10 hrs with a
ball-to-powder weight ratio of 20:1 in a high purity argon atmo-
sphere. Stainless steel vails with stainless steel balls were used

Acta Materialia 203 (2021) 116456

as milling medium. Then the ball-milled powders were filled in
a graphite die and hot-pressing sintered at 1300 °C for 1.5 h
with a 40 MPa uniaxial pressure applied. The sintering process
was carried out in a vacuum of 102 Pa. To avoid the reac-
tion between the powder and graphite, a thin layer of boron ni-
tride (BN) was sprayed on the inner surface of the die and the
punches.

2.2. Microstructure characterizations and sample preparation

X-ray diffraction (XRD) characterization of the mixed pow-
ders and the as-sintered alloy were carried out on a Panalyt-
ical Empyrean X-ray diffractometer with Cu K-« radiation. The
phase distribution and the grain sizes were characterized by elec-
tron back-scattered diffraction (EBSD) on a Zeiss SUPRA 55 scan-
ning electron microscope (SEM), the EBSD sample was prepared
by the ion etching method. The overall chemical composition of
the alloy was determined by glow-discharge optical emission spec-
troscopy (GDOES) on a LECO GDS850A spectrometer. Element dis-
tribution of the alloy and chemical composition quantification of
each phase were characterized on a JEOL JXA-8230 electron probe
microanalyzer (EMPA) equipped with a wavelength dispersive X-
ray spectrometer (WDS). TEM diffraction contrast imaging, energy-
dispersive X-ray spectroscopy (EDS) mapping, and selected area
electron diffraction (SAED) were carried out on an FEI TALOS
F200X TEM equipped with Super-X EDS system with an accel-
erating voltage of 200 kV. The diffraction contrast images were
taken using the & 30 wum objective aperture, and the SAED was
carried out using the ® 10 um selective area aperture which
is suitable for performing SAED on grains larger than 100 nm.
STEM imaging and electron energy-loss spectroscopy (EELS) anal-
ysis were performed using an aberration-corrected JEOL ARM200F
microscope. The STEM microscope was operated at 200 kV, using
a convergence angle of 30 mrad, and inner/outer angles of about
78/200 mrad and 12/25 mrad for atomic resolution HAADF and
ABF imaging, respectively. The TEM and STEM specimen were pre-
pared by mechanical grinding and followed ion milling (GATAN
PIPS II MODEL 695) and were plasma cleaned right before in-
serting into the microscope. To minimize the influence of con-
tamination build-up induced by the electron beam, atomic reso-
lution STEM imaging, and EELS characterization were all taken at
different positions. Micropillars of the FCC-Ti with different ori-
entations were fabricated by focused ion beam (FIB) technique
according to the EBSD IPF mapping on an FEI Helios NanoLab
600i DualBeam SEM using the top-down method. The micropil-
lars were final-milled down to a diameter of 3 um to 5 um
and a length-diameter ratio larger than 3:1 with a beam current
of 80 pA.

2.3. Mechanical properties tests

Nanoindentation tests were carried out on an Agilent G200
Nano Indenter with a Berkovich diamond tip, at least five inden-
tations on each phase were carried out to ensure reliability. Mi-
cropillar compression tested were carried out on a Hysitron TI950
Nanomechanical Test Instrument using a flat diamond punch with
a diameter of ®20 um. The compression strain rate was controlled
to be 8x10* s'!. The compressive engineering stress and strain
were calculated using the area of the cross-section at mid-height
and the height of the pillar.

2.4. Ab-initio studies
The cohesive energies and generalized stacking fault energy

curves were calculated on the Cambridge Sequential Total En-
ergy Package (CASTEP) code based on density functional theory
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(DFT), and the generalized gradient approximation (GGA) in the
Perdew, Becke and Ernzerhof (PBE) form [33]. For the cohesive en-
ergy calculations and geometry optimization were performed using
the Broyden-Fletcher-Goldfarb-Shanno (BFGS) minimizer until the
system reached the convergence criteria: total energy tolerance of
10> eV/atom, maximum force tolerance of 0.03 eV/A, maximum
stress tolerance of 0.05 GPa, and maximum displacement tolerance
of 0.001 A. The 8 x 8 x8 Monkhorst Pack k-point grids and an
energy cutoff of 400 eV were set.

For the generalized stacking fault energy (GSFE) curves calcu-
lations, the cutoff energy was set to be 400 eV and the k-points
grids were set as 5 x 8 x1 Monkhorst Pack grids. The supercells
were created from the geometry optimized unit cell of the FCC-Ti,
which consisted of 12 layers of (1 1 1) planes (x: [1 1 0], y: [1 1
2], and z: [1 1 1]) with the stacking sequence of ABCABCABCABC. A
15 A - thick vacuum region was set at z-direction to avoid the in-
fluence caused by the periodic boundary condition. The GSFE was
calculated by rigid shearing method along the [1 1 2] direction.

The top 4 layers were incrementally displaced along the [1 1 2]
direction at a step size of a/l*o/é A, while the bottom 8 layers were
fixed to mimic the bulk material. After a displacement of % A,
the stacking sequence was deformed as ABCABCABABCA with an
intrinsic stacking fault structure. The GSFE value of the supercell
with a displacement of n(%) A was then calculated according to
the following equation.
n
y();SF = ESFA EO

Where EZ; is the total energy of the supercell after displace-
ment of n(%) A and E, is the total energy of the perfect lattice,
A denotes the area of the fault plane, ¥/ is the GSFE value at a
displacement of n(%) A.

The polycrystalline bulk modulus and shear modulus were cal-
culated using the Voigt-Reuss-Hill average estimation (Kygzy and
Gygy) based on the stiffness matrix (elastic tensor C; and compli-
ance tensor s;) from the DFT calculation results according to the
equations below [61,62]:

9Kyry= 9Ky= 9Kr=(Cq;+C224+C33)+2(C12+C23+C31)

2Gyry=Gy+Ggr
where Gy and Gy are given by:

15Gy=(C11+Co2+C33) = (C12+Ca3+C31 )43 (C44+Cs554+-Cop)

15/Gr=(s11+522+533) — (S12+523+531)+3 (S44+555+566)

the Young’s modulus (E) was calculated according to the relation
E =3K(1 - 2v)

where v, the isotropic Poisson ratio, is calculated by

U = 3(Kvra—2Gvrn)/ (6Kvra+2Gvre)
3. Results and Discussion
3.1. Microstructure characterizations of the TNMC alloy

The SEM secondary electron image of the as-sintered TNMC al-
loy is shown in Fig. 1a, indicating a two-phase microstructure: a
matrix phase (light grey phase) and an irregular shaped second
phase (dark grey) surrounded by the matrix phase. Fig. 1b shows
the XRD pattern evolution of the fabrication process of the TNMC
alloy. After a 10-hour ball milling, mechanical alloying and phase
transformation have taken place in the mixed elemental powders,
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that the diffraction peaks of HCP structured «-Ti phase can no
longer be detected and a new set of diffraction peaks of a BCC
phase was observed. As shown in Fig. 1b, the diffraction peaks
of the alloying elements disappeared and left only one BCC struc-
tured solid solution phase and one FCC structured phase in the as-
sintered alloy. Base on Bragg’s equation, the lattice parameters of
the BCC and FCC phases were determined to be 3.20 A and 4.22
A, respectively. The chemical composition of the TNMC alloy was
determined to be Tizg1Nby7,M0574Cs3 (atomic percentage) by the
GDOES, which is close to the designed chemical composition of
the TNMC complex concentrated alloy. As shown in Fig. 1e-j, the
EPMA-WDS mappings, two phases with distinct element content
can be observed: one contains Ti and C (denoted as Ti-C phase)
with the average C concentration of 26.6+1.6 at.%, the other one
contains Ti, Nb, and Mo (denoted as (Ti, Nb, Mo) phase), with an
average chemical concentration of Tiyg 4Nb3g,Mo3s54. Oxygen im-
purity could also be detected in the TNMC alloy. according to the
EPMA-WDS quantification, the oxygen content in the Ti-C phase
is slightly higher than that in the (Ti,Nb,Mo) phase, which are
11+0.21 wt.% (2.6+0.49 at.%) and 0.4+0.042 wt.% (1.9+0.21 at.%),
respectively. Compared with the EBSD inverse pole figure (IPF) map
and the EBSD phase map (Fig. 1c), the Ti-C phase showed an ani-
sometric polycrystal morphology with an average grain size of ap-
proximately 30 xm which is similar to the typical grain morphol-
ogy of the o+ Ti alloys, while the (Ti,Nb,Mo) phase exhibited a
relatively uniaxial grain morphology. Based on the EBSD character-
ization, the phase fraction of the Ti-C phase and the (Ti,Nb,Mo)-
phase are 21.45% and 78.55%, respectively.

3.2. Characterization of the FCC-Ti

To determine the crystal structure of the Ti-C phase and the
(Ti,Nb,Mo) phase, SAED of the two phases were taken according
to the TEM-EDS mapping (grain A and grain B marked in Fig. 2,
respectively) indicating that the (Ti,Nb,Mo)-phase is of BCC crys-
tal structure. Interestingly, the Ti-C phase exhibited an unexpected
FCC crystal symmetry while the concentration of C suggests that
it was too low for titanium carbides, given the C concentration
of titanium carbides ranges from 38 at.% to 50 at.%, according to
the equilibrium Ti-C phase diagram [63]. The FCC crystal symmetry
of the Ti-C phase was further confirmed by a serial of SAED pat-
terns taken along different zone axes and tilting angles (see Sup-
plementary Fig. S1). The acquired patterns match perfectly with
the Kikuchi map of an FCC lattice simulated using PTClab software
[64]. According to Fig. S2 in the supplementary material, the Ti-
C phase and the (Ti,Nb,Mo)-phase exhibited a typical Kurdjumov-
Sachs orientation relationship [65], which are <1 1 0>FCC//<1 1
1>BCC, {1 1 1}FCC//{1 1 0}BCC. As has been well documented in
the literature that the titanium carbide with a NaCl-type crystal
structure [66] shows similar SAED patterns with the FCC lattice.
Thus, the possibility of titanium carbides could not be excluded
only by conventional TEM studies.

Aberration-corrected STEM was carried out to examine the
atom configuration of the FCC Ti-C phase. Fig. 3a-d shows the high
angle annular dark-field (HAADF) image and corresponding annu-
lar bright-field (ABF) image that simultaneously taken from the
Ti-C phase. Fig. 3a-d show the STEM-HAADF image with atomic
number contrast [67-70] alongside with the ABF image displays
an absorptive contrast and can detect both light (including C) and
heavy atoms [71-73]. According to the atomic resolution STEM im-
ages, the atomic columns in the Ti-C phase were arranged as an
FCC structure projected along [1 1 0] direction. Most of the atomic
columns show a uniform contrast, and the lattice constant mea-
sured directly from the atomic resolution images is 4.20 A which
is in good consistency with that measured by XRD, therefore we
can conclude that no extra C atomic columns occupied the 0.5,
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Fig. 1. a SEM secondary electron image showing the microstructure of the as-sintered TNMC alloys; b XRD patterns of the Ti, Nb, Mo elemental powder, the ball-milled
powder, and the as-sintered TNMC alloy; ¢ EBSD IPF map showing the grain morphology of the TNMC alloy (the white thick line shows the phase boundary) with the inset
showing the distribution of the BCC phase and the FCC phase; d-i SEM backscattered electron image and EMPA WDS mappings of Ti, Nb, Mo, O, and C.
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Fig. 2. TEM characterization of the TNMC alloys: a bright field image; b-d EDS-mapping of Mo, Nb, and Ti; e and f SAED patterns taken from different phases according to

the EDS mapping.

0.5, 0.5 positions of the face-centered lattice to form an ordered
sub-stoichiometry §-TixC [74,75]. It should be mentioned that faint
contrast of the atomic columns could be observed at the interstitial
sites of the FCC lattice (see Fig. S3 in the supplementary material),
indicating the existence of short-range ordering (SRO) in the FCC-
Ti-C phase.

Furthermore, EELS was performed to identify the elements’
chemical states in the Ti-C phase. As shown in Fig. 3g, the elec-
tron energy loss near edge structure (ELNES) of the C-K edge con-
sists of two energy loss peaks (1s—m* transition peak at 285 eV
and 1s— o« transition peak at 294 eV) which is similar to that of
the amorphous carbon. The intensity of the 7+ edge is much lower
than the o * edge, from which we can deduce that no strong bond-
ing between the C atoms and Ti atoms as in the titanium carbides.
The ELNES of Ti-L,3; edge is shown in Fig. 3h, the ELNES contains

2 sharp edges caused by the 2p — 3d transition: Ti-L3 at 456 eV
and Ti-L, at 462 eV. Comparing to the standard profiles and re-
ported results [76,77], we believe that the C and Ti atoms in the Ti-
C phase were all at zero valence state and no chemical shifts were
detected indicating no ionic bonds were formed in the Ti-C phase
[78]. As demonstrated by Chen and Kamran [79], the bonds in
the titanium carbides exhibit a dominantly ionic character which
would cause a change of the ELNES. Therefore, from the valence
state point of view, it can be concluded that the FCC phase we
found in the TNMC alloy is indeed an FCC-Ti solid solution phase
with interstitial C atoms dissolved into the lattice (denoted as FCC-
Ti-C phase) instead of a C deficient §-TixC phase. While the (Ti,
Nb, Mo)-phase showed a substitutional solid solution BCC struc-
ture with the Ti, Nb, and Mo atoms distributed randomly in the
BCC lattice.
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compressive stress-strain curves on the FIB-fabricated single-crystal FCC-Ti-C micropillars with different crystallographic orientations; e and f SEM secondary electron images

of the as-fabricated single-crystal FCC-Ti-C micropillars.

3.3. Mechanical properties of the FCC-Ti-C

The Young’s modulus and nano hardness of the FCC-Ti-C along
with the (Ti,Nb,Mo) phase were testing by nanoindentation accord-
ing to the continuous stiffness method (CSM) and the representa-
tive loading-unloading curves are shown in Fig. 4a. The nanoinden-
tation results indicated that the FCC-Ti-C possesses much higher
Young’s modulus (233.1+£22.2 GPa) and nano-hardness (17.8+1.9
GPa) than those of the (Ti,Nb,Mo) phase (155.94+3.3 GPa and
6.6+0.2 GPa). Then compression tests were carried out on the FIB
fabricated FCC-Ti-C single crystal micropillars to investigate its de-
formation behavior. For the micropillar compression tests of single-
crystal samples, the crystallographic orientation has a significant
impact on the deformation behaviors. Here, cylinder samples of the
FCC-Ti-C with the [1 0 1] and [1 1 1] direction along the axial di-
rection were chosen as shown in Fig. 4e and f. The representative
engineering stress-strain curves are plotted in Fig. 4d. The FCC-Ti-
C exhibited ultrahigh compressive strengths (4.48 GPa for the [1 1

1] compression direction and 2.67 GPa for the [1 0 1] compression
direction) while relatively poor ductility. By multiplying the Schmit
factor [80,81] (0.27 for the [1 1 1] compression direction and 0.41
for the [1 1 0] compression direction), the critical resolved shear
stress was calculated to be 1.12+0.07 GPa, which is also remark-
ably enhanced in comparison with the HCP-Ti [82]. Similar to the
compressive strength, the ductility also exhibited an anisotropic
characteristic, that the strain to fracture when compressed at [1
0 1] direction was much higher than that of the [1 1 1] direc-
tion. As can be seen in Fig. 4d, sudden stress drops caused by the
dislocation bursts could be observed repeatedly during the com-
pression tests, indicating that planar slipping was the main defor-
mation mechanism. In the case for the FCC-Ti-C compressed along
the [1 1 1] crystallographic direction, the dislocation burst occurs
at every 0.006 strain, and after two bursts, the micropillar frac-
tured at a total strain of 0.06 before the third burst could happen.
As for the FCC-Ti-C compressed along the [1 0 1] crystallographic
direction, the first two dislocation bursts also at every 0.006 strain
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Fig. 5. TEM characterization of deformed FCC-Ti-C: a bright field image; b HRTEM image of the stacking fault in the red dashed square in Figure 5 a; ¢ and d FFT patterns

of the marked areas in Figure 5b.

which is similar to that deformed at the [1 1 1] direction, the third
and fourth burst took place after every 0.02 strain after the first
and second, and led to a much more fracture strain than that of
the [1 1 1] direction.

The deformed microstructure of the FCC-Ti-C was characterized
by TEM and shown in Fig. 5. As shown in Fig. 5a, dislocations and
stacking faults can be observed in the deformed FCC-Ti-C sample,
indicating that the deformation mechanisms of the FCC-Ti-C are
dislocation slipping and stacking fault deformation. The stacking
fault was determined to be the typical {1 1 1}<1 1 2> type ac-
cording to Fig. 5hb-d which are common in FCC metals such as Co
alloys [83]. A serial of two-beam bright-field and dark-field images
were taken under different g vectors to determine the type of dis-
locations and stacking faults (see Fig. S4 and S5 in the supplemen-
tary material). The stacking faults were determined to be intrin-
sic stacking faults using the method proposed by A. Art et al [84].
The dislocations in the FCC-Ti are mainly consist of a/2 <0 1 1>-
type perfect dislocations in the {1 1 1}<1 1 0> system and a/6 <1
1 2>-type Shockley partial dislocations together with the stacking
faults. As mentioned before, the FCC-Ti contains a high content of
interstitial C atoms that could efficiently deteriorate the mobility
of dislocations in the FCC lattice, thus the dislocation density was
relatively low. As a result, the ductility of the FCC-Ti-C is poorer
than that of other allotropic phases of titanium but much better
than the titanium carbides [85].

3.4. Ab-initio studies of the FCC-Ti and the effect of interstitial C
atoms

To understand the nature of this allotropic transformation, Ab-
initio calculations were carried out. According to the XRD patterns
in Fig. 1a, it can be deduced that the FCC-Ti was transformed
from the BCC phase. Supercells consist of 4 and 16 Ti atoms were
created from HCP-Ti, BCC-Ti, and FCC-Ti, and then 1 C atom was
doped in the octahedral interstice to construct the Ti-5.8%C and Ti-
20%C systems from HCP-Ti, BCC-Ti, and FCC-Ti. As can be seen in
Fig. 6, for the BCC-Ti, the cohesive energy raised by 0.13 eV/atom
and 0.30 eV/atom as 5.8 at.% and 20 at.% C was doped, indicat-
ing that adding C atoms could decrease the stability of the BCC-Ti.
For the HCP-Ti and FCC-Ti, however, doping C in the system sig-
nificantly lowered the cohesive energies which means that C could
help stabilize the HCP-Ti and FCC-Ti. What is more, the cohesive
energy of HCP-Ti was lower than that of the FCC-Ti which is ob-
vious to all that the HCP-Ti is the stable form of the pure-Ti and
C is recognized as a a—stabilizer, but when the C content was in-
creased to a higher level (20 at.% in this case), the cohesive energy
of FCC-Ti decreased by a larger amount and became lower than
that of the HCP-Ti. The reason behind the difference in energy vari-

6.4

-6.8 |-
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12 |
76 | Y
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Fig. 6. Cohesive energy variation of BCC-Ti, HCP-Ti, and FCC-Ti caused by different
content of interstitial C atoms.

ation could be attributed to the different symmetry of the atomic
arrangement between the FCC and HCP lattices which would lead
to differences in interactions between atoms (such as the electro-
static potential energy, the Hartree energy, etc.). As a result, the
FCC-Ti with the lowest cohesive energy became the most stable
phase when the C content was high and led to the BCC-FCC al-
lotropic transformation of Ti.

A sea of researches has proven that the generalized stacking
fault energy (GSFE) curves to be a useful tool to evaluate the me-
chanical properties of crystalline materials [86]. The ab-initio cal-
culated GSFE curves of the pure FCC-Ti and C-doped FCC-Ti are
shown in Fig. 7a. the unstable stacking fault energy (y ) of the
FCC-Ti was calculated to be 115.42 mj/m2, the intrinsic stacking
fault energy (i) of the FCC-Ti was -214.57 mJ/m?2. In compari-
son to the traditional HCP-Ti [87], the y . which represents the
energy barrier of formation of stacking fault is significantly low-
ered of FCC-Ti, indicating that stacking fault is more likely to form
to serve as an alternative deformation mode. As illustrated in the
inset of Fig. 7a, the intrinsic stacking fault formed an HCP-Ti nu-
cleus (circled in the dashed line), and the negative value of the
Vst suggests that the FCC-Ti would transform into the HCP-Ti once
the energy barrier was overcome. After doping one C atom in the
octahedral interstice between the 7th and 8t layer of FCC-Ti (1
C-doped FCC-Ti), y ¢ increased slightly to 144.43 mj/m? (+28.71
m]J/m? with respect to the pure FCC-Ti) and the y ;s increased re-
markably to -134.48 mJ/m? (+107.09 mJ/m? with respect to the
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Fig. 7. Mechanical properties of FCC-Ti and C-doped FCC-Ti evaluated by DFT: a {1 1 1}<1 1 2> GSFE curves of the pure FCC-Ti, 1C-doped FCC-Ti and 2C-doped FCC-Ti with
the insets showing the simulation cells and GSFE curve of the FCC-Ti with one C atom doped in the fault plane; b {1 1 1}<1 1 0> system GSFE curves and the restoring

force curves of the FCC-Ti and 1 C-doped FCC-Ti.

pure FCC-Ti). When another C atom was doped in the octahedral
interstice between the 9t and 10" layer (2 C-doped FCC-Ti), how-
ever, y . decreased by 25.78 mj/m? to 118.65 mJ/m?, and the y
continued to increase by 66.23 mJ/m? to -68.25 mJ/m? with re-
spect to the 1 C-doped FCC-Ti. Thus, it can be concluded that in-
terstitial C atoms have little influence on the stacking fault stack-
ing barrier but could significantly raise the energy of the intrin-
sic stacking fault and tend to prevent the HCP-Ti nuclearization.
Another scenario is the C atom is doped between the 8th and 9th
layer (at the fault plane), displacement of the upper half of the su-
percell raised the GSFE dramatically and reach a maximum value at
the displacement of a/+/6 as presented in the upper-right inset of
Fig. 7a, indicating that the interstitial C atom could strongly hinder
the formation of stacking fault on the same plane. The {11 1}<1 1
0> GSFE curves of FCC-Ti and C-doped FCC-Ti were also calculated
as shown in Fig. 7b. In comparison to the {1 1 1}<1 1 2> system,
the yiy of the {1 1 1}<1 1 0> is much higher in an FCC-Ti, and
doping C atoms could significantly raise the energy barrier to form
an intrinsic stacking fault. As a result, {1 1 1}<1 1 2> stacking fault
is more preferred to form in the FCC-Ti. The ideal slide stress was
also calculated based on the GSFE curves [88] indicating that in-
terstitial C atom could also elevate the ideal slide stress by a large
amount to effectively resist the {1 1 1}<1 1 0> shear deformation.

The 6x6 elastic tensor of the FCC-Ti with C content ranged from
0 at.% to 33.33 at.% were acquired by structural relaxation and lat-
tice perturbations in the DFT calculations, from which the bulk
modulus, shear modulus, isotropic Poisson ratio, and Young’s mod-
ulus of polycrystalline FCC-Ti were derived as listed in Table S1 in
the supplementary materials. According to DFT calculation results,
doping C atoms in the octahedral interstices remarkably increased
the Young’s modulus of the FCC-Ti, from 112 GPa of the pure FCC-Ti
to 302 GPa of the 33.3 at.% C-FCC-Ti. The calculated moduli agree
well with the tested modulus of the FCC-Ti-C by nanoindentation.
The spatial dependence of Young’s modulus [89] of the FCC-Ti and
FCC-Ti doped with 20% C were presented in the inset of Fig. 8, in-
dicating that the pure FCC-Ti exhibits an anisotropic elastic charac-
teristic, that the single crystal shows the highest modulus at <1 1
1> directions and lowest modulus at <1 0 0> directions. The in-
terstitial C atom significantly altered the anisotropy of the FCC-Ti
that the anisotropy index was reduced from 2.223 down to 1.326,
and the crystallographic directions that process the highest mod-
ulus changed to <1 0 0> directions while the crystallographic di-
rections that process the highest modulus changed to <1 1 1> di-
rections which agreed well with the micropillar compression tests
results that the tested Young's modulus at [1 1 1] direction was
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Fig. 8. Calculated Young’s moduli of the C-doped FCC-Ti with different C contents
based on the DFT calculation results and nanoindentation tested Young's modulus
of the FCC-Ti in this work, and the insets are the 3D plot of the spatial dependence
of Young's modulus of pure FCC-Ti and 20 at.% C FCC-Ti.

lower than that at [1 0 1] direction and both were much lower
than the average modulus tested by nanoindentation according to
the CSM.

3.5. Nature of the FCC-Ti phase transformation

The FCC-Ti-C phase was determined to be transformed from
a BCC-Ti phase during the hot-press sintering process. Unlike the
widely reported HCP to FCC transformations, it is the very first
time that the BCC-FCC phase transformation of titanium was inves-
tigated. As stated in the published researches, the formation of this
novel phase of Ti is due to either energy minimization of thin films
or defect (partial dislocation, stacking fault. etc.) movement in the
severely deformed bulk Ti alloys. In this case, considering the large
size of the FCC-Ti phase, the energy minimization phase transfor-
mation mechanism could be instantly ruled out. Although the ele-
mental powder experienced severe deformation during ball milling
to achieve mechanical alloying, the following long-duration, high-
temperature sintering process which would eliminate the grain de-
fects made it unlikely to be the nature of this transformation. As is



S. Jiang, L. Huang, X. Gao et al.

Acta Materialia 203 (2021) 116456

Table 1

Comparative summary of thermal-induced FCC-Ti.
Material Treatment Temperature  Impurity (content)  Reference
Ti-15V-3Sn-3Cr-3Al (wt.%) Aging 600 °C 0 (NA) [42]
Nb-22Ti-16Si-3Al-xCr (wt.%)  TEM heating 850 °C 0 (12.3 at.%) [47]
Ti TEM heating 700 °C 0 (0.05-7.8 at.%) [50]
Ti-0.1wt.%0 TEM heating 600 °C 0 (0.1 wt.%) [51]
Tiz7zNbygMo,g-Cy Hot press sintering 1300 °C C (26.6 at.%) This work

known to all, phase transformation occurs towards the lower en-
ergy state of the system. According to the cohesive energies of dif-
ferent systems calculated by DFT, the doped interstitial C atoms
would raise the cohesive energy of BCC-Ti and make the system
less and less stable as the C content increases. As for the HCP-
Ti and FCC-Tj, interstitial C atoms would lower the cohesive ener-
gies of both the HCP-Ti and FCC-Ti, however, it can be easily con-
cluded based on Fig. 6 that, the HCP-Ti is the stable phase when
the C content is low while the FCC-Ti becomes more stable than
the HCP-Ti when C content is high. Hence, the doped interstitial
C atoms were the key factor of the BCC-FCC allotropic transforma-
tion of Ti and could be considered as the “FCC stabilizer of tita-
nium”. It is worth mentioning that the GSFE curves of FCC-Ti in
Fig. 7 and the reported GSFE curves of HCP-Ti [87,90] also provide
indirect evidence of this conclusion, that the interstitial C atoms
could raise the y s of the FCC-Ti {1 1 1}<1 1 2> slip system while
lower the y;; of the HCP-Ti basial slip system (from 306 m]/m?
to 269 mJ/m? for Ti-O system in reference[87] and from 278.45
mJ/m? to 95.89 mJ/m? for Ti-C system in reference [90]), indicat-
ing that C atoms could impede the HCP-Ti nucleus formation from
FCC-Ti while facilitating the FCC-Ti nuclearization in the HCP-Ti. In
fact, of all the reported thermal-induced FCC-Ti that formed dur-
ing sintering, annealing, or direct heating, impurity atoms could
be detected in the FCC-Ti, as listed in Table 1, yet no attention on
their influence was raised [42,47,50,51]. Once the C-induced FCC-
Ti was formed, it remained stable at elevated temperatures (as
demonstrated by high-temperature annealing and quenching ex-
periment in Supplementary Fig. S6), which is also the case with
for the thermal-induced FCC-Ti listed in Table 1. As mentioned in
section 3.1, small contents of oxygen were detected in the FCC-Ti-C
phase and the BCC (Ti,Nb,Mo)-phase, plus all the FCC-Ti reviewed
in Table 1 contain O atoms, it is essential to evaluate the FCC-
inducing-abilities of C and O atoms in Ti. Based on the ab-initio
calculation of the FCC-Ti-O system (shown in Fig. S7 in the sup-
plementary material), the energy variation caused by interstitial O
atoms is similar to that caused by C atoms, which means doping
O could also induce the BCC-FCC phase transformation. However,
unlike carbon, oxygen in the BCC-Ti could lower the system en-
ergy, which suggests a good solubility of O in BCC-Ti. The cohesive
energy variation from BCC-Ti-X to FCC-Ti-X (X=C or O) was calcu-
lated to assess the inducing ability of the BCC-FCC transformation
and shown in Fig. S7 c. It can be seen that the cohesive energy
would decrease by a larger amount from BCC-Ti to FCC-Ti with in-
terstitial C than that with O. Thus, it could be deduced that carbon
is the stronger inducing element and the main cause of this BCC-Ti
to FCC-Ti transformation. There are possibilities that minor content
of O could facilitate the FCC transformation or merely dissolved in
the FCC-Ti-C phase after it is formed, more in-depth comparative
studies are needed to fully understand the inducing mechanisms
of different interstitial elements.

3.6. Strengthening mechanism of the interstitial-C-induced FCC-Ti

Besides being the key factor in inducing the FCC-Ti allotropic
transformation, the interstitial C atoms also make a great con-
tribution to the solid solution strengthening effect of the FCC-

Ti. The first attempt to test the mechanical properties of FCC-Ti
was reported by Yu et al. [51] using in-situ compression on a
TEM. Despite using such a nanoscale sample would get a much
higher strength due to the size effect, a piece of significant in-
formation could be extracted that the compressive strength and
Young's modulus of FCC-Ti-O are very similar to that of the HCP-
Ti-O of which the CRSS has been reported to be no more than 200
MPa and the Young’s modulus of approximately 110 GPa. As men-
tioned before, the CRSS of the C-induced FCC-Ti was calculated
to be 1.12+0.07 GPa, and the Young's modulus was tested to be
233.1422.2 GPa, which were both considerably elevated compared
to the low O content FCC-Ti reported by Yu et al. The ultrahigh
strength and modulus were mainly attributed to the high content
of interstitial C atoms. On the one hand, the interstitial C atoms
could cause lattice distortion and effectively pin the dislocations to
provide a solid solution strengthening effect. On the other hand,
according to Song et al. [91], the interstitial C atoms in the octa-
hedral sites of Ti lattice would cause a significant raise of charge
density around them, and further lead to a remarkable elevation in
the modulus and theoretic strength. Comparing to the «-Ti and S-
Ti, the FCC-Ti-C in this study exhibited unprecedented high mod-
ulus and hardness, which could be a solution to the insufficient
stiffness of titanium-based materials in certain applications.

4. Conclusions

In this work, an interstitial-C-induced FCC-Ti formed in a
Tiz;NbygMo,5-C; complex concentrated alloy was discovered and
carefully examined. The lattice structure was characterized using
Cs-corrected STEM and EELS characterization demonstrated that
the C atoms were distributed randomly in the FCC-Ti as solid so-
lute atoms. The mechanical properties of the C-induced FCC-Ti
tested by nanoindentation and micropillar compression exhibited
that the FCC-Ti-C possesses an extraordinarily high Young’s modu-
lus of 233.1 GPa and ultrahigh compressive strengths (4.48 GPa at
[1 1 1] direction, 2.67 GPa at [1 0 1] direction and a CRSS of 1.12
+ 0.07 GPa). Ab-initio studies revealed that the interstitial C atoms
causing the energy variation was the key inducing factor of this
FCC allotropic transformation and lead to a reasonable conclusion
that thermal-induced FCC-Ti was actually the interstitial-impurity-
induced. These findings demonstrated a novel C-induced FCC-Ti
with significantly enhanced stiffness and strength which provides
new insights into this hidden allotropic phase of Ti and the effect
of C atoms on the RCCAs and could widely broaden the possibil-
ities of the property-manipulation of designing Ti-based materials
RCCAs.
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