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ABSTRACT

Additively manufactured alloys undergo a rapid solidification process followed by thermal cycles, which
promotes the microstructures to return to equilibrium. The microstructural behavior therein is especially
complicated and inconceivable at times, thereby greatly restricting the tailorability of microstructures for
additive manufacturing. To improve the understanding of microstructure formation in rapidly solidified
TiAl alloy, Ti-47A1-2Cr-2Nb powders were aging-treated to reveal the microstructural evolution behavior
on multiple scales, and the microstructural transformation mechanisms were comprehensively analyzed
from the viewpoints of thermodynamics and kinetics. The results show that the rapidly solidified TiAl
alloy almost retains the «, phase, which then transforms into nanolamellar structures or equiaxed y
microstructures depending on the temperature. The completely different microstructure selections were
determined by the competitive growth of lamellar structures and equiaxed y grains. More importantly,
atypical pathways for lamellar and twinning transformations were first discovered in these microstruc-
tural transformation processes. A 6H-type long periodic stacking ordered (LPSO) phase was observed to
be in the form of straight laths in the retained «, phase, and 9R- and 18R-type LPSO phases were discov-
ered in the equiaxed y grains. The 6H-type LPSO phase transformed into nano y laths, whose formation
driving force was deduced to result from the extremely high elastic energy stored in the retained o,
phase. The 9R- and 18R-type LPSO phases transformed into a more stable y,i, phase to reduce the en-
tire energy of the system. This research may potentially enhance the understanding of the microstructure
of additively manufactured TiAl alloy and consequently, the tunability of such microstructure as required.

© 2022 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

lated microstructural characterizations have been conducted inten-
sively ever since [5-7]. It is revealed that the phase constitutions

Additive manufacturing (AM) is a great innovation in manu-
facturing technology because it subverts the conventional idea—
fabricating a part by removing it from an ingot; complex com-
ponents can be directly fabricated by multilayer accumulation [1].
Concomitantly, owing to the rapid solidification and multiple ther-
mal cycles during the manufacturing process, the AMed alloys usu-
ally exhibit certain notable microstructural features, some of which
are extraordinary and can potentially lead to breakthroughs in
mechanical properties [2-4]. Intermetallic TiAl alloys, which are
among the most promising high-temperature structural materials,
are attracting much interest in aerospace applications. Additionally,
research on AMed TiAlalloys began in the last decade, and the re-
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and microstructural morphologies vary greatly depending on the
processing parameters, and almost all the microstructures having
been observed in the alloys, such as lamellar, duplex, and near
gamma structures, can be directly obtained by carefully tailoring
the manufacturing process [7-9]. In our recent studies, Ti-47Al-
2Cr-2Nb alloys containing special alternately layered microstruc-
tures were fabricated by direct laser deposition, and some long pe-
riodic stacking ordered (LPSO) phases, formed therein, contributed
to the excellent mechanical properties of the alloys [10,11].

LPSO phase has a complicated long-range structure, and both
rhombohedral (R) and hexagonal (H) Bravais lattices can form de-
pending on the stacking period of the closed-packed atomic lay-
ers. The present studies on the LPSO phase mainly concentrate on
rare-earth-containing Mg alloys, and their microstructures, crystal-
lography, transformation processes, and strengthening mechanisms
have been widely reported. For instance, Abe et al. [12] identified
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the formation of a novel LPSO phase with a 6H structure (ABCBCB)
in a warm extruded Mgg;Zn Y, alloy, whose unit cell comprised
six close-packed planes of the Mg crystal accompanied by Zn and
Y elements in certain planes. In addition, many other types of LPSO
phases form in these alloys. On the basis of thermodynamic cal-
culation and experimental observation, Kim et al. [13] proposed a
transformation sequence of the precipitated LPSO phase in a-Mg
matrix: a single building block generated by a Shockley partial dis-
location sliding on a specific lattice plane — various metastable
LPSO building block clusters — 14H, providing that 14H is the most
stable structure among these LPSO phase types. Moreover, Matsuda
et al. [14,15] revealed that the LPSO phase not only suppresses
the formation of deformation twins and basal-plane dislocations,
but also activates the dislocations on non-basal planes, thereby en-
hancing the mechanical properties of Mg alloys.

The presence of LPSO phases in TiAl alloys has been reported
since the 1990s; Singh and Appel et al. [16,17] initially identified
a three-plane deformation-induced structure (9R) adjacent to pre-
existing twins in a highly deformed Ti-48.5AI-1.5Mn alloy. Then,
Wang et al. [18] identified the stacking sequence of the 9R struc-
ture to be ...ABCBCACABA... by high-resolution transmission elec-
tron microscopy (HR-TEM) and suggested that its formation mech-
anism can be attributed to the periodically arranged Shockley par-
tial dislocations around incoherent twin or incoherent pseudo twin
boundaries. There has been no further investigation until recently.
Song et al. [19] discovered another type of 6H structure at the
nanoindentation zone in a high-Nb-containing TiAl alloy from the
selected area electron diffraction (SAED) pattern, but the charac-
terization was not much detailed. In addition, there have been
controversies regarding the LPSO phase in TiAl alloys. Chen et al.
[20] claimed that the overlapping of a,/y laths or ¥/y(win laths
could result in a double diffraction, which might mislead our iden-
tification of the LPSO phases. To date, there are limited studies on
the LPSO phase in y-based TiAl alloys. The crystallography, forma-
tion mechanism, and effects of these LPSO phases need to be fur-
ther investigated.

Although we have observed LPSO phases in AMed Ti-47Al-
2Cr-2Nb alloy and characterized their stacking sequences on an
atomic scale, there are some questions on the manner of formation
of these structures and if they are intermediate structures during
their transformation from a rapidly solidified state to equilibrium.
Meanwhile, because only a few previous studies have focused on
this transformation behavior and the investigations are limited to
individual conditions and scales [21-23], there is insufficient infor-
mation to fully understand the microstructural evolution process
and the formation mechanism of LPSO phase in nonequilibrium
TiAl alloys. Thus, it is imperative to conduct a complete, system-
atic investigation to address these gaps.

In this work, a series of aging treatments on rapidly solidified
TiAl powders were conducted to investigate the transformation
behaviors at various temperatures. The multiscale microstructural
characterizations and the intermediate structures during the return
to the equilibrium were emphasized. Moreover, the correspond-
ing microstructure selections and formation mechanisms were an-
alyzed from the aspects of thermodynamics and kinetics. The re-
sults could provide a new perspective on understanding the phase
transformation mechanism occurred in AMed TiAl alloys.

2. Material and experimental

The rapidly solidified (RS) materials are Ti-47AI-2Cr-2Nb (at.%)
powders with the diameters ranging from 53 to 105 um. Our pre-
liminary aging treatments reveal that the RS microstructure would
transform into lamellar and equiaxed microstructure when the RS
powders were aging-treated at 700 and 900°C for 30 min, respec-
tively. Then, two series of aging treatments with various aging
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time at these two temperatures were conducted to investigate a
more detailed microstructural evolution process. Prior to these ag-
ing treatments, the powders were sealed in vacuum quartz tubes
to protect them from oxidation. The quartz tubes were placed in a
furnace that was heated to a target temperature; immediately after
the aging time, the tubes were directly quenched to room temper-
ature in water.

The phase constitution of the as-rapidly-solidified and aging-
treated powders was identified by a multifunctional X-Ray diffrac-
tion (XRD) instrument (D8 ADVANCE Da Vinci, Bruker, Germany)
with a Cu-Ko radiation at 40 kV and 40 mA, and the diffraction an-
gle (20) was varied from 30° to 90° with steps of 0.02° and a scan-
ning rate of 2° min~!. The microstructural morphology was charac-
terized from the backscattered electron (BSE) images and electron
backscatter diffraction (EBSD) images obtained by field emission
scanning electron microscopy (SEM) (LYRA3 GMU, TESCAN, Czech
Republic) at 20 kV. The EBSD analysis of whole particles and locally
magnified regions were conducted with the steps of 0.15 um and
0.04 pm, respectively. The chemical composition was measured by
the energy dispersive X-ray spectroscopy (EDS) equipped on SEM,
and linear scanning was used to determine the chemical distribu-
tion in the selected regions. The powders for BSE, EDS, and EBSD
characterizations were embedded in conductive resins which were
then grounded and polished following a standard process. Addi-
tional information on the detailed microstructures was revealed by
transmission electron microscopy (TEM), which was performed on
a field emission microscope (TALOS F200X, FEI, USA) at 200 kV.
Thin slices used for TEM observation were cut from the areas of
interest in the powders using focused ion beam technology. lon
cleaning was carried out for several minutes to remove the impu-
rities on the surfaces prior to the HR-TEM observations.

The calculations of formation energy were based on density
functional theory (DFT) using the projector-augmented wave (PAW)
method implemented in the Vienna ab-initio simulation package
[24]. The Perdew-Burke-Ernzerhof functional [25] was adopted to
model the electron exchange-correlation. The energy cutoff of the
plane waves was set to 300 eV. The Monkhorst-Pack method was
used to sample the Brillouin zone, and the K-points mesh was set
to 2 x 2 x 2 for the supercell and 7 x 7 x 7 for the primitive
cell [26]. The convergence tolerance for the force during structure
relaxation was set to 0.01 eV A~! for every atom.

3. Results
3.1. Microstructures of rapidly solidified TiAl powders

First, the initial microstructure of the RS TiAl powder was char-
acterized. The BSE image reveals a dendritic morphology, wherein
the dendrites exhibit grey contrast with a white narrow skeleton
in the dendrite core, while the interdendrites exhibit dark contrast
(Fig. 1a). Because a BSE image mainly reflects the atomic number
contrast, Fig. 1a signifies the chemical fluctuations in these pow-
ders. Linear chemical distribution analysis indicates that the den-
drite is rich in Ti and Nb while the interdendrite is rich in Al and
Cr (Fig. 1b). This dendritic segregation phenomenon is usually re-
lated to the solidification behaviors in which Al and Cr are repelled
to the interdendrites when the dendrites first solidify from the lig-
uid [27]. Additionally, although the XRD profile appears to be in
accordance with the o, phase (Fig. 1c), it is difficult to distin-
guish the ordered o, phase from the disordered « phase because
the phases have overlapped diffraction profiles in this diffraction
range, and some studies reported that the disordered o phase can
be the predominant phase in RS TiAl powders [21]. Thus, the elec-
tron diffraction was conducted to assist in the identification of
the primary phase. Superlattice diffraction spots are clearly ob-
served when the incident beam is along the [1120],, axis (Fig. 2a),
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Fig. 1. (a) BSE image of the RS Ti-47A1-2Cr-2Nb alloy, showing a dendritic microstructural morphology. (b) Chemical distribution across both dendrites and interdendrites
corresponding to the line scanning denoted in (a). (c) XRD pattern of the RS powder compared with the standard diffraction patterns of «»(Ti3Al) and y(TiAl) phases. The
lattice information (for ar, phase, a = 5.7640 A, ¢ = 4.6640 A; for y phase, a =3.9139 A, ¢ = 3.9968 A) is obtained by the first-principles approach with full relaxation, and
the diffraction information is obtained using CrystalMaker software. The inserted diffraction pattern is a locally magnified image comparing the peak shift with the standard
o diffraction pattern. (d) The phase maps (the red and blue respectively represent «; and y phases) and inverse pole figure (IPF) images of the RS powders.
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Fig._ 2. (a) Bright field (BF) image of the RS powders and (b) its corresponding
[1120],2 SAED pattern, wherein the yellow arrows denote the superlattice spots in
the SAED pattern.

which demonstrates that the microstructure mainly consists of an
ordered o, phase. Quantitative phase analysis based on the XRD
results reveals that the o, and y phases constitute 93.10 wt.%
and 6.90 wt.%, respectively. This is in accordance with the EBSD
analysis—large o, grains occupy the majority of the powders and
only a few small y grains are distributed in the o, grains (Fig. 1c).
However, this phase constitution largely deviates from the equilib-
rium state wherein y phase occupies the majority (approximately
81.43 wt.% for Ti-47A], as calculated by Thermocalc software). This
nonequilibrium microstructure is attributed to the rapid cooling
rate (104-106 K-s~!) during the atomization process, thus, most of
the high-temperature o phase can transform into the retained o>
phase via just an ordering reaction [22,28]. Additionally, the lattice
parameters of the retained oy phase are low because their diffrac-
tion peak is slightly shifted to the right (Fig. 1c).

3.2. Lamellar structure and the 6H-type LPSO phase

When the RS powders were aging-treated at 700°C, the mi-
crostructure would transform into lamellar structure; the associ-
ated microstructure characterizations are presented as follows. As
is known, the RS microstructure is almost composed of retained
o, phase and no diffraction peak of y phase can be observed
in the XRD pattern (Fig. 1c). When these powders are aging-
treated for 5 min, the diffraction peaks, corresponding to (2020),2,
(0002),, and (2021),,, at 35.8°, 38.7°, and 40.8°, respectively, are
still the main features in the XRD pattern (Fig. 3a). However, forked
peaks are notably observed at 38.5°, and a very weak peak is
located at 45.1° (Fig. 3b). The left forked peak and weak peaks
correspond to the (111), and the unresolved (002),/(200),, re-
spectively, signifying that the retained «, phase starts transform-
ing into the y phase. As the aging time increases, the intensi-
ties of the three major o, diffraction peaks gradually decrease,
and the intensities of the y diffraction peaks increase significantly.
When the aging time reaches 4 h, the o, diffraction peaks dis-
appear, and all the diffraction peaks correspond to the y phase,
indicating that the retained «, phase almost completely trans-
forms into the y phase. The a;—y phase transformation process
is also revealed by the phase distribution maps based on EBSD
analysis (Fig. 4), and the content of the y phase increases from
374 wt% to 91.9 wt.% as the aging time increases from 5 min
to 4 h.

Fig. 4(a3-d3) presents the magnified BSE images of these pow-
ders, wherein the primary boundaries of the initial o, grains can
be distinguished and very fine lamellar structures fill in the pri-
mary o, grains (because these lamellae are extremely thin, some
of them may not be clear in these figures, but these lamellar
structures are identifiable by TEM, as shown in Fig. 5). Moreover,
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Fig. 3. (a) General XRD patterns of the powders aging-treated at 700°C for different times and (b) magnified patterns of the dotted rectangle in (a) with 26 ranging from

34° to 48°.

the lamellar orientations in the adjacent «, grains are different,
as indicated by the red dotted lines. Besides, it is observed that
some granular y grains have precipitated at the primary bound-
aries when the aging time reaches 30 min, and more granular y
grains forms at the primary boundaries when the time increases
to 4 h (Fig. 3d).

Fig. 5 presents the TEM images of the lamellar structures with
respect to increasing aging time. When the powders are aging-
treated for 5 min, some lamellae have been seen in the primary
« grains (Fig. 5a). In the inserted SAED pattern for <1120>,,
zone axis, the ordered «, diffraction pattern is clearly distin-
guished. Moreover, there is a series of closely arranged diffrac-
tion spots found along the [0002],, axis, locating at 1/6(0002),,,
2/6(0002),,, 3/6(0002),,, 4/6(0002),,, and 5/6(0002),,, and so
on, respectively. The corresponding HR-TEM image shows that pe-
riodic stripes with atom plane configuration occur in the pre-
cipitated lamellae; these lamellae result in the closely arranged
diffraction spots (Fig. 5b). This diffraction pattern appears differ-
ent from that of the common «5/y lamellar structures in TiAl al-
loys. Previously, Chen et al. [20] attributed the occurrence of six
times reflection to the double diffraction caused by the overlap-
ping of o, and y lamellae. However, in our experiment, the speci-
men was tilted to ensure that the incident beam exactly along the
<1120>,, axis and the lamellar interfaces were completely edge-
on; thus, the oy and y phases could not overlap. Even in the case
of a slight deviation, the overlapping region should not be so wide
(approximately 11.5 nm). Therefore, it is deduced that the precipi-
tated lamellae belong to a certain LPSO phase. Moreover, the R and
H structures can be identified from the diffraction patterns under
the [010] zone axis; the diffraction pattern indicates H structure if
the angle between the (00l) and (101) diffraction spots is 90°, else
it indicates R structure [29]. Fig. 6 presents the atomic stacking
images of the precipitated LPSO lamella and its corresponding fast
Fourier transformation (FFT) image. Although there is some ran-
dom atomic arrangement, ...ABCBACA... is the dominant stacking
sequence; the atoms in the first and seventh layers are at position
A, and each of the six layers cyclic (Fig. 6b). The angle between
(006) and (100) is measured as 90° (Fig. 6¢). All these demonstrate
that this structure denotes a hexagonal structure with six stack-
ing layers, i.e.,, 6H. Meanwhile, the «, phase with ...ABA... stack-
ing sequence is also presented in Fig. 6d. The orientation relation-
ship between the 6H phase and «; matrix is deduced as (006)gy ||
(0001)g2, [010]6y [ [1120]>.

When the aging time is increased to 30 min, almost all the
o, grains transform into very fine lamellar structures so that the
o, diffraction spots can be hardly found in the SAED image. The
lamellar structures are mainly composed of the twinned y lamel-
lae. The thickness of these lamellae notably reduces to about 1 nm
(Fig. 5d). Meanwhile, the 6H structures are no longer observed.
When the aging time is increased to 4 h, the lamellar structures
are still composed of the twinned y lamellae, but their thickness
has increased to 5-15 nm (Figs.5e and f). In addition, some ledges
also appear at the lamellar interfaces. Throughout the lamellar for-
mation process, 6H structures are temporarily observed at the ini-
tial stage of the transformation, then they disappear, leaving only
the twinned y lamellae; this implies that the 6H structure is prob-
ably an intermediate structure in the lamellar transformation pro-
cess. Its detailed transformation mechanism will be discussed in
4.2 Section.

3.3. Equiaxed y microstructure and the 9R-and 18R-type LPSO phase

The microstructures, with respect to increasing aging time at
900°C, were characterized to explore the microstructural evolution.
The XRD results show that even if the powders were aging-treated
at 900°C for only 5 min, the retained o, phase almost completely
transforms into the y phase (Fig. 7a). Moreover, some forked peaks
such as (002),/(200),, (202),/(220),, and (113),/(311), can be
observed in the diffraction pattern. These forked peaks are related
to the tetragonal crystal of the y phase, whose a is not equal to c.

However, as the time increases, a weak (2021),, diffraction
peak occurs at 40.8° and its intensity slightly increases, which
implies that an inverse y—o, transformation occurs during the
aging process. The occurrence of the inverse y—«, transforma-
tion from the nonequilibrium to equilibrium is an unusual phe-
nomenon; Guyon et al. [21] also discovered this behavior in the
Ti-48AIl-2Cr-2Nb powders that underwent a continuous heating
process. Meanwhile, the forked features are more obvious, some
of which even separated into two individual peaks, indicating that
the c/a value increases gradually. The EBSD analysis reveals that
the primary o, grains completely transform into small equiaxed y
grains (~1 pm); their microstructural morphology and grain size
show no obvious changes as the aging time increases (Fig. 8(al-
d1)). In addition, there are certain paralleled or interlaced laths oc-
curred in the equiaxed y grains, as indicated by the yellow arrows
in Fig. 8(a2-d2).
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Fig. 4. Microstructural morphology of the powders aging-treated at 700°C. (a1-d1) Phase maps of whole powders as the holding time increases from 5 min to 4 h. The «;
and y phases are represented in red and blue, respectively; (a2-d2) Phase maps of locally magnified regions in (al-d1); (a3-d3) Corresponding BSE images of the powders.
The yellow dotted lines, red dotted lines, and red arrows denote the boundaries of primary o, grains, lamellar orientations in the primary «; grains, and y grains distributed

around the primary boundaries.

Although there seems no obvious change in the appearance of
equiaxed y grains with increasing aging time, their interior struc-
ture gets evolved. The TEM images reveal many straight laths in-
side the equiaxed y grains (Fig. 9), and mirrored diffraction spots
are distinguishable in the SAED patterns, indicating the existence
of y twins. The corresponding dark field (DF) image and the HR-
TEM image show that the y twins exist in the form of straight
laths (Fig. 9(a1)) and the twinning plane is (111),. In addition to
these ¥ i laths, some unusual structures with periodic stripes are
observed in the y matrix when the aging time is 5 min or 30 min
(Figs.9(a3),(a4),(b2)), whose diffraction patterns exhibit three or six
times spots, respectively, along the <111>, axis, as inferred from
the inserted FFT images. Because these HR-TEM images were ob-
tained along <110> or <101> axes and the twinning planes were
edge-on, these periodic stripes are not the false images caused
by the overlapping of y and y i, the special structures indeed
existed. These structures are characterized in the magnified im-

ages (Fig. 10 and Fig. 11); their stacking sequence is determined to
be either ...ABCBCACABA... or ...ABCABCBCABCACABCABA... with a
stacking period of 6 or 18 layers, respectively. Moreover, because
their diffraction spots exhibit a three- or six-fold close-packed fea-
ture along the [111], axis, and the angles of the two diffraction
spots close to the transmission spot are measured as 84.67° and
87.44°, it is deduced that these structures belong to the LPSO
phases with 9R and 18R structures, respectively [11,30]. Addition-
ally, their orientation relationships with the y matrix can be deter-
mined as: (006)qg || (111),, [010]gR || [ﬂO]y or (00.18)4gg || (111),,
[010]4gg. Aside from the relationship, long laths containing com-
plex features are observed in the y matrix. Both the 9R and yyin
structures are distinguishable in a single lath, and their transition
regions are observed directly (Fig. 12). However, when the aging
time is increased to 4 h, the LPSO structures disappear and only
the thickened y i, laths and abundant dislocations remain in the
y grains (Fig. 9(c1,c2)).
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Fig. 6. (a) HR-TEM image of the 6H/«; laths. (b, c) Magnified HR-TEM image of the 6H laths and its corresponding FFT image; (d, e) Magnified HR-TEM image of the «;

matrix and its corresponding FFT image.
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Fig. 7. (a) XRD patterns of the powers aging-treated at 900°C for different times and the magnified profiles corresponding to (002),,/(200),, (202), /(220),, and (113), /(311),

peaks. (b) Splitting degrees as a function of the aging time.

4. Discussion

The above observations demonstrate that RS Ti-47Al-2Cr-2Nb
alloy powders can transform into different microstructural mor-
phologies depending on the aging temperature. Moreover, some
unusual structures, seldom observed in TiAl alloys before, appear
at the preliminary formation stage in the lamellar structure and
in the equiaxed y microstructures. They seem similar to those
observed in AMed TiAl alloys, as reported in our previous work
[10,11]. The following sections will focus on the microstructural
evolution mechanisms based on thermodynamics and kinetics; 4.1
Section discusses the microstructural morphology evolution from a

macroscopic perspective and 4.2 and 4.3 Section discuss the atyp-
ical lamellar and twinning transformation observed in our experi-
ments.

4.1. Selection of the lamellar structure and equiaxed y structure

According to the Ti-Al binary phase diagram [31], the Ti-
47Al alloy undergoes a continuous phase transformation process
(L>L+B—a—a+y—ay+y) when it solidifies to room temper-
ature in an equilibrium, and the y phase will occupy a major-
ity in the final microstructure. However, for the rapidly solidi-
fied Ti-47A1-2Cr-2Nb powders in the present studies, the room-
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Fig. 8. Microstructural morphology of the powders aging treated at 900°C as the aging time increases from 5 min to 4 h. (a1-d1) IPF images; phase maps of the whole
powder are inserted at the right top corner; in the phase maps, the a; and y phases are represented in red and blue, respectively. (a2-d2) Magnified BSE images, wherein

the yellow arrows denote the nanolaths in equiaxed y grains.

200 nm

Fig. 9. TEM images of the the powders aging-treated at 900°C. (al-a4) 5 min; (b1, b2) 30 min; (c1, c2) 4 h. (a1, b1, c1) BF images of the equiaxed y grains with SAED
images inserted; (a2) DF image of the i, laths corresponding to the (002), i, spot in (a); (a3, a4, b2) HR-TEM images of the special structures in the y matrix with the

FFT images inserted; (c2) HR-TEM image of the y i, lath with straight boundaries.

temperature microstructure is almost completely o, phase; it will
return to the equilibrium during the subsequent aging treatments.
Two microstructural features including nanolamellar and equiaxed
microstructures can be obtained by aging-treated at 700 and
900°C, respectively. Similar microstructures have been observed in
Guyon’s study [21], which focused on a continuous heating pro-
cess. To explore the microstructure formation mechanism and the
competition between the lamellar structure and equiaxed grains,
their nucleation and growth processes were analyzed.

4.1.1. Lamellar structure )
Usually, in «, phase, the occurrence of 1/3<1010>,, partial
dislocations on the close-packed plane generate stacking faults

and local fcc structures in the o, phase, which serve as the pri-
mary nuclei for the lamellar structures [32]. As the accumulation
of Al lowers the stacking fault energies in the o, phase [33,34],
the lamellar structures preferably originate at the interdendrites.
However, the transformation process of the lamellar structures has
been debated for a long time, and a plausible displacive-diffusive
mechanism was finally proposed, which states that the transforma-
tion exhibits martensitic crystallography but requires a short-range
diffusive flux through the interfacial disconnections [35]. More-
over, Qin et al. [35] focused on lamellar formation and established
a growth kinetics model based on a ledge-controlled mechanism
(Fig. 13), which agrees well with the experimental observations. In
our experiments, ledges were frequently observed at the lamellar
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Fig. 10. HR-TEM image of the
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Fig. 12. (a) Transition region between the 9R structure and y i, lath. (b—c) FFT images of the y matriX, ¥ i, lath, and 9R structure corresponding to the rectangles denoted

in (a), respectively.

Ledge
Ledge terrace o TR Longitudinal
growth dircction
—_—
— ’///\///////
eight of Ledge :
Subunit y phase

Fig. 13. Schematic of the ledge mechanism of y lath in the retained o, phase.

interfaces (e.g., Fig. 5f); thus, the growth rate in the longitudinal
direction can be estimated using the following equation [36]:

D (G -Cw)
VL_4h (Cy— az)v (1)
D = Dgexp(—Q/KT), (2)

where v; is the longitudinal growth rate of the y lamellae; D is the
interdiffusion coefficient of Ti and Al atoms in the «; phase; (y is
the Al concentration of the alloy; C,, and C, are the Al concentra-
tions in the o and y phases under the equilibrium, respectively;
h is the ledge height, and the ledges were observed as one or two
close-packed layers in present studies; Dy is the pre-exponential
factor of the interdiffusion coefficient, and its value is 1.3 x 10—3
m? s71; Q is the activation energy, which is approximately 3.26
eV [37]; k is the Boltzmann constant; and T is the temperature.
Based on the above equations, the growth rate of the lamellar
structure in RS Ti-47AI-2Cr-2Nb alloys is calculated, and the result
is presented in Fig. 14. It shows that the growth rate is extremely
low (~ 10-3 nm min—!) when the temperature is 600°C, and it ex-
hibits an exponential increase as the temperature increases. When

10

O Jamellar
103k O yinretained o,

O v in lamellar
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1000

1200
TFE]

Fig. 14. Calculated grain boundary migration rate of different growth modes as a
function of temperature.

the temperature is elevated to 700 and 900°C, the values is ap-
proximately 1.1 and 827 nm min~!, respectively.

4.1.2. Equiaxed y grains in the retained o, phase

Grain boundaries are the preferred heterogeneous nucleation
sites for the y grains because the interface energy of the nucleus is
low at the grain boundaries, which has been demonstrated in pre-
vious studies [38]. Primary y nuclei are also observed at the grain
boundaries, in our experiments (Fig. 4(c3,d3)). Then, their growth
process is determined by the grain boundary migration, which is a
consequence of atomic motion [39]. The atomic motion is usually
driven by the Gibbs free energies of adjacent grains, as schemati-
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Fig. 15. Schematic of the atomic Gibbs free energy curve at a grain boundary when
the equiaxed y grains grow in the retained o, phase.

cally shown in Fig. 15. Thus, the grain boundary migration rate can
be estimated as follows:

G G2 + G + AG,
_yl1/3 _ a2 _ _ a2 E trans
v=V v0|:A2exp< —RT) A1exp( T )}
3)

Here, Gg represents the elastic strain energy stored in the re-
tained o, phase, which is caused by the lattice distortion during
the rapid solidification process; AGrans is the difference in the
Gibbs free energies between the o, and y phases; V represents
the atomic volume; vy is the atomic vibration frequency; G,y is
the activation energy to dislodge the atoms from the equilibrium
locations in the a5 phase, and A, is the probability of these atoms
being received by the adjacent y grain; and G, is the activation
energy to dislodge the atoms from the equilibrium locations in the
y phase, and A; is the probability of these atoms being received
by the adjacent o, grain.

Because grain boundary migration is a combined effect of both
Ti and Al atoms in TiAl alloys, its growth rate can be estimated as
follows:

(4)

Here, v, represents the growth rate for the y phase; and vr;
and vy are the grain boundary migration rates caused by the
Ti and Al atoms, respectively. Additionally, the parameters in the
above equations can be estimated on the basis of experimental
data and previous studies [37,40,41]. Firstly, G¢ can be estimated
an elasticity mechanics approach:

Vy = Vrj + Vol

(5)

Ve = io-igi,

(6)

Ve is the elastic energy density and oj, & and c;; are the stress
tensor, strain and elastic tensors; the elastic moduli of the o, and
y phases can be obtained from the previous studies [40,41]. For
the RS powders, the lattice parameters of the retained «, phase
were calculated on the basis of the XRD data; a and c are 5.8225 A
and 4.5912 A, respectively. The ideal lattice parameters under the
relaxation state are calculated; a and c are 5.7640 A and 4.6640
A, respectively. Thus, the elastic energy stored in the retained o,
phase is estimated as Gg = 3.23 x 107 ] m~3. Moreover, AGgrqns is
calculated as 3.13 x 108 ] m~3 by Thermocalc software; G/, and

0; = (jj€j,

1
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Table 1
Calculated cohesive energies (€p) and “raw” formation energies of point defects
(ep) in or»(TisAl) and y(TiAl) phases [36].

€o(eV) €y, (eV) €v,(eV) €ar, (V) €ri, (eV)
TizAl -4.674 6.214 5.801 1.216 -0.591
TiAl -4.396 6.257 5.092 1.859 -0.975

GAL are respectively 2.0 and 2.1 eV;Gli and G}/ are respectively 2.2
and 2.5 eV [37]; and v, is approximately 1013 s—1[39].

The probability that the dislodged atoms are received by the
adjacent grain is determined by the vacancy concentration at the
boundary interface; thus, the interfacial concentration A can be es-
timated as A = X‘EB. where Xy is the volume concentration of va-
cancies. According to reference [37], the vacancy concentration Xy
in a binary ApB; compound can be calculated using the following
equations:

X
kT In ‘t’;’ = bep, — €y, — €p, )
XBH
KT In X 8
k nﬁzaqﬂ—evﬁ—eo, (8)
8
Xy = Xva +Xvﬁ. (9)
Here, a and b are the ideal stoichiometric factors, and a = 72,

b= Hlm; the structure of the compound is assumed to consist of
two sublattices, denoted as « and S, that are occupied by atoms
A and B, respectively; V, and Vg represent the vacancies on sub-
lattices o and B, respectively; By and Ag represent the antisite de-
fects on sublattices & and B, respectively; ¢, represents the cohe-
sive energy of an ideal compound; ey, €Vy» €8y and €ny represent
the “raw” formation energies of various point defects. The calcu-
lated cohesive energies (€g) and “raw” formation energies of point
defects (ep) in a»(Ti3Al) and y(TiAl) phases are shown in Table 1.

By synthesizing the Egs. (3)-(9), the growth rate of equiaxed y
grains in retained o, phase can be calculated, as shown in Fig. 13e.
Although the growth rate also shows an exponential increase trend
as a function of temperature, the values are quite smaller than
that of the lamellar structure. When the temperature is at 700 and
900°C, the associated growth rates are 0.18 and 41 nm min~!, re-
spectively.

4.1.3. Equiaxed y grains in the nanolamellar structure

Guyon et al. [21,22] demonstrated that equiaxed y grains can
nucleate at the grain boundaries or inside the nanolamellar struc-
tures and subsequently grow up and consume the nanolamel-
lar structures, thereby eventually transforming the lamellar struc-
tures into equiaxed y microstructures during continuous heating.
The high interfacial energy and the elastic strain energy stored in
the nanolamellar structures, whose sum is ~6.4 x 107 ] m~3, are
considered to be the driving forces for this transformation. The
atomic Gibbs free energy curve at the grain boundary where the
equiaxed y grains grow on the nanolamellar structure is illustrated
in Fig. 16, and the associated boundary migration rate is calculated
as:

G G +GE+Gb
_yl3 2 _ Sy
v=V'"y |:A2 exp ( RT) Azexp< RT >i| (10)

Here, G and G, are the interfacial energy and the elastic strain
energy stored in the nanolamellar structure, and Gg + G, is approx-
imately 6.4 x 107] m~=3 [22]. Combining Eq. (10) with Egs. (4-9)
yields the boundary migration rate in the nanolamellar structures.

Therefore, the growth rate of equiaxed y grains in lamellar
structure is obtained, which is shown in Fig. 14. Compared with
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Fig. 16. Schematic of the atomic Gibbs free energy curve at a grain boundary when
the equiaxed y grains grow in the nanolamellar structure.

the above two conditions, its growth rate decreases further; the
values are approximately 0.049 nm min~! at 700°C and 12 nm
min~! at 900°C, respectively.

4.1.4. Competition of lamellar structures and equiaxed grains

Based on the calculated results above (Fig. 14), it is concluded
that the lamellar structure grows the fastest; the equiaxed y
grains grow slower in the retained o, phase but exhibit the slow-
est growth in the nanolamellar structure. As the temperature in-
creases, although all the growth rates increase greatly, they are
clearly distinct, and the different microstructure selection is con-
sidered to result from the different growth rates. Combining these
results with the microstructural characterizations, the microstruc-
ture evolution process can be inferred as follows:

(a) When the powders are aging-treated at 700°C, lamellae grow
much faster than equiaxed y grains; thus, they gradually fill
the primary «, grains and manifest as the main feature during
the aging treatment. When the lamellar structures filled the o>
grains and connected with the equiaxed y grains, growth mode
of the equiaxed y grains changes, and they grow by consum-
ing nanolamellar structures, which contributes to a significant
decrease in the growth driving force. Under such a condition,
their growth rate drops to 0.049 nm min~!, which is too small
to cause any growth; thus, the lamellar structures remain as the
aging time increases (Fig. 17a).

(b) When the powders are aging-treated at 900°C, the growth rates
are high and sufficient for the growth of equiaxed y grains in
the nanolamellar structures. Although the lamellar structures
quickly fill the primary «, grains, the equiaxed y grains out-
grow and destroy the preformed lamellar structures. Eventually,
the powders completely transform into equiaxed y microstruc-
tures (Fig. 17b).

4.2. Atypical pathway for a;—y lamellar transformation

Lamellar transformations in TiAl alloys have been studied ex-
tensively. It is commonly accepted that there are two ways to
obtain the lamellar structure: (a) slow cooling from the high-
temperature o« phase region (o—lamellar «/y—lamellar a5/y)
and (b) performing aging treatment on the retained o, phase
(ay—lamellar oy/y) [32,42]. In either case, the y phase essen-
tially precipitates in the hcp structure, and the associated trans-
formation mechanisms have been discussed in many reports. Den-
quin et al. [32] comprehensively analyzed many possible forma-
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tion mechanisms and eventually proposed the most convincing
mechanism based on the domain boundaries in y laths. According
to their study, the stacking faults move quickly in the longitudi-
nal direction, which contributes to the formation of a metastable
fcc phase in the matrix. Then, the chemical composition changes,
and the metastable fcc phase transforms into an ordered y phase.
Pond et al. [43] further elaborated the mechanism as a displacive-
diffusion transformation determined by diffusion-controlled ledge
migration; the local fcc phase is the intermediate structure herein
as well. However, the intermediate fcc phase was not observed. Al-
though Cao et al. [44] discovered a metastable fcc phase during
the inverse y — o, transformation, the findings did not sufficiently
prove that the fcc phase is an intermediate structure in the o,—y
lamellar transformation.

In present studies, the RS microstructures retained the o,
phase, and they could completely transform into lamellar struc-
tures at an aging temperature of 700°C. We recorded the primary
stage of the lamellar structure transformation (Fig. 4-6). When the
powders were aging-treated at 700°C for 5 min, there was an LPSO
phase with the 6H structure in the retained o, phase, and very few
y lamellae were observed. However, when the aging time was in-
creased to 30 min, the 6H structures completely disappeared, and
the microstructure was predominantly composed of y [y i lamel-
lae. This phenomenon demonstrates that the 6H structure acts as
an intermediate structure in the lamellar transformation. This is
the first report in which the 6H intermediate structure was directly
observed during the lamellar transformation process.

To analyze the transformation mechanism, the formation en-
ergies of various structures were calculated. Crystallographic data
were established on the basis of the above characterizations
(Table 2). In the table, the Ti-Al stochiometric ratio for o, and 6H
is 3:1. The DFT calculations predict that the formation energy (FE)
of 6H is approximately -265 meV/atom, and the negative value on
the order of hundreds of meV/atom indicates that the 6H structure
is significantly more stable than all other possible mixtures of the
unary hcp Ti and fcc Al phases [13]. However, the o, phase has 15
meV/atom lower FE than the 6H structure, signifying that the o>
phase is slightly more thermodynamically stable when the Al con-
tent is exactly 25 at.%. Because the FE is highly influenced by com-
position, Fig. 18a presents the FEs of the «; phase and 6H structure
as a function of Al content. The FE of the «, phase first decreases
when the Al content increases from 25 to 38 at.%, and then rapidly
increases as the Al content increases to 50 at.%. However, the FE of
the 6H structure shows a monotonically decreasing trend when the
Al content increases from 25 at.% to 50 at.%. The FEs of these two
structures are very close when the Al content ranges from 30 at.%
to 38 at.%, and the FE of the 6H structure is further low when the
Al content is approximately 35 at.%. Additionally, the XRD results
reveal a large lattice elastic strain in the retained o, phase, and
the elastic strains of a-and c-axes reach 1.02% and 3.26%, respec-
tively. According to formulae (5) and (6), the average elastic energy
in the retained o, phase is calculated as 3.23 x 107 | m~3 (equal to
6.825 meV/atom). The stored elastic energy increases the FE of the
retained o, phase leading to a large high-formation-energy region
(30-38 at.%) (Fig. 18a). Accompanied by the chemical and energy
fluctuations in the powders, the formation of the 6H structure be-
comes possible. However, because of the much lower FE of the y
phase, the 6H structure will eventually transform into the y phase
to attain a state close towards equilibrium.

The structural characterization and energy analysis provide an
alternative approach for the o;—y lamellar transformation that
has seldom been mentioned before. Fig. 19 presents a plausible
atomic schematic of the o,—y transformation with an intermedi-
ate 6H structure. First, stacking faults appear on every three close-
packed layers in the «, phase, which locally changes the atomic
stacking sequence, and the 6H structure forms. It is worth men-
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700 °C

Fig. 17. Schematic of the microstructural evolution process for (a) lamellar microstructure and (b) equiaxed y microstructure.

Table 2
Crystallographic data and formation energy (FE) for Ti-Al compounds.

Lattice constant

Compounds Space Grou - - - FE (meV/atom
P P P a(A) b (A) c(A) o B v (mevlatom)
6H P63/mmc (D6h) 5.714 5.714 13.994 90° 90° 120° -265
o (TisAl) P65/mmc (D6h) 5.734 5.734 4644 90° 90° 120° -280
9R P2/m(C2h) 7.101 2.834 4941 90° 76.959° 90° -380
18R P2/m(C2h) 13.934 2.809 4.975° 90° 84.8° 90° -390
y (TiAl) P4/mmm (D4h) 3.977 3.977 4.079° 90° 90° 90° - 400
(a) _150 T T T T (b) -150 T T T T T
—u— o,,(Ti;Al) —u—y(TiAl)
200 |-| 4 6H 200 -
) —e—1y(TiAl) ) —e—9R
== a2+Ee
= -250 + 4 = -250 .
Q Qo
= =
= =300 | . = <3001 g
£ g
L . B -350- 1
-400 B -400 .
-450 L L L L L L -450 T T T T T
20 oo 30 35 40 45 50 55 25 30 35 40 45 50 55
Al [at.%] Al [at.%]

Fig. 18. Calculated formation energies based on DFT method. (a) Comparison of &5, 6H, y, and y+E. as a function of Al content. (b) Comparison of y, 18R and 9R as a

function of Al content.

tioning that the stacking faults that occur in the o, phase are al-
ternately arranged negative stacking faults (A—C, B—A, C—B) and
positive stacking faults (A—B, B—C, C—A), and the opposite stack-
ing faults can not only minimize the net shear strain in the ma-
trix [45] but also transform the hcp structure into a 6H structure
(...ACACAC...—...ABCBCB—...ABCBAC). Because there is only one
close-packed plane (0001) in the hcp o, phase, the precipitated
6H laths are always parallel to the (0001),, plane. In addition,

the ...ABCBACA... type 6H structure can be considered to com-
prise many pseudo four-layer fcc laths. The pseudo four-layer fcc
lath indicates that each lath possesses an incomplete four-layer fcc
structure because the neighboring four-layer fcc laths share a com-
mon twinning plane. Moreover, these neighboring pseudo four-
layer fcc laths exhibit a twin relationship, as shown in Fig. 19. This
assumption can properly explain the 6H—y transformation. The
common twinning plane then migrates during the aging process,
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Fig. 19. Atomic schematic of the a;—y lamellar transformation with the 6H intermediate structure.

which coarsens these four-layer laths and transforms them into
the real twinning laths. If this is the real transformation pathway,
the wide 6H laths containing several pseudo four-layer fcc laths
will decompose into many thin y laths. Our experimental results
corroborate this assumption; 10-30 nm width 6H laths first pre-
cipitate from the retained o, phase and then transform into nano
y laths, whose widths are measured to be only ~1 nm (Fig. 5d).
Additionally, some studies have discovered that y laths with oppo-
site stacking sequences are evenly distributed in the lamellar struc-
tures when they transform from the retained o, phase [46]. This
phenomenon can also be rationally explained by the experimen-
tal observation of equally distributed pseudo four-layer twin laths
in the proposed transformation pathway. However, the extremely
thin laths will coarsen to reduce the interfacial energy as the aging
process continues; this is also demonstrated by our experiments
(Fig5.d and f).

4.3. Formation of y twins with the intermediate 9R and 18R
structures

According to the observations and analyses of the powders
aging-treated at 900°C, the retained o, phase first transforms
into nanolamellar structures, and then evolves into equiaxed y
grains because of the high interfacial and elastic energies stored
in nanolamellar structures. During this process, numerous disloca-
tions and twins form in the equiaxed y grains, accompanied by
some LPSO phases. Additionally, these LPSO structures disappear
and only y twins are left in the equiaxed y grains when the ag-
ing time is increased to 4 h, implying that these structures are
metastable and will eventually transform into y phase as the ag-
ing treatment continues. Here, we have discussed the formation of
the 9R and 18R structures. First, their crystallographic data were
established based on 1:1 Ti-Al stochiometric ratio (Table 2). The
DFT results show that the formation energies of the 9R and 18R
structures, although negative, are slightly higher than that of the
y phase (Fig. 18b). Thus, it is deduced that the 9R and 18R struc-
tures are energetically unfavorable. However, when the nanolamel-
lar structure transforms into equiaxed y grains, the high interfa-
cial and elastic energies relax, thereby increasing the probability of
the formation of crystal defects and metastable structures. This is
demonstrated by the profuse dislocations observed in the equiaxed
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y grains (Fig. 9). Because the formation energies of 9R and 18R are
only tens of meV/atom lower than that of the y phase, these en-
ergetic barriers can be overcome and some LPSO phases can be
locally formed during the transformation from lamellar structure
to equiaxed grains. However, these structures are metastable and
should transform into a more stable y i, during the subsequent
aging treatment. This transformation behavior is demonstrated by
our observations of the 9R/y i, transition region (Fig. 12). Thus,
it is concluded that these LPSO phases can also play an interme-
diate role in the y i, transformation. Moreover, the stacking se-
quences of the 9R and 18R structures can be considered as the con-
sequences of stacking faults on every three and six close-packed
layer, respectively, in the y phase; hence, stacking faults play an
important roles in the transformation, and the detailed transfor-
mation mechanism should be investigated further.

5. Conclusion

In this study, the microstructure evolution mechanism of the
rapidly solidified Ti-47Al1-2Cr-2Na alloy was analyzed from the
viewpoints of thermodynamics and kinetics, and the following
conclusions were obtained:

(1) The rapidly solidified powders almost only retained the o,
phase. The retained o, phase transformed into two different
microstructures, namely, lamellar and equiaxed y microstruc-
tures, depending on the temperature. The competition between
the growth rates of lamellar and equiaxed y microstructure de-
termined the resultant microstructures.

(2) The LPSO phase with the 6H structure was observed at the
early stage of aging process; it then transformed into narrow
y laths. This is the first study to directly demonstrate that the
6H structure can act as an intermediate phase in the a;—y
transformation. The stacking sequence of the 6H structure was
...ABCBACA..., and the driving force for the 6H structure is a re-
sult of the extremely high elastic energy stored in the retained
o, phase.

(3) The LPSO phases with the 9R and 18R structures was ob-
served in equiaxed y grains when the powders were aging
treated at 900°C; then, they disappeared and only Y[y win Te-
mained. These structures originated during the growth process
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of equiaxed y grains, and the relaxation of the interfacial and
elastic energies in nanolamellar structures triggered nucleation.
Subsequently, the structures would transform into a more sta-
ble yyin Phase.
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