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ARTICLE INFO ABSTRACT

Additive manufacturing is emerging as an increasingly promising technology for TiAl alloys, which are attracting
significant attention for their special microstructure and mechanical properties. In the present study, direct laser
deposition was applied to fabricate single-track Ti-47A1-2Cr-2Nb alloy walls with a back-and-forth scanning
strategy. The resulting alternative-band microstructure, comprising complicated microstructure bands and
coarse lamellar colony bands, was characterized, and electronic back-scatter diffraction analysis showed that the
lamellae in coarse colonies present a consistent orientation, nearly parallel to the substrate. The tensile prop-
erties of the as-deposited specimens varied greatly with the angle (0) between the loading direction and the
substrate. The specimens exhibited the best comprehensive tensile properties of the maximum ultimate strength
and elongation (706 MPa and 0.51 %) with the loading direction parallel to the substrate (6= 0°). The ultimate
strength and elongation dropped to minimum values of 273 MPa and 0.16 %, respectively, when the loading
direction was perpendicular to the substrate (6= 90°). At the middle state of loading direction, 6= 45°, the
ultimate strength decreased to 358 MPa, and the elongation remained as high as 0.49 %. Transmission electron
microscopy observations revealed that dislocations and deformation twinning were both activated under dif-
ferent loading modes, and their morphologies were dramatically different. The formation mechanism of the
alternative-band microstructure was proposed from the aspects of rapid solidification and the cyclic heat-
treatment effect, and its possible fracture mechanism and crack propagation mode were discussed.
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1. Introduction greatest advantage is the high fabrication freedom that allows for the

production of fully dense 3-dimensional parts with various geometric

TiAl alloys are among the most popular high-temperature structural
materials motivated by the development of lightweight and high-effi-
ciency aeroengines, which are attracting massive interest because of
their low density, high specific strength, and excellent creep resistance
at elevated temperatures [1]. However, considerable challenges in
fabricating and shaping such extremely brittle intermetallic alloys make
the end products exceedingly expensive compared with Ti alloys or Ni
superalloys [2]. Thus, it is of great significance to develop methods
capable of producing net or near-net shape parts with acceptable costs.

Additive manufacturing (AM), which mainly includes three dif-
ferent methods: selective laser melting (SLM), electron beam melting
(EBM) and direct laser deposition (DLD), is a novel manufacturing
method based on the layer-by-layer fusion of powder feedstock [3]. Its

features without additional equipment [4]. The microstructure and
corresponding mechanical properties of the additively manufactured
components sometimes exhibit complicated characteristics that are
significantly different from those of components obtained by traditional
casting or forging. Because each built location is subjected to a unique
and cyclic thermal history, including first rapid solidification, multiple
fast heating, and cooling heat treatments, a heterogeneous micro-
structure deviating from the equilibrium state results [5]. Moreover, the
nature of the partial remelting of the previous layers and its large
thermal gradient in the melt pool result in an epitaxial growth of grains,
which potentially creates an intrinsic texture that gives rise to aniso-
tropic mechanical properties [6]. The properties of additively manu-
factured parts potentially determine their applications and ultimate
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failure modes. Therefore, exploring the detailed anisotropic behavior of
additively manufactured alloys and relating it to the specific micro-
structure are of great significance. Previous investigations mainly
concentrated on austenitic stainless steel [7-9] and Ti alloys [10,11],
revealing similar anisotropic behaviors in which the ultimate strength
of uniaxial tensile along the vertical direction appears to be slightly
lower than the horizontal samples. However, the corresponding elon-
gation was higher when the samples were loaded along the vertical
direction compared with the horizontal direction. The anisotropic be-
havior was attributed to the columnar morphology of the austenite (in
stainless steel) or 3 grains (in Ti alloys), and the boundaries of these
columnar grains served as pathways along which cracks preferentially
accumulated and propagated, leading to the final fractures [11].

Additively manufactured TiAl alloys have also received consider-
able attention, and studies have mainly focused on processing optimi-
zation and microstructure characterization. Schwerdtfeger et al. [12]
reported a broad parameter window for processing Ti-48A1-2Cr-2Nb
(at.%) alloy, establishing the relationship between the chemical com-
position variations, process parameters and scanning strategy, and
achieving a wide range of microstructures varying from lamellar to
massively transformed y. Li et al. [13-16] comprehensively investigated
the effect of energy density input, substrate preheating, heat treatment,
and TiB, addition on the texture evolution, phase transformation me-
chanisms, and nanohardness of additively manufactured Ti-45A1-2Cr-
5Nb alloy. Thomas et al. [17] optimized the process parameters and
successfully prevented cracking, which is otherwise observed in the
brittle material, induced by the large stress caused by fast cooling and
thermal cycling history. They obtained superior tensile properties
compared with the cast samples. Thus far, there have been few pub-
lished works reporting on the anisotropic mechanical behavior of ad-
ditively manufactured TiAl alloys and the effect of microstructure.

In the present study, the microstructure and tensile mechanical
properties of Ti-47A1-2Cr-2Nb alloy, fabricated using DLD method, are
carefully investigated, and the emphasis is placed on the anisotropic
behavior of the tensile properties when the as-deposited samples are
loaded along different directions (the angle between tensile direction
and the substrate are set as 0°, 45°, and 90°, respectively). An alter-
native-band microstructure composed of alternating complicated mi-
crostructure bands and coarse lamellar colony bands, and the aniso-
tropic behavior different from other reports of titanium alloys and
stainless steel are observed. The possible deformation and fracture
mechanisms underlying are also discussed.

2. Experimental
2.1. Materials and methods

Ti-47Al1-2Cr-2Nb (at.%) pre-alloyed powder, prepared by electrode
induction melting gas atomization, was utilized as the deposition raw
material, and its chemical composition was measured, as presented in
Table 1. It can be seen that the actual chemical composition is very
close to the nominal composition. A DLD system equipped with an Yt

Table 1
Chemical composition of the as-received powder and as-deposited specimen in
at.% and wt.%, respectively.

Elemental chemical composition

Ti Al Cr Nb
(at.%)
Powder as received Bal. 47.7 1.86 2.05
Specimen as deposited Bal. 45.9 1.94 1.95
(wt.%)
Powder as received Bal. 33.1 2.5 4.9
Powder as deposited Bal. 31.5 2.6 4.6
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fiber laser was used to fabricate single-track walls (40 X 50 X 2 mm), as
shown in Fig. 1. The single-track walls were deposited on a 100 x 100 x
10-mm Ti-48Al plate with a back-and-forth scanning strategy in a high-
purity Ar chamber. The process parameters were set as follows: laser
power 400 W; scanning speed 4 mm/s; feeding rate 3 g/min; and layer
thickness 0.3 mm.

2.2. Microstructure characterization

The microstructure morphologies were examined using an optical
microscope (OM) and scanning electron microscope (SEM) following a
standard specimen preparation procedure. Electron backscatter dif-
fraction (EBSD) was performed using a TESCAN Lyra3 Gum field
emission microscope operated at 20kV. Local scan areas of 400 X
400 um and 100 X 100 um were used for EBSD analysis with a step size
of 0.4 and 0.1 pm, respectively. EBSD data was analyzed using the
Channel 5 software provided by Oxford. The chemical composition was
measured using an energy dispersion spectrum detector included with
the SEM. Phase constitution was identified through X-ray diffraction
(XRD) on a poly-functional X-Ray diffractometer with 26 varying from
20° to 120°. An FEI Talos F200X transmission electron microscope
(TEM) was used at 200 kV to investigate more detailed microstructures.
TEM specimens of as-deposited samples were prepared via precision
cutting and subsequently ground to a thickness of 100 um, followed by
twin-jet at ~ 30 V with a reagent (59 vol.% methanol, 35 vol.% butanol,
and 6 vol.% perchloric acid). Samples examined for their deformation
behaviors were obtained through focused ion beam milling near the
fracture.

2.3. Mechanical tests

Three kinds of dog-bone specimens having a gauge section of 6 mm
(length) X 2 mm (width) X 1.5 mm (thickness) were machined from the
deposited walls for tensile tests, as shown in Fig. 1b. The geometry and
dimensions of these specimens were designed as non-proportional
specimens according to International Standard ISO-6892-1. The angles
between the tensile direction and the substrate were 0°, 45°, and 90°,
respectively. All specimens were prepared using the standard grinding
and polishing procedure to eliminate the effects of surface roughness.
Uniaxial tensile experiments were conducted on a 5-kN screw machine
at a displacement rate of 0.1 mm/min under an in situ optical micro-
scope. The speckle pattern on the gauge section prepared prior to ten-
sile testing was traced from the optical images, used as the ex-
tensometer. The strain-field contours were calculated using a digital
image correlation method. Vickers hardness along the building direc-
tion on the polished specimens was measured using a Fischerscope
HM200 microhardness tester.

3. Results

3.1. Alternative-band microstructure of Ti-47Al-2Cr-2Nb alloy fabricated
by DLD

Fig. 2 presents the XRD patterns obtained from the vertical cross
section of the as-deposited Ti-47Al-2Cr-2Nb alloy, used to identify the
phase constitution. Most of the diffraction peaks corresponded to the a,
and vy phases, and no [ phase was detected. Moreover, many forked
peaks were observed in the diffraction pattern, resulting from the tet-
ragonal crystal structure of the vy phase. A semi-quantitative calculation
from the diffraction pattern indicated that the molar fractions of a, and
y were respectively 7.25 and 92.75 %, which deviates from the equi-
librium state according to the phase diagram measured by Schuster
[21]. The chemical composition of the as-deposited specimens is pre-
sented in Table 1, where the associated Al content is approximately 2
at.% lower when compared with the precursor powder. As was reported
in previous studies [18,19], Al loss is a common phenomenon during
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Fig. 1. (a) Schematic of the direct laser deposition process; (b) Tensile specimen geometry and their orientations (the angles 6 between tensile direction and the

substrate are 0°, 45°, and 90°, respectively); all dimensions are in mm.
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Fig. 2. XRD patterns of the vertical cross section of the as-deposited Ti-47Al-
2Cr-2Nb specimen, compared with the standard diffraction patterns of TizAl
(a2), TiAl(y) and B2(f,). The images in the inset are the magnified patterns of
the peaks denoted by dashed rectangles.

additive manufacturing, because the high energy density usually con-
tributes to significant overheating, leading to Al vaporization.

Fig. 3 shows the general microstructure of the as-deposited spe-
cimen. Cracks caused by thermal stress were rarely observed, but a few
spherical pores 1-2 um in size did appear. This was the result of gas
trapping in the melt pool. The total porosity of this specimen was
measured to be approximately 0.2 %, and the associated density was
3.825 g/cm®, demonstrating that the process parameters used in the
present study enabled the production of a nearly fully dense Ti-47Al-
2Cr-2Nb alloy specimen. Moreover, it is worth noting that two different
bands having dark and bright contrast were alternatively arranged
along the building direction, clearly distinguished in the OM image
(Fig. 3a). From the SEM-BSE image (Fig. 3b), it was observed that the
dominating microstructure feature is a dendritic morphology, which is
considered to originate from the solidification behavior that causes
chemical composition segregation [20]. The SEM-BSE mode reflects the
contrast based on chemical composition and the places where heavy
elements aggregate, which always exhibit a bright contrast. Thus, it was
deduced that Ti prefers to gather at the bright dendritic zones, whereas
Al tends to be enriched at the dark interdendritic zones. Additionally,
alternative bands can be recognized because of the different

compositions of the interdendritic zone of each band, as reflected in
Fig. 3b. Figs. 3c and 3d are respectively the magnified SEM-BSE images
corresponding to the locations in Fig. 3b. It can be seen in Fig. 3c that
the interdendritic zones consist of fine equiaxed y phase, feathery mi-
crostructures, and Widmanstatten laths with various orientations. Fur-
thermore, the dendrite zones are always coarse lamellar colonies,
which, as a result, constitute a so-called complicated microstructure
band. However, the other band completely consists of coarse lamellar
colonies, and nearly all these laths are directional and parallel to the
substrate with less than 20° deviations (Fig. 3d). Thus, it was concluded
that the alternative-band, comprising a complicated microstructure
band and coarse lamellar colony band, was the main microstructure
feature of the as-deposited specimen. The average thicknesses of the
complicated microstructure band and the directional coarse lamellar
band were measured to be 131 + 16 pym and 187 + 21 pm, respectively.
The sum corresponds approximately to the layer thickness of each de-
position track during DLD, suggesting that the formation of this alter-
native-band microstructure was closely related to the layer-by-layer
building mode.

EBSD images were used to describe microstructure morphology
more visually and to allow for statistical analysis of grain orientations,
as shown in Fig. 4. It can be seen that the profile of the prior grains
exhibits coarse columnar morphology that appears to result from epi-
taxial growth beyond a single layer thickness. Within these prior grains,
the a, and y phases always present a lamellar structure nearly parallel
to the substrate (Fig. 4c). In Fig. 4d, the pole figure of the a, phase
suggests that all the measured a, phase possesses a common orientation
of the {0001} plane. In the {1120} pole figure, two series of three {1120}
planes of the a, phase, distinguished by different intensities, were ob-
served deviating from each other by a relatively low angle. Further-
more, the statistical analysis of the boundaries of the a, phase indicates
that the misorientation angles of nearly all the a, grain boundaries are
under 10°, implying all of the a, grains possess a constant crystal or-
ientation. In the pole figure of the y phase (Fig. 4e), the {111} and {110}
planes, denoted by circles and squares, respectively, correspond to the
{0001} and {1120} planes of the a, phase, indicating a Blackburn or-
ientation relationship: {111} , || {0001} o> and <110> , || <1120> o5 [22].
It can also be observed that there are a large number of v twins existing
in the prior columnar grains (Fig. 4a), and the y twins share a common
(111) plane with the matrix (Fig. 4e). From the misorientation dis-
tribution histogram, it is known that many y boundaries form the
special angles of 60°, 70°, and 90°. Beyond that, the alternative-band
microstructure morphology was also distinguished in these EBSD
images, coinciding with the above observations. Fig. 5 presents the
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Fig. 3. Alternative-band microstructure of an as-deposited specimen comprising fine complicated structure bands and directional lamellar bands. (a) OM image; (b)
SEM-BSE image; (c) and (d) Magnified SEM-BSE images corresponding to the locations noted in (b), showing the microstructure morphology of the fine complicated

structure band and the directional lamellar band.

inverse pole figures of the complicated microstructure band and coarse
lamellar colony band and their associated pole figures. In the compli-
cated microstructure band (Fig. 5a), the feathery structure and
equiaxed y phase are inserted at the boundaries of coarse columnar
colonies. Regarding the coarse lamellar colony boundary, these
boundaries simply connect two columnar lamellar colonies (Fig. 5c),
and the misorientation between them is very small, thus forming low-
angle boundaries as denoted by the black lines. The pole figures of the y
phase (Figs. 5b and d) show that the crystal orientation of the com-
plicated microstructure band is promiscuous and irregular, whereas, in
the coarse lamellar colony band, it seems constant. The accumulated
seven points in the {111} pole figure are related to a pair of twin re-
lationship y phases inherited from one a/a, grain. Additionally, it was
noticed that both the coarse lamellar structures in these two bands
present a close crystal orientation, as judged by the same orientation
colors made up of red and violet.

3.2. Microhardness distribution along building direction

The microhardness distribution over a range of 1000 um along the
building direction was measured, as shown in Fig. 6. The associated
hardness distribution presents a periodic rise and fall around 400 HV.
The maximum and minimum hardness values are respectively 438 and
356 HV. Moreover, the period of the hardness fluctuation is approxi-
mately 300 um, which is in accordance with the period of the ar-
rangement of alternative bands. The indentation places under OM

reveals that the high-hardness indentations are located at coarse la-
mellar colony bands, whereas the low-hardness indentations are always
distributed in the complicated microstructure bands.

3.3. Anisotropic tensile behavior of the as-deposited Ti-47AI1-2Cr-2Nb alloy

In situ tensile tests were conducted to clarify the anisotropic tensile
behavior of the alternative-band microstructure by loading along three
different directions (6= 0°, 45°, and 90°). The results are shown in
Fig. 7a, and all the stress-strain curves show no obvious yield phe-
nomenon, which is in accordance with stress—strain curves measured
from parts fabricated by casting [23,24]. Additionally, it was observed
that the ultimate strength and elongation were closely dependent on the
loading direction. When the loading direction was parallel to the sub-
strate (6 = 0°), the specimen exhibited the best comprehensive tensile
behavior with the maximum ultimate strength and elongation (706 MPa
and 0.51 %), which is a remarkable combination, even when compared
with conventionally fabricated parts [23-29] (Fig. 7b). When the
loading direction was inclined (8 = 45°), the tensile strength largely
decreased to 358 MPa, but the elongation remained nearly unchanged.
In this case, the strength was slightly lower than that of conventionally
fabricated parts. Once the loading direction was turned perpendicular
to the substrate (8 = 90°), both the ultimate strength and elongation
dropped to their minimum values (273 MPa and 0.16 %), which is lo-
cated at the left bottom corner of the strength-elongation diagram,
indicating miserable tensile properties.
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Fig. 4. EBSD images obtained from the as-deposited specimen with a region size of 400 x 400 um. The red, black, and white lines represent £3 twin boundaries, 2-10°
low-angle boundaries, and large-angle boundaries larger than 10°, respectively. (a) Band contrast; (b) Phase component where red represents the a, phase and blue
represents the y phase; (c) Inverse pole figure; (d) and (e) Pole figures of a, and y phases; (f) and (g) Histograms representing the boundary misorientation
distribution of a, and y phases. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).

The strain distribution maps at different engineering-strain levels
are shown in Fig. 8a, and the line scanning maps indicating strain
variation in the middle of the specimens are shown in Fig. 8b. It was
obtained that the macro-deformation mode varied with loading or-
ientations. For the specimen loaded at © = 0°, which exhibited excellent
tensile properties, no obvious macro-deformation bands were observed,
and the deformation areas appeared non-directional and irregular.
Meanwhile, the strain fluctuation along the gauge length is relatively
gentle, and the maximum strain value is approximately 0.65. Regarding
the specimen loaded at 6 = 45°, it was observed that two wide macro-
deformation bands, forming a 45° angle with the loading direction,
were generated. The corresponding line-scanning map indicates that all
the localized strain values exhibited a tendency to grow with increasing
engineering strain. There were two obvious strain peaks extending to
0.76 and 0.9 % at the engineering strain of 0.5 %, which is larger than
the average strain value. Moreover, the strain fluctuation appears more
obvious than the specimen loaded at ® = 0°. When the loading direction
is 6 = 90°, multiple narrow deformation bands, denoted by blue color,
appeared perpendicular to the loading direction. Moreover, with an
increase in engineering strain, the strain fluctuation along the gauge
length increased a lot. At an engineering strain of 0.16 %, the maximum
strain value was 0.38 %, whereas the minimum strain value was only
0.03 %.

To investigate the deformation mechanism of the as-deposited
specimens with different loading directions, TEM images of the coarse

lamellar colonies around fracture surfaces were obtained. Fig. 9a shows
the TEM morphology of the lamellar structure in an as-deposited spe-
cimen without loading applied. It can be seen that the lath width
mainly ranged from 20 to 180 nm, and nearly no deformation twins or
dislocations were observed. The inserted selected area electron dif-
fraction (SAED) pattern reveals the Blackburn orientation relationship
between the a, and y laths, which agrees with the results obtained from
EBSD. Moreover, the twinning relationship along the (111) plane be-
tween vy laths is also described by the yellow and green outlines in the
SAED pattern. However, in the deformed specimens, deformation twins
and dislocations appeared in the y laths, and different loading direc-
tions induced various deformation modes. When the loading direction
was parallel to the substrate (6 = 0°), the deformation twins presented a
transverse morphology, and they were completely confined within
single y laths (Fig. 9b). When the loading direction was perpendicular
to the substrate (6 = 0°), most of the deformation twins interacted
greatly with the lamellar interfaces and traversed across several laths
(Fig. 9d). However, when the loading direction was inclined (6 = 45°),
the deformation twins and slip lines were parallel to the lamellar in-
terfaces, and transverse deformation twins were rarely observed
(Fig. 9¢).

The cross-sections of fractures under different loading directions
indicate the fracture mode and related crack propagation pathway, as
shown in Figs. 10a—c. These images reveal that the fracture surface of
the 6 = 0° sample exhibited an irregular morphology, and the principal
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Fig. 5. EBSD images locally obtained from the as-deposited specimen with a region size of 100 X 100 pm. (a) and (b) Inverse pole figure of the complicated structure
band and its associated pole figure of the y phase, presenting a promiscuous crystal orientation; (c) and (d), Inverse pole figure of the coarse lamellar colony band and

its associated pole figure of the y phase.
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Fig. 6. Microhardness distribution along the building direction in the as-de-
posited Ti-47Al-2Cr-2Nb alloy specimens.

crack propagated vertically to the lamellar interfaces. However, for the
sample of 6 = 90°, the fracture surface was perpendicular to the loading
direction (Fig. 10c) while that of the 6 = 45° sample formed an ap-
proximately 45° angle with the loading direction (Fig. 10b), which
corresponds to the macro-deformation bands in the strain distribution
maps (Fig. 8c). Meanwhile, their principal cracks always propagated
along the lamellar interfaces, contributing to a straight and flat fracture
surface. Combined with the fracture surface morphologies of the dif-
ferent tensile specimens (Figs. 10d-i), it was deduced that intergranular
fracture was the main feature of the © = 45° and 6 = 90° specimens,
accompanied by some tearing of ligaments. However, the specimen
loaded at 6 = 0° usually presented translamellar fractures with sheet-
like fracture morphologies (Figs. 10d and g). In the amplified fracture
images (Fig. 10i), we can distinguish large numbers of nanolaths in-
serted in the y plates of the specimen loaded at 6 = 90°, which are

considered as the result of transverse y deformation twins, as marked by
red arrows. However, in Fig. 10h, for the 6 = 45° specimen, nanolaths
were rarely discovered in the plates, in accordance with the TEM ob-
servation of no transverse deformation twins (Fig. 9).

4. Discussion
4.1. Microstructure formation mechanism

Based on the OM, SEM, and EBSD images, we can draw the con-
clusion that there are two major characteristics describing the micro-
structure morphology of the as-deposited Ti-47Al-2Cr-2Nb alloy. One is
the alternative-band morphology comprising complicated micro-
structure bands and coarse lamellar colony bands, whereas the other is
the overwhelming coarse lamellar colonies which always exhibit a co-
lumnar morphology growing along the building direction. The ay/y
laths fill in these coarse colonies and present coincident and directional
orientations, which are perpendicular to the columnar direction and
nearly parallel to the laser scanning direction. Both features are asso-
ciated with the unique thermal history.

First, we should discuss the formation mechanism of directional
columnar lamellar colonies, which are largely related to solidification
and solid-phase transformation. As is known, the solidification micro-
structure is strongly related to the solidification conditions [30-32].
Temperature gradient (G) and growth rate (V) play important roles in
determining the solidification microstructural morphology, including
columnar and equiaxed grains, which have been completely explored
for Ni-based alloys [32]. To explore the microstructure formation me-
chanism, the columnar-to-equiaxed transition phenomenon must be
considered.

According to Hunt’s model [30], fully equiaxed growth occurs when

3
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and fully columnar growth occurs when
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where G is the thermal gradient, N, is the nuclei density, ATy is the
nucleation undercooling, and AT; is the undercooling.

}1/2

where m is the liquidus slope, k is the distribution coefficient, C, is the
alloy composition, V is the growth rate, I' is the Gibbs-Thomson
parameter, and D is the liquid diffusion coefficient. In this study, the
parameter values for TiAl alloy are as follows: m -8.53 K/at.%,
kp=10.88, T=10"7 mK, D=5x10"m?s?, Ny =2x10"°, and
ATy = 2K [33-35].

Based on the calculations using Hunt’s model, we established a se-
lection map of microstructural morphology for as-deposited TiAl alloys,
as shown in Fig. 11a. Bontha’s research [36] demonstrated that in-
creasing laser power results in a substantial decrease in temperature

@

_2m(Q1 — ko)GoVT

ATC=2{ D

3

gradient at all depths within the melt pool, whereas scanning speed
influences both the temperature gradient and the growth rate. Thus, it
is concluded that the temperature gradient and growth rate, which are
the key parameters controlling microstructure in the DLD, are de-
termined by processing parameters. The calculated solidification con-
ditions varying with laser power and scanning speed were presented in
ref. [36], and the blue scatter points in Fig. 11a were extracted to ap-
proximately evaluate the solidification conditions in our study. It can be
seen that nearly the whole melt pool is located in the columnar grain
zone, indicating that columnar grains are the dominant feature of the
solidification microstructure, agreeing with the observed columnar
colony morphology. Moreover, it is deduced that the a phase is the
primary phase solidified from the liquid according to the characteristic
of the orientated lamellar structure [37]. While cooling to room tem-
perature, the a phase transforms into the a,/y lamellar structure,
obeying the Blackburn orientation relationship: {111} , || {0001} 4> and
<110> , || <1120> 42, with the lamellar interface parallel to {0001} 4o.
As the a phase preferentially grows along the unique <0001> direction
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OO

Fig. 9. TEM images of the coarse lamellar colony. (a) As-deposited specimen; (b)-(d) Deformed specimens with loading directions 6= 0°, 45°, and 90°, respectively.

from the bottom of the melt pool [38], all six transformed y variants
form perpendicularly to the columnar growth direction. Thus, they
generate a directional aligned lamellar structure as reflected in Figs. 3d
and 4 c. Furthermore, these y variants can be classified into two twin
groups. Each group is in accordance with one of the two disordered
cubic variants in the (111) twin relationship on the basis of stacking
sequence, which is usually present in a twinning relationship.

Second, the alternative-band microstructure composed of coarse
lamellar colony bands and complicated microstructure bands is also a
specific microstructural feature only observed in as-deposited Ti-47Al-
2Cr-2Nb alloy. It is worth mentioning that the sum of the two adjacent
alternative bands corresponds to single-layer thickness, implying a
potential relationship between the particular microstructure and the
one-by-one layer deposition process. A similar alternative-band micro-
structure was obtained by Todai et al. via electron-beam melting
technology [39], although it comprised duplex-like bands and coarse y
grain bands. The authors attributed this feature to the effect of repeated
local heat treatments during deposition, which can also explain the
alternative-band microstructure observed in this study. A directional
coarse columnar colony filled with a lamellar structure is formed in the
melt pool when every new layer is deposited. Meanwhile, each laser
scan brings a non-uniform heat treatment for the previously deposited
layers. Previous research on post-weld heat treatments [40] demon-
strated that heat treatment above 1000 °C contributes to the formation
of equiaxed y grains and the precipitation of banded lamellar grains,
which is in accordance with the microstructure observed in the com-
plicated microstructure band. Thus, it is deduced that the complicated
microstructure band can be attributed to the non-uniform heat treat-
ment that partly transforms the previously deposited layer, as shown in

Fig. 11b. The regions significantly altered by heat treatment are called
the heat-affected zones.

4.2. Deformation mechanism

As demonstrated in previous reports [40,41], the deformation is
mainly confined to the majority y(TiAl) phase, regardless of whether
the alloy has a lamellar or equiaxed microstructure. Dislocation slips for
the L1, type y(TiAl) phase are usually inclined to occur on {111} , planes
along <110> , directions, which are respectively the close-packed plane
and close-packed direction. However, the particularity for y-TiAl is that
the <110] , and <101] , directions are crystallographically not equiva-
lent because of the alternatingly arranged stacking sequence of Ti and
Al atomic planes along the <001> , direction. This results in two types
of dislocations: ordinary dislocations whose Burgers vector is
b= 1/2<110] , and superdislocations with Burgers vectors of
b= 1/2<101], and b = 1/2 < 112] ,. Moreover, there are four addi-
tional {111} < 112> , twinning systems that can also operate. However,
regarding the directional lamellar structure, as in our studies, the
loading orientation plays a significant role in determining the critical
stress of a deformation system at the early stages of deformation. This is
because these available slip and twinning systems will interact differ-
ently with the lamellar interface. Lebensohn [42] developed a classifi-
cation of these deformation systems, called morphology-based classifi-
cation, as summarized in Table 2. The longitudinal system implies that
both the slip plane and slip direction are parallel to the lamellar in-
terface, and the mixed system indicates that the slip plane interacts
with the lamellar interfaces. However, the slip direction is parallel to
them. Systems in which the slip plane and slip direction interact with
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Fig. 10. SEM images of cross-section and fracture surface morphology of the specimens under different loading directions. (a), (d), (g) 6 = 0% (b), (e), (h) © = 45
(©), (0, (i) © =90°. The dotted lines in (a)-(c) represent the lamellar directions, and the red arrows in (i) show the nanolaths inserted in the y plates. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).

the lamellar interfaces are then grouped into the transverse system. Our
study reveals that directional coarse lamellar colonies whose lamellar
orientations are nearly parallel to the laser scanning direction con-
stitute a majority of the as-deposited microstructure, meaning the
corresponding deformation mechanism is analogous to that of poly-
synthetic twinned (PST) TiAl alloy. TEM observations indicate that,
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when the loading direction is 6= 45°, soft mode, longitudinal de-
formation systems are activated with slip plane and slip direction par-
allel to the lamellar interface, as shown in Fig. 9c. Scarcely any inter-
actions between deformation systems and lamellar interfaces are
observed. When the loading direction is 6= 0° or 6= 90°, which re-
presents a hard mode, the longitudinal deformation systems are greatly

Laser beam

(b)

Melting zone

HAZ
N-1 layer

N-2 layer

Fig. 11. (a) Selection map of microstructure morphology based on solidification conditions, including temperature gradient G and growth rate V. The blue scatter
points in the selection map are calculation results for different melt-pool depths during laser deposition of thin-wall Ti alloys, which is in accordance with our process
parameters and extracted from ref. [36]; (b) Schematic of the alternative-band microstructure formation mechanism during DLD. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article).
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Table 2
Classification of deformation systems in fully lamellar structure of TiAl alloy
and the associated Schmid factor with different tensile loading directions.

System Morphology-based Mechanism-based ~ Schmid Factor
6=0 06=45 6=90°

(111)[110] longitudinal system ordinary slip 0 0.5 0
(111)[011] longitudinal system  super slip 0 0.5 0
(111)[101] longitudinal system super slip 0 0.5 0
(111)[110] mixed system ordinary slip 0.471  0.360 0
(I11)[011] mixed system super slip 0.471  0.360 0
(111)[101] mixed system super slip 0.471  0.360 0
(111)[110]  transverse system ordinary slip 0.408 0.484 0.272
(111)[110] transverse system ordinary slip 0.408  0.484 0.272
(111)[011] transverse system super slip 0.408 0.484 0.272
(1I11)[101] transverse system super slip 0.408 0.484 0.272
(111)[011] transverse system super slip 0.408 0.484 0.272
(111)[101] transverse system super slip 0.408 0.484 0.272
(111)[112]  longitudinal system twinning 0 0.5 0
(111)[112] transverse system twinning 0.494 0.258 0.272
(111)[112] transverse system twinning 0.494 0.258 0.272
(111)[112] transverse system twinning 0.471  0.406 0.314

suppressed, and deformation twins that traverse the primary vy laths
turn up. This phenomenon is strongly related to the Schmid factor,
which provides an indication of how easy it is for a slip to occur for a
particular system. The Schmid factor is calculated as m= cosgcosA,
where ¢ is the angle between the loading direction and normal direc-
tion of the associated slip plane, and A is the angle between the loading
direction and slip direction. The calculated Schmid factors of each de-
formation system under different tensile orientations are listed in
Table 2. The lamellae are assumed to be perfectly perpendicular to the
building direction.

When the loading direction is 6= 45°, all the longitudinal de-
formation systems possess a maximum Schmid factor of 0.5, implying
that the longitudinal deformation systems are easy to activate. Because
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the Schmid factors of transversal deformation systems are much lower,
it is difficult to trigger the transverse deformation systems, as demon-
strated in Fig. 9c. However, when the loading direction is turned to
6= 90°, it can be seen that the Schmid factors of longitudinal de-
formation systems and mixed deformation systems are equal to zero.
This means these two kinds of deformation systems are greatly sup-
pressed, and only transverse deformation systems can operate. When
0= 0°, mixed deformation systems and transverse deformation systems
possess a high Schmid factor (0.47-0.49). However, longitudinal de-
formation systems have a Schmid factor of zero. That is why long-
itudinal deformation twins were rarely observed in this case.

The strengthening effect resulting from internal boundaries is
usually described in terms of the Hall-Patch relationship, which is al-
ways expressed as o= o, + kd~1/2, where a, is a stress contribution in-
dependent of grain size, k is a material constant representing the dif-
ficulty of a slip penetrating from one grain to the next, and d is the grain
size that essentially measures the free path of the slips in single grains.
Thus, the strengthening effect can also be classified into three groups
according to the different deformation mechanisms. When the loading
is applied at ©= 45°, longitudinal deformation systems become the
major deformation features, and the free paths of these slips are de-
termined by the domain size (i.e., the long axis of the lamellae).
However, when the loading is applied at 6= 90°, only transverse de-
formation systems are activated in the y lamellae, implying that the free
paths are confined by lamellar spacing. For the loading direction of
6= 0°, transverse deformation systems and mixed transverse systems
are activated, and the effective slip paths are considered to be con-
trolled by domain size and lamellar spacing. Therefore, it is deduced
that loading along 6= 45° and 6= 90° will respectively contribute to a
low and a high strength, and loading along 6= 0° will results in an
intermediate strength because of the coefficient of domain size and
lamellar spacing. These deductions have already been demonstrated in
previous studies on PST TiAl alloys [42,43]. However, it seems to
contradict our tensile results. This phenomenon should be attributed to
the specific alternative-band microstructure and fracture behaviors,
which are discussed in the next section.
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Fig. 12. Schematic of the fracture mechanism for the as-deposited alternative-band microstructure of Ti-47Al-2Cr-2Nb alloy under different loading directions.
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4.3. Fracture behavior

The above observation reveals that the as-deposited Ti-47Al-2Cr-
2Nb alloy exhibits a specific alternative-band microstructure, com-
prising complicated microstructure bands and coarse lamellar colony
bands. Hardness measurements show that the micro-hardness periodi-
cally varied along the building direction, with the complicated micro-
structure bands possessing a relatively low hardness and the coarse
lamellar colony bands exhibiting a high hardness. As hardness is pro-
portional to yield strength [44], it is concluded that the complicated
microstructure bands can bear relatively low stress compared with the
coarse lamellar colony bands. This implies that cracks are always in-
itiated in the complicated microstructure band, as shown in Fig. 12.
Then, the following crack propagation mode determines the ultimate
strength and elongation. It is a consensus that there are six y variants
generated from an o/a, matrix, according to the Blackburn orientation
relationship. In addition to the a,/y boundary, three types of y/vy in-
terfaces form a true twin interface, a pseudo-twin interface, and a 120°
ordered interface. Their cleavage energies can be expressed as follows:

Gi=G —TL—Ey “

where G, is the ideal cleavage energy of the {111} plane, [; is the in-
terfacial energy that varies with the interface type, and E,, is the misfit
energy estimated using the Frack and Van de Merwe method [45].
Thus, the cleavage energy of these lamellar interfaces is lower than that
of the common cleavage plane {111}, suggesting a cracking priority
along these interfaces. When 6= 45° or 6= 90°, the cracks will propa-
gate along the lamellar interface under the effect of normal stress. Be-
cause these cracks are usually noncoplanar, they will finally link to each
other through the tearing ligament, as shown in Fig. 12. The associated
fracture toughness is low under these two circumstances. Once cracks
initiate, they propagate rapidly and contribute to fracturing. This is why
their ultimate strength is relatively low. However, when the loading
direction is parallel to the lamellar orientation (6= 0°), the normal
stress applied to the lamellar interface is very low, and it is difficult for
cracks to propagate along the lamellar interfaces. As the external stress
increases to a higher level, other cleavage planes in the a, and vy laths
are activated, leading the cracks to traverse these lamellar structures.
Because the propagation of translamellar cracks is strongly blocked by
ao/y or v/y interfaces, the fracture resistance is considerably increased.
During this process, more slip and twinning deformation systems are
generated, which explains the high ultimate strength and strain when
the loading direction is 6= 0°.

5. Conclusions

Single-track Ti-47Al-2Cr-2Nb alloy walls were additively manu-
factured using DLD technology. The microstructure characterization of
OM, SEM, and EBSD were performed, and the anisotropic tensile be-
havior was investigated by applying different loading directions. The
main findings can be concluded as follows:

1 The as-deposited Ti-47Al-2Cr-2Nb alloy specimens exhibited a par-
ticular alternative-band microstructure comprising complicated
microstructure bands and coarse lamellar colony bands. Fine
equiaxed y grains, feathery microstructures, Widmanstatten laths,
and coarse lamellar colonies constituted the complicated micro-
structure band. The coarse lamellar colony band completely con-
sisted of coarse lamellar colonies in which all laths were nearly
perpendicular to the building direction. This unique alternative-
band microstructure resulted from the combined effects of rapid
solidification and cyclic heat treatment derived from exposure to
multiple laser scans.

2 The ultimate strength and elongation of the as-deposited Ti-47Al-
2Cr-2Nb alloy specimens varied significantly with the angle (6)
between the loading direction and the substrate. When the loading
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direction was parallel to the substrate (8= 0°), the specimen had the
maximum ultimate strength and elongation (706 MPa and 0.51 %),
and TEM observations revealed that dislocations and transverse
twinning systems were activated. The ultimate strength and elon-
gation dropped sharply to the minimum (273 MPa and 0.16 %)
when the loading direction was turned perpendicular to the sub-
strate (6= 90°), in which the strain predominantly came from the
transverse deformation systems. In the middle state with the loading
orientation of 45°, the ultimate strength was about 358 MPa, and the
relative higher elongation of 0.49 % was mainly associated with the
strain coming from the longitudinal deformation systems.

3 The fracture surface observations and cleavage energy analysis in-
dicate that the cracks preferentially propagated along the lamellar
interface and finally linked to each other by tearing ligaments when
the loading direction was 45° and 90°. However, cracks were blocked
by the lamellar interface and usually propagated by traversing the
a/vy laths when the loading direction was 0°. The crack propagation
mechanism proposed here can reasonably explain the anisotropic
behavior of specimens with alternative-band microstructure, fabri-
cated by DLD.
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