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A B S T R A C T   

Due to the intrinsic high room temperature brittleness and cold-cracking susceptibility, the fabrication and 
forming of γ-TiAl intermetallic alloy component is extremely difficult. Therefore, in recent years, a wire-arc 
additive manufacturing (WAAM) technique has been developed to fabricate the γ-TiAl intermetallic alloy by 
depositing the Ti and Al wires into a single tungsten arc generated molten pool with specific wire feed ratios. 
However, the WAAM fabricated γ-TiAl intermetallic alloy has been found having inhomogeneous layer-by-layer 
microstructure and the excessive heat input of tungsten arc would induce significant residual stress in the bulk 
sample. In the present paper, the previous WAAM has been further upgraded and an innovative twin-wire plasma 
arc additive manufacturing (TW-PAAM) process has been developed. Afterwards, a γ-TiAl intermetallic alloy wall 
component with specific chemical composition of Ti-48Al has been fabricated and the metallography, phase 
composition and tensile properties are characterized subsequently. It has been found that a significantly more 
uniform microstructure is obtained in the TW-PAAM fabricated γ-TiAl intermetallic alloy than the previous 
WAAM technique. The content of α2 phase, lamellar colony size and lamellar spacing exhibited the tendency of 
decreasing from the lower to upper part along building direction. And the tensile strength and ductility of the 
lower section are lower than the middle and top sections. In general, the present TW-PAAM technique has shown 
promising capability of fabricating γ-TiAl intermetallic alloy with lower cost, and the investigation results would 
become a valuable reference for understanding the evolution mechanism of microstructure and mechanical 
properties of the additively manufactured TiAl alloy.   

1. Introduction 

γ-TiAl based alloys have been considered as a promising displace-
ment of Ni-based superalloys for the low pressure turbine (LPT) blades in 
aero engines, due to the attractive low density and preferential specific 
strength above 600 ◦C [1,2]. However, the serious room temperature 
brittleness induced by its intermetallic nature makes γ-TiAl based alloys 
difficult to be formed and shaped using conventional methods such as 
casting, rolling and forging [3,4]. Therefore, in recent years, enormous 
researches have been conducted to the near-net shaping of γ-TiAl alloys 
such as high-precision centrifugal casting [4], spark plasma sintering 
(SPS) [5], electron beam selective melting (EBSM) [6] and the WAAM 
[7]. 

As it is known, additive manufacturing (AM) technology builds up 

near-net shaping components layer-by-layer using the slicing informa-
tion obtained from the three-dimensional computer aided design (CAD) 
model [8–10]. To date, by the filler material state, the existing AM 
processes can be divided into powder-based and wire-feed processes. In 
the aspect of γ-TiAl alloy AM, most of the research works have been 
focused on the powder-based AM techniques such as selective laser 
melting (SLM) [11], laser metal deposition (LMD) [12] and EBSM [13, 
14]. However, corresponding results have shown that the laser-powder 
based AM techniques (e.g., SLM, LMD) can hardly build up integrated 
γ-TiAl bulk sample and easy to generate cold cracking in the deposit 
[12]. This is because the crack susceptibility of γ-TiAl alloy is very 
sensitive to the processing cooling rate. Since the laser-powder AM 
techniques cannot provide adequate interpass temperatures, the cooling 
rate of the deposition location is too fast thus inducing inevitable cold 

* Corresponding author. 
** Corresponding author. 

E-mail addresses: xmhua@sjtu.edu.cn (X. Hua), cshen486@sjtu.edu.cn (C. Shen).  

Contents lists available at ScienceDirect 

Materials Science & Engineering A 

journal homepage: http://www.elsevier.com/locate/msea 

https://doi.org/10.1016/j.msea.2021.141056 
Received 29 October 2020; Received in revised form 8 March 2021; Accepted 9 March 2021   

mailto:xmhua@sjtu.edu.cn
mailto:cshen486@sjtu.edu.cn
www.sciencedirect.com/science/journal/09215093
https://http://www.elsevier.com/locate/msea
https://doi.org/10.1016/j.msea.2021.141056
https://doi.org/10.1016/j.msea.2021.141056
https://doi.org/10.1016/j.msea.2021.141056
http://crossmark.crossref.org/dialog/?doi=10.1016/j.msea.2021.141056&domain=pdf


Materials Science & Engineering A 812 (2021) 141056

2

cracking. Although it has been reported that defocusing laser above the 
deposition plane can preheat the powder particles before they enter the 
pool, which can reduce the cooling rate to a certain level, but the cracks 
still cannot completely be prevented [12]. 

Compared to the laser-based AM techniques, the interpass temper-
ature of EBSM instrument can reach over 1100 ◦C thus eliminates the 
cold cracking tendency of the buildup γ-TiAl alloys [14]. Therefore, 
EBSM is currently the only AM technique capable of near-net shaping 
γ-TiAl alloy components and being applied in the specific aviation areas 
[15–17]. However, on the one hand, the extremely high cost and the 
buildup vacuum chamber size significantly limit the further application 
promotion of such AM technique [16]. On the other hand, the high 
vacuum environment and energy input of EBSM can result in high Al 
evaporation loss (2 at% to 7 at%), which phenomenon in turn affects the 
microstructure and mechanical properties of the buildup γ-TiAl deposit 
[18]. 

In recent years, an innovative WAAM technique has been developed 
to fabricate the binary intermetallic alloys including Ti-Al [19,20], Fe-Al 
[21], Ni-Ti [22] and Fe-Ni [23]systems, by feeding dissimilar filler wires 
independently into a single molten pool generated using a gas tungsten 
arc welding (GTAW) torch. Compared to the EBSM, the WAAM tech-
nique exhibits significantly low equipment and filler material cost, high 
material deposition efficiency, and the capability of directly reaching 
full-density in the as-fabricated deposit without expensive 
post-processing such as hot isostatic pressing (HIP) [9]. However, such 
tungsten arc WAAM technique is still under its preliminary researching 
stage, and there are still several intrinsic problems desired to be solved: 
especially (a) the excessive thermal input and heating area caused by the 
GTAW troch, which would also induce significant residual stress and 
substrate distortion [24], and (b) the serious microstructure in-
homogeneity between GTAW layer deposits, which would be harmful to 
mechanical properties [20]. To overcome these two shortcomings, the 
key is to find a more appropriate deposition power source, which pos-
sesses higher deposition energy concentration density and penetration. 
Therefore, in this case the plasma arc torch of the plasma arc welding 
(PAW) can satisfy such desire. 

As it is known, compared to the GTAW process, although the PAW 
torch also uses the tungsten tip as the non-consumable electrode, the 
special designed PAW torch cover compresses the plasma arc during the 
deposition thus effectively increases the energy concentration density 
and penetration [25]. Also, since the plasma arc of PAW is initially 
generated between the tungsten tip and the PAW torch cover rather than 
the deposition base material, the thermal input of the arc generation 
process is considerably reduced compared to GTAW process, thus the 
residual stress and the cracking tendency at the deposition beginning 
section can be reduced at the same time [25,26]. Besides, the thermal 
input advantage, the PAW is also capable of producing finer and more 
uniform microstructures in the deposited metal [26]. In the molten pool 
of PAW, due to the higher energy concentration density, stronger con-
vection is generated in the molten metal. Therefore, the different 
alloying elements can be better mixed thus generate more homogeneous 
microstructure and element distribution in the solidified deposit [26]. In 
the case of the present WAAM of γ-TiAl alloys, the Ti and Al wires are fed 
into the molten pool by the independent wire feeders with certain wire 
feed ratio to generate target γ-TiAl alloy composition, thus the good 
mixing homogeneity of the pool molten is certainly essential to the 
success of the target γ-TiAl alloy fabrication and buildup. Considering 
that the inhomogeneous Ti-Al mixing would possibly generate macro 
segregation phenomenon, which would cause easily structural failures 
of the γ-TiAl alloys. The use of PAW torch is promising of producing 
preferential microstructures in the γ-TiAl deposit. Therefore, in the 
present research, the TW-PAAM process is developed by changing the 
previous GTAW power into the PAW to seek more homogeneous 
microstructure in the buildup γ-TiAl deposit than the previous GTAW 
based WAAM technique. 

Besides the process power source upgrade of the TW-PAAM, the 

corresponding microstructure and mechanical property variation is also 
investigated in the present study. It is known that due to the layer-by- 
layer deposition characteristic of the AM process, the as-deposited 
metal could be reheated to different phase regions and then cooled 
rapidly multiple times, resulting in complex microstructure and phase 
compositions. According to the literatures, no matter what power source 
is used (laser, electron beam, electric arc, etc.), the microstructure of the 
AM γ-TiAl alloy performs obvious layer-by-layer distribution along the 
buildup direction [27–29]. In the case of the WAAM γ-TiAl, the micro-
structure mainly exhibits full-lamellar grains along the buildup direc-
tion, with dendritic grains in the layer bands and equiaxed grains in the 
layer colony. Such heterogeneous microstructure leads to considerable 
difference between the tensile properties along the longitudinal and 
normal directions. Because the thermal cycle times and cooling rates in 
the specific deposition locations are different along the buildup direc-
tion, especially in the WAAM process of which the heat input from the 
GTAW power source is excessive, thus would cause obvious micro-
structure change of the WAAM buildup γ-TiAl alloys [20]. Therefore, the 
investigation of the corresponding thermal cycles on the microstructure 
and tensile properties of the buildup γ-TiAl alloys is necessary for the 
further development of the TW-PAAM technique itself. 

The purpose of the present research is two-folds: first is to upgrade 
the power source of the initial twin-wire WAAM process for interme-
tallic fabrication to the PAW plasma of TW-PAAM process, thus to test 
and verify the feasibility of using PAW torch as the power source of 
fabricating the target γ-TiAl alloy; second is to characterize the micro-
structure and mechanical property variation of the TW-PAAM γ-TiAl 
buildup component along building direction, thus to provide necessary 
experimental data for the further development of the TW-PAAM γ-TiAl 
alloy fabrication technique. 

2. Experimental procedures 

2.1. TW-PAAM system buildup 

The Ti-48Al alloy (at. %) deposition wall was produced by the TW- 
PAAM. The detailed TW-PAAM buildup parameters are listed in 
Table 1. During the TW-PAAW process, the pure titanium plate with 5 
mm thickness was selected as deposition substrate to exclude other el-
ements besides Ti and Al elements diluting from substrate into the 
buildup component. The schematic drawing of the TW-PAAW system is 
shown in Fig. 1(a). Two commercial welding wires of Ф0.8 mm pure 
titanium (ER TA2) and Ф0.8 mm pure aluminum (ER 1100) were 
independently fed into the single molten pool using two wire feeders at 
the wire-feeding rate of 1070 mm/min and 930 mm/min, respectively. 
The molten pool was formed by a plasma arc welding (PAW) system 
with a matching Ф 4.8 mm tungsten non-consumable electrode at the 
deposition current of 90 A and arc length of 8 mm. The plasma gas (0.2 
L/min) and inert shielding gas (10 L/min) of the TW-PAAW was 
99.999% purity argon. Besides the inert gas of the PAW torch, the 
shielding gas was also infused to the process from the trailing shielding 

Table 1 
TW-PAAM parameters for the Ti-48Al alloy buildup wall component.  

Parameters Unit Value 

Deposition current A 90 
Arc length mm 8 
Electrode diameter mm 4.8 
Ti wire-feeding rate mm/min 1070 
Al wire-feeding rate mm/min 930 
Travel speed mm/min 120 
Layer height mm 1 
Buildup wall width mm 8 
Plasma gas flow rate L/min 0.2 
Gas flow rate (torch) L/min 10 
Gas flow rate (cover) L/min 15 
Interpass temperature ◦C 500  
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cover at the flow rate of 15 L/min. The purpose of the trailing gas 
shielding cover was to ensure the inert gas environment around the 
solidified metal at high temperature, thus the excessive oxidation of the 
γ-TiAl deposition layer can be effectively prevented. In order to prevent 

the crack of TiAl alloy buildup component, the heating device was used 
in TW-PAAW system, the interpass temperature was set over 500 ◦C. 
During the deposition process, the PAW torch travel speed was 120 mm/ 
min, the single layer height and width were kept at 1 mm and 8 mm, 

Fig. 1. (a) The schematic diagram of TW-PAAM process, (b) deposited TiAl alloy sample.  

Fig. 2. The schematic of sampling location and dimension of tensile specimens: (a) sampling location for material characterization, (b) dimension of tensile 
specimen, the unit is millimeter. 
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respectively. Finally, the buildup wall component with 55 deposition 
layers reached 55 mm height, as shown in Fig. 1(b). 

2.2. Material characterization 

The required specimens for microstructure characterizations were 
obtained from deposited wall using electrical discharge machining 
(EDM), the specific sampling locations are shown in Fig. 2(a). The 
metallographic specimens were prepared using standard grinding and 
polishing preparation methods. The etchant was mixture solution of HF, 
HNO3 and H2O with volume ratio of 2:3:10. The macro metallography 
was observed by optical microscope (OM, ZEISS Axio Imager A2m). And 
the microstructure and chemical composition analysis were performed 
using a scanning electron microscope (SEM, MAIA3 GMU) equipped 
with energy dispersive X-ray spectrometer (EDS) and backscattering 
electron (BSE) probe. In order to investigate the grain orientation 
characteristics of samples at different deposition locations, Electron 
backscattered diffraction (EBSD) analyses were performed by a NOVA 
Nano 230 field emission gun scanning electron microscope at 20 kV 
acceleration voltage, 13 mm working distance and 0.9 μm step size. The 
sample surface for EBSD observation was mechanically polished down 
to 0.5 μm, then vibro-polished for 4h. The EBSD data analysis were 
conducted by using HKL Channel 5 software. The phase composition was 
identified by a Poly-functional X-Ray Diffractometer (D8 ADVANCE Da 
Vinci) with a Cu tube radiation at 40 kV and 40 mA, the diffraction angle 
of 2θ changed from 20◦ to 100◦ with step size of 0.02◦ and a scan rate of 
2◦/min. 

2.3. Mechanical properties test 

The Vickers microhardness of buildup wall component (X-Z plane) 
along building direction was measured at a load of 500 g for 15 s using a 
Fischerscope HM200 microhardness tester. To investigate the effect of 
deposition location on the tensile properties of buildup TiAl alloy 
component, the room temperature tensile properties of as-deposited 
TiAl alloy at different deposition location were tested using Zwick 
Roell test system equipped with extensometer at a strain rate of 0.05 s-1. 
The sampling locations and geometry dimension of tensile specimens are 
shown in Fig. 2(b). The gauge section of the tensile specimen was 12.5 ×
4 × 2 mm. To eliminate the influence of surface roughness, all tensile 
specimens were processed using the standard grinding and polishing 
methods before tensile tests. Three tensile samples for each deposition 
location were tested at least. After the tensile test, the morphology of 
fractures were analyzed using SEM. 

3. Results 

3.1. Phase composition 

Fig. 3 shows the XRD patterns of the TW-PAAM-fabricated TiAl alloy 
samples (the upper, middle and lower part). Apparently, the diffraction 
peaks related to the α2-Ti3Al and γ-TiAl phases are detected, no other 
phase is found, suggesting that the Ti-48Al alloy produced by TW-PAAM 
consists of α2 and γ phases regardless of the deposited position. The 
diffraction peak intensity in the XRD pattern depends on the phase 
content [30]. As shown in the XRD patterns, the strong diffraction peak 
corresponding to (111) γ is identified as the main phase. In addition, 
with the rise of deposition location along the building direction, the 
intensities of (111) γ and (202) γ diffraction peak increase significantly 
while the intensities of other γ peaks basically keep unchanged. Mean-
while, the intensities of the (200) α2 diffraction peak decreases obvi-
ously until that at the upper part disappears, while the (201) α2 peak 
intensity basically remain consistent. Therefore, the content of γ phase 
increase while that of the α2 phase decrease with the increase of the 
deposition location along the building direction. To further characterize 
the phase content, a semi-quantitative calculation of the XRD diffraction 

pattern is performed using the analysis software. The results show that 
the volume fraction of α2 phase are 13%, 10% and 9% at the lower, 
middle and upper part of buildup TiAl alloy component, respectively, 
which are in good agreement with the diffraction peaks characteristic 
analysis. 

3.2. Material characterization 

The typical microstructure of cross-section (X-Z plane) of the as- 
deposited specimen are shown in Fig. 4. No crack and gas pore defects 
are observed in the cross-section, indicating that the TiAl alloy fabri-
cated by TW-PAAM is a full-density component. The microstructure 
exhibits columnar dendrite morphology along building direction. The 
alternative stack of two layers with different characteristic are also 
observed in Fig. 4(a). The observation of the two different layers under 
the higher magnification, about 1 mm thickness along Z direction, are 
shown in Fig. 4(c)–(e), one is dendritic morphology composed of 
lamellar microstructure with interdendritic phase, and the other is 
composed of fully lamellar colonies consisting of α2 and γ phase with 
different colony sizes. The two layers are referred to as dendritic grain 
region and fully lamellar colony region, respectively. The total thickness 
of two layers is approximately equal to the layer thickness of each 
deposition track during the process of TW-PAAM. Therefore, the alter-
natively distributed layer-like microstructure is closely related to the 
layer-by-layer deposition mode. Also, it is worth noting that the top 
region of as-deposited specimen presents dendritic grain microstructure 
about 3 mm thickness with interdendritic phase, no fully lamellar colony 
region is observed in the top region within the 3 mm range, as shown in 
Fig. 4(a)-4(b). 

The EDS mapping results of dendritic grain region in different loca-
tions along building direction are shown in Fig. 5, it can be seen that the 
Al enrichment in interdendritic phase is detected, which can be attrib-
uted to the Al element segregation during solidification. Combined with 
XRD results, it can be inferred that the interdendritic phase should be γ 
phase. The EDS mapping results also show that the extent of interden-
dritic Al element segregation gradually weaken from the top region to 
bottom part of as-deposited specimen along building direction. Besides, 
the EDS point analysis of interdendritic segregations at the top, upper, 
middle and lower part of as-deposited TiAl alloy are carried out, and 
shown in Table 2, the Al element segregation degree gradually decreases 
from the top region to the lower part along buildup direction, which are 
consistent with the EDS mappings. The microstructure of fully lamellar 
colony region in different deposition locations are shown in Fig. 6. The 

Fig. 3. The X-ray diffraction patterns in X-Z plane of as-deposited TiAl alloy at 
different deposition location. 
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lamellar colony size in the lower, middle and upper part of as-deposited 
specimen are 256 μm, 233 μm and 168 μm, respectively, exhibiting a 
decreasing trend from lower to upper part of as-deposited TiAl alloy 

along buildup direction. 
In order to further investigate the microstructural characteristic of 

TiAl alloy fabricated by TW-PAAM, the BSE is conducted to observe the 

Fig. 4. The macrostructure and microstructure of cross-section (X-Z plane) of TiAl alloy fabricated by TW-PAAM: (a) overview of macrostructure of cross-section, (b) 
microstructure of the top region, (c) morphology of alternative stack of two layers, (d) dendritic region in the alternative stack of two layers, (e) fully lamellar colony 
region in the alternative stack of two layers. 

Fig. 5. The EDS mapping results of deposited TiAl alloy at different deposition locations: (a) the top part, (b) the upper part, (c) the middle part, (d) the lower part.  
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microstructure. As shown in Fig. 7, the feathery-like structure, Wid-
manstätten laths and discontinuous coarsening of lamellae are observed 
in fully lamellar colony region, which all belong to lamellar structure 
consisting of α2 and γ phases. Among them, the Widmanstätten laths are 
composed of the long straight lamellar packets presenting nearly no 
misorientation among themselves embedded inside the lamellar colony 
but with different spatial orientation. Different from Widmanstätten 
laths, the feathery structures consist of small lamellar lath sets in contact 
with each other but presenting small spatial misorientations. The vol-
ume fraction of α2 phase in the Widmanstätten lath and feathery 

Table 2 
The EDS point analysis results of interdendritic segregation at different depo-
sition location along buildup direction.  

Location The top region The upper part The middle part The lower part 

Ti (at. %) 46.59 48.72 49.94 50.88 
Al (at. %) 53.41 51.28 50.06 49.12  

Fig. 6. The lamellar colony microstructure of as-deposited TiAl alloy at different deposition locations: (a) the upper part, (b) the middle part, (c) the lower part.  

Fig. 7. BSE image in fully lamellar colony region of as-deposited TiAl alloy: (a) feathery-like structure and Widmanstätten laths, (b) discontinuous coarsening 
of lamellae. 
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structure is much lower than those in the primary fully lamellar struc-
ture, while the orientations of the discontinuous coarsening lamellae are 
different from the primary lamellae around it. The discontinuous 
coarsening lamellae contains larger lamellar spacing and lath thickness 
than the primary fully lamellar structure [31]. 

Fig. 8 shows the lamellar microstructure of TiAl alloy at different 
deposition locations along building direction. The results show that the 
lamellar spacing in the lower, middle, upper and top part of as-deposited 
specimen are 0.714 μm, 0.556 μm, 0.454 μm and 0.313 μm, respectively, 
which gradually decrease with the increase of deposition layer along 
building direction, related to the thermal cycling during the TW-PAAM 
process. 

The EBSD is conducted to investigate the effect of deposition location 
on crystallographic orientation. The pole figures (PF) of γ and α2 phase 
in different deposition locations of as-deposited TiAl alloy are shown in 
Fig. 9. There are obvious differences of intensity in crystallographic 
orientation among the different location of as-deposited TiAl alloy 
samples. The texture intensity can be described by the texture index, and 
the texture index can be calculated from the orientation distribution 
function (ODF) f (g) using Eq. (1): 

Texture Index=
∫

(f (g))2dg (1) 

Where f is the orientation distribution as a function of the Euler space 
coordinates g, and the f (g) is the ODF. The texture index equals to 1 for 
the isotropic materials, while the texture index of anisotropic materials 
is larger than 1 [32]. The texture indexes of the γ {111} in upper, middle 
and lower parts of as-deposited TiAl alloy are calculated to be 3.23, 3.69 
and 3.84, respectively, exhibiting no obvious difference and weak 
texture intensity. The α2 {0001} crystallographic orientation in different 
deposition locations along building direction can be observed in Fig. 9. 
The texture intensities of α2 {0001} are higher than that of γ {111}, and 

the middle part of as-deposited TiAl alloy shows a very strong orienta-
tion along the α2 {0001} crystallographic orientation, the texture index 
is calculated as 25.15, while the texture strength in the lower and upper 
part exhibit much weaker, their texture indexes are 11.21 and 8.24, 
respectively. 

3.3. Mechanical properties 

As described above in Section 3.1, the TiAl alloy fabricated by TW- 
PAAM exhibits a mixed microstructure along building direction, which 
would result in change of mechanical properties along the deposition 
direction. Fig. 10 shows the distribution of microhardness from the near- 
substrate region to top region along the building direction. It is obvious 
that the microhardness exhibits significant fluctuation between 
281.3HV and 369.4HV, and the microhardness distribution presents 
approximate periodicity, which is closely related to the microstructural 
change along building direction. The mean microhardness value reaches 
361.1HV in the bottom of deposited TiAl alloy within 2 mm above the 
substrate surface. The microhardness value of alternatively distributed 
layers exhibits periodic change with period about 1 mm, which is in 
accordance with the period of alternatively distributed layer thickness. 
And the mean microhardness value, about 315HV, is lower in the fully 
lamellar colony region, while it is higher in the dendritic grain region, 
about 342HV. The microhardness value keep basically stable, about 
320HV, within the top region about 3 mm thickness. 

Fig. 11 shows that the tensile stress-strain curves of as-deposited TiAl 
alloy at different deposition locations along building direction. All 
stress-strain curves have no obvious yield phenomenon, which is in 
accordance with that of TiAl alloy components fabricated by other 
methods. In addition, the results indicate that the deposition location 
significantly affects the ultimate tensile strength (UTS) and elongation of 
as-deposited TiAl alloy. The upper part of as-deposited TiAl alloy 

Fig. 8. The BSE images of lamellar morphology of as-deposited TiAl sample at different deposition location: (a) the top part, (b) the upper part, (c) the middle part 
and (d) the lower part. 
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exhibits the best comprehensive tensile properties with the maximum 
ultimate tensile strength and elongation (419.3 MPa and 0.55%), fol-
lowed by that of the middle part (367.4 MPa and 0.46%). When the 
tensile tests are conducted to the lower part of as-deposited TiAl alloy, 
both the UTS and elongation drop significantly to lower value (298.6 
MPa, 0.28%). The tensile properties show obvious difference along 
building direction, which is related to the microstructural characteristic 
of as-deposited TiAl alloy. 

The fracture morphologies of tensile specimens at different deposi-
tion locations are analyzed to investigate the tensile fracture mechanism 
of as-deposited TiAl alloy. According to previous studies [33–35], the 
TiAl alloys mainly contain two major fracture modes: (1) trans-lamellar 
fracture mode when the fracture is perpendicular to lamellar micro-
structure, and (2) inter-lamellar fracture as the cracks propagate along 
the lamellar interfaces. The fracture morphologies are shown in Fig. 12. 
The results show that the all fracture surfaces of tensile specimens at 
different deposition locations contain trans-lamellar fracture charac-
teristics. The facets existed in the fracture surfaces is one of the typical 
features of inter-lamellar fracture. Some facets can be all observed in the 
fracture surfaces of three kinds of tensile specimens, but the amount of 

facets in the upper part of as-deposited TiAl alloy is much smaller than 
that of the middle part and lower part. In addition, secondary cracks 
along lamellar interface after tensile test are observed in the fracture 
surface of lower part. 

4. Discussion 

4.1. Formation mechanism of the microstructure 

The TiAl alloy fabricated by TW-PAAM in the present study exhibits a 
unique microstructure, which is closely related to the thermal cycling 
history during deposition. 

During the TW-PAAM process, the chemical composition of as- 
deposited TiAl alloy exhibits no obvious variation along the buildup 
direction. The solidified microstructure in newly deposited layer 
epitaxially grow from the former layer since both of them have the same 
crystal structure. In addition, the microstructure morphology of depo-
sition layer depends on temperature gradient G and solidification rate R, 
the maximum temperature gradient provides strong driving force for 

Fig. 9. The pole figures of (a) γ {111} and (b) α2 {0001} obtained from the as-deposited TiAl alloy at different deposition locations.  

Fig. 10. Microhardness distribution as a function of deposition location along 
the building direction in cross-section (X–Z). 

Fig. 11. The influence of deposition location on tensile property of WAAM- 
produced TiAl alloys at ambient temperature. 
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solidification, so the grain epitaxial growth direction is perpendicular to 
the curved surface of the solid/liquid interface along the steep thermal 
gradient, exhibiting the columnar grain characteristic [36]. 

The TiAl alloy fabricated by TW-PAAM presents the alternatively 
distributed layer-like microstructure composed of dendritic grain region 
and fully lamellar colony region. In order to investigate its formation 
mechanism, the last several deposition layers close to the top region are 
investigated, especially the last deposition layer without experiencing 
further thermal cycle, which can therefore reflect primary solidified 
microstructure of the TiAl alloy fabricated by TW-PAAM. The results 
show that the as-deposited TiAl alloy in top region within 3 mm exhibits 
dendritic morphology composed of lamellar microstructure with inter-
dendritic Al element segregation, and no fully lamellar colony region is 
found, which is in non-equilibrium state due to the quick solidification 
and cooling process. 

Fig. 13 shows the Ti-Al binary phase diagram, and the red line rep-
resents the solidification path of as-deposited TiAl alloy at 48 at. % Al 
content. The solidification path of as-deposited TiAl alloy experiences 
peritectic reaction L + β→α and a eutectic reaction α→α2 + γ. According 
to existed reports, it is difficult for the typical eutectic reaction to occur 
due to the great difference in difficulty extent for nucleation of α2 and γ 
phases. Instead of eutectic reaction α→α2 + γ, the α→α + γ→α2 + γ 
occurs to form lamellar structure in the solidification process. Therefore, 
during the TW-PAAM process, the phase transformation path of TiAl 
alloy with 48 at. % Al can be summarized as: L→L + β→α→α + γ→α2 
(Ti3Al) + γ (TiAl). Due to the high cooling rate of PAW, the rate of 
peritectic reaction L+β→α is much slower, and the α phase is poor in Al 
element. So the Al element is rich in the interdendritic region, causing 
interdendritic segregation, finally generates interdendritic γ phase. 

According to the literatures, the fully lamellar, nearly lamellar, 
duplex and nearly gamma microstructure can be obtained depending on 
the heat treatment at different temperature, as shown in Fig. 13(a)–(d) 

[2]. During the TW-PAAM, the as-deposited TiAl alloy is reheated to 
different phase region, which would result in forming different micro-
structures. The α→γ belongs to the diffusion-type phase transformation, 
of which the transformation rate is quite slow, while the cooling rate is 
very fast during the TW-PAAM, and there is no enough time to form 
nearly lamellar, duplex and nearly gamma microstructure. Therefore, 
only fully lamellar microstructure is observed in the as-deposited 

Fig. 12. The fracture surfaces of as-deposited TiAl alloy at different locations after ambient temperature tensile tests: (a) the upper part, (b) the middle part and (c) 
the lower part. 

Fig. 13. Ti-Al binary phase diagram, the red arrow represents the solidification 
path and phase transition of Ti-48Al (at. %) alloy. (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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sample. 
As mentioned earlier, the dendritic morphology composed of 

lamellar microstructure, with about 3 mm thickness, is observed in top 
region. It is noteworthy that the as-deposited TiAl alloy mainly consists 
of alternatively distributed dendritic grain region and fully lamellar 
colony region, and the thickness of repeated two layers is about 1 mm, 
approximately equal to that of each deposition layer. During the TW- 
PAAM process, the former deposited layer can be partially remelted, 
the no remelted area close to the molten pool is heat treated at different 
temperatures, forming various microstructures. However, the thickness 
of dendritic grain region in the top region is about 3 mm, which is larger 
than that of single deposition layer with 1 mm thickness. According to 
the microstructure characteristics of as-deposited TiAl alloy, the possible 
solid-state phase transformation during the thermal cycle can be infer-
red, as shown in Fig. 14. The first thermal cycle represents temperature 
variation during the solidification, the as-deposited microstructure ex-
hibits dendritic grain morphology consisting of lamellar microstructure 
with interdendritic γ phase, when the next layer is deposited, the former 
deposited layer is partially remelted, thus forming dendritic grain 
microstructure. The unremelted area close to molten pool is reheated to 
different phase regions. Due to higher cooling rate, the heat treatment 
time for the deposited layers is limited. Therefore, on the one hand, the 
nearly lamellar, duplex and nearly γ microstructure are not formed in 
the area below α transformation temperature (Tα). On the other hand, 
the fully lamellar colony microstructure is formed by three thermal 
cycles at temperatures above Tα. 

As deposition process continues, the temperature of deposited layers 
far away from the molten pool gradually decreases below the phase 
transformation temperature, so the microstructure no longer occurred to 
change, forming the alternatively distributed layer-like microstructure 
consisting of dendritic grain region and fully lamellar colony region 
along buildup direction. However, it is worth noting that the micro-
structure is not perfectly layer-like along deposition direction, existing 
some disturbance, some fully lamellar colonies are interrupted by the 
dendritic grains. This indicates that some other factors, such as element 
distribution, heat input, etc., can also influence the microstructure 
characteristic, so the formation mechanism of the entire morphology 
need to be further investigated. 

With the increase of deposition layers, the number of thermal cycles 
on the as-deposited layer gradually increases from the top to bottom part 
along the buildup direction. Therefore, the interdendritic segregation is 
also reduced gradually, which occurs to γ→α→α2 + γ phase trans-
formation during thermal cycle. And the volume fraction of α2 phase 
gradually increases from the top region to the lower part. The thermal 
cycle also influences the lamellar colony size, lamellar spacing and lath 
width of lamellar microstructure. The total time for lamellar colony and 
lamellar lath coarsening increases gradually with the number of thermal 
cycle increasing. So the lamellar colony, lamellar spacing and lath width 
increase from the top to bottom region along buildup direction. 

Apart from the above mentioned microstructure characteristic, some 
other microstructures, including the feathery structure, Widmanstätten 
laths and discontinuous coarsening of lamellae, are also observed in the 
as-deposited TiAl alloy, which are mainly attributed to the complex 
thermal cycling history during TW-PAAM process. According to previ-
ous investigations [31], the volume fraction of α2 phase is much lower in 
Widmanstätten laths and feathery structure than primary lamellar 
structure. The Widmanstätten laths are formed under the intermediate 
cooling rate by two possible types of nucleation mechanisms [31,37]. 
One is the primary Widmanstätten lath directly nucleating over the face 
of the existing γ lamellar structure, basing on an edge-to-face relation-
ship. The other mechanism is a twinning event in the high temperature 
hexagonal grain induced by cooling, transforming into the first γ Wid-
manstätten lath. The twin related γ variants in the adjoining γ lamellae 
offers low interfacial energy, favoring in twin γ/γ interface, so the 
Widmanstätten lath contains mostly face-to-face γ/γ twin related lateral 
interfaces. The α2 phase precipitates subsequently along the interfaces of 
existed γ laths, forming the Widmanstätten laths microstructure. Fig. 15 
(a) shows the schematic map of two formation mechanisms for the 
Widmanstätten laths, the nucleation mechanism is the only difference 
between them. During the rapid cooling, the feather-like microstructure 
are attached to primary lamellar colony boundary, which can extend 
into the adjoining the α grain without any deviation [38]. The extended 
lamellaes also grow laterally and nucleate with twin relationship over its 
lateral side by face-to-face, forming the new laths. With the lamellae 
growing further into the grain, facing more resistance due to the elastic 
strain generating, and there are higher elastic strain over its edges. 
Therefore, the new lamellae with slight misorientation nucleates over 
the edges of the existing lamellae, exhibiting edge-to-edge orientation 
relationship. Then the new lamellae starts nucleating over its lateral 
faces through face-to-face relationship. Finally, the feathery-like struc-
tures are formed. The schematic diagram of the formation mechanism 
for feathery-like microstructure is shown in Fig. 15(b). Besides, the 
discontinuous coarsening phenomenon is also observed, its formation 
process is illustrated by Fig. 15(c). The major driving force for discon-
tinuous coarsening is the reduction of interfacial energy and chemical 
free energy [39]. In addition, the as-deposited microstructure is usually 
in a non-equilibrium state due to fast cooling rate, which also can offer 
driving force for discontinuous coarsening. The discontinuous coars-
ening microstructure exhibits much larger lamellar spacing, which ex-
erts an adverse effect on the mechanical properties. 

4.2. Mechanical properties 

According to above discussions, the as-deposited TiAl alloy presents 
mixed microstructure due to multiple thermal cycle, which can exert 
significant influence on the mechanical properties. Therefore, the 
microhardness and tensile properties of TiAl alloy at different deposition 
locations are analyzed. 

The microhardness variation of TiAl alloy is closely related to the 
microstructural characteristics including the lamellar colony size, 
lamellar spacing and phase category and volume fraction, etc. The 
microhardness of α2 phase is higher than that of γ phase [40]. Besides, 
according to the previous reports, the relationship of the lamellar colony 
size, lamellar spacing and microhardness can be concluded as [41]: 

Fig. 14. Evolution of microstructure during thermal cycles(Tm represents the 
melting point of Ti48Al alloy, Tα represents the phase transformation temper-
ature of α phase). 

L. Wang et al.                                                                                                                                                                                                                                   



Materials Science & Engineering A 812 (2021) 141056

11

H= H0 + Kλ-0.5                                                                              (2) 

where the H is microhardness, λ is the colony size or lamellar spacing, 
both H0 and K are constants. When the lamellar colony size and lamellar 
spacing are smaller, the ability of inhibiting the dislocations movement 
is stronger, the microhardness value becomes higher. Therefore, the 
microhardness value can be increased by decreasing the lamellar colony 
size and lamellar spacing [42]. 

The area close to the base metal, with about 2 mm thickness, presents 
less Al content due to the dilution of Ti substrate partial melting and its 
cooling rate is much higher. Thus, it contain more α2 phase and higher 
residual stress, which help the enhancement of microhardness, finally 
exhibiting the highest microhardness in the near substrate area. Besides, 
the microhardness distribution exhibits approximate periodicity along 
building direction, the period is about 1 mm, approximately equal to 
that of alternatively distributed layers. The mean microhardness value is 
much higher in the dendritic grain region (342HV) than that in the fully 
lamellar colony region (315HV). There are some Widmanstätten laths, 
feathery structure and discontinuous coarsening structure in fully 
lamellar colony region, the volume fraction of α2 phase in these 
microstructure is lower than that of fully lamellar microstructure, and 
the discontinuous coarsening structure exhibits larger lamellar spacing, 
so their microhardness is much lower than that of fully lamellar 
microstructure. Finally, the dendritic grain region exhibits higher 
microhardness than fully lamellar colony region. It is worth noting that 
the mean microhardness value in the lower, middle and upper part is 
329.2 HV, 317.5 HV and 328.9 HV, respectively. There is no significant 
difference in microhardness between the lower part (large amount of α2 
phase, large lamellar colony size and wide lamellar spacing) and the 

upper part (small amount of α2 phase, small lamellar colony size and 
narrow lamellar spacing), while the microhardness of the middle part 
(middle amount of α2 phase, lamellar colony size and lamellar spacing) 
is slightly lower, which is attributed to the synthetic effect of the volume 
fraction of α2 phase, lamellar colony size and lamellar spacing. The 
microhardness value keeps stable in the top region within about 3 mm 
thickness due to dendritic grain structure without obvious change. 

The room temperature tensile properties of TiAl alloy fabricated by 
TW-PAAM are closely related to the deposition location. The tensile 
strength and elongation are gradually enhanced from the lower part to 
the upper part, which is mainly attributed to the variation of micro-
structure characteristics. According to the previous reports [42,43], the 
fine colony size and lamellar spacing can improve the tensile properties 
of TiAl alloys, which can be explained by the interaction between 
lamellar colony boundary, lamellar interfaces and the dislocations 
movements. There are more semi-coherent interfaces in TiAl alloy with 
finer lamellar spacing, inhibiting the dislocations movements during 
tensile deformation. The relations between lamellar colony size, 
lamellar spacing and strength also accord with Hall-Petch relationship. 
The dislocations are piled up at the lamellar colony boundaries and 
lamellar interfaces during the tensile deformation, so higher tensile 
stress for TiAl alloy with finer colony size and lamellar spacing is 
required to drive the dislocation movement during the tensile defor-
mation. Also, the small lamellar spacing inhibits tans-lamellar micro-
cracks. The microcracks are mostly inter-lamellar cracks generated by 
normal stress originating from dislocation pile-ups within the lamellar 
interfaces, and the amount of dislocations generated during tensile 
deformation of TiAl alloy is proportional to the lamellar spacing, so the 
linkage of the main crack with inter-lamellar microcracks becomes 
difficult for the TiAl alloy with finer lamellar spacing during tensile 

Fig. 15. Schematic profiles of the possible formation process of various microstructures during the deposition process of TiAl alloy fabricated by TW-PAAM [31]: (a) 
Widmanstätten laths, (b) feathery-like structures and (c) discontinuous coarsening lamellae. 

L. Wang et al.                                                                                                                                                                                                                                   



Materials Science & Engineering A 812 (2021) 141056

12

deformation. By contrast, the large lamellar spacing increases the ten-
dency of trans-lamellar microcrack and linkage of the main crack with 
trans-lamellar and inter-lamellar microcracks is much easier to occur, 
leading to the reduction in fracture resistance. The lamellar colony size 
and lamellar spacing decrease gradually from the lower part to the upper 
part of as-deposited TiAl alloy along building direction, resulting in the 
upper part of as-deposited TiAl alloy shows higher tensile strength. The 
smaller lamellar colony size is beneficial to enhance the deformation 
compatibility of alloy during tensile test, so the elongation is also 
enhanced from the lower to upper part. 

Furthermore, the volume fraction ratio of α2 phase and γ phase is the 
other factor influencing the tensile properties of TiAl alloys. The tensile 
deformation mainly concentrates on the γ phase in tensile process of the 
TiAl alloys, the dislocation slip of γ phase preferentially occurs on {111} 
<110> slip system. The γ phase belongs to tetragonal L10 structure 
because of the alternatively distributed stacking sequence of Ti and Al 
atomic planes along the <001> direction. Thus, the <110] and <101] 
directions of γ phase are not equivalent, forming two types of disloca-
tion: superdislocations with Burgers vectors b = 1/2<101] and 1/ 
2<112], and ordinary dislocations with Burgers vector b = 1/2 <110]. 
In addition, the four additional {111}<112> twinning systems can be 
also motivated in the γ phase [28]. The α2-Ti3Al phase, with hexagonal 
ordered D019 structure, has only three slip systems involving the prim, 
basal and pyramidal planes, and its deformation is carried by super-
dislocations with complex core structures, decomposition and dissocia-
tion reactions involving various types of planar faults obviously make 
the activation of certain slip systems difficult [2]. Thus, the γ phase 
exhibits more ductile behavior than α2 phase. The volume fraction of α2 
phase presented the decrease tendency from the lower part to the upper 
part along building direction, therefore, the elongation is also appar-
ently enhanced from 0.28% to 0.55%. Moreover, the bottom part of the 
as-deposited TiAl alloy close to the substrate suffered from higher stress 
due to higher cooling rate, which is detrimental to the tensile properties. 

The fracture morphologies can reflect the tensile properties of alloy, 
which are further analyzed. As mentioned above, the fracture surfaces 
all include trans-lamellar and inter-lamellar fracture characteristics, but 
the number of facets, the typical feature of inter-lamellar fracture, is 
fewer in the upper part, followed by the middle part, the lower part of as- 
deposited TiAl alloy. The inter-lamellar cracks are easy to occur for TiAl 
alloy with larger lamellar spacing due to the stress concentration 
generated by dislocation pile-ups, which is detrimental to the tensile 
properties. However, the trans-lamellar crack is difficult to grow. The 
effective tensile area reduces gradually with the amount of inter- 
lamellar cracks increasing, and the linkage of main cracks with inter- 
lamellar microcracks becomes relatively easy, finally resulting in the 
fracture of tensile specimen. Moreover, the secondary crack along 
lamellar interface after tensile can be also found in the tensile fracture 
surface of lower part of as-deposited TiAl alloy component. The sec-
ondary cracks propagation along the lamellar interface is the result of 
seeking the minimum resistance path when the main crack grows, which 
illustrate lamellar microstructure with larger lamellar spacing is much 
easier to generate inter-lamellar cracks. As a result, the lower part of as- 
deposited TiAl alloy shows poorer tensile properties compared with 
much higher deposition part of TiAl alloy fabricated by TW-PAAM. 

5. Conclusions 

In the present research, the Ti-48Al alloy is fabricated successfully 
using TW-PAAM. The microstructure and mechanical properties of as- 
deposited TiAl alloy at different deposition locations are analyzed in 
detail. The results can be concluded as follows:  

1. The buildup TiAl alloy exhibits alternatively distributed layer-like 
microstructure composed of dendritic grain region and fully 
lamellar colony region. The dendritic grain region consists of 

lamellar microstructure with interdendritic γ phase, and there are 
also some feathery structure, Widmanstätten laths and discontinuous 
coarsening of lamellae observed in the fully lamellar colony region.  

2. The buildup alloy contains α2 and γ phase. The content of α2 phase, 
lamellar colony size and lamellar spacing all exhibit the tendency of 
decreasing from the lower to the upper part.  

3. The microhardness distribution presents approximate periodicity 
along the building direction due to the alternatively distributed 
layer-like microstructure, the mean microhardness value is higher in 
the dendritic grain region (342HV) than that in the fully lamellar 
colony region (315HV).  

4. The tensile strength and elongation of as-deposited TiAl alloy 
significantly depend on the height of deposition location. The upper 
part of as-deposited TiAl alloy exhibits the maximum UTS and 
elongation (419.3 MPa and 0.55%), followed by the middle part 
(367.4 MPa and 0.46%). However, the UTS and elongation in the 
lower part drop respectively to 298.6 MPa, 0.28%, which are mainly 
attributed to microstructure characteristics variation, including the 
lamellar colony size, lamellar spacing, the amount of α2 phase, etc. 
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