
Citation: Liu, Y.; Shan, Z.; Yang, X.;

Jiao, H.; Huang, W. Effect of Scanning

Strategies on the Microstructure and

Mechanical Properties of

Ti-22Al-25Nb Alloy Fabricated

through Selective Laser Melting.

Metals 2023, 13, 634. https://doi.org/

undefined10.3390/met13030634

Academic Editors: Antonello Astarita

and Aleksander Lisiecki

Received: 8 February 2023

Revised: 17 March 2023

Accepted: 20 March 2023

Published: 22 March 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

metals

Article

Effect of Scanning Strategies on the Microstructure
and Mechanical Properties of Ti-22Al-25Nb Alloy Fabricated
through Selective Laser Melting
Yaqun Liu 1,2, Zhongde Shan 3,*, Xujing Yang 1, Haowen Jiao 1 and Weiying Huang 4

1 State Key Laboratory of Advanced Design and Manufacturing for Vehicle Body, Hunan University,
Changsha 410082, China

2 China Productivity Center for Machinery Co., Ltd., Beijing 100044, China
3 College of Mechanical and Electrical Engineering, Nanjing University of Aeronautics and Astronautics,

Nanjing 210016, China
4 School of Energy and Power Engineering, Changsha University of Science & Technology,

Changsha 410114, China
* Correspondence: shanzd@nuaa.edu.cn

Abstract: In this study, Ti-22Al-25Nb intermetallic compound alloys are fabricated through selective
laser melting (SLM) at four scanning speeds (600, 700, 800, and 900 mm/s). The microstructure and
mechanical properties of the selective laser melting fabricated alloys are systematically evaluated. The
results indicate that scanning speed significantly affects microstructure characteristics (e.g., relative
density, grain size, texture density, and the precipitation of secondary phases). The variation laws
of the relative density, grain size, and texture density are likewise affected by scanning speed. The
relative density, grain size, and texture density increase and then decrease with the increase in scan-
ning speed. The alloy fabricated with the lowest scanning speed (600 mm/s) exhibits the maximum
relative density, grain size, and texture density. By contrast, the alloy with the highest scanning speed
(900 mm/s) exhibits the minimum relative density, grain size, and texture density. Furthermore,
the precipitations of the O phase and Ti3Al phase are primarily distributed in regions with a high
strain concentration near the pool boundary. The alloy fabricated with a 600 mm/s scanning speed
simultaneously achieves the highest strength and elongation, which is closely correlated with the
uniform distribution of secondary phases.

Keywords: Ti-22Al-25Nb alloy; selective laser melting (SLM); scanning speed; strength and elongation;
secondary phase

1. Introduction

Titanium alloys are vital structural materials that have been used extensively in
low-pressure turbine blades [1–3] for their relatively low density, excellent mechanical
properties, and oxidation resistance at the service temperature of 750 ◦C [4,5]. However, Ti
alloys usually exhibit poor formability at room temperature (RT), thus becoming difficult
to process into parts with complex structures. Initially studied by Banerjee et al. [6], the O
phase can lay a material basis for high ductility and formability at RT. Various conventional
methods have been applied to Ti2AlNb alloys (e.g., a forging process that can provide a
homogeneous microstructure) [7]. However, high costs and high processing temperatures
limit their wide application [8–10].

In the last four decades, additive manufacturing (AM) has emerged as an advanced
fabrication technology known for its high-quality and complex geometry components
formed directly from three-dimensional computer-aided design (CAD) data. Selective
laser melting (SLM) has been confirmed as a vital process in the field of metal 3D printing
AM technology, which can realize the fabrication of complex shape parts based on the
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powder bed melting principle [11–13]. SLM-fabricated metallic materials have gained wide
attention for their high precision and high utilization ratio of raw materials [14]. SLM has
the potential to process Ti2AlNb-based intermetallic alloys (IMCs) with superior mechanical
properties with regard to high energy density and fast solidification rates. Zhou et al. [15]
fabricated a favorable combination of strength and ductility for a Ti2AlNb-based alloy with
a tensile strength of 1090 MPa and a ductility of 22.7% using an SLM as-printed sample. The
results revealed that a high-density dislocation network and a favorable phase constitution
could enhance the mechanical properties of Ti-22Al-25Nb alloy. The advantage of the
SLM technique is its ability to combine different energy beam parameters, which comprise
scanning speed, scanning strategy, laser energy density, and depositional parameters (e.g.,
width and lap rate between deposition channels, the thickness of single deposition layers,
and the total number of layers) [16,17].

Scanning speed is an independent process parameter that significantly evaluates
microstructure [18–20]. Li et al. [21] studied the mechanical properties of Ti-45Al-2Cr-5Nb
alloy processed through SLM and also discussed the effect of laser scanning speed on the
fraction of the α2 (hexagonal close-packed structure based on the DO19 structure of Ti3Al)
and β/B2 phases. Ahmed et al. [22] suggested that fabricating Ti-5Al-5Mo-5V-3Cr via
SLM significantly reduces top surface quality, opens surface pores, and causes microcracks
and interlayer cracks with the increase in scanning speed. As revealed by the correlation
of microstructure and RT ductility of Ti-22Al-25Nb IMC alloys [23] upon heat treatment,
the dominating B2 phase (ordered body-centered cubic) and the precipitation of the large-
size lath O (orthorhombic structure) and α2 phase lead to maximum elongation. The
successful deposition of scanning speed has posed a significant challenge with scanning
speeds causing low relative density and poor metallurgical bonding, thus significantly
reducing tensile properties. Zhou et al. [15] further studied the effects of laser power on
the phase evolution mechanism and strengthening mechanism for the tensile properties of
as-fabricated Ti–22Al–25Nb IMC using pre-alloyed powder. However, little research has
been conducted on the inherent relationship between the grain orientation, crystallographic
texture, and phase composition of Ti-22Al-25Nb IMC alloys processed through SLM and
laser scanning speed.

In this study, the effects of scanning speed on the phase change, microstructure, and
mechanical properties of Ti-22Al-25Nb IMC alloys fabricated through SLM at different
scanning speeds are systematically investigated. The specimens are characterized via
X-ray, EBSD, and TEM to analyze the microstructure characteristics (crystal orientation,
grain size, grain boundary density, and grain boundary characteristics) of the alloys. A
uniaxial tensile test assesses ultimate tensile strength, yield tensile strength, and elongation
to failure. Thus, this study aims to demonstrate a relationship between laser scanning
speeds, microstructure characteristics, phase evolution, and the mechanical performance of
Ti-22Al-25Nb IMC alloys processed via SLM.

2. Materials and Methods

Ti-22Al-25Nb (at. %) powder applied in this study was produced by Sailong Additive
Manufacturing Co., Ltd. (Guangzhou, China). Figure 1 presents the particle size of the
powder ranging from 14 to 52 µm with mean particle size d50 = 28.2 µm. SLM experiments
were performed using a BLT S210 machine (BLT, Xi’an, China) equipped with a 500 W fiber
(laser beam diameter, 20 µm; wavelength, 1060 nm). The minimum oxygen content was
lower than 100 ppm under an inert argon gas protection system. Figure 1d illustrates the
dog-bone-shaped sample employed for tensile tests and microstructural characterization.
The tensile samples were deformed in the direction perpendicular to the building direction,
and these samples were examined three times to obtain the average results.
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Figure 1. (a) Powder morphology of Ti-22Al-25Nb alloy, (b) particle size distribution of Ti-22Al-
25Nb alloy, (c) schematic diagram of scanning strategies, (d) schematic of cubic and tensile speci-
mens. 
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venience, the samples were consecutively denoted as S1, S2, S3, and S4. A stripe scanning 
strategy was adopted (Figure 1c). The green-colored arrows represent the movement of 
the laser beam of the N + 1 layer with the 67° rotation angle of the N layer (denoted as the 
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Figure 1. (a) Powder morphology of Ti-22Al-25Nb alloy, (b) particle size distribution of Ti-22Al-25Nb
alloy, (c) schematic diagram of scanning strategies, (d) schematic of cubic and tensile specimens.

The platform was heated to 100 ◦C to reduce the temperature gradient. Figure 1c,d
presents the major SLM process parameters. The energy density (E, energy applied per unit
volume of the sample) representing the set parameters (energy input) is expressed as [24]:

E =
P

v·h·t (1)

In this study, the laser power (P), hatch distance (h), and layer thickness (t) remained
unchanged. The scanning speed (v) ranged from 600 to 900 mm/s. The scanning speed
(v) was changed to examine its effects on microstructure and mechanical properties. For
convenience, the samples were consecutively denoted as S1, S2, S3, and S4. A stripe scan-
ning strategy was adopted (Figure 1c). The green-colored arrows represent the movement
of the laser beam of the N + 1 layer with the 67◦ rotation angle of the N layer (denoted as
the blue-colored arrows). Table 1 lists the process parameters applied. VED represents the
value of energy density.

Metallographic samples were prepared via the standard procedures and finely etched
with Kroll’s reagent consisting of HF:HNO3:H2O = 3:6:100 for 30 s. The microstructures of
the samples were observed under Germany Leica optical microscope DMi8 (OM) (Wetzlar
and Mannheim, Wetzlar, Germany) and FEI Quanta FEG 250 scanning electron microscope
(SEM) (Beijing, China) equipped with energy dispersive spectrometry (EDS). The phase
identification was characterized through X-ray diffraction (XRD, Rigaku D/max-2500pc,
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Tokyo, Japan) with a step size of 10◦/min and a 2θ range from 20◦ to 80◦. Texture analysis
was conducted through electron backscatter diffraction (EBSD, Quanta JEOL JMS 7900F,
Tokyo, Japan) with a step size of 2 µm. Analysis based on transmission electron microscopy
(TEM) was conducted using a JEOL 2100F TEM (Tokyo, Japan) operated at 200 kV. Fur-
thermore, the TEM and EBSD observation samples were prepared through electrolytic
polishing at 243 K and 23 V using a mixture of HClO4:C4H10O:CH3OH = 3:17:30.

Table 1. SLM process parameters applied in this study.

Sample Laser Power (W) Scanning
Speed (mm/s) Layer Thickness (mm) Hatch

Distance (mm)
VED

(J/mm3)

S1 180 600 0.03 0.1 100.0
S2 180 700 0.03 0.1 85.7
S3 180 800 0.03 0.1 75.0
S4 180 900 0.03 0.1 66.7

3. Results and Discussion
3.1. Relative Density and Surface Morphology

Figure 2a–d presents a detailed top-view OM image of the as-fabricated samples.
The samples were referred to as S1, S2, S3, and S4 to represent the samples fabricated by
P = 200 W and v = 600 mm/s, 700 mm/s, 800 mm/s, 900 mm/s, respectively (Figure 2a–d).
The microstructure indicated no unmelted areas, and no layer connection defects were
identified. The molten pools between the adjacent layers were distributed at 67◦, and the
pool boundaries were mutually parallel on the same layers. Furthermore, small pores
and defects can be identified in the four samples. The metallurgically bonded layers had
comparatively fewer defects as identified in S1.
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Energy density decreased with the increase in laser scanning speed. As a result, the
surface tension was gradually reduced, and the powders partially melted, reducing the
surface quality. At the scanning speed of 900 mm/s, irregular microporosity appeared at
the boundary of the molten pool (Figure 2d). In addition, the depth of the molten pool
increased with the decrease in scanning speed. Bhardwaj et al. [15,20] suggested that the
subsequent layer caused by remelting may affect the accuracy of OM statistical results to a
certain extent; this trend continues under the obviously different depths and widths of the
molten pool. A low scanning speed can lead to a high energy density (Figure 3), and the
sample with a scanning speed of 600 mm/s only exhibits a few spherical pores caused by
shrinkage [23,25] during the SLM process. The gas caused by evaporation had no time to
overflow, and it was retained in the molten pool due to rapid solidification [26]. However,
under the effect of low energy density, irregular micropores formed at the molten pool
boundaries where the area was not completely melted due to Marangoni convection and
liquid capillary instability.

Metals 2023, 13, x FOR PEER REVIEW 5 of 17 
 

 

increased with the decrease in scanning speed. Bhardwaj et al. [15,20] suggested that the 
subsequent layer caused by remelting may affect the accuracy of OM statistical results to 
a certain extent; this trend continues under the obviously different depths and widths of 
the molten pool. A low scanning speed can lead to a high energy density (Figure 3), and 
the sample with a scanning speed of 600 mm/s only exhibits a few spherical pores caused 
by shrinkage [23,25] during the SLM process. The gas caused by evaporation had no time 
to overflow, and it was retained in the molten pool due to rapid solidification [26]. How-
ever, under the effect of low energy density, irregular micropores formed at the molten 
pool boundaries where the area was not completely melted due to Marangoni convection 
and liquid capillary instability. 

 
Figure 3. Variation in relative density with scanning speed. 

The relative densities of S1, S2, S3, and S4 were determined to be 99.3%, 99.1%, 99.2%, 
and 98.2%, respectively, in accordance with the principle of Archimedes. Figure 3 presents 
the correlation between scanning speed and relative density. As shown in Figure 3, the 
relative density of the samples tended to increase and then decrease with the increase in 
scanning speed. The highest relative density was 99.3% at a scanning speed of 600 mm/s. 
The relative densities significantly reduced with low energy input. The relative density of 
S4 decreased to 98.07% with the increase in scanning speed since the powder failed to melt 
sufficiently at this energy density [27]. As revealed by the above results, a suitable scan-
ning speed can ensure an appropriate energy input, thus leading to high relative density 
and a smooth melt track surface. 

3.2. Microstructure Characteristics and Grain Orientation 
Figure 4 illustrates the morphology characteristics of SLM-fabricated Ti-22Al-25Nb 

alloys. As depicted in the BSE SEM images (Figure 4a–d), the samples with scanning 
speeds of 600, 700, and 800 mm/s were completely dense with no apparent pores. The 
sample at the scanning speed of 900 mm/s had significant holes consistent with the results 
presented in Figure 2. Significant holes can be precursors to crack initiation and propaga-
tion. Chen et al. [28] confirmed that holes and voids result in macro/micro crack initiation, 
thus leading to premature fracturing and poor mechanical properties. To investigate the 
effect of scanning speed on the samples and the possible segregation in the samples, SEM 
and corresponding EDX mappings were performed on the Ti-22Al-25Nb IMC alloys (Fig-
ure 5a–d). The EDX mappings indicated that the samples were uniformly composited by 
Ti, Al, and Nb throughout the field of view. It is noted that there was no significant Nb-
rich area change in the elemental content of the samples processed at different scanning 
speeds. These results are consistent with previous reports that suggest the effect of scan-
ning speed on the essential content of SLM-fabricated Ti-22Al-25Nb IMC alloy can be neg-
ligible [29]. 

Figure 3. Variation in relative density with scanning speed.

The relative densities of S1, S2, S3, and S4 were determined to be 99.3%, 99.1%, 99.2%,
and 98.2%, respectively, in accordance with the principle of Archimedes. Figure 3 presents
the correlation between scanning speed and relative density. As shown in Figure 3, the
relative density of the samples tended to increase and then decrease with the increase in
scanning speed. The highest relative density was 99.3% at a scanning speed of 600 mm/s.
The relative densities significantly reduced with low energy input. The relative density of
S4 decreased to 98.07% with the increase in scanning speed since the powder failed to melt
sufficiently at this energy density [27]. As revealed by the above results, a suitable scanning
speed can ensure an appropriate energy input, thus leading to high relative density and a
smooth melt track surface.

3.2. Microstructure Characteristics and Grain Orientation

Figure 4 illustrates the morphology characteristics of SLM-fabricated Ti-22Al-25Nb
alloys. As depicted in the BSE SEM images (Figure 4a–d), the samples with scanning speeds
of 600, 700, and 800 mm/s were completely dense with no apparent pores. The sample
at the scanning speed of 900 mm/s had significant holes consistent with the results pre-
sented in Figure 2. Significant holes can be precursors to crack initiation and propagation.
Chen et al. [28] confirmed that holes and voids result in macro/micro crack initiation, thus
leading to premature fracturing and poor mechanical properties. To investigate the effect of
scanning speed on the samples and the possible segregation in the samples, SEM and corre-
sponding EDX mappings were performed on the Ti-22Al-25Nb IMC alloys (Figure 5a–d).
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The EDX mappings indicated that the samples were uniformly composited by Ti, Al, and
Nb throughout the field of view. It is noted that there was no significant Nb-rich area
change in the elemental content of the samples processed at different scanning speeds.
These results are consistent with previous reports that suggest the effect of scanning speed
on the essential content of SLM-fabricated Ti-22Al-25Nb IMC alloy can be negligible [29].
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Figure 6 shows the inverse pole figure (IPF) maps of the SLM samples at different scan-
ning speeds. Crystallographic orientations represented by corresponding colors on the IPF
maps can be distinguished from the IPF triangle, with red representing a grain orientation
of <001>, blue representing a grain orientation of <111>, and green representing a grain
orientation of <101> (upper-right corner of Figure 6a). As depicted in Figure 6, the bound-
aries of the scanning tracks are noticeable in the IPF maps, which are ornamented with
finer grains, and the track boundaries are parallel to each other. Li [21] and Chen [28] et al.
confirmed that SLM-fabricated samples exhibited a mixed grain structure comprising large
and small grains. The large grains were identified in the center of the molten pool, while
the small grains were formed at the boundary of the molten pool due to the temperature
gradient. Moreover, scanning speed affected the grain size and molten pool width of the as-
fabricated samples. With a scanning speed of 900 mm/s, microstructure was significantly
different from that of other samples, which may have been related to the relative density of
the sample, since the relative density of the sample with a scanning speed of 900 mm/s
was significantly lower than that of the other samples (Figure 3).
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Figure 5. SEM images and their corresponding EDX composition maps of the Ti-22Al-25Nb samples:
(a) sample 1, (b) sample 2, (c) sample 3, and (d) sample 4.

Metals 2023, 13, x FOR PEER REVIEW 7 of 17 
 

 

Figure 5. SEM images and their corresponding EDX composition maps of the Ti-22Al-25Nb sam-
ples: (a) sample 1, (b) sample 2, (c) sample 3, and (d) sample 4. 

Figure 6 shows the inverse pole figure (IPF) maps of the SLM samples at different 
scanning speeds. Crystallographic orientations represented by corresponding colors on 
the IPF maps can be distinguished from the IPF triangle, with red representing a grain 
orientation of <001>, blue representing a grain orientation of <111>, and green represent-
ing a grain orientation of <101> (upper-right corner of Figure 6a). As depicted in Figure 6, 
the boundaries of the scanning tracks are noticeable in the IPF maps, which are orna-
mented with finer grains, and the track boundaries are parallel to each other. Li [21]and 
Chen [28] et al. confirmed that SLM-fabricated samples exhibited a mixed grain structure 
comprising large and small grains. The large grains were identified in the center of the 
molten pool, while the small grains were formed at the boundary of the molten pool due 
to the temperature gradient. Moreover, scanning speed affected the grain size and molten 
pool width of the as-fabricated samples. With a scanning speed of 900 mm/s, microstruc-
ture was significantly different from that of other samples, which may have been related 
to the relative density of the sample, since the relative density of the sample with a scan-
ning speed of 900 mm/s was significantly lower than that of the other samples (Figure 3). 

 
Figure 6. IPF maps of the XY plane for the Ti-22Al-25Nb alloy formed through SLM at four scanning 
speeds: (a) sample 1, (b) sample 2, (c) sample 3, and (d) sample 4. 

In all the samples, at a scanning speed range of 800 to 900 mm/s, the alloy primarily 
comprised a B2-solid solution with a cellular structure. A columnar structure was identi-
fied in the molten pool boundaries around the melted tracks. A similar phenomenon has 
also been identified in Ti-15Nb alloy [30]. The columnar structure on the edges of the scan-
ning channel, which was characterized by an increased number of nucleation sites com-
pared with the upper surface of a molten pool, induced a cellular solidification front. High 
scanning speeds exhibited large thermal gradients and cooling rates at the molten pool, 
thus facilitating cellular structure formation [31]. With the increase in scanning speed from 
600 to 900 mm/s, the grain structure varied from columnar to exhibiting the coexistence of 
cellular grains and columnar grains around the melted tracks. 

To elucidate the relative strain concentration induced by different scanning speeds, 
kernel average misorientation (KAM) maps of the β phase were generated and adopted 

Figure 6. IPF maps of the XY plane for the Ti-22Al-25Nb alloy formed through SLM at four scanning
speeds: (a) sample 1, (b) sample 2, (c) sample 3, and (d) sample 4.
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In all the samples, at a scanning speed range of 800 to 900 mm/s, the alloy primarily
comprised a B2-solid solution with a cellular structure. A columnar structure was identified
in the molten pool boundaries around the melted tracks. A similar phenomenon has also
been identified in Ti-15Nb alloy [30]. The columnar structure on the edges of the scanning
channel, which was characterized by an increased number of nucleation sites compared
with the upper surface of a molten pool, induced a cellular solidification front. High
scanning speeds exhibited large thermal gradients and cooling rates at the molten pool,
thus facilitating cellular structure formation [31]. With the increase in scanning speed from
600 to 900 mm/s, the grain structure varied from columnar to exhibiting the coexistence of
cellular grains and columnar grains around the melted tracks.

To elucidate the relative strain concentration induced by different scanning speeds,
kernel average misorientation (KAM) maps of the β phase were generated and adopted
so as to examine the dislocation density. Figure 7 presents the KAM maps of the samples
corresponding to Figure 6, where the blue and light-green parts represent the regions with
the lowest and highest density of dislocations, respectively. As depicted in Figure 7, the
average dislocation density increased with the increase in scanning speed, suggesting
that higher speeds led to more significant strain concentration. Additionally, the largest
density of dislocation was exhibited at the pool boundaries. During the fabricating process,
dislocation density and strain concentration were closely correlated with the cooling rate;
that is, a higher scanning speed led to a higher cooling rate. Moreover, existing research has
confirmed that the cooling rate along the directions perpendicular to the scanning direction
is highest. As a result, the highest KAM value was identified in S4 (highest scanning speed)
and near the pool boundary.
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(b) sample 2, (c) sample 3, and (d) sample 4.

Figure 8 presents pole figure (PF) maps showing the orientation of the β grains in
the samples. Figure 8a–c,d are the orientation maps recorded with reference to the IPF
maps (Figure 7a–d), which are the stereographic projections (001) β, (101) β, (111) β,
and (112) β, respectively. As depicted by the figures, the grains in all the samples showed
a <111> crystallographic direction. The β grains had random orientations, and the multiples
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of a random density/distribution (mrd) decreased with the increase in scanning speed,
with the maximum intensities ranging from 7.114 to 3.358 mrd.
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3.3. Phase Distribution

The XRD patterns of the Ti-22Al-25Nb samples are illustrated in Figure 9, which
confirm the presence of the B2/β phase as well as the low-level presence of the O phase
among all the samples. Small peaks of TiAl3 phases appeared only in the samples at
scanning speeds of 600, 700, and 800 mm/s. Moreover, the peak intensity of the Al3Ti
phase increased with the increase in scanning speed. Zhang et al. [32] examined the effects
of annealing temperature and time on the growth kinetics of the TiAl3 phase in Ti/Al
laminated composites. Their results suggested that the precipitation of the TiAl3 phase is
largely correlated with temperature. Given the reheating effect exerted by the substrate,
scanning speed will affect the energy input and cooling rate, thus affecting the precipitation
of secondary phases [31]. Furthermore, the amount of TiAl3 phases was relatively low due
to the transient reheating process.
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The XRD patterns in Figure 9 verify the presence of some secondary phases (e.g., O
phase and Ti-Al intermediate phases). To further verify the distribution of the above phases,
the O (red in color) phase and Ti-Al phases (blue in color) were deducted from the EBSD
orientation maps (Figure 10a,c,e,g). We used ellipses of corresponding color to mark the
enriched area of the phases. As depicted in Figure 10b,f,d,h, the secondary phases were
distributed more uniformly in the single grains at a lower scanning speed, labeled by the
red arrow. By contrast, the secondary phases were primarily distributed in the region with
a high strain concentration near the pool boundaries. Notably, in S4, the secondary phases
were concentrated in the pool boundaries (Figure 10h).

Metals 2023, 13, x FOR PEER REVIEW 10 of 17 
 

 

 
Figure 9. XRD patterns of the Ti-22Al-25Nb alloy with different scanning strategies via SLM process. 

The XRD patterns in Figure 9 verify the presence of some secondary phases (e.g., O 
phase and Ti-Al intermediate phases). To further verify the distribution of the above 
phases, the O (red in color) phase and Ti-Al phases (blue in color) were deducted from 
the EBSD orientation maps (Figure 10a,c,e,g). We used ellipses of corresponding color to 
mark the enriched area of the phases. As depicted in Figure 10b,f,d,h, the secondary 
phases were distributed more uniformly in the single grains at a lower scanning speed, 
labeled by the red arrow. By contrast, the secondary phases were primarily distributed in 
the region with a high strain concentration near the pool boundaries. Notably, in S4, the 
secondary phases were concentrated in the pool boundaries (Figure 10h). 

 
Figure 10. Phase maps of the SLM-fabricated Ti-22Al-25Nb samples: (a,b) sample 1, (c,d) sample 2, 
(e,f) sample 3, and (g,h) sample 4. 
Figure 10. Phase maps of the SLM-fabricated Ti-22Al-25Nb samples: (a,b) sample 1, (c,d) sample 2,
(e,f) sample 3, and (g,h) sample 4.



Metals 2023, 13, 634 11 of 16

3.4. Tensile Properties

Figure 11 illustrates the stress–strain curves of the SLM-fabricated Ti-22Al-25Nb
samples at different scanning speeds. As depicted in Figure 11b, the tensile strength and
elongation decreased with the increase in scanning speed. The sample fabricated with
600 mm/s exhibited the highest strength of 1114 MPa and the optimal ductility of 21.4%,
whereas the sample fabricated with 900 mm/s exhibited the lowest strength of 892 MPa
and the worst ductility of 4.9%.
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To explore the origin of the highest strength and elongation exhibited by S1, the grains
and phases of the above samples were characterized in detail. Figure 12 presents the grain
size and phase distributions of the different samples. Detailed grain size distribution as
shown in Figure 12a indicated that the sample with the lowest scanning speed exhibited
the largest grain size (36.383 µm) and the sample with highest scanning speed exhibited
the smallest grain size (21.707 µm). Figure 12b presents the distribution of β (cubic), O
(orthorhombic structure), and Ti3Al (hexagonal structure) phases. The content of the β

phase reached up to 98%, which was a significantly higher figure than those of the other two
phases. The content of the Ti3Al phase first increased (600–800 mm/s) and then decreased
(800–900 mm/s) with increasing scanning speed, whereas the content of the O phase first
increased (600–800 mm/s) and then remained unchanged (800–900 mm/s) with increasing
scanning speed.
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Among the above phases, the presence of the O phase (orthorhombic structure) had a
critical effect in improving creep resistance and strength for the Ti-Al-Nb alloys [33]. The
β phase is known to improve ductility and toughness [27], and the existence of Ti3Al can
effectively hinder the growth of the β matrix, which can explain the refined grain size
of the SLM-fabricated Ti-22Al-25Nb in this study (Figure 12a). Moreover, as depicted in
Figure 10, with the increase in scanning speed, the location of the secondary phases varied
from the inner β grain to the pool boundary. Previous research [2,23,34] suggested that the
precipitation of the O and Ti3Al phases deteriorates tensile strength and ductility. As shown
in Figure 12b, the volume fraction of the O phase in S4 with the lowest symmetry among
the above phases was at least 20 times that of S1. Thus, S4 exhibited the lowest ductility.

3.5. TEM Characterization

The XRD and EBSD results indicated two secondary phases in all the SLM-fabricated
samples, especially the O phase, in which the volume fraction was at least five times
that of the Ti3Al phase. Moreover, mechanical properties were affected primarily by the
formation of the O phase [35,36]. Accordingly, S1 and S4 were selected for TEM analysis
to analyze the microstructure of the O phase in detail. Figure 13 illustrates typical TEM
images of S1. Figure 13a depicts a significant dislocation structure where dense dislocation
lines can be clearly seen in the slipping bands. In general, the dislocation microstructure
was identified in the deformed samples, whereas no external stress was applied in the
SLM-fabricated samples. It is known that levels of thermal stress induce the formation of
a dislocation structure during the fabricating process [33,34,37]. Accordingly, the above
dislocation morphology was usually identified in SLM-fabricated workpieces. As depicted
by the selected-area diffraction pattern (SAED), only the diffraction spots for the β/B2
phase matrix could be detected. The dislocation structure of S1 was identified using the
double-beam diffraction TEM technique. In Figure 13c, the dislocation lines (marked by
yellow lines) are visible with g =

{
011

}
marked by the red arrow. Figure 13d–f presents

the corresponding element distribution mapping performed by high-angle annular dark
field transmission electron microscopy (HAADF-STEM). As depicted in Figure 13d–f, there
was no significant element segregation in the β matrix. Combined with the SAED and XRD
results, the secondary phase content may be significantly low, making it difficult to identify
under TEM observation.

Figure 14 presents the TEM images of S4. Compared with S1, the dislocation structure
was not significant in S4; rather, a considerable number of needle-like structures were
discovered, as presented by the bright-field TEM images (Figure 14a). In accordance with
the appearance of additional reflections (in the yellow circle) in the corresponding SAED
pattern recorded from the {111}β/B2 zone axis (Figure 14a), these needle-like structures
were indexed as O phases, indicating the typical orientation relationship (OR) between
the O phase and β phase(001)O//

(
011

)
β/B2. In the dark-field image generated using

reflections in Figure 14c indicated by the yellow circle, needle-shaped O precipitates seem
to align along the

{
011

}
β and

{
101

}
β directions. Notably, the

{
011

}
β direction was also

the direction of the dislocation line mentioned in Figure 14a.
{

011
}
β is one of the easy

dislocation slip directions and is parallel to the precipitating or growth direction of O
phases [38], which may explain the preferentially precipitating orientation of O phases.
Figure 14d–f presents the corresponding elemental maps of Ti, Al, and Nb, indicating the
strong solute segregation of Ti and Al atoms and the slight segregation of Nb atoms.

In general, Nb segregation was usually unavoidable in high Nb-addition TiAl and
TiAlNb alloys due to the high amount of Nb added and low diffusion rate [39,40]. However,
the segregation of alloying elements presented in Figure 14 was closely correlated with O
precipitation. As depicted in Figure 14e–g, the β matrix was depleted of solutes while it
was very rich in Ti; Al and slight Nb segregation were identified in part of the O needles.
In comparing the dark-field image (Figure 14c) with the mapping images (Figure 14d–f),
it is noted that not all of the O phase was rich in the above elements. The diversity of the
solution elements (e.g., Ti and Al elements) in the O phase was attributed to the distortion
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effect in the orthorhombic structure. Gabrisch et al. [41] reported the element diversity
phenomenon in Ti-42Al-8.5Nb alloy wherein a distorted O phase was enriched in Nb while
undistorted phases were rich in Ti. However, this study’s segregation of the Nb element
was not clear due to the low diffusion rate and high addition of Nb in Ti-22Al-25Nb.
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Figure 15 presents the high-resolution TEM (HR-TEM) images of the typical partial
microstructure near the O/B2 interface under the

[
111

]
B2/β zone axis of S4. In Figure 15a,

the O/B2 interface is clearly distinguished and is marked by the yellow line. The interface
boundary is straight, and a four-layer atomic layer thickness step is easily identified in the
boundary. Figure 15b illustrates the magnified HRTEM micrograph of the interface. A slight
mismatch (less than one layer of atomic layer thickness) between the (101)B2 and (111)O
interface was revealed, and the angle between the interface boundary and (101)B2 (111)O
reached 60◦. Figure 15c,d presents the inverse fast Fourier transform (IFFT) transformation
images corresponding to the O phase lattice marked by the red rectangle area in Figure 15b.
There was a significant lattice distortion in the (001)O plane compared with the IFFT
images corresponding to the (111)O plane. This lattice distortion was primarily ascribed to
the occupation of the solid solution atoms, which can be explained by the mapping result
as presented in Figure 14e–g.
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4. Conclusions

In this study, the microstructure and mechanical properties of Ti-22Al-25Nb IMC
alloys fabricated via SLM at four different scanning speeds were analyzed. The fol-
lowing conclusions were drawn through the systematic investigation of the morphol-
ogy, phase transformation, microstructure evolution, and mechanical properties of the
SLM-fabricated samples:

(1) The relative density, grain size, texture density, and volume of secondary phases
depended on the scanning speed. The sample with the slowest scanning speed of
600 mm/s exhibited the maximum relative density, grain size, and texture density,
while the sample fabricated with the highest speed of 900 mm/s exhibited the mini-
mum relative density, grain size, and texture density.

(2) The volume fractions of the Ti3Al and O phases first increased and then decreased
with the increase in scanning speed. The above two phases tended to precipitate
near the pool boundary, which was the area with the highest dislocation density.
Solution element equilibrium and Ti and Al enrichment were identified in lamellar
O precipitates.

(3) The SLM-fabricated sample with a scanning speed of 600 mm/s exhibited the high-
est strength and elongation, the reason for which was the synergistic effect of the
uniformly distributed secondary phases in the matrix.
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