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Abstract: The y-TiAl based Ti—Al-Mn—Nb alloys with different Nb additions were fabricated by selective laser melting (SLM) on
the TC4 substrate. The effects of Nb content on microstructure and properties of the alloys were investigated. The results reveal that
the alloys consist of y-TiAl phase with tetragonal lattice structure and a,-Ti3;Al phase with hep lattice structure, and show a sequential
structure change from near full dendrite to near lamellar structure with the increase of Nb addition. Owing to the higher Nb content in
y-TiAl phase and the formation of near lamellar structure, the alloy with 7.0 at.% Nb addition has the best combination of properties
among the studied alloys, namely, not only a high hardness of HV 2000, a high strength of 1390 MPa and a plastic deformation of
about 24.5%, but also good tribological properties and high-temperature oxidation resistance.
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1 Introduction

The p-TiAl based alloys are important candidate
materials for high temperature applications, especially
acrospace and automotive industries, due to their
attractive properties such as low density, high specific
strength and creep resistance [1-6]. However, the alloys
suffer from low ductility and toughness at ambient
temperature and are difficult to process by conventional
processing routes. Selective laser melting (SLM) is an
additive manufacturing technique, and enables the
production of individual metal components with complex
geometries layer by layer, according to a 3D-CAD
volume model, without the need of part-specific tooling
or preproduction costs [7-9], which provides a new
approach for fabricating difficult-to-machine alloy
components.

Last few years, intensive researches have performed
in the SLM y-TiAl based alloys. the microstructure and
properties of y-TiAl based alloys fabricated by SLM
were investigated [10—13]. It was found that the SLM
alloys exhibited refined structure due to rapid
solidification processing, leading to improved strength
and ductility. The research of SLM of p-TiAl based

alloys showed that the microstructure of the alloys
strongly depended on laser parameters, namely, the high
laser energy density and scanning speed were leading
to finer microstructures, and higher strength and
ductility [14—16]. However, the improvement in the
ductility through grain refinement is limited. Moreover,
the high temperature oxidation resistance of the alloys is
still poor [17-23]. With this respect, the alloying is one
of the most effective methods. Therefore, the influences
of various additional elements to the y-TiAl based alloys
were studied. The results showed that the ductility and
high temperature oxidation resistance were enhanced to
some extent through alloying with B, V, Y, Mo, and Cr
elements [24—26]. Nb element can dissolve in p-TiAl
phase, which can enhance the directionality of d—d
bonds and the P—N stresses so as to increase the critical
resolved shear stress (CRSS) for ordinary dislocation slip,
leading to a higher strength and ductility [27]. On the
other hand, Nb is also an active element and is easy to
form Nb,Os during high temperature oxidation
processing [21,28], which will lead to further increase
the high temperature oxidation resistance of y-TiAl based
alloys. Therefore, in this work, the 7-TiAl based
Ti—Al-Mn—Nb alloys with different Nb additions were
fabricated by SLM on the TC4 substrate. The influences
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of Nb content on microstructure and properties of the
alloys were investigated in detail, and the optimized
alloy was obtained.

2 Experimental

Pure Ti plate with the sizes of 30 mm X 20 mm X
20 mm was chosen as a substrate material. Elemental
powders of Ti (99.99% purity, <0.0750 mm), Al (99.90%
purity, <0.0750 mm), Mn (99.90% purity, <0.0750 mm),
and Nb (99.90% purity, <0.0750 mm) were blended by
ball grinder according to the composition as presented in
Table 1, which were chosen as SLM materials.

The SLM assembly consists of four primary
components: the laser system, the powder delivery
system, the controlled environment, and the CAD that is
driven motion control system. A 5 kW continuous-wave
CO, laser unit was used. Based on the preliminary
experiments, the optimized laser processing parameters
were adopted as follows: laser power 2.0 kW, laser beam
diameter 3 mm, scanning velocity 2.5mm/s, overlapping
30%, powder feed rate 3.0 g/min, the argon flow rate
7.0 L/min. Specimens with the sizes of 10 mm X 8 mm X
8 mm were prepared using scanning strategies of
cross-hatching. During SLM processing, the laser beam
was focused on the substrate to create a melt pool into
which the powder feedstock is delivered through an inert
gas (He) flowing through a special nozzle, where the
powder streams converge at the same point on the
focused laser beam. An inert gas shroud containing argon
was used as a protective atmosphere for preventing
oxidation during deposition.

Phase identification of these SLM samples was
carried out using XRD—6000 X-ray diffraction, equipped
with a Ni filtered, Cu K, radiation operating at 40 kV
and 30 mA. The microstructural characteristics and
composition were analyzed using a Zeiss Supra 55 (VP)
scanning electron microscopy (SEM) and an
EPMA-1720 electron probe micro-analyzer (EPMA). A
DMH-2LS microhardness tester was used to measure
microhardness under a load of 200 N with the duration of
15 s. The compressive property was measured with an
Instron-type testing machine at a strain rate of
0.1 mm/min. The specimens for compressive testing
were 6 mm X 3 mm x 3 mm cuboid. Reciprocating
friction-wear test was performed using a CETR UMT-2
testing machine. A SizNy ball with a diameter of 5.96 mm
and a hardness of HV1500 was selected as the wear
couple. The experiment was performed at a normal load
of 10 N, a sliding speed of 1.0 mm/s, and a wear time of
30 min. Continuous variable-temperature oxidation
experiment was performed on TGA/SDTA8S thermal
analyzer at a heating rate of 283 K/min and a

temperature range of 200—1100 °C. The specimens for
oxidation testing were 3 mm % 2 mm X 0.5 mm cuboid.

Table 1 Chemical composition of Ti—Al-Mn—Nb alloys

Composition/at.%

Alloy
Ti Al Mn Nb
Tis;Alsg Mn,Nbs, 47 48 2 3
TissAlisMn, Nb, 46 48 2 4
TiysAlygMn, Nbs 45 48 2 5
TiauAl,gMn, Nbg 44 48 2 6
Tig3AlygMn, Nby 43 48 2 7

3 Results and discussion

3.1 Microstructure

Figure 1 shows the X-ray diffraction patterns of the
alloys with different Nb additions. The data reveal that
all alloys consist of y-TiAl phase with tetragonal lattice
and a,-TisAl phase with hcp structure. Further
quantitative analysis using reference intensity method
reveals that the content of the y-TiAl phase gradually
decreases with increasing Nb addition, while that of the
a,-Ti3Al phase changes in the opposite trend.

To investigate the influence of Nb additions on
structure parameters, the lattice parameters of the
constituent phases in each alloy were calculated using
the least square method. As shown in Table 2, the lattice
parameters of y-TiAl compound increase with increasing
Nb addition from 3.0 at.% to 4.0 at.%, then decrease as
the Nb addition reaches 5.0 at.%, and increase again with
further increasing Nb addition, while that of a,-Ti;Al
compound shows increase in a parameter and less-
affected ¢ parameter until Nb reaches 7.0 at.%. This
indicates that on the whole, the Nb tends to dissolve into
y-TiAl compound (except for 5.0 at.% Nb addition).

Figure 2 presents typical SEM images of the alloys
with different Nb additions. As shown in (Fig. 2(a)),
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Fig. 1 X-ray diffraction patterns of alloys with different Nb
additions
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Table 2 Effects of Nb content on lattice parameters of

constituent phases
Alloy y-TiAl ar-Ti3Al

a/nm c/nm a/nm c/nm
Tig;AligMn,Nb; 04230 0.4271 0.3251  0.5312
TigAligMn, Nb,  0.4235  0.4273 0.3254  0.5313
TigsAligMn,Nbs 04210 0.4261 0.3257  0.5316
TigAligMn,Nbg 04227 0.4275 0.3260  0.5317
TigzAligMn,Nb;  0.4238  0.4279 0.3264  0.5328
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there exist large amount of dendrites in the dark matrix,
together with some bright phases in the alloy with
3.0 at.% Nb. EPMA analysis reveals that the dendrite has
a similar composition to the dark matrix, in which the
mole ratio of titanium to aluminum is nearly 1:1, while
the bright phase is rich in titanium (Table 3). Combining
with the XRD analysis, it is indexed that dendrite and
dark matrix correspond to y-TiAl phase, while the bright
phase corresponds to a,-Ti;Al compound. With
increasing the Nb addition, the y-TiAl dendrite shows a

Fig. 2 SEM images of alloys with different Nb additions: (a) 3 at.%; (b) 4 at.%; (c) 5 at.%; (d) 6 at.%; (e) 7 at.%

Table 3 EPMA analysis results taken from different areas of Ti—Al-Mn—Nb alloys (at.%)

Dendrite Bright phase Dark matrix
Alloy Ti Al Mn Nb Ti Al Mn Nb Ti Al Mn Nb
TigzAl4sMn,Nbs 479  49.6 1.5 1.8 61.0 35.7 1.7 0.4 483 48.8 1.6 1.7
TigeAlssMn,Nby 46.1 494 1.7 2.2 61.3 36.1 1.6 0.9 48.1 48.0 1.4 2.1
TigsAlusMnyNbs 47.6 488 1.8 0.5 60.2 36.1 1.6 2.3 48.5 48.9 1.7 0.4
TigsAlysMn,Nbg 46.8 482 1.7 35 60.9 35.8 1.8 1.2 473 47.9 1.6 3.1
Tig AlusMn,Nb, 442 485 1.6 5.7 60.7 36.1 1.7 1.5 46.5 46.7 1.5 53
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decrease in number and size. The a,-TizAl phase has an
increase in number while decreasing in size (Fig. 2(b)).
When Nb addition reaches 5.0 at.%, there is an obvious
change in microstructure. A fine lath-shaped a,-Ti;Al
phase is produced instead of granulated one (Fig. 2(c)).
With further increasing Nb addition, a,-Ti;Al phase has a
significant increase in number and shows characteristics
of aggregation growth (Fig. 2(d)). This is followed by the
formation of a near lamellar structure consisting of
0,-Ti3Al and y-TiAl phases with 7.0 at.% Nb addition
(Fig. 2(e)).

Based on the above fact, it can be inferred that the
microstructure  evolution of the alloys during
solidification process is as follows: the super-cooled
liquid is solidified by the dendritic growth of the primary
y-TiAl phase followed by a-Ti transformation of the
remaining interdendritic liquid. Upon cooling a eutectoid
reaction of a-Ti occurs, leading to the formation of a
mixture consisting of a,-TizAl plus y-TiAl according to
Ti-Al phase diagram. With the increasing of Nb addition,
the composition of the alloys gradually shifts towards
rich-Ti zone, which not only decreases the volume
fraction of the primary y-TiAl phase, but also reduces the
temperature range of solidification, leading to grain
refinement. This in turn, enlarges primary dendrite
spacing and increases the inter-dendritic fluid flow rate,
causing the decrease of inter-dendritic segregation. As a
result, the morphology of the o,-Ti;Al phase changes
from irregular shape to fine lath shape when Nb addition
reaches 5.0 at.%. Above such an added amount, the
volume fraction of a,-Tiz;Al phase is significantly
increased due to the sequential shift of alloy composition
towards rich-Ti zone, resulting in the formation of a near
lamellar structure.

EPMA analysis allows for determining the chemical
composition of the observed phases. As shown in
Table 3, the Nb in y-TiAl and a,-TizAl phases shows a
generally increasing trend with increasing Nb addition.
But comparatively speaking, the content of Nb in the
former is higher than that in the latter, indicating that Nb
tends to dissolve into y-TiAl. However, the alloy with
5.0 at.% Nb is an exception, in which the content of Nb
in y-TiAl is lower than that in a,-Ti;Al phase, which may
be connected with the following fact: the decrease in size
and number of primary p-TiAl dendrite enlarges its
spacing, resulting in the increase of the inter-dendritic
fluid flow rate. This will decrease inter-dendritic
segregation, making the more Nb dissolve into the
0p-TizAl, as Nb is a op-former [29]. This can be
employed to explain why the a,-TizAl has larger lattice
parameter, while the y-TiAl has smaller one at 5.0 at.%
Nb addition.

3.2 Mechanical properties

Figure 3 displays changing curve of the average
microhardness of the alloys with Nb added amount. It is
clear that the microhardness values of the alloys increase
with increasing Nb addition from 3.0 at.% to 4.0 at.%, as
a result of grain refinement and enhanced solution
strengthening. Then an obvious hardness drop occurs
with 5.0 at.% Nb addition. This may be connected with
the decreased Nb content in the y-TiAl, which makes the
major structure low in hardness, so as to decrease the
average hardness of the alloy, despite the fact that the
microstructure is further refined and the more Nb is
dissolved in a,-TizAl. When the addition of Nb is more
than 5.0 at.%, the alloys exhibit increased hardness again
with the even more Nb addition, owing to the
continuously increased Nb in p-TiAl and a,-TizAl,
despite the fact that the fraction of the hard y-TiAl
decreases. Based on the above analysis, the conclusion
can be made that solution strengthening plays a leading
role in improving the hardness of the alloys. More Nb in
y-TiAl and 0,-Ti;Al is associated with higher hardness.
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Fig. 3 Influence of Nb addition on microhardness of alloys

The strain—stress curves of the studied alloys under
compressive test are shown in Fig. 4. It is obvious that
the variation trend of load can be divided into three
stages, namely initial straight-line elastic stage, nonlinear
plastic stage and final failure stage. It is also observed
that the stress—strain curves of all alloys exhibit “pop-in”
phenomenon, which is connected with probable crack
initiation, but it does not lead to failure of the alloys. The
mechanical test data are summarized in Table 4. The data
reveal that ultimate compression stress of the alloys
increases with the increase of Nb addition as well as the
ductile fracture strain.

The fractography images of the alloys with different
Nb additions are shown in Fig. 5. It can be seen that the
fracture features of these alloys are similar and do not
change significantly with the increase of Nb addition.
The fracture surface essentially shows cleavage facets,
and fracture mechanism can be identified as cleavage
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Fig. 4 Stress—strain curves of alloys with different Nb additions
under compressive test

fracture mode. This can be understood in terms of
ordered tetragonal structure of y-TiAl phase, which will
result in the low dislocation density or the lack of mobile

Crack deflection

| Crk-brdgng % x

dislocation, so that the deformation transition from one
grain to another is difficult and that enhances the
possibility for p-TiAl grains to fracture through
trans-granular cleavage fracture and grain boundary
crack [30—-32]. Here, it is worth mentioning that the
alloys exhibit different crack paths, although they have
the similar cleavage fracture mode. The main crack
propagation with crack branches is clearly observed on
the fracture surface of the alloy with 3.0 at.% Nb
addition (Fig. 5(a)), because the resistance to slip and
lack of easy slip systems restrict crack-tip plasticity as

Table 4 Compressive test results of alloys

Alloy Ultimate stress, o/MPa Fracture strain, /%
TigAlisMn,Nb; 1295 22.5
TigeAlusMn,Nby 1320 23.0
TiysAlisMn,Nbs 1340 233
TigsAlisMn,Nbg 1360 24.0
Tig3Al4sMn,Nb, 1390 24.5

Crack-bridging
Crack deflection @

Fig. 5 SEM fractography images of alloys with different Nb additions: (a) 3 at.%; (b) 4 at.%; (c) 5 at.% Nb; (d) 6 at.%; (e) 7 at.%
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main crack advances, which makes local stress levels
exceed the cohesive strength, causing the formation of
crack branches, especially where the cleavage plane
coincides with the dislocation slip and twin habit plane,
the crack-growth resistance is believed to be very small.
While the alloy with 4.0 at.% Nb exhibits straight
crack path, in which no crack branches are observed
(Fig. 5(b)). It is well known that a,-TizAl phase acts as
reinforcement for crack propagation, since the
dislocation activity is low. Thus, increased a,-Ti;Al
fraction, together with grain refinement, can release the
stress concentration at the grain boundaries and reduce
the possibility of the generation of crack branches [6,27].
In the case of the alloy with 5.0 at.% Nb, crack
deflection repeatedly occurs according to local
crystallography, leading to the tortuous zigzag-shaped
crack path (Fig. 5(c)), owing to the sequential increase of
0,-Ti3Al fraction and the formation of even finer grain.
Similar crack paths are also observed on the fracture
surfaces of the alloys with 6.0 at.% and 7.0 at.% Nb, but
these cracks do not cross the coarsened a,-Ti;Al grain,
leaving crack-bridging (Figs. 5(d) and (e)). The crack
deflection and crack-bridging formation will consume
more fraction energy, being beneficial to improving
strength and ductility of the alloys. Furthermore, it has
been reported that the increased Nb content in y-TiAl not
only reduces the super-lattice intrinsic stacking fault
(SISF) energy of the phase [33—37], but also increases
the critical resolved shear stress (SRSS), which also play
positive role in enhancing the strength and ductility of
the alloys. General speaking, the increased o,-TizAl
fraction, as well as high Nb content in y-TiAl, is
associated with the high mechanical property.

3.3 Tribological properties

Figure 6 shows changing curves of friction
coefficient and worn volume of the alloys with Nb added
amount. The friction coefficient and worn volume of the
alloys are in the range of 0.15—0.48 and 0.08—0.13 mm’,
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5 10.13 g
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Nb addition/at.%

Fig. 6 Changing curves of friction coefficient and worn volume
of alloys with Nb added amount

respectively. Both values show the trend of first
decreasing, then increasing, and decreasing again with
increasing Nb addition, with the lowest friction
coefficient and the lowest worn volume obtained at
7.0 at.% Nb. This result suggests that the alloy with
7.0 at.% Nb has the best anti-friction property and the
highest wear resistance among the studied alloys.

In order to identify the mechanism underlying the
above change, the worn surface morphologies of the
alloys were observed by SEM. As shown in (Fig. 7(a)),
besides the plowing grooves characterizing abrasive
wear, stress fatigue wear (indicated with arrows) takes
place on the worn surface of the alloy with 3.0 at.% Nb.
This fact may be connected with the formation of near
full y-TiAl. Owing to the low yield strength of the phase,
plastic deformation may occur in the subsurface of the
alloy under the repeated plowing action of the hard SizN,
ball, which easily leads to the sharp increase of
dislocation density, inducing the nucleation and growth
of the crack. As sliding continues, some of the materials
will be separated from the surface, leading to stress
fatigue wear. With increasing Nb addition, stress fatigue
wear is obviously weakened, since the increased fraction
of a,-Ti;Al phase improves yield strength of the alloy.
Meanwhile, the plowing grooves become narrow in
width and shallow in depth resulting from the increased
hardness (Fig. 7(b)). But when the addition of Nb
reaches 5.0 at.%, stress fatigue wear is observed again,
because the fine lath-shaped a,-Ti;Al phase is quite
effortlessly cut by cracks propagation, as shown in
Fig. 7(c), despite the fact that the fraction of a,-TizAl
phase is further increased. At the same time, the
anti-abrasive wear ability of the alloy is decreased due to
a decrease of hardness, which is demonstrated by broader
and deeper plowing grooves. With further increasing Nb
addition, there is a definite change in the worn surface
morphology of the alloy. A plastic smearing phenomenon
is clearly observed (Fig. 7(d)). A possible explanation for
this adhesive wear is that the sustained increase of
a,-TizAl phase enhances the adhesive tendency between
the alloy and the SizN, counterpart, which easily causes
junctions at the contacting asperities under a compressive
load. As sliding continues, the junctions will be broken
under shearing stress, and then squeezed on the surface
of the alloys, producing plastic smearing. When
increasing Nb addition to 7.0 at.%, owing to the
formation of a near lamellar structure with high
hardness and low lattice mismatch, only slight abrasive
wear takes place on the worn surface of the alloy as
shown in Fig. 7(e).

3.4 High temperature oxidation-resistance
Figure 8 presents mass gain—temperature curves of
the alloys with different Nb additions in TGA test. In the
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Fig. 7 Worn surface morphologies of alloys with different Nb additions: (a) 3 at.%; (b) 4 at.%; (c) 5 at.%; (d) 6 at.%; (e) 7 at.% Nb
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Fig. 8 Mass gain—temperature curves in TGA test

initial oxidation stage, the mass gain of the alloys is very
small, indicating that oxidation scale yielded in this stage
is protective for the alloys. When the temperature
exceeds a certain threshold, the significant oxidation
takes place, which may be attributable to the local
spallation of oxidation scale. Although these alloys
exhibit similar oxidation kinetic, the kinetic parameters

change with increasing Nb addition. As shown in Table 5,
the initial temperature of the vigorous oxidation shows a
generally increasing trend with increasing Nb addition,
while the mass gain and mass gain rate change in the
opposite trend. Based on the data, one can draw a
conclusion that increased Nb addition is beneficial to
improving the oxidation resistance of the alloys. It is
worth mentioning that the alloy with 5.0 at.% Nb is
exception, its oxidation resistance is second only to that
of the alloy with 7.0 at.% Nb.

Figure 9 presents the oxidized surface morphologies
of the alloys with different Nb additions. Grained oxides
cover the surface of the alloys with some oxidation
etching pits left in the inter-dendrites, where the grained
oxides remain visible. With increasing the addition of
Nb, the grained oxides are gradually refined, and the
oxidation etching pits show a decrease in area and depth.
XRD analysis reveals that the scales formed on the alloys
consist of TiO, and Al,O; oxides, no diffraction peaks
from Nb,Os are observed (see Fig. 10), indicating that
Nb ion mostly dissolves into TiO, oxide. The data also
reveal that the content of TiO, oxide gradually decreases
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Table 5 Kinetic parameters obtained from mass gain—
temperature curves of alloys

Initial temperature Mass gain
. Mass
Alloy of vigorous ain/m rate/

oxide/°C SHVIE (mgec™)

Tig7Al;sMn,Nbs 790 0.00038  0.00071
TissAligMn,Nby 780 0.00031  0.00055
TiysAl;sMn,Nbs 810 0.00028  0.00051
TigsAligMn,Nbg 800 0.00033  0.00059
Tiy3AlusMn,Nb; 820 0.00027  0.00048

with the increasing Nb addition, while that of Al,O;
oxide steadily increases (Table 6).

Based on the above fact, it can be inferred that
general behavior of the alloys during continuous
variable—temperature oxidation process is as follows: in
the initial state, Ti and Al will be oxidized
simultaneously to form TiO, and ALOs, respectively,
because the two oxides have the similar standard free
energy of formation. Upon prolonged exposure to air,

TiO, starts to overgrow Al,O; as TiO, provides a fast
diffusion path for oxygen. EPMA analysis reveals that
the scales contain Nb and show an increasing trend in Nb
content with increasing Nb addition (Table 7); however,
no Nb,Os isdetected. This indicates that Nb as a slowly
diffusing element may enrich at the interface, forming
Nb,Os oxide that will dissolve into TiO,. The doping of
Nb’" ion in the TiO, lattice decreases the oxygen vacancy,
which will inhibit the growth of TiO, and enhance the
growth of AL,Os3. An indirect evidence for this is that the
content of TiO, in the scales decreases with increasing
Nb addition, while that of Al,O; increases as revealed by
XRD, because the more the Nb ion content in the scales
is, the stronger the inhibition on growth of TiO, is. The
AL O; oxide in the scale plays a role in improving the
oxidation resistance of the alloys, as it is more stable
than TiO, and hinders the diffusion of oxygen. This can
also be used to explain why the initial temperature of the
vigorous oxidation is increased with increasing the
addition of Nb. When the temperature exceeds a certain
threshold, the doping effect of Nb ion will be weakened

Fig. 9 Oxidized surface morphologies of alloys with different Nb additions: (a) 3 at.%; (b) 4 at.% Nb; (c) 5 at.%; (d) 6 at.%;

(e) 7 at.%
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Fig. 10 X-ray diffraction patterns taken from oxidized surface
of alloys with different Nb additions

Table 6 Content of oxides obtained from XRD pattern of
oxidized surface of alloys (wt.%)

Alloy TiO, AlO;
TigzAl4sMn,Nbs 72.0 28.0
Tis7AlysMn,Nb, 65.0 35.0
Tis7Al;sMn,Nbs 53.0 47.0
Tis7AlusMn,Nbg 44.0 66.0
TigzAl4sMn,Nb, 24.7 75.3

Table 7 EPMA analysis results of oxidized surfaces for alloys
(at.%)

Dendrite Inter-dendrite

Alloy
Ti Al Nb O Ti Al Nb O

TisAlgMn,Nb; 26.6 18.1 0.5 55.6 30.7 15.6 0.3 53.8
TisAlgMn,Nb, 202 234 0.7 564 27.3 178 0.5 53.6
TisAlgMn,Nbs 17.1 23.6 0.8 58.1 244 202 0.6 55.4
TisAlgMn,Nbg 153 245 0.9 59.6 20.1 22.7 0.8 56.0
TiyAlLsMnNb; 12.1 27.4 1.2 60.1 17.7 249 0.9 58.7

due to its consumption with the oxidation entering the
stage of vigorous oxidation. In this stage, the local
spallation easily takes place, especially in the a,-Ti;Al
phase as it contains relative low fractions of Al and Nb.
Combining with SEM and EPMA analyses, it can be
found that the spalling degree is closely related to the Nb
content in the a,-Ti;Al phase, the more Nb content in the
0,-TizAl phase is, the smaller the spalling degree is. As a
result, the mass gain and mass gain rate of the alloys are
decreased. This suggests that Nb is a very effective
element for improving the oxidation resistance of the
alloys.

4 Conclusions

(1) The alloys consist of y-TiAl and a,-TizAl
compounds and exhibit a sequential structure change
from near full dendrite to near lamellar structure with the
increase of Nb addition.

(2) With the increase of Nb addition, hardness,
friction coefficient, and worn volume of the alloys
change in fluctuating way, with the highest hardness, the
best tribological properties obtained at 7.0 at.% Nb,
while the strength, ductility, and high temperature
oxidation resistance increase monotonically. These
suggest that the alloy with 7.0 at.% Nb addition has the
best combination of mechanical, tribological, and high
temperature oxidation resistance properties among the
studied alloys.
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