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Abstract: Bridgman-type directional solidification experiments were conducted for Ti−46Al−8Nb (mole fraction, %) alloy. The 
effects of the growth rate and the diameter on the microstructure, phase transition and hardness of the alloy were investigated. The 
results show that with the increase of the growth rate and the decrease of the diameter, the fully β phase solidification changes to the 
peritectic solidification, and the final microstructure is composed of the α2/γ lamellar structure and a multiphase microstructure (B2 
phase, α2/γ lamellar structure) respectively, which can be attributed to the solute enrichment resulting from the decreasing diffusion 
and convection ability. The occurrence of peritectic reaction at high growth rate promotes the solute segregation heavily and the 
coarse lamellar spacing in Al- and Nb-rich region, which greatly decreases the hardness values and leads to the discontinuity of the 
hardness curves with the increase of the growth rate. Comparatively, the Ti−46Al−8Nb alloy has lower hardness values than the other 
applied TiAl-based alloys in previous studies. 
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1 Introduction 
 

TiAl-based alloys are highly promising for high 
temperature structural applications in aerospace and 
automotive industries due to their attractive properties, 
such as low density, high resistance to oxidation, high 
specific modulus and creep resistance [1−4]. However, 
the major obstacles such as room-temperature ductility, 
high-temperature strength and oxidation resistance above 
800 °C have limited their practical applications as 
structural materials [5−8]. Recently, high-Nb TiAl alloys 
have been developed [9,10], in which the solute Nb can 
improve high-temperature resistance, lamellar structure 
stability and oxidation resistance [11,12]. Especially 
Ti−46Al−8Nb (mole fraction, %) intermetallic alloy 
developed within the pan-European IMPRESS project is 
both lightmass and creep resistant to high temperatures 
(~800 °C) [13,14], so being one of the advanced 
materials for turbines of aircraft engines and gas-burning 

power-generation plants. However, high Nb addition 
may change the TiAl phase diagram, leading to the 
solidification behavior different from that of binary TiAl 
alloy [15,16]. The complex solidification path and also 
subsequent solid-state transformation limit the 
understanding of microstructure development in 
Nb-additional TiAl alloys. Directional solidification is an 
appropriate technique to research solidification behavior 
of alloy under defined solidification conditions [17]. The 
solidification parameters (growth rate, temperature 
gradient and diameter) have a great effect on the 
microstructure evolution and the microsegregation, and 
further influence the mechanical properties, which have 
been investigated widely for different alloys [18−23]. 
Therefore, the study on the phase transition, 
microstructure evolution and interface morphology under 
different solidification parameters during the directional 
solidification is interest to further progress in commercial 
applications of Ti−46Al−8Nb alloy. 

In addition, the Vickers hardness values can 
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represent the strain hardening ability and the plastic 
deformation resistance, and further reflect the processing 
property of the materials. Especially there is a linear 
relationship between microhardness and yield stress, 
which promises the mechanical properties of 
directionally solidified TiAl ingots to be predicted from 
the Vickers hardness values [24]. Similar linear 
dependence of the yield stress on the hardness is also 
observed in wrought TiAl alloy with the fully lamellar 
structure. It appears that the microhardness analysis 
offers a relatively simple method to predict the 
mechanical properties of the materials. Recently, the 
hardness measurements have been taken for different 
TiAl alloys, and it is observed that the phase 
compositions in TiAl-based alloys have different 
contributions to the hardness with the change of the 
solidification conditions [25]. Therefore, it is necessary 
to find out the evolution of the microhardness with the 
varied microstructure under different solidification 
conditions in the directionally solidified Ti−46Al−8Nb 
alloy. Furthermore, the investigations of Vickers 
hardness are essential for the processing and potential 
applications of the TiAl alloys. 

The aim of this study was to determine the 
microstructure, phase transition and hardness of the 
directionally solidified Ti−46Al−8Nb alloy under 
different solidification conditions. The evolution of the 
phase transition, the detailed microstructure and the 
interface morphology with the change of the diameter 
and the growth rate was investigated firstly, and then the 
selection diagrams for the solidification process and the 
final microstructure were obtained finally. A particular 
interest was focused on the effect of the phase 
components on Vickers hardness (HV) with the change 
of the solidification conditions. 
 
2 Experimental  
 

Intermetallic Ti−46Al−8Nb alloy with an actual 
composition of Ti−46.3Al−7.6Nb (mole fraction, %) was 
supplied in the form of cast cylindrical ingot, which was 
fabricated by the induction skull melting (ISM) under 
argon atmosphere. The samples were machined to rods 
with different diameters (1, 3 and 6 mm) and 100 mm in 
length by a spark machining. The Bridgman type 
apparatus was employed to produce the directionally 
solidified bar, and the details of the experiments were 
described in our previous work [19]. After growing 40 
mm at selected growth rates (1−70 µm/s), the sample 
was quenched into the liquid Ga−In−Sn alloy to restore 
the solid−liquid interface. The temperature gradient 
(G=20 K/mm) was measured by W/Re thermocouples as 
described in Refs. [26,27]. After directional solidification, 
the longitudinal and transverse sections of the specimens 

were cut for the microstructure analysis performed by 
optical microscopy (OM) and scanning electron 
microscopy (SEM) equipped with an energy dispersive 
spectrometer (EDS). OM and SEM samples were 
prepared using standard metallographic techniques and 
etched with a solution of 10 mL HF + 10 mL HNO3 +  
180 mL H2O. 

The hardness measurements of the directionally 
solidified Ti−46Al−8Nb alloy were made with a 
standardized Vickers test device at a load of 10 g and a 
dwell time of 10 s on the longitudinal section. The 
hardness values were the average of at least 10 
measurements. The local hardness measurements along 
the dendrites were made at a load of 5 g and a dwell time 
of 10 s on the longitudinal section. 
 
3 Results and discussion 
 
3.1 Macrostructure 

Figure 1 shows the macrostructures of directionally 
solidified Ti−46Al−8Nb alloy with different diameters at 
different growth rates after the directional solidification. 
The columnar grains are well aligned along the growth 
direction, and the number of the columnar grains 
depends directly on the solidification conditions and the 
position in the specimens, as shown in Fig. 1. 

Interestingly, it is observed that the phase transition 
of the alloy evolves with the change of the diameter and 
the growth rate. As shown in Figs. 1(a) and (b), the 
typical peritectic reaction can be observed at the 
solid−liquid interface with diameters of 1 mm and 3 mm, 
and the peritectic interface is observed away from the β 
phase tip with the increase of the diameter. While a fully 
β solidification can be observed with the diameter up to 6 
mm, as shown in Fig. 1(c). The change of the 
solidification path with the diameter can be attributed to 
the change of the diffusion and convection regime of the 
solutes during the directional solidification, and details 
analysis will be presented later. Additionally, it is also 
observed that the solidification path also changes with 
the increase of growth rate. As shown in Figs. 1(c) and 
(d), the solidification process with the fully β phase 
solidification at 3 µm/s changes to the peritectic 
solidification at 30 μm/s, which can be attributed to the 
fact that the increase of the growth rate corresponding to 
the rapid cooling rate leads to the L+β→β transus line 
shifting to lower Al direction, and the similar evolution 
of the solidification process with the increase of the 
growth rates occurs in the directionally solidified 
Ti−47.5Al−2.5Mo alloy [28]. 

 
3.2 Microstructure 
3.2.1 Effect of diameter of sample on quenching 

interface and final microstructure 
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Fig. 1 Macrostructures of directionally solidified Ti−46Al−8Nb alloys with different diameters at different growth rates: (a) v=3 μm/s, 
d=1 mm; (b) v=3 μm/s, d=3 mm; (c) v=3 μm/s, d=6 mm; (d) v=30 μm/s, d=6 mm 
 

Figure 2 shows the morphologies of the solid−liquid 
interface and the corresponding final microstructures of 
the directionally solidified Ti−46Al−8Nb alloys with 
different diameters at a growth rate of 3 μm/s. The 
cellular and cellular-dendritic growths of primary β 
phase can be observed at the solid−liquid interface at the 
selected growth rate, as shown in Figs. 2(a1)−(c1). 
Particularly, the typical peritectic reaction is observed at 
the positions behind the β phase tips with small 
diameters of 1 and 3 mm, as shown in Figs. 2(a1) and 
(b1). While the fully β phase solidification is observed 
with the diameter of 6 mm, as shown in Fig. 2(c1). The 
occurrence of the peritectic reaction is mainly due to the 
enrichment of Al in the interdendritic liquid during the 
growth of primary β phase, which is connected with the 
process of the diffusion and convection with different 
diameters [21,22]. According to TRIVEDI et al [22], for 
a given system, the fluid velocity is characterized by 
Rayleigh number (Ra) which, for a fixed horizontal 
temperature gradient (∆T), is given by 

 

L

4
T

μα
β TdgRa Δ

=                               (1) 

 
where μ is the kinematic viscosity; αL is the thermal 
diffusivity of the liquid; βT is the coefficient of density 
varying with temperature; g is the gravity vector; d is the 
diameter of the sample. The Rayleigh number is 
proportional to gd4 for a fixed horizontal temperature 

gradient. Then, the values of Ra will increase with the 
increase of the diameter, and correspondingly the effect 
of the convection in the melt during the directional 
solidification will increase with the increase of the 
diameter, which may decrease the solute enrichment in 
the interdendrite during the growth of primary phase. 
Therefore, the solute Al enrichment at the solid−liquid 
interface will decrease gradually with the increase of the 
diameter. The occurrence of the peritectic reaction can be 
observed only with the small diameters, and the 
peritectic interface will be away from the solid−liquid 
interface gradually with the increase of the diameter. 
Furthermore, for the specimen with a diameter of 6 mm 
the solute enrichment cannot support the occurrence of 
the peritectic reaction, and then the fully β phase 
solidification should be observed in the directionally 
solidified Ti−46Al−8Nb alloy. 

As shown in Figs. 2(a2) and (b2), the complex 
multiphase material (B2 phase and α2/γ lamellar phase) is 
observed in the final microstructure with diameters of 1 
and 3 mm, while the final microstructure of α2/γ lamellar 
phase is observed with the diameter of 6 mm, which 
suggests that the change of the solidification process 
with the diameter leads to different final microstructures. 
The precipitation of B2 phase can be connected with the 
enrichment of the β-stabilizer Nb during the phase 
transition, in which the peritectic reaction leads to the 
retained β phase richened in Nb to be distributed in the 
core of dendrites due to the growth of peritectic α phase,  
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Fig. 2 Solid−liquid interface morphologies (a1−c1) and final microstructures (a2−c2) of directionally solidified Ti−46Al−8Nb alloys 
with different diameters at growth rate of 3 μm/s: (a1, a2) d=1 mm; (b1, b2) d=3 mm; (c1, c2) d=6 mm 
 
and further enrichment of Nb in the retained β phase due 
to the β→α transformation may lead to the stabilization 
of β phase to the ordered B2 phase. But for the sample 
with a diameter of 6 mm the enrichment of solute Nb in 
primary β phase decreases due to the strong convection 
and diffusion regime during the solidification, which 
cannot promote the high-temperature β phase 
stabilization to be B2 phase during the further β→α 
transformation. Additionally, low growth rate also 
promotes the distribution homogeneity of the solute Nb 
during the phase transformation. Then the light block B2 
phase cannot be observed in the directional solidified 
Ti−46Al−8Nb alloy when the diameter of the sample is 6 
mm. 
3.2.2 Effect of growth rate on quenching interface and 

final microstructure 
Figure 3 shows the quenching interface 

morphologies and corresponding final microstructures of 
the directional solidified Ti−46Al− 8Nb alloys with a 
diameter of 3 mm at different growth rates. Shallow 
cellular growth of single β phase is observed at a growth 
rate of 2 μm/s, and the final microstructure is composed 
of a fully α2/γ lamellar structure, as shown in Figs. 3(a1) 
and (a2). The regular dendritic growth can be observed at 
growth rates of 10 and 70 μm/s respectively, which are 
accompanied with sequent peritectic reaction during the 
solidification, and the final microstructures are composed 

of the α2/γ lamellar structure and the retained β (B2) 
phase. At low growth rates corresponding to low cooling 
rate, the solute elements can diffuse completely and are 
distributed homogeneously during the phase 
transformation, and then the solute enrichment cannot 
promote the occurrence of the peritectic reaction and the 
precipitation of B2 phase. While during the dendritic 
growth at high growth rates, the solute Al in the 
interdendritic liquid from the growth of primary β phase 
can reach a supersaturated solution due to the rapid 
cooling rate and promotes the occurrence of the 
peritectic reaction. The further growth of peritectic α 
phase may lead to the β-stabilizer element Nb richened in 
the retained β phase to be distributed in the core of the 
dendrite, and finally B2 phase originating from the 
stabilization of Nb-riched β phase can be observed in the 
final microstructure. 
3.2.3 Selection diagram for solidification process and 

final microstructure 
Through the analysis above, the phase 

transformation evolves with the change of the sample 
diameter and the growth rate, which leads to the variety 
of the final microstructures. Figure 4 shows the summary 
of the effect of the growth rate and the diameter on the 
solidification process and the final microstructure of the 
directionally solidified Ti−46Al−8Nb alloy. It can be 
seen that the fully β phase growth and the final α2/γ 



Guo-huai LIU, et al/Trans. Nonferrous Met. Soc. China 24(2014) 4044−4052 

 

4048 
 

 

 
Fig. 3 Solidi−liquid interface morphologies (a1−c1) and final microstructures (a2−c2) of directionally solidified Ti−46Al−8Nb alloys 
with diameter of 3 mm at different growth rates: (a1,a2) v=2 μm/s; (b1,b2) v=10 μm/s; (c1, c2) v=70 μm/s 
 

 
Fig. 4 Selection diagram for solidification process and final 
microstructure of directionally solidified Ti−46Al−8Nb alloy 
 
lamellar structure in final microstructure can be obtained 
at large diameters and low growth rates, as shown by 
region І in Fig. 4. The increase of the growth rate can 
promote the precipitation of B2 phase, and then the final 
microstructure consisting of α2/γ and B2 phases can be 
observed during the single β phase growth, as shown by 
region II in Fig. 4. While at small diameters and high 
growth rates the peritectic reaction and the multiphase 
microstructure (α2/γ lamellar structure and B2 phase) in 
final microstructure can be observed, as shown by region 
III in Fig. 4. 

Obviously, the increase of the growth rate leads to 
the L+β→β transus line shifting to lower Al content 
during the directional solidification, which promotes the 

solidification process changing from the fully β phase 
solidification to the peritectic reaction. Additionally, the 
high growth rates corresponding to the rapid cooling 
rates promote the solute enrichment resulting from the 
decrease of the diffusion ability, and further the Nb 
enrichment from the β→α transition may promote the 
high-temperature β phase stabilization to be B2 phase. 
Simultaneously, the decrease of the diameter may 
decrease the diffusion and convection of the solutes in 
the melt, which promotes the solute Al enrichment in the 
interdendritic region, leading to the occurrence of the 
peritectic reaction. The further development of the 
peritectic reaction will lead to severe solute segregation 
and the multiphase microstructure (α2/γ lamellar structure 
and B2 phase) in final microstructure. The discrepancy of 
the phase components in the final microstructures due to 
the difference of the phase transformation has a great 
effect on the mechanical properties of the alloys, and 
detailed analysis will be presented below. 

 
3.3 Microhardness 

During the directional solidification of alloys, the 
solidification parameters, temperature gradient (G), 
growth rate (v) and diameter of specimen (d), have a 
great effect on the microstructure characteristics of the 
alloys, and further influence the mechanical properties 
[29]. Additionally, the microhardness has a linear 
relationship with the yield stress for the directionally 
solidified TiAl alloy and further takes the performance of 
the processing to fabricate the components, which 
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promises the mechanical properties to be predicted 
simply [24,30]. Therefore, the microhardness under 
different solidification conditions was investigated for 
the directionally solidified Ti−46Al−8Nb alloy, and the 
microhardness values were compared with those 
obtained in previous works in other TiAl based    
alloys [19,24,31]. 

Figure 5 shows the evolutions of Vickers hardness 
with the increase of the growth rate for the directionally 
solidified Ti−46Al−8Nb alloys with diameters of 3 and 6 
mm respectively. When the diameter is 3 mm, the 
hardness values are high at low growth rates (≤2 µm/s), 
and there is no B2 phase in the final microstructure 
through the analysis above. However, the discontinuity 
of the hardness curves can be observed at a growth   
rate of 3 µm/s, and the peritectic reaction occurs 
accompanied with the precipitation of plenty of B2 phase. 
Then, the hardness values increase with the increase of 
the growth rate, which can be attributed to the refined 
lamellar structure due to the rapid cooling rate, as shown 
in Fig. 5(a). The relationship between the microhardness 
HV and the growth rate (v) (>2 µm/s) is obtained by 
using linear regression analysis, which is given as 

 
HV=300.2v0.08                                   (2) 

 
The regression coefficient of this fit is R2=0.95. The 

exponent value of the growth rate is fitted to be 0.08, 
which is in good agreement with 0.10 obtained by FAN 
et al [19] for Ti−43Al−3Si (mole fraction, %) alloy. In 
addition, the exponent value is smaller than 0.14 
obtained by LAPIN et al [24] for Ti−46Al−2W−0.5Si 
(mole fraction, %) alloy and 0.15 obtained by FAN    
et al [31] for Ti−46Al−0.5W−0.5Si (mole fraction, %) 
alloy. 

Compared with the alloy with a diameter of 3 mm, 
the occurrence of peritectic reaction accompanied with 
plenty of B2 phase cannot be observed until the growth 
rate reaches up to 20 µm/s for the directional solidified 
Ti−46Al−8Nb alloy with a diameter of 6 mm. 
Correspondingly, it can be observed that the 
discontinuity of the hardness curves occurs at high 
growth rate of 20 µm/s, and then the hardness values 
increase with the increase of the growth rate, as shown in 
Fig. 5(b). At lower growth rates (v<20 µm/s), the  
hardness values also increase with the increase of the 
growth rate. The relationship between HV and v     
(<20 µm/s) is obtained by using linear regression 
analysis, which is given as 

 
HV=318.6v0.12                                (3) 

 
The regression coefficient of this fitting equation is 

R2=0.95. The exponent value of the growth rate is fitted 
to be 0.12, which is larger than 0.08 when the diameter 
of the specimen is 3 mm, and the discrepancy between  

 

 

Fig. 5 Variation of microhardness as function of growth rate for 
directionally solidified Ti−46Al−8Nb alloys with different 
diameters: (a) d=3 mm; (b) d=6 mm 
 
the exponents of the specimen with different diameters 
can be attributed to the change of the solidification 
conditions leading to different phase compositions. In 
addition, the exponent value is close to 0.14 obtained by 
LAPIN in et al [24] for Ti−46Al−2W−0.5Si alloy and 
0.15 obtained by FAN et al [31] for Ti−46Al−0.5W− 
0.5Si alloy. 

Through the analysis above, it is interesting to see 
that the occurrence of the peritectic reaction 
accompanied with plenty of B2 phase can deteriorate the 
microhardness greatly, and the discrepancy of the phase 
components under different solidification conditions has 
effect on the hardness curve directly. Therefore, 
particular attention has been paid to the effect of the 
phase components and the inhomogeneous micro- 
structure on the microhardness of the alloy. Figure 6 
shows the evolution of the microhardness of different 
regions around the dendrite in the final microstructure of 
the directionally solidified Ti−46Al−8Nb alloy. The 
hardness curve develops in the type of “wave shape”, 
which shows that the hardness values are small in the 
interdendritic region and in the core of the dendrite, 
while they are large between them, as shown in     
Figs. 6(a) and (b). The evolution of the hardness can be 
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Fig. 6 Final microstucture (a) and variation of microhardness (b), solute content (c) and lamellar spacing (d) along spotting colummar 
crystal at growth rate of 5 µm/s for directionally solidified Ti−46Al−8Nb alloy 
 
attributed to the variability of the inhomogeneous phase 
compositions and the microsegregation leading to a 
scatter of the mechanical properties. As shown in     
Fig. 6(c), quantitative EDS analysis shows that Al is rich 
in the interdendrite, and Nb is rich in the core of the 
dendrite. The inhomogeneity of the solute elements 
promotes the discrepancy of phase compositions in the 
final microstructure. Microstructure observations reveal 
that the elongated B2 phase (ordered β-phase) is 
observed in the core of the dendrite due to the Nb 
enrichment, which induces the coarse lamellar structure 
and is detrimental to the microhardness, as shown in  
Fig. 6(d). In addition, the solute Al enrichment in the 
interdendritic region can also cause the increase of the 
lamellar spacing and decrease of the microhardness, as 
shown in Figs. 6(b) and (d). Therefore, the “wave shape” 
of the microhardness around the dendrite can be obtained 
due to the inhomogeneity of the phase components and 
the microstructure in the directional solidified 
Ti−46Al−8Nb alloy. 

Figure 7 shows the variation of the Vickers hardness 
with the increase of the growth rate in different 
TiAl-based alloys during the directional solidification in 
our studies. All the values of Vickers hardness increase 

 
Fig. 7 Variation of microhardness of different directionally 
solidified TiAl-based alloys as function of growth rate 
 
with the increase of the growth rate, in which the 
hardness values of Ti−46Al−8Nb alloy are smaller than 
those of Ti−46Al−0.5W−0.5Si and Ti−43Al−3Si alloys. 
The discrepancy of the hardness can be attributed to 
different phase compositions and microstructures 
resulting from the addition of the β-stabilizer elements. 
The enrichment of Nb during the directional 
solidification can promote the precipitation of B2 phase 
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and lead to the coarse lamellar structure in Nb-riched 
region. Additionally, the discrepancy of hardness can 
also be influenced by the volume fraction of γ phase [32]. 
In fact, the Vickers hardness of α2 phase is about with 
HV 500, while that of γ phase is in the order of HV 200, 
and then the depleted-Al TiAl alloys with large volume 
fraction of α2 phase own high hardness values according 
to the lever rule. Therefore, the Ti−46Al−8Nb alloys 
with high Al and the β-stabilizer Nb contents in this 
study own lower hardness values than the other TiAl 
alloys. 

In addition, it can be seen that the hardness values 
of the alloy with a diameter of 6 mm are higher than 
those with a diameter of 3 mm for the directional 
solidified Ti−46Al−8Nb alloy at low growth rates (≤10 
µm/s), while both the hardness values tend to be identical 
at high growth rates. The results above can be attributed 
to the effect of the peritectic reaction leading to the 
severe solute segregation with the change of the 
solidification conditions. At the selected growth rates, the 
peritectic solidification can be observed for the 
directionally solidified Ti−46Al−8Nb alloy with a 
diameter of 3 mm, which leads to the small hardness 
values due to the severe solute segregation. When the 
diameter is 6 mm, the fully β phase growth and the α2/γ 
lamellar structure can be observed at low growth rates, 
and correspondingly high hardness values can be 
obtained. The high growth rates corresponding to the 
occurrence of peritectic reaction deteriorate the hardness 
to be identical to that with the diameter of 3 mm. 
Through the results above, it can be found that the 
inhomogeneity of solutes Al and Nb in TiAl−Nb alloy 
can decrease the hardness greatly, and then the low 
growth rate and large specimen diameter should be taken 
to avoid the solute enrichment in the directionally 
solidified Ti−46Al−8Nb alloy. 
 
4 Conclusions 
 

1) The increase of the diameters promotes the 
diffusion and convection in the melt during the 
solidification, which leads to the peritictic solidification 
to the fully β phase solidification, and correspondingly 
the final microstructure of a multiphase microstructure 
(B2 phase and α2/γ lamellar structure) changes to the α2/γ 
lamellar structure. 

2) The increase of the growth rate leads to the solute 
enrichment due to the decrease of the diffusion ability, 
leading to the fully β phase solidification changing to the 
peritectic solidification, and correspondingly the final 
microstructure of the α2/γ lamellar structure changes to a 
multiphase microstructure (B2 phase and α2/γ lamellar 
structure). 

3) The occurrence of the peritectic reaction leads to 
severe solute segregation, in which the enrichment of 
solutes Al and Nb which induces the coarse lamellar 
structure can deteriorate the hardness values greatly, and 
then the hardness curve is discontinuous with the 
increase of the growth rates due to the occurrence of the 
peritectic reaction. 
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生长速度与试样直径对定向凝固 Ti−46Al−8Nb 合金 
显微组织和硬度的影响 
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摘  要：对 Ti−46Al−8Nb(摩尔分数，%)合金进行布里奇曼型定向凝固实验，考察生长速度和试样直径对合金显

微组织、相变路径和硬度的影响。结果表明，随着生长速度的增加和试样直径的减小，凝固过程由完全 β相凝固

转变为具有包晶反应的凝固过程，其最终显微组织为 α2/γ层片及有 α2/γ层片和 B2 相组成的多相组织。以上结果

是由扩散和对流的减弱造成的溶质富集而引起的。包晶反应的发生往往导致严重的溶质偏析，其中溶质 Al 和 Nb

的偏析使得层片组织较为粗大。因此，在较高生长速度下发生包晶反应时，合金硬度值急剧下降，硬度曲线随着

生长速度的增加呈不连续变化。严重溶质偏析导致的粗大层片组织也使得该成分合金的硬度低于其他 TiAl 基合金

的硬度。 

关键词：钛铝合金；定向凝固；生长速度；直径；相转变 
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