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Abstract: The influence of cooling rate on the microstructure and nanohardness of the rapidly solidified Ti−48%Al alloys prepared 
by melt spinning method was studied. The results show that the microstructure of the rapidly solidified ribbons is refined and 
homogenized compared with that of the conventionally cast mother alloy. With increasing the cooling rate, the grain size decreases 
greatly. The relationship between the ribbon thickness and the wheel speed was examined, and the effect of the wheel speed on the 
cooling rate was also studied. It was found that the ribbon thickness decreases inversely with the wheel speed. The nanohardness 
increases with increasing cooling rate due to the grain size strength. 
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1 Introduction 
 

TiAl intermetallics as a potential high temperature 
structural material have attracted attention due to their 
low density, high oxidation resistance and 
high-temperature strength, etc [1−3]. However, since the 
ductility of these alloys is rather poor, its applications are 
restricted [4]. This property has been the subject of 
intense investigation recently, and it is related to the 
crystal structure of TiAl which exhibits L10 face centered 
tetragonal structure consisting of alternating (002) planes 
of Ti and Al [5−7]. 

Rapid solidification technique is a method to solve 
this problem by refining and homogenizing the 
microstructure [8−9]. Compared with the conventional 
solidification techniques, rapid solidification technique 
increases the solubility of alloying elements and 
impurities, produces microstructures with refined grain 
sizes and reduces levels of segregation. Furthermore, it is 
possible to produce quasicrystals, nanocrystalline and 
amorphous alloys when cooling metallic melts at cooling 
rates exceeding 104 K/s by rapid solidification technique 
[10]. Rapid solidification process is therefore used 
increasingly to manufacture metallurgical materials 
which take the advantage of these improved properties in 

various applications [11−12]. The microstructure of 
rapidly solidified alloys bears strong relationship with 
the cooling rate. Desired structure can be obtained by 
controlling the cooling rate. In melt spinning method, 
there are many processing parameters influencing 
cooling rate, such as wheel speed, melt temperature, gas 
ejection pressure, among which the wheel speed is the 
easiest to control [13−15]. The cooling rate increases 
linearly with the wheel speed [16]. Therefore, the wheel 
speed is selected for analyzing the effect of cooling rate 
on the microstructure of TiAl alloys. 

In the present study, binary Ti−48Al alloy was 
rapidly solidified into the form of ribbon using melt 
spinning at the wheel speed varying from 10 to 30 m/s. 
The evolution of the microstructures and nanohardness 
was studied using XRD, SEM and Nanoindentor XP 
tester. 
 
2 Experimental 
 

A TiAl alloy with 48% Al (molar fraction) was 
produced from sponge titanium (99.95%) and aluminum 
ingot (99.99%) under purified argon. The charges of 3 kg 
were melted in an induction furnace with a water cooled 
copper crucible under purified argon. The molten metal 
was poured into a graphite mould under gravity. The 
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samples for rapid solidification were cut into cylinders 
with size of d 8 mm×10 mm by electrical discharge 
machine. The rapidly solidified ribbons were produced 
under a low pressure atmosphere of argon by chill block 
melt spinning onto a copper roll. The alloy charge was 
heated up to 50−100 K above the corresponding liquidus 
temperature by high frequency induction heating. After 
that, the molten alloy was jetted to force the metal 
through a diameter of 1 mm orifice at the bottom of the 
crucible onto the inner periphery of a pure copper wheel. 
The speed of the copper wheel was varied between 10 to 
30 m/s and the argon pressure was about 0.04 MPa. 

After rapid solidification, the phase constitution was 
characterized by D/max−RB X-ray diffractometer with 
monochromatic Cu Kα radiation. SEM observations were 
carried out on polished sample surfaces after etching 
with Kroll’s reagent (5% HNO3+5% HF+90% H2O, 
volume fraction), using HITACHI S−4700. The chemical 
composition of the phases was detected by energy 
dispersive spectroscopy (EDS) affiliated to SEM. The 
thicknesses of the melt spun ribbons were initially 
measured with a micrometer. Nanohardness measure- 
ments of the polished specimens were carried out on a 
Nanoindentor XP tester equipped with continous 
stiffness measurement (CSM). 
 
3 Results and discussion 
 
3.1 Effect of cooling rate on phase composition of 

Ti−48Al alloy 
Figure 1 shows the XRD patterns of conventionally 

cast alloys and the rapidly solidified samples. From Fig. 
1(a), it can be seen that the sample is composed of 
α2-Ti3Al phase and γ-TiAl phase. For the rapidly 
solidified alloy, the intensity of the α2 phase peaks 
increases with the increase in the cooling rate, which 
means that the volume fraction of the α2-Ti3Al phase  
 

 

Fig. 1 XRD patterns of Ti−48Al alloy solidified at various wheel 
speeds: (a) Conventionally cast alloy; (b) 10 m/s; (c) 15 m/s;   
(d) 20 m/s; (e) 30 m/s 

increases with the wheel speed increasing. The intensity 
of the γ phase peaks decreases with the cooling rate, 
indicating the increased wheel speed leads to the volume 
fraction of γ phase decrease. The peaks of the α2 phase 
shift to higher angles, indicating that the lattice 
parameter decreases with cooling rate caused by the 
distortion of crystal lattice. 
 
3.2 Effect of cooling rate on thickness of rapidly 

solidified TiAl ribbons 
Table 1 shows the average ribbon thicknesses and 

widths at each wheel speed for rapidly solidified 
Ti−48Al ribbons. In this study, the variation of wheel 
speed from 10 to 30 m/s results in a gradual decrease in 
thickness and width, as seen from Table 1. Similar 
results were also obtained by other investigators [14]. 
 
Table 1 Average ribbon thickness and width calculated at 
various wheel speeds 

Wheel speed/ 
(m·s−1) 

Ribbon width/ 
mm 

Ribbon thickness/ 
μm 

10 

15 

20 

30 

4.46 

3.77 

2.83 

1.70 

137 

92 

70 

42 

 
GILLEN and CANTOR [16] observed that the 

ribbon emerged from a puddle of a few millimeters width 
and height with high speed camera [13]. But the 
formation of the ribbon was very complex. The melt was 
dragged out by the argon and then solidified in a 
extremely short time. The variation of ribbon thicknesses 
and widths is related to the distance which is moved by 
the melt until it solidifies. When the gas ejection pressure 
is stable, the quantity of the melt dragged out by the gas 
is constant. At higher speed, the length moved by the 
melt is higher. It can be understood in terms of more 
rapid removal of liquid from the melt, which leads to the 
decrease of the ribbon thicknesses and widths. 

The ribbon thickness can be measured in quantity 
and used to indicate the cooling rate. GILLEN and 
CANTOR [16] proved that the cooling conditions during 
melt-spinning can be considered a near Newtonian, and 
can describe the relationship between the ribbon 
thickness and cooling rate during melt-spinning. For 
wheel speed of Ti−48Al in the range from 10 to 30 m/s, 
the Nusselt numbers and the heat transfer velocity of the 
melt decrease with the increase of wheel speeds. Under 
this condition, the cooling rates are 3.38×105, 5.16×105, 
6.67×105 and 1.13×106 K/s at wheel speed of 10, 15, 20 
and 30 m/s, respectively. 
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3.3 Microstructure change during rapid solidification 
In order to understand the microstructure evolution 

of Ti−48Al alloy during rapid solidification, the samples 
were examined by SEM. Figure 2 shows the 
microstructure of Ti−48Al alloy solidified under 
different wheel speeds. Figure 3 shows the SEM images 
of the rapidly solidified microstructure with high 
magnification. Figure 2(a) illustrates that the as-cast 
alloy exhibits dendrite structure. The interdendritic 
segregate phase is γ (γs) and the dendritic microstructure 
is mixture lamellar grains with two phases α2+γ. 

Figure 2(b) shows the microstructure of rapidly 
solidified Ti−48Al alloy at a wheel speed of 10 m/s. As 
can be seen, the microstructure of this ribbon is 
composed of two phase γ+α2. The dominant phase γ can 
exist both as laths in the transformed lamellae and 
massive morphology. EDS analysis shows that the Al 
content in the γ phase and grain boundary is 51.95% and 
52.16%, respectively, indicating rapid solidification has 
homogenized the alloys significantly. With increasing 
the wheel speed to 15−30 m/s (Figs. 2(c)−(e)), the 
volume fraction of α2 phase increases, which is believed 

to result from solidification. Comparing to the alloy 
produced at lower wheel speed, the grain size of γ phases 
decreases dramatically when solidified at higher wheel 
speed. This is because the increased cooling rates lead to 
large undercooling and reduced solidification time prior 
to solidification. As can be seen from Fig. 3, the lamellar 
structure also decreases with increasing wheel speeds, 
which can hardly be seen at wheel speed of 30 m/s. This 
is because the lamellar structure is formed by the 
terrace-ledge-kink mechanism. In this mechanism, the 
thickening velocity increases with diffusion coefficient. 
At the wheel speed of 30 m/s, the diffusion coefficient 
decreases greatly. So the lamellar structure can hardly be 
seen. 

 
3.4 Effect of cooling rate on nanohardness of rapidly 

solidified TiAl ribbons 
In this study, the mechanical properties of the 

samples solidified under different cooling rates are 
determined by nanohardness measurement. In a typical 
instrumented nanoindentation test, the applied normal 
load and depth of penetration are recorded during the 

 

 

 

 

Fig. 2 SEM images of Ti−48Al alloys 

solidified at various cooling rates: (a) 

Conventionally cast alloy; (b) 10 m/s; (c) 15 

m/s; (d) 20 m/s; (e) 30 m/s 
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Fig. 3 High magnification SEM images of Ti−48Al ribbons rapidly solidified at wheel speed of 10 m/s (a), 15 m/s (b), 20 m/s (c) and 
30 m/s (d) 
 
measurement, while the area of the indent is calculated 
from the known geometry of the indenter tip. These 
values can be plotted to result in load—displacement 
curves. 

Figure 4 shows the nanohardness of the rapidly 
solidified Ti−48Al ribbons at different wheel speeds. It 
can be seen that the hardness increases with the wheel 
speed. In solid mechanics, the material hardness is 
described as the resistance to deformation. According to 
the analysis in Section 3.3, the grain size of the rapidly 
solidified ribbon decreases with increasing cooling rate. 
Hence, the increase of hardness can be attributed to the 
strength of grain size. 
 

 

Fig. 4 Nanohardness of rapidly solidified TiAl ribbons at 
different wheel speeds 

 
4 Conclusions 
 

1) Rapid solidification does not change the phase 
constitution of Ti−48Al alloy. The ribbon is composed of 
α2-Ti3Al phase and γ-TiAl phase. The volume fraction of 
α2 phase increases with increasing cooling rates. 

2) With increasing the cooling rate, the thickness 
and width of the ribbon decrease greatly. The decrease in 
the ribbon thickness can be understood in terms of more 
rapid removal of liquid from the melt. 

3) The microstructure of Ti−48Al alloy changes 
greatly under rapid solidification compared with that 
under normal pressure conditions. The dominant phase is 
γ which can exist both as laths in the transformed 
lamellae and massive morphology. The grains size 
decreases greatly with increasing the cooling rate 
because of the large undercooling and the reduced 
solidification time prior to solidification. 

4) With increasing the cooling rate, the grain size of 
the ribbons decreases greatly. Due to the strength of 
grain size, the hardness increases with the cooling rate. 
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摘  要：研究冷却速度对熔体旋转法制备的快速凝固 Ti−48%Al 合金组织的影响。结果表明：同传统凝固相比，

快速凝固明显细化了 Ti−48%Al 合金的组织，并使合金的成分变得均匀。随着冷却速度的增加，合金的晶粒明显

细化。研究薄带厚度、辊速与冷却速度的关系。随着辊速的增加，冷却速度增加，薄带厚度呈减小的趋势。由于

细晶强化的作用，快速凝固薄带的纳米硬度随着冷却速度的增加而增加。 

关键词：快速凝固；组织；冷却速度；钛铝金属间化合物 
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