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Abstract: Fe-Al-Ta eutectic composites with solidification rates of 6, 20, 30, 80 and 200μm/s were 
obtained by a modified Bridgman directional solidification technique and alloying. Moreover, tensile property 
and fracture behavior of Fe-Al-Ta eutectic composites were studied at 600 ℃. The relationship between 
mechanical property and microstructure at high temperature was studied.  Microstructure of Fe-Al-Ta eutectic 
is composed of Fe2Ta (Al) Laves phase and Fe (Al, Ta) matrix phase. In addition, the tensile strength at high 
temperatures is higher than that at room temperature. The tensile strength is increased with the increase of 
solidification rate. Moreover, fracture morphology transforms from cleavage fracture to dimple fracture as the 
solidification rate is increased at high temperatures. 
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1	 Introduction

 Fe-Al intermetallic compound not only has the 
unique properties of general intermetallic compound, 
but also its excellent antioxidant and corrosion resis-
tance are comparable to that of stainless steel. Fe-Al 
intermetallic compound gets more attention due to low 
density (6.5-7.2 g/cm3), low price and high strength, 
and it has a broad application prospect in the fields of 
aviation, aerospace, energy and chemical industry[1-3]. 
However, the brittleness at room temperature and the 
decrease of the strength above 600 ℃ restrict its in-
dustrial application[4-8]. Many methods[9-12] have been 
tried to improve the ductility. Pike et al[13] found that 
Ta-containing Fe3Al had high creep resistance at tem-
perature of 700 ℃, and the creep times up to about 
1 000 h. It is found that the mechanical properties of 

Fe-40Al are effectively improved after proper heat 
treatment. Tensile strength of the material quenched at 
700 ℃ is 497 MPa[14]. The yield strength and plasticity 
of the composites are higher than that of the matrix al-
loy, when Al2O3 particles are added into Fe-Al by melt-
ing casting[15].

Directional solidification technology[16] can ob-
tain the preferred orientation of the structure and even 
single crystal, which can significantly improve the 
properties of the material. High-temperature strength, 
creep resistance, durability and thermal fatigue proper-
ties of the high-temperature engine blade prepared by 
directional solidification technology have been widely 
used in aerospace field. Previous works[17-19] have been 
carried out about microstructure and mechanical prop-
erties of Fe-Al-Ta eutectic at room temperature.

Tensile properties and fracture behavior at 600 ℃ 
high temperature were studied. The influence of solid-
ification rate on mechanical property at high tempera-
ture were discussed, and the fracture mechanism were 
studied as well.

2	 Experimental

99.99% of pure iron, 99.999% of pure aluminum 
and 99.95% pure tantalum were mixed in the vacuum 
induction melting furnace to get Fe85/Ta7/Al8 (at%) 



111Journal of  Wuhan University of  Technology-Mater. Sci. Ed.  www.jwutms.net  Feb. 2022

eutectic alloy ingot. The master alloys were obtained 
by cutting the middle of the ingot into 6 mm×100 
mm and 12 mm×100 mm cylindrical bars. Fe-Al-Ta 
eutectic composites with different solidification rates 
were prepared by a modified Bridgman directional so-
lidification technique.

High temperature tensile tests were performed on 
Fe-Al-Ta eutectic samples with different solidification 
rates. The testing samples were prepared according to 
GB/ T4338-2006. The tensile test was carried out on 
the electronic universal material testing machine with 
the tensile rate of 0.5 mm/min at 600 ℃.

The high-temperature fracture toughness of Fe-
Al-Ta eutectic at different solidification rates were 
tested by the single-side notched beam (SENB) three-
point bending method. The size of the sample was 35 
mm×7.5 mm×3.75 mm. The precast crack with 3.75 
mm deep and 0.18 mm wide was cut in the middle line 
of the sample. The precast notch direction was perpen-
dicular to the crystal growth direction. 

3	 Results and discussion

3.1 	 Microstructure of the Fe-Al-Ta eutectic

Fig.1 shows microstructure of Fe-Al-Ta eutectic 
at different solidification rates[19]. Microstructure is 
composed of Fe2Ta (Al) Laves phase in the light phase 
and Fe (Al, Ta) matrix phase in the dark phase. It can 
be seen that Laves phases arranged in a fixed direction 
with obvious anisotropy. Moreover, the solidified struc-
ture is gradually refined with the increase of solidifica-
tion rate. Morphology of Fe-Al-Ta eutectic transforms 

from broken lamellar eutectic to rod-like eutectic as 
solidification rate is increased[17].
3.2 	High temperature tensile property

Fig.2 shows macrostructures of fracture surfaces 
of Fe-Al-Ta eutectic at solidification rate of 6, 20, 30  
and 80 μm/s, respectively. It can be seen that there is no 
obvious reduction in the cross-sectional diameter of all 
specimens. In addition, Fig.2(a) shows that the section 
is relatively flat. However, tensile section has an obvi-
ous inclined angle which is very uneven and irregular 
as shown in Fig.2(b)-2(d). This indicates that fracture 
here is influenced by complex stresses. 

The stress-strain curves of Fe-Al-Ta eutectic com-
posites with different solidification rates at 600 ℃ are 
shown in Fig3. Fe-Al-Ta eutectic at solidification rate 
of 6 μm/s suddenly breaks when the tensile strength 
of the material reaches the highest value of 341 MPa 
as Fig.3(a) shows. This indicates a brittle fracture. 
Fig.3(b) is a stress-strain diagram with the directional 
solidification rate of 20 μm/s. The tensile strength of 
Fe-Al-Ta eutectic is 487 MPa. Necking can be ob-
served when the stress gets to the maximum value. The 
stress-strain curve appears to fall, and then the sample 
is suddenly broken. There is a phenomenon of pseudo 
- plasticity in this material. Fig.3(c) shows the stress-
strain diagram of Fe-Al-Ta eutectic with solidification 
rate of 30μm/s, and its tensile strength at 600 ℃ is 
507 MPa. The stress-strain curve is similar to that of 
Fig.3(b) to some extent. The difference between Fig.3 
(b) and Fig.3(c) may be caused by the following two 
reasons. One is the reason of the sample itself. Because 
there are irregular organization arrangement and a large 
number of impurities segregation phenomenon in the 
areas with complex structure such as grain boundary 
and phase boundary, which may reduce the strength 
of local areas and makes the sample fracture rapidly; 
The other is the reason of experimental operation. For 
example, the tensile test may start without holding for 
enough time. Fig.3(d) shows the stress-strain diagram 

Fig.1 	Longitudinal microstructure of Fe-Al-Ta eutectic at differ-
ent solidification rate: (a)6 μm/s; (b)20 μm/s; (c)30 μm/s; 
(d)80 μm/s[19]

Fig.2	 Macrostructures of fracture surfaces of the Fe-Al-Ta eutec-
tic at different solidification rates: (a) 6 μm/s; (b) 20 μm/s; 
(c) 30 μm/s; (d) 80 μm/s
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of Fe-Al-Ta eutectic composite with solidification rate 
of 80 μm/s at high temperature of 600 ℃. Fig.3(d) 
shows a longer curve from maximum load to fracture 
point as compared with Fig.3(b), indicating that it is a 
kind of plastic fracture. It can be seen from Fig.1 that 
the microstructure is refined and sphered with the in-
crease of the solidification rate. Therefore, the plasticity 
of Fe-Al-Ta eutectic is improved as a result.

Table 1 shows the tensile properties of Fe-Al-Ta 
eutectic with different solidification rates at 600 ℃. It 
can be seen that the tensile strength of directionally so-
lidified Fe-Al-Ta eutectic composite increases with the 
increase of solidification rate. This is because the micro-
structure is gradually refined with the increase of solidi-
fication rate, and the strength is increased as a result.

Fig.4 is a comparison of tensile strength at room 
temperature and 600 ℃ high temperature. It can be 
clearly seen that the tensile strength at high temperature 
is higher than that at room temperature at the same so-
lidification rate. Generally, the deformation resistance 
of metal is decreased with the increase of temperature, 
because the resistance of lattice is decreased and the 
activity of atom is increased with the increase of tem-
perature. However, the strength of many intermetallic 
compounds increases firstly and then decreases with 
the increase of temperature, instead of continuously de-
creasing due to the formation of Laves phase with L21 
structure[20]. The Fe-Al-Ta eutectic investigated in this 

Table 1  High temperature tensile properties of the directionally solidified Fe-Al-Ta eutectic

Solidification rate/(μm/s) Maximum tensile strength/MPa Elongation after fracture/% Percentage reduction of area/%

6 341 Brittle fracture Brittle fracture

20 487 4.5 16

30 507 3.0 9

80 525 5.5 17

Fig.3  Tensile stress-strain curve of Fe-Al-Ta eutectic at different solidification rates: (a)6 μm/s；(b)20 μm/s；(c)30 μm/s；(d)80 μm/s

Fig.4	 Maximum tensile strength of Fe-Al-Ta eutectic with differ-
ent solidification rates at room temperature and high tem-
perature
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paper also belongs to one of them due to the existence 
of Fe2Ta (Al) intermetallic phase.

Fig.5 shows the fracture morphology of Fe-Al-
Ta eutectic after high temperature tensile test. Fig.5(a)-
(b) are the macroscopic and microscopic fracture 
morphologies of Fe-Al-Ta eutectic with solidification 
rate of 6 μm/s after high temperature tensile at a high 
temperature of 600 ℃. On the macro level, the cross 
section is uneven, and there is no macroscopic plastic 
deformation. At the microscopic level, there are a large 
number of cleavage platforms and a small number of 
dimples. According to the drawing curve, the fracture 
mode is brittle fracture. Fig.5(c)-(d) are the macroscop-
ic and microscopic fracture morphologies of Fe-Al-Ta 
eutectic with solidification rate of 20 μm/s after high 
temperature tensile at 600 ℃. The cleavage platform 
and the dimple are observed at the same time, and the 
elongation after fracture is 4.5%. This indicates that 
the fracture mode is mixed fracture. Fig.5(e)-(f) are the 
macroscopic and microscopic fracture morphologies 
of Fe-Al-Ta eutectic with solidification rate of 30 μm/
s after high temperature tensile at 600 ℃. There was 
no obvious macroscopic plastic deformation before 

and during fracture. The dimples and the tearing edges 
around the dimples can be observed in fracture mor-
phology, and the fracture elongation is 3.0%. So, it is 
considered as a mixed fracture. Fig.5(g)-(h) are the 
macroscopic and microscopic fracture morphologies 
of Fe-Al-Ta eutectic with solidification rate of 80 μm/s 
after high temperature tensile at 600 ℃. It can be seen 
that the dimples exist and the size is smaller than that 
of Fe-Al-Ta eutectic with the solidification rate of 30 
μm/s. Its fracture elongation rate is 5.5%, and the frac-
ture mode is ductile fracture.
3.3	 High temperature fracture toughness

Table 2 shows the data of high temperature frac-
ture toughness. Calculation formula of high tempera-
ture fracture toughness KIC is defined as follows:

KIC=(FQS/BW3/2)×f (a/W)             (1)              

      S=4W                                   (2)

  (3)

KIC is plane strain fracture toughness, MPa·m1/2; 
W is the height of the sample, mm; B is the thickness of 
the sample, mm; a is the crack length, mm; S is span, 
mm, FQ is the maximum loading force at fracture, kN; 
f(a/W) is the geometric shape factor of the sample.

The fracture toughness test of metal material is 
based on the plane strain state at the crack front of the 
material. If Pmax/Pq is greater than 1.10, it is believed 
that the plastic zone at the crack tip is too large and 
exceeds the condition of small yield range. The theoret-
ical basis and fracture criterion of linear elastic fracture 
mechanics are no longer applicable, so the measured 
KIC is invalid [21].

The P-V (or△) curve of the specimen obtained 
from the three-point bending test is shown in Fig.6. It 
can be seen from Fig.6 (a) that the curve of the sample 
with the solidification rate of 6 μm/s is wavy at the 
beginning, which may be caused by the tiny cracks 
around the cracks when cutting the prefabricated 
cracks, so that the force is not continuously increased 
at the beginning of loading. Then, like the other three 
P-V curves of solidification rate, the uniform rise along 
a certain slope is basically linear, corresponding to the 
crack passivation and plastic deformation stage of the 
sample. Then the curve is accelerated up. The equiva-
lent cross-sectional area is reduced and the flexibility 
is increased significantly due to the initiation of crack, 

Fig.5 	Fracture surfaces of different directionally solidified rate 
Fe-Al-Ta eutectic after high temperature tensile: (a) -(b) 6 
μm/s; (c) -(d) 20 μm/s; (e) -(f)30 μm/s; (g) -(h) 80 μm/s
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which corresponds to the steady-state growth stage 
of crack. From Fig.6(a) (b) (c), it can be seen that the 
wave shape declines after loading to the maximum 
force. This indicates that the crack growth is blocked 
and the fracture resistance is large at this time. When 
the sample force of 200 μm/s is loaded to the maximum 
value, it drops gently, indicating that the expansion re-
sistance is small.

Fig.7 shows the fracture morphology of Fe-Al-Ta 
eutectic with the solidification rate of 6 μm/s after the 
high temperature three-point bending test. Microstruc-
ture of Fe-Al-Ta eutectic with the solidification rate 
of 6 μm/s is regular lamellar, and growth interface is 
planar interface. The fracture morphology greatly fluc-
tuates at the low-power microscope, indicating that the 
fracture process is relatively tortuous and the fracture 
resistance is large. The section is a herringbone, which 
is composed of the radiation area and the fiber area. 
Since the solidified structure is lamellar structure at 
solidification rate of 6 μm/s, Fe2Ta(Al) phase is a brittle 
phase. This makes it easy to cause stress concentration. 
The stress distribution near the crack tip is inhomoge-

neous during three-point bending test, and the tearing 
dimple is caused by the non-uniform stress at the crack 
tip. This indicates that the crack is subjected to some 
resistance during the propagation. Honeycombed dim-
ples and a small number of pits are visible in Fig.7(d) 
due to the extraction of Fe2Ta (Al) fibers. The presence 
of these dimples indicates that Fe-Al-Ta eutectic has 

Table 2  High temperature fracture toughness of Fe-Al-Ta eutectic under different solidification rate

Solidification rate/(μm/s) Crack length a/mm Pmax/Pq Kq/(MPam1/2) 2.5(Kq/Rp0.2)
2/mm KIC/(MPa·m1/2)

6 3.72 1.64 19.3 14.02 Invalid

30 3.69 1.82 17.7 6.46 Invalid

80 3.65 1.46 25.9 12.78 Invalid

200 3.68 1.55 23.7 9.69 Invalid

Fig.6	 Three-point bending P-V curve of Fe-Al-Ta eutectic composites at different solidification rates: (a)6 μm/s; (b)30 μm/s; (c)80 μm/s; 
(d)200 μm/s

Fig.7	 Morphology of Fe-Al-Ta eutectic fracture surface after di-
rectional solidification of 6 μm/s: (a)35×; (b)200×; (c)500×; 
(d)1 000×
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ductile fracture characteristics. Therefore, Fe2Ta (Al) 
fiber plays a toughening effect in the fracture process 
of Fe-Al-Ta eutectic sample.

Fig.8 shows the fracture morphology of Fe-Al-
Ta eutectic with the solidification rate of 30 μm/s after 
the high temperature three-point bending test. Micro-
structure of Fe-Al-Ta eutectic is cellular due to the 
increase of solidification rate, and the Fe2Ta (Al)Laves 
phase with poor orientation accuracy is distributed at 
the eutectic cell boundary. The cell boundary has less 
resistance to crack propagation, and the crack is easy 
to propagate along the eutectic cell boundary. Second-
ary cracks can be clearly seen at the cell boundary as 
shown in Fig.8(b). The secondary cracks mainly orig-
inate and expand from the cell boundary and absorb 
less energy during the process of fracture. In the cell 
boundary, there are thick Fe2Ta (Al) lamellar structures, 
while in the cell, there are rod-shaped eutectic with 
the same orientation, so the deformation modes of the 
cell boundary and the intracellular stress are different. 
The microscopic morphology of intracellular fracture 
is honeycomb. The size of the dimple is small, but the 
size is basically the same, and the micro pits drawn out 
by Fe2Ta (Al) can also be seen.

Fig.9 shows the fracture morphology of Fe-Al-
Ta eutectic composites with the solidification rate of 
80 μm/s after the high temperature three-point bending 
test. Structure is refined and the cell size is reduced 
with solidification rate further increased. Microstruc-
ture of the Fe-Al-Ta eutectic is still cellular, and the Fe-
2Ta (Al) Laves phase with poor orientation accuracy is 
distributed at the eutectic cell boundary. The resistance 
of cell boundary to crack propagation is small and 
the crack is easy to propagate along the eutectic cell 
boundary. The section is uneven and the crack extends 

along the grain boundary. While the inside of the cell 
is fine rod-like structure, the dimples formed are fine 
and uniform, and there are almost no secondary cracks 
observed in the cell.

Fig.10 shows the fracture morphology of Fe-Al-
Ta eutectic composites with the solidification rate of 
200 μm/s after the high temperature three-point bending 
test. Microstructure of Fe-Al-Ta eutectic significantly 
refined, and the short lamellar Fe2Ta (Al) phase at the 
cell boundary is also refined with the further increase 
of the solidification rate. There are step shape fractures 
between the crystal cells as shown in Fig.10(a). As the 
solidification rate increases, microstructure is refined 
and the strength in the cell is significantly higher than 
that in the cell boundary. At the beginning of fracture, 
radial pattern is found, and then the uneven herringbone 
ridge pattern can be observed. This may be ascribed 
to the complex internal stress of the material during 
the process of indenter pressing, and the formation of 
micropores at the cell boundary with weak strength, 

Fig.8	 Morphology of Fe-Al-Ta eutectic fracture surface after di-
rectional solidification at solidification of 30 μm/s: (a)35×; 
(b)200×; (c)500×; (d)1 000×

Fig.9  Morphology of Fe-Al-Ta eutectic fracture surface after di-
rectional solidification at solidification of 80 μm/s: (a)35×; 
(b)200×; (c)500×; (d)1 000×

Fig.10	 Morphology of Fe-Al-Ta eutectic fracture surface after di-
rectional solidification at the solidification rate of 200 μm/s: 
(a)35×; (b)200×; (c)500×; (d)1 000×



116 Vol.37 No.1 CUI Chunjuan et al: High Temperature Tensile Property and Fracture Behav...

which eventually leads to the tearing of the material[22].

4 	 Conclusions

Ta element was added to Fe-Al compound in order 
to obtain Fe-Al-Ta eutectic by Bridgman directional 
solidification technique at different solidification rates. 

The tensile strength at room temperature is lower 
than that at the high temperature. The tensile properties 
of the Fe-Al-Ta eutectic composite are improved with 
the increase of the solidification rate, which is due to 
the gradual refinement and specify of the Fe2Ta(Al) 
Laves phase with the increase of the solidification rate.

By comparing the tensile and three-point bending 
fracture toughness of the material at room temperature 
and 600 ℃, it is found that the fracture is brittle at 
room temperature and changes into ductile fracture at 
high-temperature.
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