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Abstract

The high strength metastable Ti—-Fe—Co alloys were produced by arc-melting in the shape of distorted semi-spherical ingots with the dimensions
of about 25-30 mm in diameter and 7-10 mm in height. The structure of the hypereutectic Ti—-Fe—Co alloys (at Fe/Co ratio >1) studied by X-ray
diffractometry and scanning electron microscopy consisted of the primary dendrites of an ordered cP2 Ti(Fe, Co) compound and an eutectic
consisting of the cP2 Ti(Fe, Co) compound and a disordered BCC cI2 3-Ti solid solution. The strongest Ti—-Fe—Co alloys have a hypereutectic
structure and exhibit a high strength exceeding 2000 MPa and a plastic deformation of about 15%. The quaternary Tig;Fe 4Co,4Sn; alloy exhibits
a high strength of 1830 MPa and the largest plastic strain of 24%. The deformation behavior and the fractography of Ti—-Fe—Co and Ti—-Fe—-Co—Sn
alloys are studied in detail. The formation of a composite-like structure with hard carcass of the intermetallic phase in the relatively soft eutectic
matrix enabled both high strength and ductility. The accommodation deformation can be explained by the intergranular sliding of the primary
Ti(Fe, Co) dendrites in the softer eutectic matrix. Rough primary dendrites and eutectic rods of the cP2 intermetallic phase act as efficient barriers
for shear strain and cracks propagation, while fine eutectic rods of submicron size are quite effortlessly cut by deformation bands and cracks. It is
shown that the high strength and ductility values for Ti-based alloys can be achieved without using the injection mould casting or rapid solidification

procedure.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Ti-based alloys have high tensile strength slightly exceeding
1000 MPa [1] and good corrosion resistance [2]. Nevertheless,
Ti alloys can be additionally strengthened. By using the mould
casting technique one can produce Ti-based bulk glassy alloys
[3,4] with high tensile strength, up to 2 GPa [5,6]. The relatively
low density of Ti (4.5 Mg/m?) implies higher strength/density
ratios compared to Fe-based or Zr-based bulk amorphous
alloys. Unfortunately, the low ductility and small critical size
of the Ti-based bulk glassy alloys [6,7] attained so far restrict
their applications.

However, even crystalline Ti-based alloys can be hardened
additionally. For example, a 3 mm diameter cylindrical rod of a
cast TigoCu14Nij2SngNbg alloy consisting of micron-size 3-Ti

* Corresponding author.
E-mail address: dml@imr.tohoku.ac.jp (D.V. Louzguine-Luzgin).

0925-8388/$ — see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.jallcom.2006.08.335

dendrites and nanoscale intermetallics exhibits high ultimate
compressive strength of 2.4 GPa and 14.5% plastic strain to
failure [8]. Ti—-Cu-Ni-Sn-Ta and Ti—Cu-Ni-Sn—-Mo alloys
developed later are the candidates for biomedical applications
[9,10]. The deformation behavior of the Ti—~Cu—Ni—Sn-Ta alloy
has been studied in detail [11].

At the same time, new hypereutectic Ti—Fe [12-14] and
TijoFe15Co;5 [15] alloys obtained in the form of arc-melted
ingots of about 20—40 mm diameter and 7—15 mm height, have
shown high compressive strength (over 2000 MPa) along with
excellent ductility up to 16%. The structure consists of a round-
shaped primary dendritic cP2 intermetallic compound (IM) and
a binary (cP2 IM + cI2 3-Ti solid solution) eutectic [13,15]. The
high strength values result from high Fe and Co contents in the
supersaturated [3-Ti solid solution (solution hardening) and high
hardness of the cP2 IM having a rounded dendritic morphology.
Contrary to the Ti—-Cu—Ni—Sn—(Nb, Ta or Mo) alloys studied ear-
lier, these alloy ingots are up to 30 mm in diameter. The influence
of various additional elements on the mechanical properties of
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Fig. 1. Mechanical properties (a) ultimate compressive strength (UCS) (@), yield strength (#), plastic strain (A) as well as (b) lattice parameters (cI2 B-Ti (@) and

cP2 IM (#)) and density (A) values as a function of Fe + Co content.

the Ti—Fe alloys has been also studied later [16]. The addition of
B in small quantities (>1 at.%) increased the mechanical strength
up to 2470 MPa but decreased the ductility [16].

An investigation of the structure, the mechanical proper-
ties and the deformation behaviour of the hypereutectic ternary
Ti-Fe—Co and quaternary Ti—-Fe—Co—(V, Sn) alloys is carried
out in the present work. The additions of V and Sn were cho-
sen because they are commonly used for strengthening other
Ti-based alloys.

2. Experimental procedure

The ingots of the Ti—-Fe-Co, Ti—-Fe—Co—Sn and Ti-Fe—-Co-V alloys of
20-25 mm in diameter and 7-10 mm in height were prepared by arc-melting
the mixtures of 99.7 mass% purity Ti, 99.9 mass% purity Fe, 99.9 mass% purity
Co, 99.9 mass% purity Sn and 99.9 mass% purity V in an argon atmosphere puri-
fied with Ti getter. The ingots were turned and re-melted four times to ensure
compositional homogeneity. The structure of the central part of the ingots was
examined by an X-ray diffractometry with monochromatic Cu Ko radiation
and scanning electron microscopy (SEM) carried out at 20kV. The deformed
sample was investigated by SEM and transmission electron microscopy (TEM)
operating at 200 kV. Room temperature mechanical properties were measured
with an Instron-type testing machine at a strain rate of 5 x 10~*s~!. The sam-
ple for mechanical testing cut from the central part of the as-cast ingot was a
6 mm long rectangular parallelepiped with 3 mm x 3 mm cross section. A strain-
gauge was attached to the sample. The lateral surface of the sample was polished
and examined by SEM throughout the sample from the top to the bottom. The
Vickers hardness of the samples was measured with a Vickers microhardness
tester under a load of 1.962 N. The density was measured with Archimedean
method.

3. Results and discussion

The compositions and mechanical properties of the alloy sam-
ples with equal Fe and Co content cut from arc-melted ingots
having hypoeutectic and hypereutectic structure are listed in
Table 1.

The alloys with Fe/Co content ratio close to one exhibited
the largest compressive ductility compared to the alloys with
different Fe and Co content. Most of the alloys studied exhibit
strain hardening (Table 1). Their microstructure mostly consists
of an ordered cubic cP2 Ti(Fe, Co) intermetallic phase contain-
ing about 52 at.% of Ti and a disordered cI2 -Ti solid solution
containing about 76 at.% of Ti. Both phases have a nearly equal
Fe and Co content in accordance with their equiatomic content
in the nominal alloys composition studied. The strength and duc-
tility values exhibit a clear maximum between 30 and 40 at.%

Table 1

Composition, mechanical properties and structure types of the alloys studied
Alloy o (MPa) o9y (MPa) ¢(%) HV  Structure
TizgFe12Co1n 1690 1640 2.0 520 Hypoeutectic
Ti7sFe35C0135 1940 1860 8.0 570 Nearly eutectic
TizgFe5Co1s 2350 1750 16.5 540 Hypereutectic
TigeFe17Co17 1935 1700 16.0 540 Hypereutectic
TigoFe0Cozo 2100 1510 15.0 550 Hypereutectic
TisgFez3Co23 905 905 0.5 580 Hypereutectic
TisqFe6Coro 1765 1460 11.0 630 Hypereutectic
Tig7Fe14Co14Sns 1830 1460 24.0 520 Hypereutectic
Tig7Fe14Co14 Vs 2040 1825 8.0 530 Hypereutectic

o is the true ultimate compressive strength, og » the yield strength, ¢ the plastic
strain in percents and HV is the Vickers Microhardness.

Fig. 2. Microstructure of the TigoFea0Coyo alloy. SEM, secondary electrons.
Light gray cells belong to the cross-sectioned arms of the primary cP2 Ti(Fe,
Co) dendrites.
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Fig. 3. B-Ti solid solution phase in the microstructure of the TigoFe20Cozg alloy
deformed for 7%, TEM. A high density of dislocations is observed.

of Fe + Co content (Fig. 1(a)). The high strength values result
from the high Fe and Co contents in the supersaturated 3-Ti
solid solution (solution hardening), which causes a significant
variation of its lattice parameter (Fig. 1(b)) and a high hardness
of the Ti(Fe, Co) IM having a rounded dendritic morphology
(Fig. 2).

The Tig7Fe14Co14Sn5 alloy exhibited the largest plastic strain
of 24%, while the addition of V decreased the ductility. This
strain value is larger than the largest ductility value of about
16% obtained so far in the ternary Ti—-Fe—Co system. On the
other hand, this alloy has a lower hardness due to less lattice
distortions of the (3-Ti solid solution by Sn compared to Fe and
Co.

Here it is interesting to note that the TiggFey9Coyg alloy,
which has a volume fraction of the primary cP2 IM Ti(Fe, Co)
phase of 70% (Fig. 2), exhibits good mechanical properties. Only
if the volume fraction exceeds about 80% the alloy becomes brit-
tle.

The deformation behaviour of the TiggFe20Coz alloy pre-
deformed for 7% was been studied. The fractography of the
TigoFe0Cozg alloy indicates that the fracture occurs under both
normal and shear stresses. The vector normal to the compressive

fracture surface is inclined at different degrees with the load
direction varying from 90 °C to 45 °C.

The structure of the hypereutectic Ti—-Fe—Co alloys shows
a high resistance to crack propagation and exhibits self-
stabilization under deformation. An absence of a hard car-
cass of the primary Ti(Fe, Co) dendrites in the hypoeutectic
TizgFe12Co1; alloy leads to its lower strength and ductility val-
ues compared to the hypereutectic alloys (Table 1). It indicates
that the carcass of the primary Ti(Fe, Co) dendrites (a phase
with higher hardness) is necessary for the achievement of higher
strength and ductility.

The B-Ti solid solution phase exhibits a dislocation-type
deformation mechanism (Fig. 3), while no dislocations were
found in the cP2 IM Ti(Fe, Co) phase. This phase under-
goes accommodation deformation likely by intergranular
sliding.

4. Conclusions

The Ti-Fe—Co alloys having a non-equilibrium phase com-
position consisting of the ordered cP2 Ti(Fe, Co) phase and
the disordered cI2 B-Ti solid solution exhibit an excellent
combination of mechanical strength and ductility. The high
strength values result from the high Fe and Co contents in
the supersaturated (3-Ti solid solution (solution hardening) and
the high hardness of the Ti(Fe, Co) intermetallic compound
having a rounded dendritic morphology. The formation of a
composite-like structure with hard carcass of the intermetal-
lic phase in the relatively soft eutectic matrix enabled both
high strength and ductility. The accommodation deformation
can be explained by the intergranular sliding of the primary
Ti(Fe, Co) dendrites in the softer eutectic matrix. The ingots
of Ti-Fe—Co alloys are produced by arc-melting and do not
require an additional mold injection casting procedure. The
Tig7Fe14Co14Sns alloy exhibited the largest plastic strain of
24%. This alloy has a lower hardness due to less lattice dis-
tortions of the (3-Ti solid solution by Sn compared to Fe and
Co.
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