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Bulk ultra-fine eutectic structure in Ti–Fe–base alloys
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bstract

An ultra-fine eutectic structure has been obtained in the Ti70.5Fe29.5 binary alloy by slow cooling from the melt through arc melting and cold

rucible rod casting. The addition of 3.85 at.% Sn to the binary Ti–Fe alloy induces a change of the morphology of the eutectic and increases the
olume fraction of the FeTi (Pm3m) phase. A significant improvement of the plastic deformability of the ternary alloy has been observed under
niaxial compressive loading resulting in 16% strain to failure compared to 3.4% for binary Ti70.5Fe29.5. The morphology of the eutectic colonies,
heir refinement and supersaturation of the �-Ti phase are crucial factors for improving the ductility of the ultra-fine eutectic alloys.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Usually, metals and alloys having either amorphous structure
1] or nano-/ultrafine grains with narrow size distribution pos-
ess high strength but, unfortunately, only rather low ductility at
oom temperature [2,3]. Attempts have been made to improve
he ductility of amorphous alloys [4–6] by introducing het-
rogeneities with different length-scale and of nanocrystalline
aterials by tailoring the microstructure through a bimodal

rain size distribution [7]. A similar strategy has been followed
n order to prepare primary dendrite and nano/ultrafine eutec-
ic microstructures in multicomponent Ti–Cu–Ni–Sn–Nb/Ta
8–10] and Zr–Cu–Ni–Al–Nb alloys [11,12] by casting or in
yper/hypo-eutectic Ti–Fe–Co [13,14] alloys by arc melting.
icrocrystalline Ti-alloys have potential use for automotive,

erospace, and biomedical applications [15] due to the low den-
ity of the main constituent element Ti (4.5 mg/m3) and high
orrosion resistance [16] but their ultimate strength only slightly
xceeds 1000 MPa with plastic strain to failure of 10–15% [17].

he strength of these microcrystalline alloys is quite low com-
ared to the strength (2200 MPa) of brittle Ti–Ni–Cu–Sn bulk
lass alloys [18].
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However, all the above mentioned nano/ultrafine structured
utectic alloys require micrometer-size �-Ti (Nb/Ta) [8–10]
r pro-eutectic FeTi(Co) [13–14] ductile dendritic phases for
mprovement of the ductility. However, it would be desirable to
evelop high-strength and ductile eutectic alloys without any
icrometer-size second phase dispersions, since such alloys

ave better castability because of their single melting tempera-
ure [19].

In this paper we report on the formation of a nano/ultrafine
igh-strength ductile eutectic in Ti–Fe and Ti–Fe–Sn alloys in
ulk scale through arc melting. The addition of Sn to the binary
i70.5Fe29.5 eutectic alloy changes the morphology of the eutec-

ic during solidification, refines the microstructure and improves
he ductility compared to the binary alloy.

. Experimental

Master alloys were prepared from Ti, Fe and Sn elements of 99.99 wt. %
urity by arc melting under an argon atmosphere on a water-cooled Cu hearth.
he binary alloy of composition (A) Ti70.5Fe29.5 was prepared and co-melted
ith appropriate portions of Sn to obtain the ternary alloy (B) with composition
i67.79Fe28.36Sn3.85. From these button shape master alloy ingots (40 mm diam-
ter and 10 mm height), rods with 6 mm diameter (∅) and 85 mm length were
olidified in a Cu mold under Ar atmosphere by using a Hukin-type cold-crucible
evitation facility. Structural investigations were carried out by X-ray diffraction

XRD) with Cu K� radiation, a Zeiss DSM 962 scanning electron microscope
SEM), and transmission electron microscopy coupled with energy-dispersive
-ray analysis.

The mechanical properties were evaluated under compression. For this,
ylindrical specimens (3 mm diameter) from the as-cast rods and square cross-
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ection (a = 1.6–2.0 mm) specimens from arc melted ingots both with an aspect
atio ∼2 were prepared and tested in a Schenck hydraulic testing machine
nder quasistatic loading at an initial strain rate of 8 × 10−4 s−1 at room
emperature.

. Results and discussion

The XRD patterns of differently prepared Ti–Fe(Sn) alloys
re presented in Fig. 1. All the alloys show the presence of
cc β-Ti (A2) and FeTi (B2) reflections. In the case of the
s-cast rods and the ingot of the Ti67.79Fe28.36Sn3.85 alloy, the
elative intensity of the β-Ti reflections is smaller than for the
i70.5Fe29.5 alloy specimens indicating a decrease in the vol-
me fraction of the β-Ti phase due to addition of Sn. Rietvelt
efinement [20] yields the lattice parameters of the phases in
he different specimens: a0 = 0.3165 nm (β-Ti) and a0 = 0.2995
FeTi) in the as-cast rod, and a0 = 0.3184 (β-Ti) and a0 = 0.2994
FeTi) in the arc melted ingot of the Ti70.5Fe29.5 alloy. These
attice parameter values are smaller than the values for pure β-
i, a0 = 0.3311 nm, (Im3m) and larger than for the equiatomic
eTi phase, a0 = 0.2975 nm (Pm3m) [21]. In the case of the
i67.79Fe28.36Sn3.85 alloy the lattice parameter of the phases are:
0 = 0.3263 nm (β-Ti) and a0 = 0.2988 (FeTi) for the as-cast rod,
nd a0 = 0.3257 (β-Ti) and a0 = 0.2989 (FeTi) for the arc-melted
ngot. This indicates that there is an increase in the difference

etween the lattice parameters values (δ) of the A2 and B2 struc-
ures from 0.018 nm (binary alloy) to 0.028 nm (ternary alloy)
rrespective of the solidification method. The volume fractions
f the FeTi phases is estimated to be 24–29 vol.% for Ti70.5Fe29.5

ig. 1. XRD patterns for (Ti0.705Fe0.295)100−x Snx (x = 0 and 3.85) as-cast rods
nd arc-melted ingots.
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nd 35–36 vol.% for Ti67.79Fe28.36Sn3.85, respectively, indicat-
ng an increase by about ∼10 vol.% of the FeTi phase due to
ddition of Sn.

The microstructures of the investigated alloys are quite differ-
nt concerning their morphologies. Fig. 2 shows cross-sectional
EM back scattered electron images of the differently solidi-
ed alloys revealing the presence of the FeTi (white) and β-Ti
Fe/Sn) (dark) phases comprising the eutectic microstructure.
or the Ti70.5Fe29.5 ingot, directional growth of eutectic colonies
as observed from the bottom surface of the specimen (near the
u hearth) up to a height of ∼4 mm. A magnified image of this
one is presented in Fig. 2(a) showing faulted growth of the FeTi
hase with a width of 400 nm coexisting with β-Ti(Fe) lamel-
ae. The eutectic spacing (λ) in this zone is about 1 �m. Beyond
his region an equiaxed colony structure with 20–50 �m diam-
ter was observed (inset in Fig. 2(a)). Interestingly, the growth
f few FeTi particles having a dendritic morphology was also
ound in this region. This indicates that the growth rate of the
eTi phase (B2) is probably higher than that of the β-Ti(Fe)
A2] phase. In contrast, the Ti67.79Fe28.36Sn3.85 ingot exhibits a
ayer of a 20–100 �m thick chilled microstructure with globular

orphology of both β-Ti and FeTi phases. The rest of the cross
ection shows a homogeneous lamellar eutectic microstructure
ith oval-shape colonies of 20–50 �m in size. In this case, the

olony boundaries are more pronounced than for the binary alloy,
s depicted in Fig. 2(b). The eutectic phases exhibit a quite well
eveloped lamellar structure at the center of the colony followed
y a radial growth zone and finally a globular-shape appearance
f the FeTi phase at the colony boundaries.

In contrast, the as-cast Ti70.5Fe29.5 rod shows directional
rowth of eutectic colonies in a rim of about 50 �m thickness
ear the rod surface, but homogeneously distributed equiaxed
utectic colonies in the remaining part of the cross section.
he brighter phase (FeTi) grows from a common center into

adial direction [Fig. 2(c)]. The average eutectic cell size is
0 ± 5 �m without distinct colony boundaries. The eutectic rod
pacing (λ) is on the order of 525 nm. EDX analysis of TEM
pecimens allowed identifying the rod-shape Fe-rich bright
hase areas as FeTi (B2) phase, which is embedded in the β-
i (A2) phase appearing dark in the SEM micrographs. The
ompositions of the β-Ti and FeTi phases in the binary alloy
re Ti77.7Fe22.3 and Ti52.7Fe47.3, respectively, as determined
y EDX analysis. This matches with the solubility of Fe at
he eutectic point at 1358 K, which is 22 at.% in β-Ti and
7.5 at.% in the FeTi phase according to the phase diagram
22]. On the other hand, the as-cast Ti67.79Fe28.36Sn3.85 rod
xhibits a 30–60 �m thick chilled region alike the arc-melted
ngot and a homogeneous eutectic microstructure with oval-
hape colonies with pronounced colony boundaries and a cell
ize of 50–10 �m all the way from the surface to the cen-
er of the sample [Fig. 1(b)]. The growth of the FeTi phase
s rather parallel at the center of the colonies with an inter-
amellar spacing of 300 nm. At the colony boundaries the growth

f the FeTi phase becomes restricted in the longitudinal direction
nd becomes coarser showing features of impurity segregation.
he FeTi lamellae evaluated in this ternary alloy are somewhat

hicker than for Ti70.5Fe29.5. The morphology of the overall
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ig. 2. SEM back scattered electron images of: (a) Ti70.5Fe29.5 ingot (near the C
s-cast rod; (d) Ti67.79Fe28.36Sn3.85 as-cast rod. The micrographs clearly reveal

icrostructure suggests an increase in the volume fraction of
he plate-shape FeTi phase in Ti67.79Fe28.36Sn3.85 compared
o Ti70.5Fe29.5. EDX analysis under TEM conditions revealed
hat the compositions of β-Ti and FeTi are Ti82.3Fe9.2Sn8.5 and
i52.5Fe46.8Sn0.7, respectively, indicating a limited solubility of
n in the FeTi phase and substitution of Fe by Sn in the β-Ti solid
olution.

Fig. 3 presents the engineering stress-strain curves obtained

orm the uniaxial compression tests under quasistatic loading at
n initial strain rate of 8 × 10−4/s. Since there are microstruc-
ural differences between the bottom (near the Cu-hearth) and
he top (near the air cooled surface) for the Ti70.5Fe29.5 ingot,

ig. 3. Room temperature compressive engineering stress–strain curves of the
i70.5Fe29.5 and Ti67.79Fe28.36Sn3.85 ingots and as-cast rods.
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th), inset (near air-cooled region); (b) Ti67.79Fe28.36Sn3.85 ingot; (c) Ti70.5Fe29.5

ange in morphology of the eutectic up on Sn addition.

pecimens for the compression tests have been prepared sepa-
ately from these two different regions. The yield strength of
he Ti70.5Fe29.5 ingot varies between 1475 MPa (bottom) and
538 MPa (top). The specimen taken from the bottom part of
he ingot failed just after yielding with a plastic strain of only
p = 1.6% and reaches a fracture stress of about 1790 MPa. In
ontrast, the specimen taken from the top part of the ingot near
o the air cooled surface (Fig. 3, top) shows a higher plastic
train εp = 4.7% prior to failure at σmax = 1874 MPa. This may be
ue to the presence of the micrometer-size FeTi particles [inset,
ig. 2(a)] in the eutectic matrix. For the as-cast Ti70.5Fe29.5 sam-
le, the yield strength (σy = 1885 MPa) is higher than the value of
y = 1538 MPa found for arc-melted sample (Table 1) with 0.5%
lastic strain. The increase of the yield strength for the as-cast
ample can be correlated with the equiaxed eutectic structure
ith fine inter-lamellar spacing (λ = 525 nm) in comparison to

hat of (λ = 1 �m) the arc-melted ingot. In contrast, we observed
o distinct plastic deformability for the Ti70.5Fe29.5 binary alloy
ith homogeneous eutectic microstructure irrespective of the

ooling rate or the solidification route applied, as it was observed
arlier [23]. Moreover, the as-cast Ti67.79Fe28.36Sn3.85 rods with
mm diameter exhibits a significantly improved ductility reach-

ng a strain to failure of εf = 9.6% compared with εf = 2.6% for
he as-cast Ti70.5Fe29.5 rods. This ductile sample shows a yield
trength of σy = 1885 MPa and work-hardening up 2260 MPa. In
ddition, the arc-melted ingot shows yielding at 1608 MPa and

ork-hardening up to 2056 MPa with a notable strain of 16%
efore failure (Fig. 3). This indicates the superiority of the highly
rocessable (cooling rate of 10 K/s [12]) ternary alloy offering a
igh ductility for a nano/ultrafine eutectic microstructure, which
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Table 1
Room temperature compression test results for (Ti0.705Fe0.295)100−x Snx (x = 0 and 3.85): Young’s modulus E, yield stress σy, yield strain εy, ultimate compression
stress σmax, and fracture strain εf

Alloy composition E (GPa) σy (MPa) εy (%) σmax (MPa) εf (%)

Ti70.5Fe29.5 (rod, 6 mm ∅) 95 1885 2.1 1935 2.6
Ti70.5Fe29.5 (ingot, top) 95 1475 1.8 1874 6.5
T 8
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T 8
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i70.5Fe29.5 (ingot, bottom) 97 153
i67.79Fe28.36Sn3.85 (rod, 6 m ∅) 96 179
i67.79Fe28.36Sn3.85 (ingot) 96 160

oes not need any other micrometer-size dendritic phase [8–10]
r pro-eutectic FeTi(Co)-phase [13,14] in order to toughen the
aterial.
The remarkable improvement in strength and the range of

lastic deformability in the ternary alloy is due to the addition
f Sn, which changes the morphology of the eutectic during
olidification [24]. Moreover, the Goldschmidt atomic radius of
n is quite large (0.145 nm) [25], which may establish a long-
age diffusion boundary ahead of the solid/liquid interface, that
an destabilize the morphology of the eutectic in the ternary
lloy. The addition of Sn limits the solubility of Fe in the β-Ti
hase, as determined from EDX analysis and increases the vol-
me fraction of the FeTi phase by about 10 vol.% compared to
he binary alloy. The change in the morphology of the eutec-
ic and the high coherency strain due to the lattice mismatch
δ = 0.028 nm) between the A2 and B2 structures, may enhance
he ductility and provide better slip transfer to accommodate
he applied strain rather than initiating cleavage at the A2/B2
nterface [24].

. Conclusions

Nano/ultrafine microstructures have been produced in
i–Fe/(Sn) eutectic alloys. The addition of Sn changes the
orphology of the eutectic and the lattice parameter of the
-Ti phase without altering the lattice parameter of the FeTi
hase. High strength–ductile bulk specimens with ultrafine
utectic microstructure can be obtained after adding the rather
heap element Sn to binary Ti70.5Fe29.5 alloy. The ingot of
he Ti67.79Fe28.36Sn3.85 alloy solidified at a low cooling rate
10 K/s) shows the high processability of this ductile alloy in
ulk scale without any micrometer-size second phase disper-
ions.
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