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Microstructural investigation on Tigs5Feso5Sns and Mg7,CusZn,s alloys reveals that bimodal eutectic
structure containing the synchronization of structural and spatial heterogeneities in the spherical lamel-
lar entity homogeneously forms upon solidification. Furthermore, the bimodal eutectic Tigs5Fe305Sne
and Mg, CusZn,3 alloys present the enhancement of both strength and plasticity at room temperature

compared to the recently developed high strength Ti- and Mg-based alloys. This implies that the bimodal
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eutectic structure can be one of the effective ways to improve the plasticity of the high strength alloys.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Nano/ultrafine grained materials or bulk metallic glasses have
been highlighted due to an extraordinary high strength compared
to conventional coarse grained materials [1-5]. However, these
high alloys often exhibit limited macroscopic plastic strain at
room temperature causing catastrophic failure. On the other hand,
nanostructure-dendrite composites consisting of micro-scale den-
drites homogeneously embedded in an ultrafine eutectic matrix
have received extensive attention as a novel concept to enhance
both strength and plasticity [6,7]. For example, a series of Ti-based
nanostructure-dendrite composites comprising of micro-scale [3-Ti
solid-solution dendrites in nano-/ultrafine eutectic matrix pro-
cesses a great combination of both ultimate compressive strength
of ~2.4 GPa and plasticity of ~14% [6].

Recently, it has been reported that an outstanding mechanical
properties under room temperature compression can be obtained
by controlling the spatial heterogeneity, e.g. lamellar spacing, in
Fe- [14] and Ti-based [15] alloys comprising fully eutectic struc-
ture without toughening phase, i.e. micro-scale primary dendrites.
The detailed investigations on deformation behaviors of the ultra-
fine eutectic alloys reveals that a spatial heterogeneity, i.e. different
lamellar spacing at the boundary of the eutectic colony, can be an
origin to dissipate the localized stress by a rotation of the spherical
eutectic colony. Along the line to improve the mechanical proper-
ties of such ultrafine eutectic alloys, there is an interesting finding
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that micron-dendrite reinforced bimodal eutectic composites in Ti-
[16] and Mg-based [17] alloys consisting of micro-scale dendrite
phase in bimodal eutectic matrix introducing spatial, i.e. length
scale and morphology, and structural heterogeneity, i.e. constitu-
tive phases, exhibit excellent mechanical properties, i.e. strength
and plasticity. Further detailed investigations on the deforma-
tion behavior of the micron-dendrite reinforced bimodal eutectic
composites in Ti-Fe-Sn alloys reveal that typical slip-based defor-
mation in the micro-scale Ti3Sn primary dendrites possibly causes
the enhancement of the macroscopic plastic deformation [18].
However, there is no trial to understand the role of the bimodal
eutectic matrix on the deformation behavior.

In the present study, as a first step to interpret the effect
of the bimodal eutectic structure on the strength and plasticity,
we have successfully fabricated the bimodal eutectic structure in
Tigz5sFe305Sng and Mgz, CusZn,3 alloys by systematically tuning
the composition. By systematic investigations on the microstruc-
ture and mechanical properties of these alloys, it is possible to find
out the important factors to enhance the plasticity of the bimodal
eutectic alloys even without the micro-scale dendrites.

2. Experimental

A Tigss5FesosSng alloy was prepared by arc melting of the pure elements
(purity >99.8 wt%) under an argon atmosphere followed by direct casting into cylin-
drical rods with 3 mm diameter and 50 mm length using a suction casting facility.
On the other hand, a Mg7, CusZn;,3 alloy with a dimension of about 55 mm in length,
35mm in width and 2-3 mm in thickness were prepared by induction melting with
mixture of high purity elements (purity >99.9 wt%) in the boron nitride (BN) coated
graphite crucible under an argon gas atmosphere. Microstructure of these alloys was
examined by scanning electron microscope (SEM, Jeol JSM-6390) and transmission
electron microscope (TEM, Jeol-JEM 2010). Phase identification of the alloys was
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Fig. 1. XRD traces of as-cast Tig3 5Fe305Sns and Mgz, CusZn,3 alloys.

performed by X-ray diffraction (XRD, Rigaku-D/MAX-2500/PC) with Cu Ka; radia-
tion (A = 1.5406 A). Thin foil samples for TEM analysis were prepared by conventional
ion miller (Gatan Model-600). Cylindrical specimens with a 2:1 aspect ratio for com-
pression tests of the Tigs 5 Feso5Sng alloy were prepared and bar shape specimens for
compression tests of the Mg, CusZn,3 alloy were prepared by machining the as-cast
specimens to 2 mm x 2 mm cross section and 4 mm height. Mechanical properties
were measured with an instron-type machine under uniaxial compression test at
strain rate of 1 x 103 s~! at room temperature more than 5 times to improve the
reliability. In order to elucidate the macroscopic deformation mechanisms of these
alloys, fracture surface of samples after compression tests were analyzed using SEM.

3. Results and discussion

Fig. 1(a) shows a XRD trace of as-cast Tig3 5Fe3g5Sng alloys. The
sharp diffraction peaks in Fig. 1(a) are identified as a mixture of a

bce B-Ti (A2) solid solution, FeTi (B2) and hexagonal Ti3Sn (D0¢g)
intermetallic compounds. Fig. 1(b) displays a XRD trace of as-cast
Mg, CusZn;3 alloy. The main sharp diffraction peaks in Fig. 1(a)-(d)
is identified as a mixture of hexagonal a-Mg, hexagonal MgZn, and
tetragonal MgCuZn phases.

Fig. 2 shows SEM backscattering electron (BSE) micrographs
of as-cast TigzsFe3p5Sng [(a) and (b)] and Mg7,CusZnys [(c) and
(d)] alloys. The BSE image of the as-cast Tig3 5Fe3q5Sng alloy in
Fig. 2(a) reveals that the bimodal eutectic structure consisting of a
mixture of bright and gray contrast areas without the micro-scale
primary dendrites forms homogeneously throughout the sample.
The volume fraction of the bright and gray contrast areas is esti-
mated to be 45.8% and 54.2%, respectively. Furthermore, one can
find that the bright contrast area primarily forms on the matrix
with the gray contrast. The BSE image of the as-cast Tig3 5Fe3g5Sng
alloy in Fig. 2(b) obtained at higher magnification clearly shows the
detailed microstructure of the bimodal eutectic structure. One can
find that the entity with the bright contrast is composed of typi-
cal laminated structure with an interlayer spacing of 200-300 nm
whereas the entity with the gray contrast contains an irregular
laminated structure with an interlayer spacing of 1-1.5 wm. Simi-
larly, the BSE image of the as-cast Mg7;CusZn,3 alloys in Fig. 2(c)
also reveals the formation of the bimodal eutectic structure. More-
over, the detailed microstructure shown in Fig. 2(d) exhibits that
the bright contrast area consists of the typical laminated structure
with aninterlayer spacing of 300-400 nm. On the contrary, aninter-
layer spacing of the laminated structure in the dark contrast the
matrix can be measured to be 1500-3000 nm. Based on the micros-
tuctural investigation on the TigzsFesp55ng and Mg7,CusZngs
alloys, it is considered that the bimodal eutectic structure with
the structural and spatial heterogeneities successfully forms upon
solidification.

Fig. 3 shows TEM bright-field images [(a), (b) and (g)] and
selected area diffraction patterns [(c)-(f) and (h)-(j)] of the as-
cast Tigz 5Fe3p5Sng and Mg7,CusZn,3 alloys. Fig. 3(a) displays the

Fig. 2. SEM backscattering electron (BSE) micrographs of as-cast Tigs 5Feso5Sne [(a) and (b)] and Mg7,CusZnas [(c) and (d)] alloys; [(a) and (c)]: overall microstructure and

[(b) and (d)]: detailed microstructure at higher magnification.
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Fig. 3. TEM bright-field images and selected area diffraction patterns of the as-cast Tigs 5 Fe3o5Sng and Mg, CusZn;y; alloys; (a) and (b): TEM images and (c¢)-(f): selected area
diffraction patterns from the Tig3 5 Fe305Sng alloy, and (g): TEM image and (h)-(j): selected area diffraction patterns from Mg, CusZn,3 alloy.

TEM bright field image obtained from the bright eutectic entity as
shown in Fig. 2(a) and (b). The interlayer spacing is measured to be
150-250 nm. The EDX analysis of the bright and dark phases in the
bright eutectic entity indicates that the bright and dark phases con-
tain Ti72.4Fe3.085n24.52 and Ti53.85F646.15, respectively. The SADPs
in Fig. 3(c) and (d) obtained from the bright and dark phases in
Fig. 3(a) correspond to the [113] and [1 —1 3] zone axes of the FeTi
and Ti3Sn phases, respectively. Fig. 3(b) displays the TEM bright
field image obtained from the gray contrast entity as shown in
Fig. 2(a) and (b). The interlayer spacing of the gray duplex area
is estimated to be 900-1500 nm. The EDX analysis of the bright
and dark phases indicates that the bright and dark phases consist
0fTi79_11 Fe1089Sn10.01 and Ti54_69Fe45_31 , respectively. The SADPs in
Fig. 3(e) and (f) obtained from the bright and dark phases of the
gray contrast entity are identified as [110] and [1 1 0] zone axes of
[3-Ti and FeTi phases. Therefore, the TEM analysis strongly support
the formation of the bimodal eutectic Tig3 5Fe3p 5Sng alloy consist-
ing of a mixture of (FeTi+Ti3Sn) and (3-Ti+FeTi) structures with
both structural and spatial heterogeneities.

The TEM image in Fig. 3(g) obtained from the Mg7,CusZnys
alloys displays that the length-scale of the fine and coarse eutectic
structure is measured to be 300-400 and 1500-3000 nm, respec-
tively, identical to the SEM analysis in Fig. 2(d). Moreover, the
EDX analysis of the bright and dark phases in the fine eutectic
entity indicates that the bright phase is very enriched in Mg con-
tent (94.35 at.%) whereas dark phase contains Mg (30.13 at.%), Zn
(64.99 at.%) and Cu (4.88 at.%). Hence, it is possible to consider that
the fine eutectic entity consists of a mixture of the a-Mg and MgZn,
phases. On the contrary, the coarse eutectic entity can be distin-
guished into three areas from the contrasts, i.e. bright, gray and
dark contrasts. The SADP in Fig. 3(h) obtained from the bright area
marked by ‘A’ of the coarse eutectic area corresponds to the [101]
zone axis of the a-Mg phase. The SADPs in Figs. 3(i) and (j) obtained
from the areas B and C of the coarse eutectic area correspond to
the [201] and [1 2 4] zone axes of the MgZn, and MgCuZn phases,
respectively. Furthermore, the boundary between the fine and the
coarse eutectic areas is quite continuous indicating the gradual
modulation from the fine to coarse eutectic structure possibly due
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Fig. 4. Engineering stress-strain curves (a) of the Tig3 5Fe305Sng and Mgz, CusZnys
bimodal eutectic alloys at room temperature compression with inset SEM fractog-
raphy (b) and (c), respectively.

to the solute partitioning. Therefore, it is clear that the fine eutectic
area consists of the a-Mg and MgZn, phases whereas the coarse
eutectic area contains the a-Mg, MgZn, and MgCuZn phases.

Fig. 4(a) shows engineering stress-strain curves of the
Tigz5Fe305Sng and Mg, CusZny3 bimodal eutectic alloys at room
temperature compression with inset SEM fractography. The
Tigz 5Fesp5Sng bimodal eutectic alloy exhibits yield strength, oy,
of 1799 MPa and plastic strain, &, of 8.4%, respectively. One the
other hand, the Mg7,CusZn,3 bimodal eutectic alloy shows yield
strength, oy, of 455MPa and plastic strain, &p, of 5%, respec-
tively. Furthermore, the inset fractography in Fig. 4(b) from the
Tigz5Fes30.5Sng hetero-duplex alloy displays that the cleavage is vis-
ible in the fine duplex area as marked by dot arrows. However, the
several dimples characteristic of the ductile fracture of the sam-
ple can be found on the coarse eutectic entity. Fig. 4(c) shows the
SEM images of the fracture surface of the Mg7,CusZn,3 bimodal
eutectic alloy. As similar to Fig. 4(b), typical cleavage morphology
on the fracture surface is visible in the fine eutectic structure as
indicated by dot circles in Fig. 4(c). On the contrary, one can also
find out that the several spherical dimples homogeneously form
around the coarse eutectic structure as marked by arrows. Based
on this finding, it is feasible to suggest that the strength of the
Tigs.5Fe30.5Sng bimodal eutectic alloy can be mainly contributed by
the fine duplex entity. On the other hand, the coarse eutectic entity
plays an important role to control the plasticity of the materials.

4. Summary

The Tig35Fe305Sng bimodal eutectic alloy containing a mix-
ture of the fine and coarse eutectic entities has been successfully

developed in the present investigation. The detailed microstruc-
tural investigation indicates that the fine and coarse eutectic
entities consist of a mixture of (FeTi + TizSn) and (3-Ti + TiFe) phases
respectively. Furthermore, this bimodal eutectic alloy has high
strength of 1799 MPa combined to large plastic strain of 8.4%. Sim-
ilarly, the Mg7,CusZn,3 bimodal eutectic alloy with the spherical
morphology of the boundary between the fine (i.e. a-Mg+MgZn,
phases) and the coarse (i.e. «-Mg + MgZn; + MgCuZn phases) eutec-
tic structures exhibits the high yield strength of ~455 MPa as well
as decent plasticity of ~5%. Furthermore, the detailed investigation
on the fracture surface indicates that the formation of the dimple
fractography characteristic of the ductile deformation occurs at the
coarse eutectic structure in both Tigz 5Fe395Sng and Mg, CusZnys
bimodal eutectic alloys suggesting that the plasticity of the
bimodal eutectic alloys can be originated from the coarse eutectic
entity.
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