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Abstract: Extensive research has been conducted on Ti–Fe–Sn ultrafine eutectic composites due to their
high yield strength, compared to conventional microcrystalline alloys. The unique microstructure
of ultrafine eutectic composites, which consists of the ultrafine-grained lamella matrix with the
formation of primary dendrites, leads to high strength and desirable plasticity. A lamellar structure is
known for its high strength with limited plasticity, owing to its interface-strengthening effect. Thus,
extensive efforts have been conducted to induce the lamellar structure and control the volume fraction
of primary dendrites to enhance plasticity by tailoring the compositions. In this study, however,
it was found that not only the volume fraction of primary dendrites but also the morphology of
dendrites constitute key factors in inducing excellent ductility. We selected three compositions of
Ti–Fe–Sn ultrafine eutectic composites, considering the distinct volume fractions and morphologies
of β-Ti dendrites based on the Ti–Fe–Sn ternary phase diagram. As these compositions approach
quasi-peritectic reaction points, the α′′-Ti martensitic phase forms within the primary β-Ti dendrites
due to under-cooling effects. This pre-formation of the α′′-Ti martensitic phase effectively governs the
growth direction of β-Ti dendrites, resulting in the development of round-shaped primary dendrites
during the quenching process. These microstructural evolutions of β-Ti dendrites, in turn, lead to
an improvement in ductility without a significant compromise in strength. Hence, we propose that
fine-tuning the composition to control the primary dendrite morphology can be a highly effective
alloy design strategy, enabling the attainment of greater macroscopic plasticity without the typical
ductility and strength trade-off.

Keywords: titanium alloys; eutectic composites; martensitic phase; plasticity; lamellar matrix

1. Introduction

The unique lamellar structure found in ultrafine eutectic alloys is a key factor con-
tributing to their exceptional strength, setting them apart from coarse-grained alloys [1–4].
This structural feature is characterized by the arrangement of alternating layers of soft and
hard phases. The formation of these distinct soft- and hard-phase layers [5,6] plays a pivotal
role in enhancing the yield strength of alloys. The soft layers contribute to ductility, while
the hard layers offer resistance against deformation. These features, in turn, create a barrier
that impedes the movement of dislocations, corresponding to the interface strengthening
effect [7–9]. Despite these substantial strengthening effects, eutectic alloys have a notable
drawback—they tend to be inherently less ductile. This deficiency in ductility arises primar-
ily from stress concentration points within the microstructure [10]. Stress concentrations
occur when there are abrupt changes in material properties or geometries, making it easier

Micromachines 2024, 15, 148. https://doi.org/10.3390/mi15010148 https://www.mdpi.com/journal/micromachines

https://doi.org/10.3390/mi15010148
https://doi.org/10.3390/mi15010148
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/micromachines
https://www.mdpi.com
https://orcid.org/0000-0003-1502-1034
https://orcid.org/0000-0002-8490-0094
https://orcid.org/0000-0001-8062-1111
https://orcid.org/0000-0001-5013-4005
https://orcid.org/0000-0003-0185-3411
https://doi.org/10.3390/mi15010148
https://www.mdpi.com/journal/micromachines
https://www.mdpi.com/article/10.3390/mi15010148?type=check_update&version=1


Micromachines 2024, 15, 148 2 of 11

for cracks to initiate and propagate. In the context of eutectic alloys, the distinct phases and
interfaces can become sites for stress concentration, leading to a reduction in ductility.

The primary challenge in the field of advanced structural materials is to strike a bal-
ance between enhancing ductility and preserving high-yield strength [11]. To address this
significant challenge, there are extensive efforts to develop innovative methods for design-
ing alloys. This approach involves the deliberate addition of minor elements to eutectic
compositions, aiming to tailor the microstructures with the improvement in ductility while
retaining or even enhancing strength [12–17]. This alloy-design strategy holds promise
for addressing the critical need for advanced materials that excel in both strength and
ductility, providing new potential metallic materials in various engineering applications.
Eutectic composites have been used in applications involving aeronautics, aerospace, and
power generation technologies because of their resistance to high temperatures. They have
been used in 1700 ◦C-class gas turbine systems without any thermal and environmental
barrier coating [18]. Mg-6Ni-3Cu (at. %) eutectic composites are known for a rapid H2
absorption rate with a reduced desorption rate; thus, these are suitable candidates for
chemical hydrogen storage and potentially being used in fuel cells in the near future [19].
Since there is an active need for materials with enhanced storage capacity in automotive
and power generation facilities, eutectic composites could be the needed breakthrough.
In addition to this feature, AlCoCrFeNi2.1 eutectic high-entropy alloys (HEAs) have been
reported to have excellent mechanical properties (yield strength, fracture strength, and
elongation) in cryogenic atmospheres [20]. Thin-film resistors are essential components
in microelectronic devices and are produced using the magnetron sputtering technique.
The temperature coefficient of resistance (TCR) is a critical requirement while making these
thin-film resistors. High-entropy thin-film CoCrFeNiTix deposited on the Si/ SiO2 sub-
strate demonstrated significant TCR values in the range of −60 ◦C up to 130 ◦C, changing
its value from 78 ppm/◦C at low temperatures to 6.6 ppm/◦C at 130 ◦C [21].

In general, inducing a solid-solution primary dendrites (β-Ti in present alloys) in
a eutectic matrix by tailoring the chemical compositions is a well-known alloy design
strategy to enhance the plasticity of Ti Fe ultrafine eutectic alloys [10,22]. The definition of
ultrafine alloys is based on the grain diameter. Based on indirect experimental evidence
in Fe alloys, the boundary between ultrafine and traditional grains is between 800 and
1300 nm, which again, is alloy-dependent [23]. Later, it was defined that nanocrystalline
metals have grain sizes smaller than 100 nm [24]. Ultrafine crystalline alloys have grain
sizes between 100 and 1000 nm. Following these, microcrystalline materials have grain sizes
in the range of microns. Hence, many extensive efforts have been conducted to improve
the plasticity with the maintenance of the high yield strength, and it is found that the
mechanical properties of Ti Fe eutectic alloys strongly depend on the morphology and the
volume fraction of the dendrite phase and its correlation with the eutectic matrix [25–27].
For example, by increasing the volume fraction of the β-Ti dendrite phase up to 30 % in
(Ti70.5Fe29.5)100−xSnx with x = 5, 7 and 9; the yield stress decreased from 2.2 GPa to 1.3 GPa,
concurrently improving the plasticity from 1.7% to 15.7% [4].

It is well accepted that four non-equilibrium phases, namely α′, α′′, ω, and the
metastable β phase exist in Ti alloys [28–30]. The supersaturated solid solution phases α′

and α” are formed by rapid quenching from the β-phase field and are referred to as marten-
site. In pure Ti, martensite is formed in the body-centered cubic (BCC) β-phase field upon
quenching. The addition of elements known as β-stabilizers (e.g., Fe, Cr, Mo, V, Nb, Ta, and
W) contributes to stabilizing the β-phase at the expense of martensite [31–34]. Martensite
displays a hexagonal close-packed (HCP) α′ or orthorhombic α′′ structure depending on
the composition.

Previously, Lee et al. [22] developed a new ultrafine eutectic alloy, (Ti70.5Fe29.5)99.0Bi1.0,
which possesses an excellent plasticity of up to 8.5% without a drastic reduction in the
yield strength of 2100 MPa, applying the chemical heterogeneity characteristic among
the constituent elements [22,35]. The detailed results of the microstructural investigation
indicate that Bi tends to be saturated at the grain boundary of the lamellar matrix leading to
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the dissipation of the localized stresses. Furthermore, Song et al. [36] successfully achieved
outstanding mechanical properties for the (Ti63.5Fe30.5)94Sn6 eutectic alloy by inducing
structural heterogeneities [36–40]. It was found that the bimodal eutectic structure plays a
critical role in hindering the propagation of deformation bands, which consequently leads
to better ductility compared to the Ti Fe eutectic alloy. In addition, Lee et al. [22] suggested
that the high strength and ductility of Ti–Fe–Sn ultrafine eutectic dendrite composites
can be further achieved by the minute compositional changes based on the ternary phase
diagram [25,26,41]. This compositional tuning enables the selection of primary dendrite
phases in the β-Ti and Ti Fe lamellar matrix, such as β-Ti, TiFe, and Ti3Sn phases. The
formation of intermetallic dendrites in the eutectic matrix could efficiently improve the
yield strength rather than ductility due to their mechanical characteristics. In the case of Ti–
Fe–Sn eutectic composites, however, the Ti72Fe22Sn6 alloy which consists of a solid-solution
β-Ti primary dendrite, shows a comparable yield strength and high hardness compared to
Ti Fe and Ti3Sn containing Ti–Fe–Sn eutectic alloys.

In this study, Ti–Fe–Sn alloys with β-Ti dendrites have been fabricated based on the
Ti–Fe–Sn ternary phase diagram previously studied [25,26]. This particular alloy system is
of interest because of its ability to form three different types of dendrites, which can be used
to obtain preferred mechanical properties. The varying microstructural changes that can be
made to obtain mechanical properties include the formation of a bimodal eutectic structure
to enhance plasticity [4], changing the distribution of the FeTi phase to achieve a high frac-
ture strength and plasticity [12], improving hardness with lamellae deformation and phase
rearrangement [15], and enhancing the mechanical properties with dendrite phase selec-
tion [25], as well as the accumulation of slip bands in the β-Ti solid solution leading to work
hardening [26] and morphology modulation to obtain better plasticity [27]. The changes in
the microstructure listed are not exhaustive, and the mentioned examples only represent a
subset of the potential modifications that can be implemented. Lamellar microstructures
with needle-shaped primary dendrites were observed by secondary-electron microscopy
(SEM) analysis in Ti75Fe19Sn6 and Ti77Fe14.5Sn8.5. The needle-shaped α′′-Ti martensite (or-
thorhombic) phase within a β-Ti dendrite is observed by transmission-electron microscopy
(TEM) analysis. The effect of a round-shaped β-Ti dendrite on improving macroscopic
ductility without a trade-off between strength and plasticity is studied here.

2. Experimental Procedure

The Ti72Fe22Sn6, Ti75Fe19Sn6, and Ti77Fe14.5Sn8.5 alloys were prepared with Ti, Fe, and
Sn elements of 99.99 weight percent (wt. %) purity by arc-melting casting under an argon
atmosphere on a water-cooled Cu hearth. Before alloying, the arc melter chamber was
evacuated to 10−5 torr, and Ti getter was used to consume traces of oxygen and hydro-
gen for all melting steps. To achieve a homogeneous distribution of elements, the ingot
was melted more than 10 times, by flipping them over between each step. The samples
were water-quenched after casting. The cooling rate during fabrication for all present
alloys is 10–10−2 K/s. From these master alloys, rod samples with a 3 mm diameter and
50 mm length for mechanical tests were solidified in a Cu mold under an Ar atmosphere
followed by direct casting into cylindrical rods using a suction casting facility. The phase
identification of the alloys was performed by X-ray diffraction (XRD, D/MAX-2500/PC,
RIGAKU, Seoul, Republic of Korea) with Cu-Kα radiation. The microstructures of these
alloys were examined by an SEM (JEOL JSM-6390, Seoul, Republic of Korea) equipped
with an energy-dispersive spectrometer (EDS) and TEM (TECNAI-F20, Seoul, Republic
of Korea). To investigate the in-depth microstructures by TEM, thin-foil samples were
prepared by conventional ion milling (Gatan, model 600, Seoul, Republic of Korea). Cylin-
drical specimens with a 2:1 aspect ratio for compression tests were prepared. Mechanical
properties were measured by uniaxial compression test at a strain rate of 10−3 s−1 at room
temperature. The deformed and fractured samples were polished to observe the surface
deformation morphology.
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3. Results and Discussion

Figure 1 illustrates the Ti–Fe–Sn ternary phase diagram in the Ti-rich region, con-
structed using the previous experimental data [25,26,41]. The formation of the lamellar
structure, comprising the β-Ti + TiFe, is feasible through ternary univariant (A-P′) and
quasi-peritectic reactions (L+ Ti3Sn => β-Ti + TiFe). In this study, the focus was on eutectic–
dendrite composites with compositions of Ti72Fe22Sn6, Ti75Fe19Sn6, and Ti77Fe14.5Sn8.5,
which are highlighted as red dots in Figure 1. This particular region was chosen considering
the inducement of β-Ti dendrites, thoroughly demonstrating their intrinsic characteristics
and contribution to mechanical properties. As shown in Figure 1, there are three possible
dendrite phases in the Ti–Fe–Sn alloy system, such as β-Ti, TiFe, and Ti3Sn. Among these
primary dendrite phases, only β-Ti is a solid-solution, which is expected to have a better
ductility than the other intermetallic compound phases (TiFe and Ti3Sn) [25]. It is further
anticipated that, as the composition approaches the Ti-rich region within the Ti–Fe–Sn
ternary phase diagram, the volume fraction of the eutectic matrix and β-Ti primary den-
drites undergo gradual changes. A reduced yield strength is obtained with an increased
volume fraction of the β-Ti dendrite. Thus, the composition closer to the β-Ti corner is
favored. Hence, it is anticipated that a decrease in the volume fraction of the β-Ti dendrite
should be accompanied by decreased plasticity. Martensite phase formation can be induced
by controlling the dendrite morphology, which, in turn, is induced by undercooling in
the experiments conducted herein. Based on the results, it can be concluded that dendrite
morphology is a key factor in the enhancement of plasticity.

Figure 1. The ternary Ti–Fe–Sn phase diagram in the Ti-rich corner was investigated in this study.
The dashed lines separate the liquid surface for β-Ti, TiFe, and Ti3Sn.

Figure 2 shows the XRD patterns and the SEM micrographs for the Ti72Fe22Sn6,
Ti75Fe19Sn6, and Ti77Fe14.5Sn8.5 alloys. The main diffraction peaks for all three alloys
were identified as a combination of the BCC β-Ti (A2) solid solution and the TiFe (B2-type)
intermetallic compound. As the alloy composition gradually shifts towards the β-Ti rich
region, as illustrated in Figure 1, a notable decrease in the intensity of the TiFe phase peaks
was observed, while the diffraction peaks corresponding to β-Ti show minimal variation.
Figure 2b represents the secondary electron (SE) image of Ti72Fe22Sn6, whereas Figure 2c,d
present the SEM–backscattered electron (BSE) images of Ti75Fe19Sn6 and Ti77.5Fe14.5Sn8.5
alloys. The Ti72Fe22Sn6alloy (Figure 2b) shows a typical ultrafine eutectic-dendrite compos-
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ite microstructure, comprising a β-Ti + TiFe lamellar structured matrix with round-shaped
β-Ti dendrites. The lamellar spacing of the eutectic matrix and the size of the round-shaped
primary dendrite are about 300–500 nm and 5–10 µm, respectively. The values were ob-
tained using the software, ImageJ V1.8. The volume fraction of the micron-scale primary
dendrite is estimated to be approximately 40.75%. The microstructures of Ti75Fe19Sn6 and
Ti77.5Fe14.5Sn8.5 alloys (Figure 2c,d) indicate a slightly coarsened eutectic matrix and an
increased volume fraction of primary β-Ti dendrite phase compared to the Ti72Fe22Sn6
alloy (Figure 2b). The lamellar spacing and approximate volume fraction of the primary
dendrite for Ti75Fe19Sn6 and Ti77Fe14.5Sn8.5 alloys are about 600–900 nm, 700–1000 nm and
60.75%, 77.25%, respectively. The trends of the microstructure and volume fraction of the
dendrite phase are closely aligned with those from the ternary phase diagram (Figure 1).

Figure 2. (a) XRD phase analysis and SEM micrographs of the Ti–Fe–Sn ultrafine eutectic composites;
(b) SE image of Ti72Fe22Sn6 sample; (c) BSE image of Ti75Fe19Sn6; and (d) BSE image of Ti77Fe14.5Sn8.5.

When the Ti content approaches 75 at. %, a noteworthy peak shift occurs not only in
the volume fraction of dendrites but also in the morphology of the primary β-Ti dendrite.
This trend causes a change in the dendrite structure from a round shape to a needle-like
configuration. As the concentrations of Ti and Sn are further increased, this transformation
intensifies, leading to a significant proliferation of needle-shaped β-Ti dendrites. Conse-
quently, this substantial increase in needle-shaped dendrites correlates with a pronounced
reduction in the TiFe peak intensity as observed in the XRD patterns (Figure 2a).

Figure 3 presents compressive engineering stress–strain (SS) curves for Ti–Fe–Sn
ultrafine eutectic composites at room temperature. The Ti72Fe22Sn6 alloy, which consists of
a round-shaped β-Ti primary dendrite, shows a yield strength (σy) of 1680 MPa; ultimate
strength (σf) of 1979 MPa and the highest plastic strain (εp) of 8.1%, respectively. The yield
strength and plastic strain values for Ti75Fe19Sn6 and Ti77Fe14.5Sn8.5 eutectic composites
with a needle-shaped dendrite are 1739 MPa, 1703 MPa and 1.9%, 3.5%; respectively. The
detailed values of mechanical properties in Ti–Fe–Sn eutectic alloys are summarized in
Figure 3.
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Figure 3. Engineering compressive SS curve of the Ti–Fe–Sn ultrafine eutectic composites at room
temperature and obtained mechanical properties (σy, σf, and εp) of the Ti–Fe–Sn ultrafine eutectic
composites. A table and graphical representation of the data has been added.

In contrast to previous observations, however, the present Ti72Fe22Sn6 alloy shows
a competitive plastic strain with the Ti75Fe19Sn6 and Ti77Fe14.5Sn8.5 alloys, which possess
substantial amounts of β-Ti dendrite volume fraction. These results imply that the degree of
plasticity for the presented Ti–Fe–Sn alloy systems relies on not only the volume fraction of
the primary dendrite but also the morphology of the dendrite. Hence, in-depth nano-scale
structural investigations for Ti72Fe22Sn6 and Ti77Fe14.5Sn8.5 alloys were conducted by the
TEM technique to distinguish the distinct characteristics of the β-Ti dendrite.

Figure 4 presents the TEM-BF images and SAED patterns of Ti72Fe22Sn6 and
Ti77Fe14.5Sn8.5 ultrafine eutectic composites. The TEM-BF image and SAED pattern ob-
tained from Ti77Fe14.5Sn8.5 eutectic composite with the largest volume fraction of the β-Ti
dendrite (Figure 4d,e) indicate the formation of a mixture of fine lamellar structures in a
eutectic matrix and primary dendrite. The dendrite is identified as a β-Ti phase from the
SAED pattern indexed with the [012] zone axes (Figure 4e). Figure 4a shows the TEM-BF
image of the Ti72Fe22Sn6 eutectic composite with the lowest β-Ti dendrite volume fraction.
Ti77Fe14.5Sn8.5 is known for a characteristic β-Ti dendrite phase; in contrast, nano-scaled
needle-shaped phases embedded in primary β-Ti dendrite were observed in Ti72Fe22Sn6,
as marked in Figure 4a. The chemical composition of the β-Ti dendrite phases is 76.86 at. %
of Ti, 15.22 at. % of Fe, and 7.92 at. % of Sn, which was estimated by the energy-dispersive
X-ray spectroscopy (EDX) analysis. Five spots were investigated using EDS and an average
was taken. In general, Fe has been known as a β-Ti stabilizer and thus makes the β-Ti
phase stable at low temperatures [22]. To further identify the distribution of the phases, the
SAED patterns are obtained from the primary dendrite (Figure 4b) and the needle-shaped
phase (Figure 4c) regions. The results of the SAED pattern are identified as a β-Ti solid
solution with a [110] zone axis and the α′′-Ti martensite phase with a [113] zone axis,
indicating a mixture of β-Ti and α′′-Ti phases in the primary solid-solution dendrite. These
experimental observations suggest that, becoming closer toward quasi-peritectic reaction
points (P’) from the Ti-rich corner in the Ti–Fe–Sn ternary phase diagram (Figure 1), the
concentration of Fe and its phases in the β-Ti primary dendrite decreased with the increase
in a lamellar structured matrix (β-Ti +TiFe). Fe and its phases significantly contribute to
the formation of the TiFe intermetallic compound layers in a matrix with the increase in
TiFe diffraction intensity (Figure 2a). In highly alloyed Ti-alloy systems, which contain
more than three elements, the structure of the α′′-martensite becomes distorted, and the
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orthorhombic α′′-martensite is formed during quenching. These trends of solidification
result in the formation of a non-equilibrium α′′-Ti martensitic phase in the Ti72Fe22Sn6
alloy [42]. Generally, the presence of an orthorhombic crystal structure, such as in α′′-Ti,
could improve the strength due to the higher stress requirement for plastic deformation
with fewer slip systems than the BCC β-Ti phase, but it also leads to a reduction in ductility
with stress localization along the α′′-Ti phase [43,44]. However, the Ti72Fe22Sn6 alloy, which
contained the α′′-Ti martensitic phase, shows a similar yield strength with larger plasticity
compared to the Ti75Fe19Sn6 and Ti77Fe14.5Sn8.5 alloys, as shown in the SS curves in Figure 3.
These results could imply that the presence of small volume fractions of α′′-martensitic
phase could not efficiently improve the yield strength, but it facilitates controlling the
dendrite morphology, as exhibited in the SEM images [Figure 2b–d]. It can be deduced
that the nucleation of the α′′-martensitic phase in the β-Ti dendrite hinders the directional
growth of the primary dendrite, thus altering the morphology of the β-Ti dendrite to be
rounded, and it plays a prominent role in the enhancement of ductility.

Figure 4. TEM bright-field (BF) image of: (a) Ti72Fe22 Sn6 eutectic composite and the selected-area
electron diffraction (SAED) patterns; (b) [110] zone axis; (c) [113] zone axis of the β-Ti phase and
secondary α′′-martensite phase (one variant only); (d) Ti77Fe14.5Sn8.5 eutectic composite and the
SAED patterns; and (e) [012] zone axis of the β-Ti phase.

In order to study the deformation behavior and investigate the effect of β-Ti dendrites
on mechanical properties, the fracture and lateral surface examination were carried out in
SEM, as shown in Figure 5. Figure 5a,b exhibit the SEM images obtained from the lateral and
fracture surfaces of the failed Ti72Fe22Sn6 alloy, respectively. On the lateral surface, a striking
feature is the abundance of deformation bands that traverse the specimen. This abundance
of bands indicates a significant level of plastic strain experienced by the material before
fracture. Notably, these deformation bands tend to align predominantly along the interfaces
of dendrites, resulting in a remarkable and visually distinctive wavy pattern of shear bands.
This phenomenon suggests that the dendrite interfaces contribute to accommodating the
deformation and allowing the material to stretch and deform extensively before succumbing
to fracture. Upon closer examination of the fracture surface of the Ti72Fe22Sn6 sample
depicted in Figure 5b, a distinct set of intriguing features comes into view. Here, one can
observe the presence of multiple stepped features with river-like patterns, indicative of
the dynamic and complex fracture process that occurred. Furthermore, slip bands are
observed to be homogeneously distributed within the dendrite phases, emphasizing the
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role of dendritic structures in accommodating deformation. This observation leads to an
important inference: the round-shaped dendrites present in the Ti72Fe22Sn6 alloy seem to
be highly effective in dispersing stress concentration during deformation. Needle-shaped
dendrites are known to be the location of stress concentration leading to fracture and,
hence, nodulization (round-shaped dendrite formation) is favored in ductile iron [45].
The spherical morphology of the ultrafine eutectic colony was effective in enhancing the
plastic strain in the samples [27]. This dispersal of stress concentration helps achieve a
large plastic strain in the alloy, setting it apart from other alloy systems characterized by
needle-shaped dendrites.

Figure 5. Secondary electron SEM images taken from the failed as-cast Ti72Fe22Sn6 sample: (a) lateral
surface morphology; (b) fracture surface morphology.

Microstructural evolutions were observed as a function of β-Ti dendrite volume
changes. In addition to that, we learned that the dendrite morphology is important for
plasticity improvement and it can be controlled by inducing the formation of the α” phase
in the β-Ti dendrite with an alloy composition change. Thus, compositional tuning enabled
us to achieve better plasticity.

4. Summary

In this study, three different compositions of Ti–Fe–Sn ultrafine eutectic composites
were selected, considering the distinct volume fractions and morphologies of β-Ti dendrite
formed based on the Ti–Fe–Sn ternary phase diagram. The composites were investigated
through fine compositional tuning at the Ti-rich corner. The conclusions of this study are
described as follows:

1. The Ti72Fe22Sn6, Ti75Fe19Sn6, and Ti77Fe14.5Sn8.5 alloys consist of a β-Ti solid-solution
phase and TiFe intermetallic compound without the presence of a Sn-related phase.
The intensities of TiFe diffraction peaks gradually decreased with the increase in
β-Ti primary dendrite volume fractions as the alloy compositions moved toward the
Ti-rich corner.

2. Typical lamellar microstructures with needle-shaped primary dendrites for Ti75Fe19Sn6
and Ti77Fe14.5Sn8.5 alloys are observed by SEM analysis. The increase in the β-Ti
primary dendrite results in improved ductility due to the better accumulation of
dislocations. The Ti72Fe22Sn6 alloy, however, exhibits a much higher εp of 8.1% than
other alloys, even though it contained the smallest volume fraction of the β-Ti primary
dendrite. Enhanced mechanical properties are achieved when the propagation of
shear bands and cracks is restricted. Thus, the pile-up or accumulation of disloca-
tions leads to improved plasticity and a work-hardening response [3,17]. Dislocation
pile-up can lead to strain hardening which leads to improved plasticity. The pile-up
also enables the homogeneous distribution of deformation across the material. This
prevents localized stress concentration and promotes a uniform plastic response.

3. It is found that the β-Ti dendrites in the Ti72Fe22Sn6 alloy are composed of a lower Fe
content, which is well known as a β-Ti stabilizer. These chemical gradients during
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solidification could induce the under-cooling effects. Hence, the needle-shaped α′′-Ti
martensite (orthorhombic) phase within the β-Ti dendrite is observed by the TEM
analysis. Since martensite crystallizes the earliest in the matrix, it hinders dendritic
growth. These features of the pre-formation of the martensitic phase facilitate the
formation of round-shape dendrites.

4. The wavy propagation of abundant deformation bands and multiple steps on the
fracture surface can cause ductile deformation. Furthermore, the formation of a large
number of slip bands plays an important role in plasticity during deformation.

These overall results suggest that the morphology and volume fractions of primary
dendrite can be efficiently controlled by minor compositional tuning. The formation of
the round-shaped β-Ti dendrite, which is induced by the presence of the α′′-Ti martensitic
phase, effectively improved the macroscopic ductility without a trade-off between strength
and plasticity.

Author Contributions: D.P.N., W.K., D.-J.K. and C.L. performed X-ray diffraction, scanning-electron-
microscopy, and mechanical tests. G.S. and C.L. performed the transmission electron microscopy.
D.P.N., B.C.P., E.M., G.S., P.K.L. and C.L. wrote and revised the main manuscript. All authors have
read and agreed to the published version of the manuscript.

Funding: The present work was supported by the Korea Institution of Energy Technology Evaluation
and Planning (KETEP), funded by Ministry of Trade, Industry and Energy (MOTIE, Korea) (No.
20215810100090); the National Research Foundation of Korea (NRF) funded by Ministry of Science
and ICT (MIST, Korea) (RS-2023-00281671) and the National Research Foundation of Korea (NRF)
grant funded by the Korea government (MSIT) (No. 2020R1C1C1005553). C.L. and P.K.L. very much
appreciate the support from (1) the National Science Foundation (DMR – 1611180, 1809640, and
2226508) and (2) the Army Research Office (W911NF-13–1-0438 and W911NF-19–2-0049).

Data Availability Statement: Data are contained within the article.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Chadwick, G. Yield point analyses in eutectic alloys. Acta Metall. 1976, 24, 1137–1146. [CrossRef]
2. Park, J.M.; Kim, T.E.; Sohn, S.W.; Kim, D.H.; Kim, K.B.; Kim, W.T.; Eckert, J. High strength Ni–Zr binary ultrafine eutectic-dendrite

composite with large plastic deformability. Appl. Phys. Lett. 2008, 93, 031913. [CrossRef]
3. Park, J.; Kim, K.; Kim, W.; Lee, M.; Eckert, J.; Kim, D. High strength ultrafine eutectic Fe–Nb–Al composites with enhanced

plasticity. Intermetallics 2008, 16, 642–650. [CrossRef]
4. Han, J.H.; Kim, K.B.; Yi, S.; Park, J.M.; Sohn, S.W.; Kim, T.E.; Kim, D.H.; Das, J.; Eckert, J. Formation of a bimodal eutectic structure

in Ti–Fe–Sn alloys with enhanced plasticity. Appl. Phys. Lett. 2008, 93, 141901. [CrossRef]
5. Sheng, L.; Wang, L.; Xi, T.; Zheng, Y.; Ye, H. Microstructure, precipitates and compressive properties of various holmium doped

NiAl/Cr(Mo,Hf) eutectic alloys. Mater. Des. 2011, 32, 4810–4817. [CrossRef]
6. Karaköse, E.; Keskin, M. Structural investigations of mechanical properties of Al based rapidly solidified alloys. Mater. Des. 2011,

32, 4970–4979. [CrossRef]
7. Demirski, V.; Komnik, S. On the kinetics of stress jumps during plastic deformation of crystals. Acta Metall. 1982, 30, 2227–2232.

[CrossRef]
8. Kim, K.H.; Ahn, J.P.; Lee, J.H.; Lee, J.C. High-strength Cu–Zr binary alloy with an ultrafine eutectic microstructure. J. Mater. Res.

2008, 23, 1987–1994. [CrossRef]
9. Dusoe, K.J.; Vijayan, S.; Bissell, T.R.; Chen, J.; Morley, J.E.; Valencia, L.; Dongare, A.M.; Aindow, M.; Lee, S.W. Strong, ductile, and

thermally stable Cu-based metal-intermetallic nanostructured composites. Sci. Rep. 2017, 7, 40409. [CrossRef]
10. Koch, C. Optimization of strength and ductility in nanocrystalline and ultrafine grained metals. Scr. Mater. 2003, 49, 657–662.

[CrossRef]
11. Ovid’ko, I.; Valiev, R.; Zhu, Y. Review on superior strength and enhanced ductility of metallic nanomaterials. Prog. Mater. Sci.

2018, 94, 462–540. [CrossRef]
12. Das, J.; Kim, K.; Baier, F.; Löser, W.; Eckert, J. High-strength Ti-base ultrafine eutectic with enhanced ductility. Appl. Phys. Lett.

2005, 87, 161907. [CrossRef]
13. Park, J.M.; Sohn, S.W.; Kim, D.H.; Kim, K.B.; Kim, W.T.; Eckert, J. Propagation of shear bands and accommodation of shear strain

in the Fe56Nb4Al40 ultrafine eutectic-dendrite composite. Appl. Phys. Lett. 2008, 92, 091910. [CrossRef]
14. Kim, J.T.; Hong, S.H.; Park, H.J.; Kim, Y.S.; Park, G.H.; Park, J.Y.; Lee, N.; Seo, Y.; Park, J.M.; Kim, K.B. Improving the plasticity

and strength of Fe–Nb–B ultrafine eutectic composite. Mater. Des. 2015, 76, 190–195. [CrossRef]

http://doi.org/10.1016/0001-6160(76)90031-6
http://dx.doi.org/10.1063/1.2952755
http://dx.doi.org/10.1016/j.intermet.2008.01.005
http://dx.doi.org/10.1063/1.2990662
http://dx.doi.org/10.1016/j.matdes.2011.06.026
http://dx.doi.org/10.1016/j.matdes.2011.05.042
http://dx.doi.org/10.1016/0001-6160(82)90143-2
http://dx.doi.org/10.1557/JMR.2008.0245
http://dx.doi.org/10.1038/srep40409
http://dx.doi.org/10.1016/S1359-6462(03)00394-4
http://dx.doi.org/10.1016/j.pmatsci.2018.02.002
http://dx.doi.org/10.1063/1.2105998
http://dx.doi.org/10.1063/1.2892038
http://dx.doi.org/10.1016/j.matdes.2015.03.053


Micromachines 2024, 15, 148 10 of 11

15. Maity, T.; Roy, B.; Das, J. Mechanism of lamellae deformation and phase rearrangement in ultrafine β-Ti/FeTi eutectic composites.
Acta Mater. 2015, 97, 170–179. [CrossRef]

16. Dai, Q.; Sun, B.; Sui, M.; He, G.; Li, Y.; Eckert, J.; Luo, W.; Ma, E. High-performance bulk Ti-Cu-Ni-Sn-Ta nanocomposites based
on a dendrite-eutectic microstructure. J. Mater. Res. 2004, 19, 2557–2566. [CrossRef]

17. Louzguine-Luzgin, D.V.; Louzguina-Luzgina, L.V.; Kato, H.; Inoue, A. Investigation of Ti–Fe–Co bulk alloys with high strength
and enhanced ductility. Acta Mater. 2005, 53, 2009–2017. [CrossRef]

18. Hirano, K. Application of eutectic composites to gas turbine system and fundamental fracture properties up to 1700 °C. J. Eur.
Ceram. Soc. 2005, 25, 1191–1199. [CrossRef]

19. Chen, R.; Ding, X.; Chen, X.; Li, X.; Guo, J.; Su, Y.; Ding, H.; Fu, H. Tunable eutectic structure and de-/hydrogenation behavior via
Cu substitution in Mg-Ni alloy. J. Power Sources 2018, 401, 186–194. [CrossRef]

20. Lu, Y.; Gao, X.; Jiang, L.; Chen, Z.; Wang, T.; Jie, J.; Kang, H.; Zhang, Y.; Guo, S.; Ruan, H.; et al. Directly cast bulk eutectic and
near-eutectic high entropy alloys with balanced strength and ductility in a wide temperature range. Acta Mater. 2017, 124, 143–150.
[CrossRef]

21. Poliakov, M.; Kovalev, D.; Vadchenko, S.; Moskovskikh, D.; Kiryukhantsev-Korneev, P.; Volkova, L.; Dudin, A.; Orlov, A.;
Goryachev, A.; Rogachev, A. Amorphous/Nanocrystalline High-Entropy CoCrFeNiTi(x) Thin Films with Low Thermal Coefficient
of Resistivity Obtained via Magnetron Deposition. Nanomaterials 2023, 13, 2004. [CrossRef] [PubMed]

22. Lee, C.; Hong, S.; Kim, J.; Park, H.; Song, G.; Park, J.; Suh, J.; Seo, Y.; Qian, M.; Kim, K. Chemical heterogeneity-induced plasticity
in Ti–Fe–Bi ultrafine eutectic alloys. Mater. Des. 2014, 60, 363–367. [CrossRef]

23. Cheng, S.; Spencer, J.; Milligan, W. Strength and tension/compression asymmetry in nanostructured and ultrafine-grain metals.
Acta Mater. 2003, 51, 4505–4518. [CrossRef]

24. Kumar, K.; Van Swygenhoven, H.; Suresh, S. Mechanical behavior of nanocrystalline metals and alloys. Acta Mater. 2003,
51, 5743–5774. [CrossRef]

25. Lee, C.H.; Kim, J.T.; Hong, S.H.; Song, G.A.; Jo, J.H.; Moon, S.C.; Kim, K.B. Investigation of the mechanical properties of Ti-Fe-Sn
ultrafine eutectic composites by dendrite phase selection. Met. Mater. Int. 2014, 20, 417–421. [CrossRef]

26. Zhang, L.; Das, J.; Lu, H.; Duhamel, C.; Calin, M.; Eckert, J. High strength Ti–Fe–Sn ultrafine composites with large plasticity. Scr.
Mater. 2007, 57, 101–104. [CrossRef]

27. Han, J.H.; Song, G.A.; Park, E.M.; Lee, S.H.; Park, J.Y.; Seo, Y.; Lee, N.S.; Lee, W.H.; Kim, K.B. Effect of microstructure modulation
on mechanical properties of Ti-Fe-Sn ultrafine eutectic composites. Met. Mater. Int. 2011, 17, 873–877. [CrossRef]

28. Frost, P.; Parris, W.; Hirsch, L.; Doig, J.; Schwartz, C. Isothermal transformation of titanium-chromium alloys. Trans. ASM 1954,
46, 231–256.

29. Welsch, G.; Boyer, R.; Collings, E. Materials Properties Handbook: Titanium Alloys; ASM International: Metals Park, OH, USA, 1993.
30. Banerjee, D.; Williams, J. Perspectives on titanium science and technology. Acta Mater. 2013, 61, 844–879. [CrossRef]
31. Bagariatskii, I.A.; Nosova, G.I.; Tagunova, T.V. Factors in the Formation of Metastable Phases in Titanium-Base Alloys. Sov. Phys.

Dokl. 1958, 3, 1014.
32. Murray, J.L. Phase Diagrams of Binary Titanium Alloys; Monograph Series on Alloy Phase Diagrams; ASM International: Metals

Park, OH, USA, 1987.
33. Collings, E.W. The Physical Metallurgy of Titanium Alloys; ASM Series in Metal Processing, 3; American Society for Metals: Metals

Park, OH, USA, 1984.
34. Zhou, Y.; Niinomi, M.; Akahori, T.; Gunawarman. Effect of Ta Content on Young’s Modulus and Microstructures of Binary

Ti-Ta Alloys. In Abstracts of ATEM: International Conference on Advanced Technology in Experimental Mechanics: Asian Conference on
Experimental Mechanics; The Japan Society of Mechanical Engineers: Tokyo, Japan, 2003; Volume 34, p. OS07W0195. [CrossRef]

35. Pettan, G.C.; Afonso, C.R.M.; Spinelli, J.E. Microstructure development and mechanical properties of rapidly solidified Ti–Fe and
Ti–Fe–Bi alloys. Mater. Des. 2015, 86, 221–229. [CrossRef]

36. Song, G.; Han, J.; Park, J.; Yi, S.; Kim, D.; Kim, K. Formation of bimodal eutectic structure in Ti63.5Fe30.5Sn6 and Mg72Cu5Zn23
alloys. J. Alloys Compd. 2011, 509, S353–S356. [CrossRef]

37. Cao, G.; Peng, Y.; Liu, N.; Li, X.; Lei, Z.; Ren, Z.; Gerthsen, D.; Russell, A. Formation of a bimodal structure in ultrafine Ti–Fe–Nb
alloys with high-strength and enhanced ductility. Mater. Sci. Eng. A 2014, 609, 60–64. [CrossRef]

38. Lee, S.W.; Kim, J.T.; Hong, S.H.; Park, H.J.; Park, J.Y.; Lee, N.S.; Seo, Y.; Suh, J.Y.; Eckert, J.; Kim, D.H.; et al. Micro-to-nano-scale
deformation mechanisms of a bimodal ultrafine eutectic composite. Sci. Rep. 2014, 4, 6500. [CrossRef] [PubMed]

39. Yang, C.; Kang, L.; Li, X.; Zhang, W.; Zhang, D.; Fu, Z.; Li, Y.; Zhang, L.; Lavernia, E. Bimodal titanium alloys with ultrafine
lamellar eutectic structure fabricated by semi-solid sintering. Acta Mater. 2017, 132, 491–502. [CrossRef]

40. Han, J.H.; Kim, K.B.; Yi, S.; Park, J.M.; Kim, D.H.; Pauly, S.; Eckert, J. Influence of a bimodal eutectic structure on the plasticity of
(Ti70.5Fe29.5)91Sn9 ultrafine composite. Appl. Phys. Lett. 2008, 93, 201906. [CrossRef]

41. Song, G.; Han, J.; Kim, T.; Park, J.; Kim, D.; Yi, S.; Seo, Y.; Lee, N.; Kim, K. Heterogeneous eutectic structure in Ti–Fe–Sn alloys.
Intermetallics 2011, 19, 536–540. [CrossRef]

42. Clément, N.; Lenain, A.; Jacques, P. Mechanical property optimization via microstructural control of new metastable beta titanium
alloys. JOM 2007, 59, 50–53. [CrossRef]

43. Haghighi, S.E.; Lu, H.; Jian, G.; Cao, G.; Habibi, D.; Zhang, L. Effect of α” martensite on the microstructure and mechanical
properties of beta-type Ti–Fe–Ta alloys. Mater. Des. 2015, 76, 47–54. [CrossRef]

http://dx.doi.org/10.1016/j.actamat.2015.07.007
http://dx.doi.org/10.1557/JMR.2004.0332
http://dx.doi.org/10.1016/j.actamat.2005.01.012
http://dx.doi.org/10.1016/j.jeurceramsoc.2005.01.003
http://dx.doi.org/10.1016/j.jpowsour.2018.08.086
http://dx.doi.org/10.1016/j.actamat.2016.11.016
http://dx.doi.org/10.3390/nano13132004
http://www.ncbi.nlm.nih.gov/pubmed/37446519
http://dx.doi.org/10.1016/j.matdes.2014.03.048
http://dx.doi.org/10.1016/S1359-6454(03)00286-6
http://dx.doi.org/10.1016/j.actamat.2003.08.032
http://dx.doi.org/10.1007/s12540-014-3003-8
http://dx.doi.org/10.1016/j.scriptamat.2007.03.031
http://dx.doi.org/10.1007/s12540-011-6002-z
http://dx.doi.org/10.1016/j.actamat.2012.10.043
http://dx.doi.org/10.1299/jsmeatem.2003.34
http://dx.doi.org/10.1016/j.matdes.2015.07.050
http://dx.doi.org/10.1016/j.jallcom.2010.12.129
http://dx.doi.org/10.1016/j.msea.2014.04.088
http://dx.doi.org/10.1038/srep06500
http://www.ncbi.nlm.nih.gov/pubmed/25265897
http://dx.doi.org/10.1016/j.actamat.2017.04.062
http://dx.doi.org/10.1063/1.3029745
http://dx.doi.org/10.1016/j.intermet.2010.11.030
http://dx.doi.org/10.1007/s11837-007-0010-y
http://dx.doi.org/10.1016/j.matdes.2015.03.028


Micromachines 2024, 15, 148 11 of 11

44. Ehtemam-Haghighi, S.; Liu, Y.; Cao, G.; Zhang, L. Influence of Nb on the β → α′′ martensitic phase transformation and properties
of the newly designed Ti–Fe–Nb alloys. Mater. Sci. Eng. 2016, 60, 503–510. [CrossRef]

45. Goodrich, G.M. Ductile Iron Castings. In Casting; Viswanathan, S., Apelian, D., Donahue, R.J., DasGupta, B., Gywn, M., Jorstad,
J.L., Monroe, R.W., Sahoo, M., Prucha, T.E., Twarog, D., Eds.; ASM International: Metals Park, OH, USA, 2008; Volume 15.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://dx.doi.org/10.1016/j.msec.2015.11.072
http://dx.doi.org/10.31399/asm.hb.v15.a0005324

	Introduction
	Experimental Procedure
	Results and Discussion
	Summary
	References

