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Unveiling the Intricacies of a Ductile-Phase Toughened
Intermetallic: An In-Depth Exploration of a Eutectic
Mo-Si-Ti Alloy and its Mechanical Behavior

Raja Jothi Vikram, Shanmukha Kiran Aramanda, Daniel Schliephake,
Alexander Kauffmann,* Abhik Choudhury, Martin Heilmaier, and Satyam Suwas

Herein, the development of directional solidification for a novel high-temperature
Mo-20Si-52.8Ti (at%) ternary alloy using a modified Bridgeman type apparatus
is presented. The resulting alloy exhibits a microstructure consisting of a
body-centered cubic solid solution (BCCgs) and a hexagonal silicide (Ti,Mo)sSi;
with approximate volume fractions of 50% for each phase. The phases exhibit a
crystallographic orientation relationship with (123)gc_[/(0001) ; o)si, and
[117]gccy, [1[1120] (7 o), si, - Different solidification velocities are imposed, which
reveal an inverse relationship to the lamellar spacing according to a Jackson—
Hunt type scaling. Mechanical characterization using Vickers indentation
demonstrates that the BCC,; accommodates plasticity through dislocation
motion, while the silicide phase exhibits high hardness and brittleness, serving as
a crack initiation site. Crack propagation is arrested and deflected at the interface
to the BCCg. Fracture toughness measurements via indentation yield a fracture
toughness of 3.7 MPa,/m for the silicide, somewhat higher than previously
reported values for Nb-, Mo-, and Cr-based silicides at room temperature. The
directionally solidified specimens show an enhanced fracture toughness attrib-
uted to a greater BCC, length scale; thus, combining the ductile and hard phases
results in a ductile-phase toughened intermetallic composite. The findings open
up new possibilities for the design of advanced intermetallic composites with

1. Introduction

As per Carnot’s cycle, the efficiency of a
system increases with an increase in oper-
ating temperatures."?! Hence, there has
been a burgeoning commercial demand
for materials that can withstand elevated
temperatures with enhanced strength and
ductility. Existing high-temperature alloys,
i.e., superalloys, already operate at very
high temperatures near the solvus temper-
ature of their strengthening phases. Aside
from technological improvements (such as
cooling systems, thermal barrier coating,
and microstructural engineering), any fur-
ther increase in operating temperature is
highly improbable.*™ This led to a search
for alternative metallic structural materials
that could endure temperatures higher
than around 1100 °C to enhance thermal
efficiency. Although intermetallic com-
pounds are potential candidate materials,
they are innately brittle and have a low frac-

improved toughness performance.
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ture toughness.” One of the strategies to
enhance the fracture toughness of interme-
tallic compounds is combining them with a
ductile phase, for example, allowing the
solidification of the alloy as a eutectic com-
position. Eutectic systems enable solidification from the liquid
leading to lamellar or rod-like microstructure forming an in situ
composite balancing strength and ductility.”? Moreover, eutectics
can deliver highly tunable insitu composite microstructures/
properties® % depending on the imposed processing conditions
(such as solidification velocity) and material characteristics.
Hence, appropriate high-temperature eutectic systems can
become potential candidates for replacing the superalloys.
Some recent high-temperature eutectic systems that have
been demonstrated to deliver ductile-phase toughened interme-
tallic composites are Cr-Cr;Si,M v-v,;Si,M Nb-Nb;Si,
Cr—Cr,Nb,' Nb-Cr,Nb,*¥ Ru-RuAL™ Cr-Cr,Hf™! and
Mo-Si based.!*"”) As the latter Mo—Si-based alloys have relatively
higher melting temperatures than the other systems, we were
inspired to investigate one such alloy system further, as initially
developed in refs. [16-19]. Within the Mo—Si-Ti ternary system, a
two-phase eutectic Mo-20Si-52.8Ti (in at%) alloy composition
comprising body-centered cubic solid solution (BCCg) and
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intermetallic hexagonal silicide phase (Ti,Mo)sSi; was found
refs. [16-19]. Therein, Ti promotes pesting resistance against
the catastrophic oxidation of Mo to MoOj3 and further volatiliza-
tion at intermediate temperatures between 500 and 800 °C."® Tt
also comes along with the added benefit of significantly reduced
density.[20-3]

In this study, we focus on a ternary, two-phase eutectic alloy
composed of approximately 50% volume fraction of the interme-
tallic hexagonal silicide phase (Ti,Mo)sSi3 and BCC of (Mo, Ti,
Si) where we successfully demonstrate the directional solidifica-
tion (DS) of the alloy despite its higher liquidus temperature of
1950 °C. Further, the microstructure, texture, and mechanical
behavior are explored under two melting conditions, namely,
1) an arc melted; and 2) a DS eutectic (Mo—20Si-52.8Ti) condi-
tion. To gain fundamental insights into the solidification behav-
ior of the eutectic alloy, we examine the interplay between
processing parameters and microstructures by varying the solid-
ification velocities during DS. The investigations of microstruc-
tures encompass morphology selection, length scale selection,
orientation relationships (OR), and composition distributions.
Furthermore, we assess the mechanical response of each phase
through nanoindentation studies. This study provides significant
contributions to the field of materials science and engineering,
particularly in the area of DS of eutectic alloys. The acquired
knowledge and insights can serve as a foundation for the design
and development of advanced materials with tailored microstruc-
tures and mechanical properties.

2. Experimental Section

2.1. Alloy Design, Vacuum Arc Melting, and DS

Figure 1 represents the liquidus projection of the Mo-Si-Ti
phase diagram highlighting the eutectic composition of
Mo-20Si-52.8Ti. The expected phases are BCC, and hexagonal
(Ti,Mo)sSi;. The liquidus temperature of the mentioned eutectic
alloy is 1950 °C.

= Mo-20Si-52.8Ti

/7600//// // BCCSS MO Tl):;s1

1700/

/

0 10 20 30 40 50 60
Xo(Mo) / at%

Figure 1. Liquidus projection of the ternary Mo-Si-Ti system with the
chemical composition of the currently investigated alloy highlighted as
green square. In light gray, the primarily solidifying phases are noted
for the different relevant concentration regions.
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Figure 2. Schematic of the modified Bridgman apparatus developed for
high-temperature materials.

Alloys with composition Mo-20Si-52.8Ti (in at%) were pre-
pared by vacuum arc melting (VAM) from the pure elemental
constituents and suction casted to form a rod with dimensions
of 12 mm diameter and 180 mm height. Subsequently, this rod
was electric discharge machined to extract 3 mm diameter speci-
mens of 90 mm height along the longitudinal directions and was
placed into cylindrical capillary graphite crucibles of an inner
diameter of 3 and 85 mm in height. The samples were direction-
ally solidified utilizing a modified Bridgman-type apparatus, as
shown in Figure 2. The crucibles containing the samples were
positioned in the hot zone at a temperature of 1950 °C, main-
tained using a graphite heating element. DS experiments were
conducted under an argon atmosphere, employing growth rates
of 5.0, 10.0, and 20.0 yums™" with the assistance of a stepper
motor and gearbox. Typically, DS synthesis yielded samples with
an overall length of up to 80 mm.

2.2. Characterization Techniques

The samples for microstructural characterization were prepared
using conventional metallographic techniques followed by vibra-
tory polishing for 12 h. The microstructure was inspected in a
Zeiss Gemini 450 scanning electron microscope (SEM) in back-
scattered electron (BSE) mode operated at 30 kV and with 13 nA
current. Electron backscatter diffraction (EBSD) was used to
understand the OR between phases using a high velocity detector
camera provided by EDAX manufacturer. The composition of the
individual phases was tracked and analyzed using elemental
mapping by electron probe microanalys (EPMA, JEOL, JXA-
8530F) equipped with both energy and wavelength dispersive
spectroscopy detectors. Further, to understand the chemical
composition with near-atomic resolution at the interphases,
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atom probe tomography (APT) techniques were utilized. The
APT data analysis and reconstruction were performed using
the IVAS 3.8.4 software package. APT specimens were prepared
by standard site-specific in situ-lift-out protocols** using a dual-
beam SEM/focused ion beam instrument (ThermoFisher Scios)
operated at 30kV. The final cleaning of the APT needles was
carried out at 2kV with a low current of 8 pA to remove the
damaged regions caused during prior Ga* ion milling.

2.3. Mechanical Testing

The mechanical behavior of the alloys was comprehensively
investigated using a combination of microhardness and nanoin-
dentation tests. To assess the toughness of the silicide phase and
understand crack bridging and deflection events, a Vickers
microhardness testing machine (FUTURE-TECH, FM-810)
was employed with a 500 gf load applied for a dwell time of
20s. To ensure statistical significance, ten indents were made
in each phase. Additionally, the toughness of the BCC phase
was examined using a higher load of 10 kgf, initiating a radial
crack from the indented corner. The Qness Q10+ microhard-
ness tester was utilized for these indentations. Subsequently,
the crack length was analyzed using a Zeiss LEO EVO 50
SEM operating in secondary electron and BSE modes, with an
acceleration voltage of 20 kV.

Nanoindentation experiments were employed to extract the
elastic modulus and hardness of the individual phases. A
Berkovich nanoindenter (HYSITRON TRIBOINDENTER) was
utilized, and the test regions were selected to create a 6 X 6
matrix, resulting in a total of 36 indentations. This matrix design

\
Bright Phase - BCC_,
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ensured a statistically significant confidence level for the load ver-
sus displacement curves of each phase. Displacement and load
were measured with a resolution of 0.1 nm and 0.1 pN, respec-
tively. The loading rate, unloading rate, and dwell time were con-
sistently maintained for 5s, with a maximum load approaching
8 mN. By employing the Oliver—-Pharr approach, the hardness
value H and reduced moduli E, were determined from the
load—displacement curves obtained during the nanoindentation
tests!*>7)
P

H = - (1)
AP

where Py, is the maximum load and A, is the projected con-
tacted area

_Wmdp 1
S @)

where %, the slope of the unloading curve, is defined as stiffness.

3. Results and Discussions

3.1. Microstructural Characterization

The microstructures of a ternary Mo-Si-Ti alloy under
arc-melted conditions were examined using SEM/BSE imaging,
and the results are presented in Figure 3. The micrographs
clearly demonstrate the presence of a bright BCCys composed
of Mo, Ti, and Si, as well as a darker silicide phase

Dark Phase -

(Ti,Mo),Si,

Figure 3. a—d) Transverse section BSE micrograph of the unetched Mo-Si-Ti alloys in VAM specimens to reveal different microstructural features.
The bright phase is the BCC,, and the dark phase is the hexagonal silicide phase.
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(Ti,Mo)sSi;. Notably, the silicide phase exhibits a distorted
hexagonal morphology, which can be attributed to its hexagonal
crystal structure D8g.*® Further analysis reveals that the inter-
face of the silicide phase serves as a nucleation site for the growth
of lamellae in a coupled manner, as depicted in Figure 3b.
Additionally, the micrograph provides evidence of the formation
of eutectic colonies, appearing both in lamellar and rod-like
forms, as illustrated in Figure 3c,d, respectively. It is worth
noting that the spacing between lamellae within the colonies
is smaller compared to the spacing observed between different
intercolonies.

Figure 4 illustrates the micrograph of DS specimens with vary-
ing solidification velocities. To determine the average eutectic
spacing, we utilized transverse section images obtained through
SEM and employed fast Fourier transform analysis. Multiple
images were captured in the vicinity of the sample center, and
the eutectic spacing was calculated by averaging the measure-
ments. In Figure 4d, we present a plot of the measured eutectic
spacings (1) corresponding to the eutectic inside the colony
against the inverse of the square root of solidification velocity
(V™°%). The error bar in the plot represents the standard devia-
tion of the spacing measurements. The obtained data exhibited a
linear trend upon fitting. Through this fitting process, we derived
the scaling constant for the alloy, which adheres to the Jackson—
Hunt type scaling relation.*”!

As observed in Figure 4a—c, the interlamellar spacing
increases as the solidification velocity decreases. Also, we wit-
nessed an extinction of eutectic colonies in the DS-5 um s ™! spec-
imen for the alloy Mo—20Si-52.8Ti. Constitutional supercooling

10 ym/s
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principles may be responsible for the extinction of colonies below
a certain velocity,*”! and the formation of such microstructures
below a critical velocity has been reported in refs. [8,31,32] for
other ternary alloy systems. The inherent eutectic morphology
of the alloy inside the colonies is mixed lamellae and rod-type,
as shown in Figure 3a—c, which is a surprising observation con-
sidering the volume percent of the phases in the alloy (close to
50%). Rod morphologies are typically found for lower fractions of
the minority phase, whereas lamellar/labyrinthine morphologies
are typically observed for close to equal volume percentages.?****

We observe a variation in eutectic spacing in the colony and
intercolony regions (larger spacing in the intercolony regions
than inside the colony) in the samples that exhibit colonies.
This could be due to the fact that the intercolony regions are
the last solidifying regions. The morphology changes from lamel-
lar to the rod as we move from VAM to the DS specimen, and
finally, at a very low solidification rate, a completely degenerated
morphology appears, as shown in Figure 4c, for Mo—20Si-52.8Ti.

3.2. Texture Evolution and Orientation Relationship

To gain insights into the texture, phase fraction, and OR between
the two phases, EBSD analysis was conducted on the transverse
sections of DS specimens. Specifically, the 10 and 5 ums™~' DS
specimens of the Mo-20Si-52.8Ti alloy were analyzed for sim-
plicity. Inverse pole figure (IPF) maps were generated to visualize
the orientations of both phases within different colonies, as
depicted in Figure 5a,e. The IPF maps clearly illustrate that each
phase exhibits distinct orientations in different colonies.
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Figure 4. Complete overview of the transverse section micrograph in BSE mode of the DS Mo—20Si-52.8Ti alloy in unetched conditions for the different
imposed velocities of a) 20pm s ™', b) 10ums~"', and ¢) 5pums~". d) Depicts how lamellae spacing varies with solidification velocity.
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Figure 5. a,e) IPFs, (b,f) phase maps, and c,d,g,h) pole figure analysis to reveal the OR of the two phases in Mo—20Si-52.8Ti solidified at different

velocities of 10 and 5 pms™", respectively.

Furthermore, the size of the colonies increases as the imposed
velocities decrease. The phase map presented in Figure 5b,f
demonstrates that the volume fractions of BCCg and the silicide
phases are nearly equal, around 50%. The significant volume
fraction and the increase in microstructural length scales of
the ductile phase might contribute to enhanced room- and
high-temperature fracture toughness, as seen in Section 3.4.
The IPF maps also reveal variations in the initial texture,
which can be attributed to differences in cooling rates and solid-
ification velocities. Specimens solidified at higher rates exhibit
multiple eutectic colonies with different orientations, leading
to an overall weakened texture. Conversely, specimens solidified
at slower rates are dominated by a single colony throughout the
microstructure, resulting in a stronger texture compared to the
faster solidification conditions. Consequently, anisotropic
mechanical responses can be anticipated for specimens solidified
at different velocities. To determine the OR, EBSD has been uti-
lized on the transverse sections of different specimens
(Figure 5).2°3% Pole figure analysis (Figure 5c,d,g,h) was done
to match the pole locations of each phase in the same reference
frame to understand the OR. It was identified that the (123)
plane of BCCg is parallel to the basal plane (0001) of (Ti,
Mo)sSi;, and the [111] direction of BCC is parallel to the
[1120] of (Ti,Mo)sSi3 with minor deviation, indicating a strong
crystallographic OR existing between the phases gives rise to
(123)BCC55||(0001)(Ti,M0)SSi3 and [111]BCCSS||[1120](Ti,Mo)SSi3' The
same OR exists irrespective of changes in solidification velocities.
In general, the most classical OR between hexagonal and BCC
phase has been reported to hexagonally closed packed crystal
structures (hcp) (0001);,.,/[(110)pec and [21 T 0]y, [[[111] e,
but in the present case the (123) plane maintains parallelism

Adv. Eng. Mater. 2024, 2301843 2301843 (5 of 12)

to the basal plane of the hexagonal system. Rong-Dunlop and
Zhang—Kelly have proposed several other hcp/BCC OR where
the slip planes do not maintain parallelism.**~*% The schematics
in Figure 6a,b represent the atomic arrangement on the parallel
planes. The planes of the individual unit cell (BCCg and hexago-
nal (Ti,Mo)sSi;) are highlighted in green, while the direction on
the plane is highlighted in blue. On the (123) plane of BCCq
phase and (0001) plane of the silicide phase unit cells, a set of
atoms on the plane can be connected to form the hexagonal grid.
The BCCg unit cell exhibits a distorted hexagonal lattice that
remains parallel to the atoms connected in a hexagonal pattern
on the (0001) plane, albeit with a slight misorientation along the
c-axis. The deliberate misorientation of the schematic (with dif-
ferent c-axis orientations) allows for better visibility of the atoms
on the plane, aiding in understanding the OR more effectively.
The OR between the phases plays a crucial role in the growth
mechanism and influences the resulting microstructure, which,
in turn, affects the mechanical response.*”! The alloy system
shows a similar OR irrespective of the cooling and solidification
rate, indicating a cooperative coupled growth between the two
phases.[*!#?]

3.3. Composition Distribution

To investigate the elemental compositional distribution within
individual phases, EPMA studies were conducted on the trans-
verse section. EPMA elemental mappings of Mo, Si, and Ti were
performed, utilizing different eutectic colonies as reference
points in DS specimens with growth velocities of 10 and
20pms~'. The elemental mapping results, as depicted in
Figure 7, provide insights into the average atomic concentrations
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Figure 6. Schematics showing the corresponding planes and directions of the a) BCCy, and b) hexagonal (Ti,Mo)sSis crystals.
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Figure 7. Elemental spectroscopy map of DS Mo—20Si-52.8Ti through EPMA. The mapping was done for individual elements Mo, Si, and Ti in specimens
solidified at different velocities a—c) 20 ym s~ and d—f) 10ums ™', respectively.

of Mo, Si, and Ti in the alloy. The overall concentration is deter-
mined to be (28 £ 2) at% for Mo, (19 =+ 2) at% for Si, and (53 £ 1)
at% for Ti. For the silicide phase, the Mo ranges from 12 to
18 at%, Ti ranges from 50 to 56 at%, and the Si ranges from
32 to 38at%. Consequently, the overall composition turns out
to be (Ti,Mo)sSi; for the intermetallic hexagonal phase.
Notably, the Si concentration in the BCC phase ranges from
1.5 to 2 at%.

The concentration profile observed from the EPMA distribu-
tion slightly varied in the colony and intercolony region, but the
phase map reveals that only two phases are formed: BCCy and
(Ti,Mo)sSis. Ti maps also reveal that Ti is being segregated in the
intercolony regions. This could be due to the rejection of Ti from

Adv. Eng. Mater. 2024, 2301843 2301843 (6 of 12)

both the solid phases inside the colony during solidification
which already occurs from approximately from 1920 to
1720 °C under equilibrium conditions and extends to even lower
temperatures (according to higher Ti contents in the liquid)
under nonequilibrium conditions. The coupled growth of the
phases is driven by the diffusional gradient existing between
the liquids ahead the solid phases being in equilibrium with
them. The composition of the liquid in equilibrium with the
BCC, nuclei is rich in Si and Ti, while the liquid in equilibrium
with the silicide phase is rich in Mo and Ti. Therefore, there is a
concentration gradient that drives this growth. Si and Ti atoms
move from the BCCg—liquid interface to the silicide-liquid inter-
face and vice versa for Mo and Ti atoms. Additionally, the
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composition of individual phases was noted using point scan on
the DS specimens (specifically 20 um s~ specimens with larger
length scale than arc-melted specimens because of the limitation
in the step size of ~2 pm), as shown in Table 1.

To further understand, the 3D elemental distribution APT
technique was employed.” Figure 8a shows an atom probe
reconstruction of a needle-like specimen for the VAM Mo—
20Si-52.8Ti with the distribution of Mo (Golden), Si (Blue),
and Ti (Green) atoms taken from a phase interface between
BCC and (Ti,Mo)sSis. The left part of the tip correspond to
the silicide, while the right corresponds to the BCCg,. The com-
position profiles across interfaces, as shown in Figure 8b, reveal a
high amount of Ti (x52 at%) and Si (~37 at%) with a much lower
content of Mo (~9 at%) in the silicide phase while a high amount
of Mo (~62 at%) and Ti (%36 at%) and lower amount of Si (~2 at
%) at the interface of BCCy phase. The composition of the sili-
cide phase appears uniform without any observed gradient at the

Table 1. Composition of BCCy and (Ti,Mo)sSi; phases.

Phase Mo [at%)] Ti [at%)] Si [at%]
(Ti,Mo)sSis 9.4 53.3 373
BCC,, 43.9 54.2 1.9
(a) BCC,,

(Ti,Mo),Si,

(b) (Ti,Mo);Si; Interface BCC,,
70 - ™
- 2 | 162at.%
—Ti |

Q 60 55 at.%) 4¢. %’l;a
D . i a - i Lol o N | S Rl 2 at. %';l»q
T 50 '
g at. %’T',-

0
= 4
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"E 300 . . at. %:;g
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Figure 8. a) An APT reconstruction with the distribution of Mo, Ti, and Si
atoms across a BCCy4/(Ti,M0)sSi; interphase for the VAM Mo-20Si-52.8Ti.
b) Composition profiles taken across the interphase into the bulk of both
phases. For simplicity the o phase is referred to as BCC, and the p phase is
referred to as (Ti,Mo)sSis.
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interface. This observation is strongly correlated with the inter-
metallic nature of the phase, which exhibits a fixed stoichiometry.
Conversely, the BCC,, phase displays a gradient at the interface.
Specifically, there is a downhill gradient for Mo and an uphill gra-
dient for Ti toward the bulk of the BCC; phase. In contrast, the Si
concentration remains relatively constant. This suggests that the
maximum solid solubility of Si in the BCCg phase is 2 at%, which
agrees well with the data reported in Table 1. The observed inter-
face segregation is related to the composition distribution within
the solid phases and the liquid phase during growth and their dif-
fusion along the nonplanar solidification front as well as the dif-
fusion during further cooling to room temperature. Ti seems
enriched at the tip of the growing BCCss while Mo is enriched
in the grooved region between the two solid phases.

3.4. Mechanical Behavior

3.4.1. Microindentation Approach

Vickers microindentation was employed to investigate the behav-
ior of individual phases under a specific load. Figure 9a,c depicts
the indent mapping on BCCg and (Ti,Mo)sSis in DS Mo—-20Si-
52.8Ti (20pms™ ") specimens. The indentation on the BCCg,
reveals the presence of shear bands, indicating its ability to
accommodate plastic deformation as revealed in Figure 9b.
On the other hand, the indentation on the silicide phase exhibits
crack initiation and propagation from the indent corners, where
the stress concentration is maximum, as shown in Figure 9b.
This suggests the intrinsic brittleness of the silicide phase at
room temperature. However, it is noteworthy that the cracks
initiated in the brittle silicide phase are arrested and deflected
once they encounter the ductile BCCy phase. This interaction
between the phases retards the propagation of cracks, as shown
in Figure 9c¢,d.

It is known that the toughness of a material increases if there
is a retardation either in the crack initiation or crack propagation
stage, and if such a phenomena happens with a combination of
ductile and brittle phases like a composite of brick and mortar.!®
BCCq; is in the present case more ductile than the hexagonal sil-
icide phase. A crack-bridging event can occur with a continuous
alternate ductile phase in the eutectic colonies, leading to addi-
tional toughening. Ashby pointed out that presence of a ductile
phase in a brittle material increases fracture toughness and is a
strong function of its volume fraction, elastic modulus, yield
strength, and length scale of the ductile phase.**** Two major
events, such as crack bridging and deflection, increase fracture
toughness, which strongly depend on the distribution of the duc-
tile phase.***! The intercolony regions observed in Figure 3
showed larger phase spacing than intracolony regions. Thus, a
significant contribution to the fracture toughness stems from
the intercolony region due to the considerable absorption of
plastic energy related to the extension of the ductile phase.
Additionally, the eutectic colony center also contributes to
fracture toughness due to a series of crack bridging events as
a function of the thickness of ductile phase. However, colony size
or lamellar spacing should not be reduced to such an extent that
the critical crack length is equal or greater than lamellar spacing;
if that happens, the crack propagates in uncontrolled way in the
lamellar eutectic structure. The phase map from Figure 5 showed
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Figure 9. a) The indent mapping on BCC and b) its corresponding high magnification micrograph showing plastic flow response; c) the indent on
(Ti,M0)sSi; and d) its corresponding high magnification micrograph showing cracking events emanating from the indent corners.

that the volume fraction of each phase does not change irrespec-
tive of the imposed withdrawal velocity. For the same volume
fraction of two phases BCCys and (Ti,Mo)sSi;, an increase in
the length scale of the ductile phase, for example, by lower with-
drawal rate during DS, translates into a higher probability for the
moving crack to interact with the ductile matrix to undergo shear
deformation and to get trapped. If the length scale is small and
the lamellae are continuous, a crack-bridging event may
happen for the moving cracks; if it is discontinuous like a broken
lamellar structure, the moving crack does not move through
the ductile phase and propagate quickly adjacent to brittle
regions.*>** The fine-scaled microstructure is good at achieving
high strength at low temperatures. However, the increase in the
length scale plays a crucial role in enhancing the fracture tough-
ness, which can be achieved by a change in solidification rate. It
can be seen from Figure 9d that a crack can shear the ductile
phase, leading to cracking if its length scale is small. A significant
amount of plastic energy is dissipated in the ductile phase,
enhancing the overall toughness of the material. This interfacial
cracking also has the potential to get delaminated at the interface,
which was not evidenced in the present study. The combination
of crack arrest, crack renucleation, and crack deflection enhances
fracture toughness. Therefore, based on the above concept, the
fracture toughness of specimens solidified with slow velocities
exhibits higher enhancement in fracture toughness due to larger
length scales.

3.4.2. Nanoindentation Approach

To assess the mechanical behavior of individual phases accu-
rately, such as hardness and elastic modulus, nanoindentation

Adv. Eng. Mater. 2024, 2301843 2301843 (8 of 12)

using the Oliver and Pharr approach was utilized."**
Figure 10d represents the typical load-displacement curves of
BCCq, the interface, and the (TiMo)sSi; phase, respectively.
A region and spacing were selected in such a manner that a
6 x 6 indent mapping is created and gives equal statistical
accuracy in measuring the properties of the individual phase,
as shown in Figure 10a—c. The important parameters from
the load versus displacement curve are listed in Table 2.

As shown in Figure 10d, pop-in events are evidenced in the
load versus displacement curve of the (Ti,Mo)sSi; silicide phase.
The pop-ins are plainly visible, but the displacement burst mag-
nitude is low due to the intermetallic phase’s intrinsic brittleness,
which precludes less or no plastic strain accumulation at room
temperature. These pop-in events are generally caused by dislo-
cation activity, twinning, slip, and sometimes even cracking and
are referred to as localized incipient plasticity (sudden elastic to
plastic transition) under indentation load.*’~**! A displacement
burst in the silicide phase indicates that dislocations nucleate
initially, but the resistance to its motion is increased due to
the ordered nature of intermetallics which is associated with
certain faults, and at a higher load a crack can be induced.
As evidenced, cracking was prominent with the (Ti,Mo)sSis
phase due to intrinsic brittle characteristics, which means the
pop-in is substantiated with cracking events when resolved
stress crosses a threshold limit. Also, there were no pop-in events
for the loading curve of the BCCy phase. The load versus dis-
placement curve of (TiMo)sSis, the interface, and the BCCq
phase reveal the shift in indent depth while moving from a hard
to a soft region. The reduced elastic modulus and hardness are
higher for the silicide phase than the ductile BCCy phase. The
onset of plasticity for the silicide phase can be obtained by fitting
the Hertz contact model extrapolated to the measured load versus

© 2024 The Authors. Advanced Engineering Materials published by Wiley-VCH GmbH
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Figure 10. BSE micrograph showing a) the region of interest for nanoindentation tests, b) regions with 6 x 6 matrix indicating nanoindents from row 1 to

row 6, c) A-B topo mode for making the indents visible on the BCC, phase,
(blue), and (Ti,Mo)sSi; (black) phases for the Mo—20Si-52.8Ti.

Table 2. The reduced elastic modulus and hardness of (Ti,Mo)sSi; and
BCC,s phase obtained from oliver and Pharr approach.

Parameters BCCy, (Ti,Mo)sSis
E, [GPa] 157 £ 4 204 +10
H [GPa] 6+0.1 16+0.8

displacement curve. The critical load at the onset of pop-in is
given Dy refs. [25,48].
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and d) the load versus displacement curve for the BCCg; (red), the interface

4
P=3 E R W &)

where R is the indenter tip radius of curvature, and E, is the
reduced modulus. Considering the deformation before the
pop-in event is purely elastic, the maximum shear stress
(at elastic to plastic transition) beneath the indenter tip, 7y
is expressed as follows

E\3 1
Tmax = 0.18 (Er) P3 (4)
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where P=975 pN (the first pop-in) as shown in Figure 10d and
upon substituting in Equation (4), we get the maximum shear
stress calculated as 5.3 GPa, which is approximately 1/14th of
the 78 GPa shear modulus calculated from elastic modulus with
an assumed Poisson’s ratio of 0.3.

To understand the fracture toughness of the silicide phase, the
indentation method is employed via radial crack theory. Hyun
et al.P%*! examined the effects of material properties on the
crack size formed by Vickers indentation and suggested a regres-
sion formula for the estimation of the fracture toughness

El’ Pmax
KQ”( H>(> ¥

where Pp,. is the maximum indentation load (500 gf), ¢ is the
radial crack length achieved for a particular load (18 pm), and
a is an empirical constant that depends on the geometry of
the indenter tip (here a = 0.016°%)). Based on the results, the
fracture toughness obtained was 3.7 MPay/m. The fracture
toughness value obtained is highest among the reported
Nb-, Mo-, and Cr-based silicides at room temperature,?>! and
combining with the BCCg phase results in a ductile-phase tough-
ened intermetallic as discussed in Section 3.4.1.

Based on the properties of the individual phases and com-
bined strength achieved, the overall fracture toughness can be
quantitively estimated through empirical relationships. As per
the proposed fracture toughness theory from previous studies,
the increase in fracture toughness is proportional to the product
of the strength o, of the combined or individual phases, the vol-
ume fraction Vp,, and the size of the ductile phase Lpuc >4
The empirical relation is given below

AKQ =V EC 66 Vpue Lpuc (6)

where AKq, is the increase in fracture toughness due to the pres-
ence of a ductile phase in the microstructure, and E is the elastic
modulus. The parameter C is a material constant representing
the degree of constraint imposed upon a ductile particle from
the matrix and is ~1.6/**** when the ductile particle plastically
deforms and fails without interface decohesion. The degree of
constraint might vary from 1 to 6. The Ashby model® assigns
C values based on failure mechanisms such as internal void
growth, decohesion at the metal-matrix interface, and cracking
in the brittle matrix. The constraint value is usually 1.6 when the
ductile phase plastically deforms and fails without interface deco-
hesion, as seen in our indentation hardness micrographs
(Figure 9).

Table 3 shows the overall fracture toughness for the VAM and
DS counterpart where Vicc,, Lpccg—Bccss» Locc s —(Ti, Mo)sSiy » and
0, denote the volume fraction and length scale of BCCy phase,
interlamellar spacing, and yield strength estimation of ductile
phase taken from hardness values typically 2.4 HV.*”)
Assuming the microstructure is stable till 1000°C for these
high-temperature alloys, the fracture toughness (AKqg) enhance-
ment is much higher for DS specimens as compared to the
VAM microstructure. The maximum enhancement is for the
specimens solidified with the lowest imposed velocity in the case
of Mo-20Si-52.8Ti because of the largest increase in
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Table 3. Strength and microstructural parameters of different specimens
for evaluating the enhancement in fracture toughness.

Parameters Mo—-20Si-52.8Ti

VAM DS

20pms~! 10pms™" S5ums”"

Viees 0.55 0.53 0.56 0.55
V(T Mo)s sis 0.45 0.47 0.44 0.45
Lgceg—Becss [HM] 0.19 2.2 4.6 8.6
Lacegs—(iMo)ssi [MM] 0.34 4.3 10.1 17.1
o, [MPa] 1320 590 420 230
AKqg [MPay/m] 6 13 16 16

microstructural length scales. The AKj is lowest for VAM speci-
mens because of the very fine scale microstructure.

Overall, the cracks initiated in the brittle phase propagate dras-
tically once they reach the critical crack length a.. The crack prop-
agation is arrested at the interface of the ductile phase. Thus, a
series of crack arrest/deflection events at the interface will
enhance fracture toughness. Looking into the microstructural
parameters for the eutectic Mo-20Si-52.8Ti alloy, the volume
fraction remained constant throughout different DS specimens,
which means the increase in the ductile phase’s length scale
leads to an increase in the length scale of the brittle phase.
The finer microstructure enhances strength, but due to the duc-
tile phase’s fine length scale, a very small fraction of the energy is
absorbed while the remaining is passed to the neighboring brittle
phase; thus, fracture toughness increases to a smaller extent in
arc-melted specimen even though they exhibit high strength
which plays a huge role in AKq (refer to Equation (6)). If the
length scale is optimized such that moving cracks are retarded
through both bridging and deflection events, an enhanced frac-
ture toughness can be achieved in the DS specimens. Thus,
based on the above discussion, a microstructure consisting of
fine colonies and coarse intercolonies would be advantageous
in terms of enhancing both toughness and strength.

3.4.3. Indentation Fracture Toughness

To assess the effective indentation fracture toughness of the
Mo-20Si-52.8Ti alloy, the Vickers macroindentation method
was employed using a very large load of HV 10 (10 kgf), as shown
in Figure 11. This method aimed to generate cracks in the BCCg
phase and the silicide phase radially from the corner of the
indenter tip. The regions of interest for this study were lamellar
structures consisting of an equal fraction of the individual
phases. The elastic modulus for the two-phase microstructure
and the elastic modulus values obtained from nanoindentation
technique were averaged out. Under the load of 98N, the
observed radial crack length at room temperature was approxi-
mately 59 pm. By using Equation (6), the indentation fracture
toughness of the Mo-20Si-52.8Ti alloy was obtained to be
18 MPay/m, as explained in Section 3.4.2.

The reported fracture toughness value is relatively higher com-
pared to Nb-, Mo-, and Cr-based silicides at room temperature.
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Figure 11. SEM micrograph of the Vickers indentation and cracks at test
loads of 10 kgf for the VAM Mo-20Si-52.8Ti alloy.

Table 4. Indentation fracture toughness obtained for eutectic alloy and the
silicide phase.

E[GPa] H[GPa] Pra[N] clum] a  AKg [MPay/m]
Mo-20.0Si-52.8Ti 180 6.6 98 58 0016 18
(Ti,Mo)sSis 204 16.6 49 18 0076 3.7

This can be attributed to the high fraction of Ti in the BCCq
phase in the microstructure of the alloy. Table 4 also provides
the fracture toughness value for the silicide phase. The utilization
of the Vickers macroindentation method, along with the analysis
of lamellar structures, allowed for the evaluation of effective
fracture toughness of Mo-20Si-52.8Ti. The measured fracture
toughness highlights the superior toughness of the alloy, mainly
due to the composition and microstructural distribution of the
BCCg phase.

4, Conclusions

In this article, we explored the role of cooling and solidification
rate on the microstructure formation of a eutectic Mo—Si-Ti alloy
containing BCCy, and hexagonal (TiMo)sSi; silicide phase.
Different solidification velocities were imposed, and it was found
that the lamellae/rod spacing tends to increase with a decrease in
velocities and obeys a Jackson—-Hunt type scaling law. The
OR between BCCg and silicide phase is identified to
(123)BCC55 ||(0001)(T1,Mo)5513 and [111]Bccss||[1 120] (Ti,Mo)s Sis *
EPMA reveals the segregation of Ti in the intercolony regions.

At room temperature, the BCCg, is ductile and accommodates
plasticity through dislocation motion. The silicide phase was
found to be harder and brittle and acts as a crack initiation site.
It was observed that crack propagation was retarded at the BCCgg
interface, resulting in a ductile-phase toughened intermetallic.
The eutectic alloy showed enhanced strength in VAM condition
and enhanced fracture toughness response in the DS condition.
The indentation fracture toughness values obtained for the
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silicide phase is the highest among the reported Nb-, Mo-,
and Cr-based silicides at room temperature.
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