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Abstract

Effects of ternary additions on the microstructure and thermal stability of directionally-
solidified MoSi,/MosSiz eutectic composites have been studied for twelve different elements
(Ti, V, Cr, Fe, Co, Ni, Nb, Ta, W, Ir, B and C) paying special attention to the variation of
lattice misfits and interface segregation behavior with ternary additions. Among six elements
(type-1: Ti, V, Cr, Nb, Ta and W) with a relatively high solubility in MoSi, and MosSi3, Ta
and W are found to be beneficial to microstructure refinement. All other six ternary elements
(type-2: Fe, Co, Ni, Ir, B and C) with a negligibly low solubility in MoSi, and MosSisz exhibit
a strong tendency to segregate on MoSi,/MosSis interfaces, resulting in both microstructure
refinement and the modification of the interface morphology.

Keywords: A. molybdenum silicides; B. alloy design, thermal stability, C. crystal growth; D.
microstructure, phase interfaces;

1. Introduction

In recent years, there is a very strong demand for efficiency improvement of combustion
systems for power plants and aircraft engines in order to reduce the consumption of fossil
fuels and emission of greenhouse gases. One of the most effective ways to achieve this is to
increase the operating temperature of gas turbine combustion systems, which currently
achieve thermal efficiency about 40 % as stand-alone units and over 60 % when combining
with steam turbine systems [1,2]. In the latest gas turbine systems with air-cooled turbine
blades of Ni-based superalloys, the highest gas inlet temperature reaches to 1600 °C, which is
more than 200 °C higher than the melting temperature of the superalloy used [1]. As far as
the combustion system relies on the air-cooling of turbine blades, any drastic increase in the
operating temperature (and therefore in the thermal efficiency) may not be expected. From
this perspective, it is evident that a new class of ultra-high-temperature structural materials
that can be used in the severe oxidizing atmosphere at temperatures beyond the maximum
operating temperatures of Ni-based superalloys has to be developed. Transition-metal
silicides have been considered as promising candidates for replacing Ni-based superalloys
mainly because of their high melting temperature mostly more than 2000 °C and expected
good oxidation resistance at high temperatures [3-5]. Among various transition-metal
silicides, a considerable amount of attention has been paid to MoSi, with the tetragonal C11,
structure because of its high melting point (2020 °C), excellent high-temperature oxidation
resistance and relatively low density [3-9]. Mechanical properties of MoSi,, such as yield
strength, fracture toughness and creep properties have been studied with the use of single
crystals [7-11] and polycrystals [5,6]. Of particular interest is that in single crystals, plastic



flow is possible by dislocation motion even at and below room temperature depending on
crystal orientation [7,9,10]. Nevertheless, poor fracture toughness of monolithic MoSi,
around 3 MPa m*? at room temperature has remained as one of the drawbacks, together with
insufficient strength of polycrystals at high temperatures [3-5,9]. Extensive studies have been
made to improve these drawbacks in mechanical properties by forming composites with hard
ceramics such as SiC, TiC, ZrO,, TiB,, SisN4 through powder processing routes [3-5, 9, 12-
13]. Although modest improvement in fracture toughness is reported to achieve by these
composites, some of them are reported to suffer from pesting, which is catastrophic oxidation
that occurs in the temperature range of 400 - 600 °C especially when they are less dense [3-5,
15-18]. Since pesting is known to be suppressed to occur in single crystals of MoSi,
[15,16,18], MoSi,-based single crystalline composites produced by ingot metallurgy routes
are considered to have great advantages over polycrystalline composites produced by powder
metallurgy routes.

MoSi,/MosSis eutectic composites may be one of the promising candidates because of their
high eutectic temperature (1900 °C for the binary alloy) and fine microstructures of the so-
called script lamellar type formed simply by directional solidification (DS) [9,13,18-26].
Previous studies on MoSi,/MosSis eutectic composites have revealed that the creep properties
are much superior to those of other MoSi,-based composites [21], while fracture toughness at
room temperature for DS ingots of binary MoSi,/MosSiz eutectic composites is still
insufficient [9, 13]. In the eutectic script lamellar structure in binary DS ingots, an orientation
relationship of (110)mosi//(001)mossiz and [110]mosio//[110]mossis is reported to occur between
MoSi, and MosSis with a growth direction being nearly parallel to [110]wmosi, and [001]mossis
[20, 22]. Two different types of main interphase boundaries have been noted; one with
(110)mosip // (110)mossiz and another inclined by about 15° from (001)mosi, // (110)mossiz (See
Fig. 1). Since MoSi, and MosSis both have body-centered tetragonal structures of C11, and
D8 -types, respectively, there is a high probability to control the interfacial energy through
changing lattice misfits between the two phases by alloying, by which fracture toughness of
the composites may be improved. In addition, segregation of a particular alloying element on
the interphase boundary, if it occurs, may also influence fracture toughness of the composites
through changing the cohesive energy of the boundary, as frequently reported in many
metallic materials such as iron [26, 27]. Since not only the microstructure but also the
mechanical properties of MoSi,/MosSiz eutectic composites are thus expected to vary with
ternary alloying through the changes in the interfacial energy, it is quite important to establish
microstructure-property relationships in MoSi,/MosSi3 eutectic composites upon ternary
alloying. However, almost nothing is known about how the microstructure, its thermal
stability and the resultant mechanical properties of MoSi,/MosSi3 eutectic composites are
affected by ternary alloying, except for Er- and Nb-alloyed MoSi,/MosSi; eutectic
composites [20, 23].

In the present paper, we report the effects of ternary additions of twelve different elements
(Ti, V, Cr, Fe, Co, Ni, Nb, Ta, W, Ir, B and C) on the microstructures and their thermal
stability of DS ingots of MoSi,/MosSi; eutectic composites, paying special attention to
microstructural changes due to variations of lattice misfits and segregation of ternary
elements. This is a part of our investigation of microstructure-property relationships in
MoSi,/MosSiz eutectic composites upon ternary alloying, and mechanical properties (yield
strength, dislocation behavior and fracture toughness) of these ternary ingots will be
published subsequently elsewhere.

2. Experimental procedures
Rod ingots of the binary alloy with a MoSi,/MosSis eutectic composition of Mo - 54
at.%Si and ternary alloys with nominal compositions of Mo - 54 at.%Si - x at.%X (X = Ti, V,



Cr, Fe, Co, Ni, Nb, Ta, W and Ir, x = 0.1 ~ 5) and Mo - (54 - x) at.%Si - x at.%X (X = B and
C, x = 0.15 ~ 2) were prepared by arc-melting. DS ingots were grown from the rod ingots
using an optical floating-zone furnace at various growth rates ranging from 2 to 200 mm/h
under an Ar gas flow. Average chemical compositions of all of the DS ingots were confirmed
to be nearly identical to the nominal values with a minor deviation of less than about 1 at.%.
Parts of the DS ingots were heat-treated at 1500 °C for 500h in vacuum. Microstructures of
the DS and heat-treated ingots were examined by scanning electron microscopy (SEM) with a
JEOL JSM-7001FA equipped with a field emission gun and by scanning transmission
electron microscopy (STEM) with a JEOL JEM-2100F equipped with a field emission gun
operated at 200 kV. Chemical compositions were analyzed by energy dispersive X-ray
spectroscopy (EDS) in SEM and STEM. Lattice parameters for both phases in each alloy
were determined by powder X-ray diffraction (XRD) method in order to estimate the lattice
misfits at various MoSi,/MosSis interfaces.

3. Results
3.1 Binary MoSi,/MosSi3 eutectic composites

DS ingots of MoSi,/MosSis eutectic composites generally exhibit a so-called script
lamellar structure [20]. Detailed orientation analysis by XRD, SEM-EBSD and TEM has
confirmed that MoSi, and MosSi; phases in the script lamellar structure are grown nearly
along [110]mosi; and [001]wmessiz, Maintaining the orientation relationship of [110]mosi; //
[110]mossiz and (110)moesi» // (001)mossis With minor deviations of about 2°, as previously
reported [20, 22].

SEM backscattered-electron images of three mutually orthogonal sections, cross
((110)mosiy /! (001)mossiz) and two longitudinal ((110)mosi; // (110)mossiz and (001)mosin //
(110)mossis) sections of a DS ingot of a binary eutectic composite are shown in Figs. 1(a)-(c),
respectively. Dark and bright regions in the figures correspond to MoSi, and MosSi3 phases,
respectively. Approximate crystallographic orientations for these sections are indicated in the
figure. Fine microstructure composed of a MoSi, matrix and an interconnected network of
MosSis is developed with a macroscopic inclination of about 15° from the growth direction,
as clearly seen in the (110)mosi, // (110)mossiz longitudinal section of the DS composite (Fig.
1(b)).

From the microstructural characteristics, we have found that two types of interfaces,
hereafter designated as interfaces | and Il (Figs. 1 (j)-(I)), play important roles in determining
the morphology and stability of microstructures. These two types of interfaces are
perpendicular to each other in the (110)mosi» // (001)mossiz Cross section (Figs. 1 (a) and (j)).
The interface | macroscopically inclined about 15° from the growth direction in the (110)mosi,
/1 (110)mossiz longitudinal section (Figs. 1 (b) and (k)), has been reported to possess the so-
called ledge-terrace structure at the atomic scale [20, 22]. Approximate orientation
relationships for the terrace and ledge parts of the interfaces I and 11 are described as follows.

Interface I, terrace part: (001)mosiy // (110)mossiz™, [110]mosiz // [110]mossis,
Interface 1, ledge part: (110)mosip // (001)mossizs*, [110]mosip // [110]mossia,
Interface IlI: (110)M08i2 // (I].O)Mo55i3, [001]M08i2 /l [110]M05Si3*.

The orientation relationships marked with asterisks are only approximate since slight
misalignment is involved, details of which will be described later in this section.



With the orientation relationships described above, we have to consider three different
types of lattice misfits, as proposed by Mason et al. [20]. These three types of lattice misfits
are denoted as misfits A, B and C as defined with the following equations:

Misfit A =2 dllOof MoSi, d3300f MosSis (1a)’
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where dyy; ¢ vosi, @M dyyy o6 wo.si, iNicate interplanar distances of {hkl} planes in MoSi, and

MosSis, respectively. Slight misalignment of about 2° between [110]mosi, and [001]mossiz IS
neglected here for simplicity. As seen in Fig. 2, the stability of the interface | should be
affected by all three kinds of lattice misfits A, B and C, while that of the interface Il is
affected by misfits B and C.

Figs. 3(a) and (b) show typical examples of atomic-resolution high-angle annular dark-
field (HAADF)-STEM images of the interfaces | and Il observed in a thin foil cut parallel to
the (110)mosip // (001)mossiz cross section in a DS ingot of a binary MoSi,/MosSis eutectic
composite grown at a growth rate of 10 mm/h. These images were taken along [001]vossiss
which is nearly parallel to [110]wmesi, and the growth direction of the DS ingot. In the atomic-
resolution HAADF-STEM images, atomic columns are imaged as bright spots, brightness of
which is approximately proportional to the square of the average atomic number (Z) in the
atomic columns. Because of relatively large atomic number difference between Mo (42) and
Si (14), only the atomic columns of Mo are imaged for the MosSiz phase in Figs. 3(a) and (b)
with the STEM equipment used in this study. In MoSi; phase in Figs. 3(a) and (b) taken with
the incident beam being parallel to [001]mossis, atomic columns are not resolved and
(220)mosi, planes are imaged as bright horizontal lines, clearly indicating that there exists
slight misalignment between [110]mosi; and [001]wmossis, While (110)mosi, and (110)mossiz are
perfectly parallel to each other. Both interfaces are atomistically flat except for some regions
corresponding to ledges as indicated by black arrowheads.

An atomic-resolution HAADF-STEM image and the corresponding selected-area electron
diffraction (SAED) patterns taken from a region containing the interface | in the edge-on
configuration are shown in Figs. 3(c) and (d). These observations were made with a thin foil
cut parallel to the (110)mosip//(110)mossiz longitudinal section in a DS ingot of a binary
MoSi,/MosSiz eutectic composite grown at a growth rate of 10 mm/h. Atomic columns of
pure Mo that appear as bright spots are clearly resolved both in MoSi, and in MosSi; phases.
This is consistent with the perfect alignment of [110]wosi, and [110]mossis, both of which are
parallel to the incident beam direction, although slight misalignment about 1.9° between
[110]mosi, and [001]mossis is noted (Fig. 3(c) and (d)). The ledge-terrace structure described
above is observed to be developed along the interface | shown in Fig. 3(c). These results are
fully consistent with those previously reported [20, 22]. It is of importance to note that ledges
with a height corresponding to the interplanar distance of (110)mossi; are formed along the
interface at an nearly regular interval, which is 13 times the interplanar distance of (002)mossis
and 14 times that of (110)moesip, resulting in a macroscopic inclination about 13.5° of the



interface from [110]mosi,. This is consistent with the inclination angle about 15° observed in
the SEM images of the (110)mosio//(110)mossis longitudinal section (Fig. 1(b)).

The eutectic microstructure of binary DS ingots varies depending on the growth rate, as
shown in Figs. 1(d)-(i). The binary DS ingot obtained at a growth rate of 50 mm/h (Figs.
1(d)-(f)) possesses a homogeneous and finer script lamellar structure when compared to that
grown at a rate of 10 mm/h (Figs. 1(a)-(c)). However, when the growth rate is increased to
200 mm/h, a cellular structure appears instead of the homogenous script lamellar structure. In
the cellular structure, much finer script lamellar structure and very coarse lamellar structure
are developed at the center of the cell and the cell boundary regions, respectively. Such
growth-rate dependence of the eutectic microstructures has generally been observed in many
eutectic alloys grown in a range of growth condition called ‘coupled zone of eutectics’ [28,
29].

3.2 MoSi,/MosSis eutectic composites with ternary additions

In the present study, the ternary elements added are found to be classified into two types
according to their solubility in MoSi, and MosSis. Ternary elements, Ti, V, Cr, Nb, Ta and W
that belong to groups 4 — 6 in the periodic table exhibit a relatively high solubility in MoSi,
and MosSis, while the others (Fe, Co, Ni, Ir, B and C) possess a quite low solubility below 1
at.% [30, 31]. The former and latter are hereafter designated as type-1 and type-2 elements,
respectively, and their microstructural variations will be described in the separate sections.

3.2.1 Ternary MoSi,/MosSi3 eutectic composites with the type-1 elements (Ti, V, Cr, Nb, Ta
and W)

3.2.1.1. Microstructure

As expected from relatively large solubilities of these ternary elements of the type-1 in
MoSi, and MosSis in literature [30, 31], two-phase MoSi,/MosSi; eutectic microstructures are
usually obtained without any ternary phase for all composites up to the 5 at.% addition,
which corresponds to the maximum amount of ternary additions used in this study. However,
microstructural characteristics vary depending on the ternary elements. SEM backscattered-
electron images of the (110)wmosir//(001)mossis Cross section of ternary MoSiy/MosSis DS
ingots alloyed with 5 at.% Nb, Ta and W are shown in Figs. 4(a)-(c), respectively. All ingots
were obtained at a growth rate of 10mm/h. DS ingots alloyed with Nb and Ta possess a
homogeneous script lamellar structure when the amount of additions is small (less than 5
at.%), whereas when the amount of additions reaches 5 at.%, ingots tend to contain a small
amount of an additional primary solidification phase (MoSi, (Fig. 4(a)) and MosSis (Fig.
4(b)) for Nb- and Ta-alloyed ingots, respectively). This may indicate the deviation of the
eutectic composition from the Mo - 54 at.%Si composition upon alloying with a large amount
of these elements, Nb and Ta. In contrast, DS ingots with W additions maintain a
homogeneous script lamellar structure up to the 5 at.% addition. Microstructural
characteristics in the homogeneous script lamellar structure in ternary DS ingots alloyed with
Nb, Ta and W are virtually identical to those observed in the binary ingot grown at the same
growth rate of 10 mm/h (Fig. 1(a)), except that Ta- and W-alloyed DS ingots possess a
slightly finer microstructure than the binary DS ingot does.

In contrast, Ti-, V- and Cr-alloyed DS ingots exhibit a strong tendency to form a cellular
eutectic structure with dispersed irregularity in microstructure when DS ingots are grown at a
growth rate of 10 mm/h. Typical microstructures observed in the (110)wmosio//(001)mossiz Cross
section of DS ingots alloyed with various amounts of Ti, VV and Cr grown at a growth rate of
10 mm/h are shown in Figs. 5(a)-(f). The cellular eutectic structure developed in DS ingots
with 5 at.% additions of Ti (Fig. 5(b)) and V (Fig. 5(d)) and that with 1 at.% Cr (Fig. 5(¢))
consists of a fine script lamellar structure at a central part of each columnar cell and a very



coarse and irregularly-shaped lamellar structure in cell boundary regions, while DS ingots
with lessor amounts of Ti and V additions exhibit a relatively homogeneous script lamellar
structure (Figs. 5(a) and (c)). Neither script lamellar structure nor cellular structure is
observed any more in a 5 at.% Cr-alloyed DS ingot obtained at a growth rate of 10 mm/h (Fig.
5(f)) and a coarse and irregular eutectic structure is observed instead. Such variations in the
eutectic structures are generally interpreted in terms of the degree of undercooling during
solidification. It is well-known that the eutectic structure formed under a growth condition
called ‘coupled zone of eutectics’ changes from planar eutectic structure to cellular eutectic,
and to faceted eutectic dendrites with the increase in the growth rate (i.e., the degree of
undercooling) [28, 29]. In the present eutectic composites, the planar eutectic structure
corresponds to the homogeneous script lamellar structure. Since the growth rate is the same
for all DS ingots shown in Figs. 5(a)-(f), the observed changes in the eutectic microstructure
of Ti-, V- and Cr-alloyed DS ingots are considered to be caused by the relative increase in the
degree of undercooling. In fact, the homogeneous script lamellar structure was obtained by
reducing the amount of ternary addition and by decreasing the growth rate for Cr-alloyed DS
ingots. For DS ingots alloyed with 1 at.% Cr, the cellular eutectic structure and homogeneous
script lamellar structure are obtained when the growth rate is high (10 mm/h) and low (2
mm/h), as shown respectively in Figs. 5(e) and (g).

Although the microstructure of MoSi,/MosSis eutectic composites varies with the growth
rate, the microstructural variation of the homogeneous script lamellar structure with ternary
additions is less pronounced when the microstructure in the (110)mosip//(001)mossiz Cross
section of DS ingots is inspected (Figs. 4 and 5). This is also the case for the homogeneous
script lamellar structure inspected in the (110)mosir//(110)mossis longitudinal section (Fig. 6).
Flat portions that incline about 15° from the growth direction are maintained for the interface
I in ternary DS ingots alloyed with 5 at.% V (Fig. 6(a)), 5 at.% Ta (Fig. 6(b)) and 2 at.% W
(Fig. 6 (c)), although the extent of perturbation of the interface flatness varies somehow with
ternary elements.

3.2.1.2. Partitioning behavior and lattice misfits

Chemical compositions of MoSi,, M0osSi3 and some ternary phases evaluated in binary and
ternary DS ingots by SEM-EDS are summarized in Table 1 for type-1 alloying elements. For
all type-1 elements except for W, they are partitioned preferentially in the MosSi; phase,
while W is partitioned more or less evenly in MoSi, and MosSi3 phases.

Lattice parameters of the constituent phases in binary and some ternary DS ingots alloyed
with type-1 elements estimated by the powder XRD method are also summarized in Table 1.
Lattice constants of the MoSi, phase in DS ingots alloyed with these type-1 alloying elements
are all identical with each other, reflecting the negligibly small solubility in MoSi, for Ti, V,
Cr, Nb and Ta and the similarity in atomic radii for Mo (0.140 nm) and W (0.141 nm) [32].
In contrast, the MosSi; phase exhibit relatively large variations in lattice parameters with
ternary additions, trends of which can be interpreted primarily in terms of the difference in
atomic radii between Mo and the corresponding ternary element. For Nb (0.147 nm) and Ta
(0.247 nm) with an atomic radius larger than Mo, both a- and c-axis lattice parameters
increase with the increase in the amount of ternary addition, while the opposite is the case for
V (0.135 nm) and Cr (0.128 nm) with an atomic radius smaller than Mo. Additions of Ti
(0.246 nm) result in an anisotropic expansion preferentially along the a-axis without any
significant change along the c-axis. These results are well consistent with the previous report
[33].

Values of lattice misfit for misfits A, B and C given in equations (1a)-(1c) are summarized
in Fig. 7 as a function of the amount of alloying for type-1 alloying elements, based on the
results summarized in Table 1. The absolute values of the lattice misfits A and B increase and



that of the lattice misfit C decreases with the increase in the amount of Nb and Ta additions.
The completely opposite trend is observed for V and Cr additions, i.e., the absolute values of
the lattice misfits A and B decrease and that of the lattice misfit C increases with the increase
of their additions. On the other hand, Ti additions result in basically the same trend for the
lattice misfits A and C as Nb and Ta additions, whereas the lattice misfit B is nearly
unchanged because almost no change occurs in the c-axis lattice constant. Although changes
in lattice misfit values upon alloying vary with ternary elements, the absolute values of lattice
misfits of the three different types do not change significantly. The values of lattice misfits B
and C remain high (about 8 and 14 %) with the change occurring in the range of 1 and 0.5 %
upon alloying, whereas that of misfit A remain small (less than %) with the change in the
range of 0.5 %. This may be one of the reasons why the flat portions with an inclination about
15° from the growth direction are maintained for the interface | irrespective of ternary
elements, details of which are described later in the discussion section.

3.2.2 Ternary MoSi,/MosSi3 eutectic composites with the type-2 elements (Fe, Co, Ni, Ir, B,
C)

3.2.2.1 Microstructure

SEM backscattered-electron images of the (110)wmosio//(001)mossiz Cross section of ternary
MoSi,/MosSis DS ingots alloyed with 2 at.% Fe, Co, Ni, 0.2 at.% Ir, 2 at.% B and 1 at.% C
(type-2 elements) grown at a growth rate of 10 mm/h are shown in Fig. 8. As seen in Table 2
which summarizes chemical compositions of MoSi,, M0osSiz and some ternary phases in the
ternary DS ingots containing type-2 alloying elements, the solid solubilities of these type-2
alloying elements in both the MoSi, and MosSiz phases are all negligibly small. A very
coarse and irregularly-shaped eutectic structure is observed in Fe-, Co-, Ni- and Ir-alloyed DS
ingots accompanied by the formation of an additional ternary phase on some of the
MoSi,/MosSis interfaces (Figs. 8(a)-(d)). Ternary phases in DS ingots alloyed with Fe, Co, Ni
and Ir are inferred respectively to be MoFe,Si, or MoFe,, MoCoSi, MoNiSi and IrSi based on
the chemical composition revealed by EDS and previously reported phase diagrams [31]. The
B-alloyed DS ingots exhibits a cellular structure similar to those observed in DS ingots with
additions of 5 at.% V and Ti (Fig. 6). An additional ternary phase is also noted to form on
some of the MoSi,/MosSis interfaces as clearly seen at a higher magnification (Fig. 8(f)). The
ternary phase in the DS ingot alloyed with B is similarly inferred to be MoB [31]. On the
other hand, the C- alloyed DS ingot exhibits a homogeneous script lamellar structure,
although an additional ternary phase, which is inferred to be MosSisC [31], is also noted to
form on some of the MoSi,/MosSis interfaces as clearly seen at a higher magnification (Fig.
8(g) and (h)).

These ternary phases usually observed in DS ingots alloyed with type-2 alloying elements
can be eliminated by decreasing the amounts of these additions to less than 0.2 at.%. Typical
examples of the homogeneous script lamellar structure observed in the (110)wmosio//(001)mossis
cross section and (110)wmosio//(110)mossiz and (001)mosin//(110)mossis longitudinal sections of
DS ingots alloyed with 0.1 at.% Co, 0.16 at.% B (=300 wt.ppm B) and 0.15 at.% C (=300
wt.ppm C) are shown in Fig. 9. It is easily recognized that the ternary phases are completely
eliminated from the ingots and that the homogeneous script lamellar structures observed in
the (110)mosir//(001)mossiz Cross section of the ternary ingots are finer than that observed in
binary DS ingots (Figs. 1(a)-(c)) obtained at the same growth rate of 10 mm/h. On top of that,
these ternary DS ingots alloyed with 0.1 at.% Co, 0.16 at.% B and 0.15 at.% C lose almost all
flat portions of the interface I (evident when viewed in the (110)mosio//(110)mossiz longitudinal
section; Figs. 9(b), (e) and (h)).

3.2.2.2. Interface segregation of the ternary elements of type 2



Because of the negligibly small solubility of type-2 elements in the MoSi, and MosSis
phases, segregation of these alloying elements on the MoSi,/MosSis interface is expected.
Chemical compositions across the MoSi,/MosSis interface were analyzed by STEM-EDS
using thin foils cut parallel to the(110)mosi,//(001)mossiz Cross section, in order to investigate
the segregation behavior of some of type-2 elements. Figs. 10(a) and (b) show the results of
EDS analysis made respectively for the interfaces | and Il in a DS ingot alloyed with 0.5at.%
Co grown at a rate of 10 mm/h. Significant segregation of Co is clearly seen to occur on both
types of interfaces, so that the chemical composition of Co on the interface is as highas 3to 5
times that of the MosSi3 matrix. Segregation of Ni and Ir is similarly observed to occur on
both types of interfaces, as shown in Figs. 10(c) and (d). Variations of chemical compositions
across the interface I in a DS ingots alloyed with 0.5 at.% Ni were inspected by STEM-EDS,
as shown in Fig. 11. Although the flat portions (inclined by 15° from the growth direction in
the binary counterpart) of the interface | are almost completely lost upon alloying with type-2
elements (Fig. 9), portions corresponding to the ledge and terrace parts are observed still to
exist without having any regularity for their arrangement, as clearly seen in an atomic-scale
image shown in Fig. 11(a). The extent of segregation of Ni exactly on the boundary is much
higher in the ledge portion than in the terrace portion (Fig. 11(c)). Similar anisotropic
segregation behaviors were observed also for DS ingots alloyed with Co and Ir. We expect a
similar anisotropic segregation behaviors for other type-2 alloying elements, when judged
from the similar tendency in the solid solubility in the MoSi, and MosSi3 phases and the
microstructure variation upon alloying.

3.3. Thermal stability of microstructure

In order to confirm the thermal stability of the eutectic microstructure, annealing
experiments were made for various DS ingots at 1500 °C for 500h in vacuum. No apparent
changes in microstructure were detected for all DS ingots examined, indicating the very high
thermal stability of the MoSi,/MosSi3 eutectic microstructure even at a very high temperature
of 1500 °C.

4. Discussion
4.1. Relationship between lattice misfits and interface structure

In the script lamellar structure of binary two-phase MoSi,/MosSis eutectic composites, a
characteristic ledge-terrace structure is observed to form at the interface I. The ledge-terrace
structure of the interface | is revealed through atomic-resolution HAADF-STEM imaging to
consist of regularly-spaced ledges with a fixed height corresponding to the interplanar
distance of (110)messis. Since a ledge-terrace structure is generally considered to form to
accommodate lattice misfits between two phases in a particular orientation relationship [34,
35], it should be important to consider the relationship between the observed interface
microstructure and the misfit accommodation. For simplicity, we consider here two types of
lattice misfits B and C, which correspond primarily to those at the terrace and ledge parts of
the interface I, respectively. Since the absolute value of the misfit C (~13 % for the binary
alloy) is larger than that of the misfit B (~8 %), the accommodation for the misfit C is
considered first. Figure 12 schematically illustrates misfit accommodation achieved by tilting
one of the two crystals with respect to the other across the interface. As shown in Fig. 12(b),
if a small tilt (with the angle ¢) is introduced for one of the two crystals (MosSis in this case),
the lattice misfit C is eliminated on the interface labeled OP, which is inclined both from
(001)mosi, and from (110)moessis- Such a macroscopic inclination of the interface | through the
introduction of a ledge-terrace structure (Fig. 12(c)) is indeed observed to occur in the script
lamellar structure of binary two-phase MoSi,/MosSiz eutectic composites (Figs. 1(b), (e) and



(h)). The angle 6 for the macroscopic inclination of the interface I from (001)mosiy IS
correlated with the tilt angle ¢ with the following equation.

d001 of MoSi, -Sin ¢

().
001 of MoSi, 'C03¢ - dno of MosSi,
In the case of the interface | formed during solidification, the interface inclination angle must
be determined so as to minimize the misfit strain related not only to the misfit C but also to
the misfit B. The misfit strain related to the misfit B is expected to be minimized when the
following relation is satisfied, in addition to the equation (2).

(m ’ d110 of MoSiZ)z + (d001 of MoSiz)z = (n ’ dooz of M055i3)2 + (d110 of M055i3)2 (3)1
where m and n are integers. If m is equal to n, no misfit strain remains macroscopically at the
interface. If m is not equal to n, a semi-coherent interface containing a single set of interface
dislocations with a regular interval is formed. However, that the equation (3) is not exactly
satisfied with integer values for m and n, because of the lattice parameters for MoSi, and
MosSis. Approximate solutions can be found by plotting the left and right sides of the
equation (3) as a function of the tilt angle ¢. This is done in Fig. 13(a) with the use of the
lattice parameters for binary MoSiz (amesi; = 0.321 nm, Cmesi; = 0.785 nm) and MosSis
(amossiz = 0.966 nm, Cmossis = 0.490 nm) at room temperature (Table 1). The expected tilt
angle ¢ can be estimated from the following equations.

tan0 =

d _ d001 of MoSi, 'COS(I)_ dllO of MogSiy 4
M-0y16 of Mosi, = sing (4a),
d _ d001 of MoSi, dno of MogSiy ‘COS(I) 4b
N~ Uggp of MogSi; — Sind) ( )

Inspection of the figure reveals that the values of the left and right sides of equation (3)
almost coincide with each other at a tilt angle about 1.71°, at which m and n are 15 and 14,
respectively. The macroscopic inclination angle 6 of the interface |1 from (001)wmosi, IS then
calculated to be about 13.0°. These values are quite close to those experimentally observed in
Figs. 1(b), 3(c) and 3(d), where m, n, ¢ and 6 are 14, 13, 1.9° and 13.5°, respectively. Slight
differences for values of m and n are considered to reflect the difference in the lattice
parameters between room temperature and the eutectic temperature of 1900°C. If we assume
that coefficients for linear thermal expansion for MoSi, and MosSis [36, 37] are constant up
to the eutectic temperature, the lattice parameters for binary MoSi, and MosSis at the eutectic
temperature can be estimated to be amesi; = 0.326 NnM, Cmosip = 0.799 nm and amossi; = 0.975
nm, Cmossis = 0.501 nm, respectively. With the use of these lattice parameters, the values m, n,
¢ and 0 are calculated to be 14, 13, 1.93° and 13.9°, respectively, which are almost perfectly
consistent with those experimentally observed. We can thus conclude that the MoSi,/MosSis
eutectic microstructure grows so as to minimize the misfit strain at the interface | during
solidification.

We now evaluate how the lattice misfits affect the interface structure and morphology of
the interface I in DS ingots alloyed with type-1 elements by estimating the values m, n, ¢ and
0 with the lattice parameters determined for ternary elements of type-1 (Table 1). The
evaluation was made for DS ingots with additions of 5 at.% V and 5 at.% Ta, since relatively
large changes in lattice misfits are observed upon alloying with these elements (Fig. 4). The
results of the evaluation for the V-alloyed and Ta-alloyed DS ingots are shown in Figs. 13(b)
and (c), respectively. The values of m, n, ¢ and 6 for the 5 at.%-V alloyed DS ingot are
estimated respectively to be 16, 15, 1.64° and 12.2°, while those for the 5 at.%-Ta alloyed
one are 14, 13, 1.77 and 13.9°. These values are not so much different from those calculated



for the binary counterpart. This is consistent with the fact that no significant change in the
morphology of the flat portions of the interface | is noted upon alloying with type-1 alloying
elements (Fig. 7).

Although the lattice misfits induced by ternary alloying do not alter significantly the
morphology of the interface | in DS ingots alloyed with type-1 elements, the interface energy
is expected to change upon alloying through the changes in the values m and n. This is
because the difference in number between m and n corresponds to the number of interfacial
dislocations (with the extra-half plane on the MoSi, side when m > n) in a terrace part of the
interface 1 (Fig. 12(c)), since m and n are the numbers of (110)mesi> and (002)mossis atomic
planes in the terrace part. If the number difference between m and n is one, each terrace
contains single interfacial dislocation, and the interval of interfacial dislocations in that case
is identical with the length of each terrace, which corresponds to the value of m (or n). The
interfacial energy is expected to increase with the increase in the interfacial dislocation
density (i.e., with the decrease in the interval of interfacial dislocations). For all three
different alloys shown in Fig. 13, the number difference between m and n is one. The
interfacial dislocation density in the interface | is thus basically determined by the value of m
(or n). We thus expect the highest interfacial energy for the 5 at.% Ta-alloyed DS ingot (Fig.
13(c); m = 14) of the three alloys while the lowest energy for the 5 at.% V-alloyed DS ingot
(Fig. 13(c); m = 16). Our preliminary results indeed indicate that the Ta-alloyed DS ingots
exhibit the highest propensity for delamination along the interface | on fracture toughness
evaluation with an indentation fracture method. This result suggests the possibility that the
fracture toughness of MoSi,/MosSis eutectic composites can be improved by increasing the
interfacial energy through lattice misfit control by alloying type-1 elements such as Ta and W.
Fracture toughness improvement of MoSi,/MosSi; eutectic composites through interfacial
energy control is currently under survey in our group.

4.2. Relationship between segregations of ternary elements and microstructures

Alloying elements of the type 2 (such as Co, Ni and Ir) that have a negligibly low
solubility in both MoSi, and MosSi3 phases exhibit a strong tendency to segregate on the
MoSi,/MosSis interface in the homogeneous script lamellar structure of MoSi, and MosSi;
eutectic composites. In general, the stability of interphase boundaries is discussed in terms of
the interfacial energy, which can be divided into the elastic term due to the lattice misfits and
the chemical term due to atomic bonding across the interface. Since the solid-solubility of
type-2 elements in both MoSi, and MosSi3 phases is negligibly small, changes in the elastic
term of the interfacial energy is expected to be very small in ternary MoSi,/MosSi3 eutectic
composites alloyed with type-2 elements, when compared with the binary counterpart. Thus,
the change in the chemical interaction energy across the interface is considered to play a
dominant role in modifying the morphology (i.e., in losing the flat portions) (Figs. 8(b), 8(e)
and 8(h)) of the interface I in MoSi,/MosSi3 eutectic composites alloyed with type-2 elements.
In fact, segregation of Ni (and Co, and Ir) on the MoSi,/MosSi; interphase boundary is
observed to occur with the extent of segregation being more significant in the ledge part than
in terrace part of the interface | (Fig. 11). Segregation of these elements is considered to
result in lowering the interfacial energy, which occurs more effectively in the ledge part than
in terrace part of the interface I, causing a decrease in the relative energy difference between
ledge and terrace parts. We believe that such a decrease in the relative energy difference
between ledge and terrace parts is responsible for the observed loss of the flat portions of the
interface 1. The interfacial energy caused by the segregation of the type-2 elements is also
considered play an important role for the interlamellar spacing in the script-lamellar structure.
According to the simple thermodynamic estimation by Zener [38], minimum interlamellar
spacing is proportional to the interfacial energy and inversely proportional to the degree of
undercooling. Since the slight ternary addition of the type-2 elements is not likely to alter the



degree of undercooling much in the cases of the DS alloys with the type-2 elements, the
observed finer lamellar spacing is considered to be mainly affected by the lower interfacial
energy caused by the segregation of the type-2 elements. The ternary addition of the type-2
elements is thus effective for fabricating finer microstructure, which is expected to be
beneficial in improving mechanical properties of the DS eutectic ingots, especially for high
temperature strength.

5. Conclusions
1. The microstructure of directionally-solidified MoSi,/MosSi3 eutectic composites varies
depending on the degree of undercooling, which can be controlled by changing the growth
rate, and the ternary addition. The eutectic structure changes from planar eutectic
(homogeneous script lamellar) to cellular eutectic, and to faceted eutectic dendrites with the
increase in the growth rate or the degree of undercooling.
2. Among six type-1 elements (Ti, V, Cr, Nb, Ta and W) with a relatively high solubility in
MoSi, and MosSi3, microstructure refinement is achieved by additions of Ta and W.
Although the morphology of flat portions of the interface I (with an inclination about 15°
from the growth direction) in the homogeneous script lamellar structure is not significantly
altered upon alloying these elements, the interface energy is considered to change upon
alloying through the changes in lattice misfits, i.e., the numbers of (110)mosi; and (002)mossis
atomic planes in the terrace part of the ledge-terrace structure of the interface I.
3. A strong segregation on the interphase boundary is noted for type-2 alloying elements (Fe,
Co, Ni, Ir, B, C) whose solubility in MoSi, and MosSiz is negligibly small. As a result,
microstructure refinement occurs upon alloying with these elements at a very small level of
alloying additions (less than about 0.1 ~ 0.16 at.%). The observed loss of the flat portions of
the interface I in the homogeneous script lamellar structure is considered to occur due to the
fact that the interface energy is reduced by segregation of type-2 alloying elements.
4. The eutectic structure developed during directional solidification is stable after heat
treatment at 1500°C and for 500 hours, irrespective ternary elements.
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Fig. 1. (a-i) SEM backscattered electron images of three mutually orthogonal sections of DS
ingots of binary MoSi,/MosSis eutectic composites grown at growth rates of (a-c) 10 mm/h,
(d-f) 50 mm/h and (g-i) 200 mm/h. (j-1) Schematic illustration of two types of interfaces
between MoSi, and MosSi; phases in the eutectic compostites.
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Fig. 2 Schematic illustrations of three types of interfaces and corresponding lattice misfits in
MoSi,/MosSis eutectic composites.
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Fig. 3. Atomic resolution HAADF-STEM images and a selected area electron diffraction
patterns taken from the interface region in a binary DS ingot grown at a growth rate of 10
mm/h projected along (),(b) [001]mossis and (c),(d) [110]mosiz//[
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Fig. 4. SEM backscattered electron images of cross sections of DS I\;IoSileoSi_g eutectic
composites alloyed with (a) 5 at.% Nb, (b) 5 at.% Ta and (c) 5 at.% of W grown at a growth
rate of 10mm/h.



= gy ooy oo

Fig. 5. SEM backscattered electron images of cross sections of DS MoSi,/MosSi3 eutectic
composites alloyed with (a) 1 at.% Ti, (b) 5at.% Ti, (c) 2 at.% V, (d) 5 at.% V, (e) 1 at.% Cr,
(f) 5 at.% Cr grown at a growth rate of 10mm/h and (g) 1 at.% Cr grown at a growth rate of 2
mm/h.



Fig. 6. SEM backscattered electron images of longitudinal sections of DS MoSi,/Mo0sSi3

eutectic composites alloyed with (a) 5 at.% V, (b) 5 at.% Ta and (c) 2 at.% W grown at a
growth rate of 10 mm/h.
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Fig. 7. Variations of three types of the lattice misfits as a function of the total amount of

ternary addition to the DS ingots of the MoSi,/MosSis eutectic composites. (a) Misfit A, (b)
misfit B and (c) misfit C.
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Fig. 8. SEM backscattered electron images of cross sections of DS MoSi,/MosSi3 eutectic
composites alloyed with (a) 2 at.% Fe, (b) 2 at.% Co, (c) 2 at.% Ni, (d) 0.2 at.% Ir, (e,f) 2
at.% B and (g,h) 1 at.% C grown at a growth rate of 10 mm/h.
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MoSi,/MosSis eutectic composites alloyed with (a-c) 0.1 at.% Co, (d-f) 0.16 at.% (300
wt.ppm) B and (g-i) 0.15 at.% (300 wt.ppm) C grown at a growth rate of 10 mm/h.
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Fig. 11. (a) An atomic resolution HAADF-STEM image taken from the interface | in a DS
ingot with 0.5 at.% Ni grown at a growth rate of 10 mm/h projected along
[110]mosi2//[110]mossiz and (b) segregation behavior at the ledge and terrace part of the
interface | marked in (a).
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Fig. 12. Schematic illustration of macroscopic strain accommodation at interface 1 in the
MoSi,/MosSis DS eutectic composites.
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Fig. 13. Conditions for the macroscopic strain accommodation at the interface | estimated for
MoSi,/MosSiz DS ingots of (a) binary, (b) 5 at.% V-alloyed and (c) 5 at.% Ta-alloyed
materials.



Table 1. Chemical compositions and lattice constants for binary and ternary MoSi,/MosSi3

eutectic composites alloyed with the type-1 elements.

" Amount Chemical composition (at.%) Lattice constants (nm)
ernary
element of . Phase Mo Si X a c
addition
Binary |- MoSi, | 35.2 64.8 - 0.321 0.785
MosSis | 63.2 36.8 - 0.966 0.490
Ti 1 MoSi, | 35.7 64.3 0.0 0.321 0.785
atomic MosSis | 61.4 36.6 2.0 0.966 0.490
radius: 5 MoSi, | 35.6 64.4 0.1 0.321 0.785
0.146nm MosSis | 53.9 36.8 9.3 0.968 0.490
\Y 2 MoSi, | 35.2 64.6 0.2 0.321 0.785
atomic MosSis | 58.7 37.1 4.2 0.964 0.488
radius: 5 MoSi, | 35.0 64.6 0.4 0.321 0.785
0.135nm MosSis | 53.6 36.4 10.0 0.963 0.487
Cr 1 MoSi, | 35.3 64.7 0.0 0.321 0.785
atomic MosSis | 60.3 37.3 2.4 0.965 0.489
radius: 2 MoSi, | 35.6 64.4 0.0 0.321 0.785
0.128nm MosSis | 59.3 37.6 3.1 0.964 0.488
5 MoSi, | 35.3 64.7 0.0 0.321 0.785
MosSis | 54.5 36.9 8.6 0.963 0.485
Nb 1 MoSi, | 36.3 62.8 0.8 0.321 0.785
atomic MosSisz | 59.1 38.4 2.4 0.967 0.490
radius: 2 MoSi, | 36.5 62.5 1.1 0.321 0.785
0.147nm MosSis | 57.7 37.2 5.1 0.968 0.491
5 MoSi, | 34.4 64.1 1.5 0.321 0.786
MosSis | 52.8 37.0 10.2 0.971 0.492
Ta 2 MoSi, | 35.3 64.7 0.0 0.321 0.785
atomic MosSis | 57.6 40.7 1.6 0.968 0.491
radius: 5 MoSi, | 34.7 65.3 0.0 0.321 0.785
0.147nm MosSis | 48.7 45.8 5.5 0.971 0.493
w 1 MoSi, | 35.4 58.7 5.8 0.321 0.786
atomic MosSis | 57.1 37.8 5.1 0.966 0.490
radius: 2 MoSi, | 34.7 59.3 6.0 0.321 0.786
0.141nm MosSis | 59.4 34.1 6.5 0.966 0.490
5 MoSi, | 33.0 58.6 8.4 0.321 0.786
MosSis | 55.7 32.2 12.1 0.965 0.491




Table 2. Chemical compositions for ternary MoSi,/MosSis eutectic composites alloyed with
the type-2 elements of Fe, Co, Ni and Ir.

" Amount Chemical composition (at.%)

ernary

element of .. Phase Mo Si X

addition

Fe 2 MoSi, | 35.4 64.6 0.0
MosSis | 61.1 37.1 1.8
Ternary | 35.3 38.0 26.7

Co 2 MoSi, | 35.7 64.3 0.0
MosSiz | 62.3 37.1 0.6
Ternary | 33.0 30.1 36.9

Ni 2 MoSi, | 35.7 64.3 0.0
Ternary | 35.0 32.4 32.6

Ir 0.2 MoSi, |36.4 62.2 1.4
MosSis | 62.7 34.6 2.7
Ternary | 5.8 43.0 51.2




