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This study focuses on the impact of off-eutectic microstructures on mechanical properties in ternary Mo-Si-Ti
alloys, namely Ti-rich Mo-18Si-72Ti and Mo-16.5Si-72Ti, in relation to the well-researched eutectic, two-
phase Mo-20Si-52.8Ti alloy. The microstructure of these alloys consists of a Ti-rich body-centered cubic solid
solution (Ti,Mo,Si)ss and a hexagonal silicide phase (Ti,Mo0)sSis. Notably, the off-eutectic alloys exhibit

remarkable compression ductility at 800 °C, distinguishing it from Mo-208Si-52.8Ti. The directionally solidified
(DS) specimens of the Ti-rich alloys display higher strength compared to the arc-melted specimens. This
enhanced strength is attributed to the multiple precipitation strengthening events present, despite the increase in
the length scale of individual phases which further enhances the fracture toughness.

There is a continual industrial demand for materials that can endure
higher temperatures without sacrifices in strength or ductility [1].
Traditional high-temperature alloys, such as Ni or (more recently
explored) Co base superalloys, are used close to their precipitate solvus
temperatures and despite technical advances, any additional tempera-
ture increase is improbable [2,3]. As a result, the development of new
structural materials which is capable of tolerating even higher temper-
atures and boosting thermal efficiency is in great demand [4-6]. Inter-
metallic compounds, while promising, usually suffer from intrinsic
brittleness and poor fracture toughness [7-9]. To increase their tough-
ness, one technique is to combine them with a ductile phase [10-12].

In general eutectic systems enable in-situ composites that could
balance strength and ductility [13-15]. Furthermore, eutectics provide
highly adjustable microstructures/properties, which depend on pro-
cessing conditions (such as solidification rates and compositions).
Inspired by this concept, we conducted preliminary research on a
Mo-Si-Ti alloy (Mo-20Si-52.8Ti in at.%) consisting of a body-centered
cubic solid solution and an intermetallic hexagonal silicide phase
[16-20].

The study of the aforesaid system results in a nearly equal volume
percentage of the two distinct phases. By altering the volume fraction
(Vp) towards the ductile phase, we may increase inherent toughness
while maintaining high temperature capability, as previously
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demonstrated in Mo-Si-B alloys [21,22] . In light of this, as compared to
the eutectic Mo-20Si-52.8Ti alloy, the current study introduces two
novel off- eutectic alloys by decreasing the Si content in favour of Ti (and
Mo) content and thus, increasing V¢ of the solid solution phase. Besides
Mo-208Si-52.8Ti, we manufactured off-eutectic Mo-18Si-72Ti and
Mo-16.5Si-72Ti by arc-melting from pure elements, details on the
arc-melting process can be found in Ref. [20]. Since fracture toughness
depends on the microstructural length scale [23,24], we deliberately
increased microstructural length scale by directional solidification (DS).
Further details on DS can be found in Ref. [20].

Note that for a better understanding and distinction in what follows,
eutectic alloy will be referred to as Eu, off-eutectic compositions with
primary phase as bcc and hexagonal phase as OEu-bce and OEu-hex
respectively, the as cast material as AC, the directionally solidified
specimens as DS. The Mo- rich BCCgs phase in Eu is described as (Mo, Ti,
Si)ss and Ti-rich BCCg in OEu as (Ti,Mo,Si)ss. The order of elements in
parentheses represents the main element in that particular phase. The
volume fraction of a particular phase (X) will be indicated as V{(X).

The microstructure was examined using a scanning electron micro-
scopy (SEM, by Carl Zeiss and FEI) in secondary electron (SEM-SE) and
backscatter electron (SEM-BSE) mode operated at 20 and 30 kV,
respectively. Energy-dispersive X-ray spectroscopy (SEM-EDX) was
performed using a Zeiss EVO 50 SEM at 20 kV acceleration voltage.
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The mechanical behavior of the alloys was investigated using
compression, microhardness, and nanoindentation experiments. Uni-
axial compression tests for AC and DS (Note: All DS specimens were
loaded along the longitudinal direction which typically results in higher
strength and hardness [6,25,26] due to efficient load transfer along
grain boundaries, while loading along transverse direction may offer
more ductility but at the cost of reduced strength and toughness, where
the cracks can easily propagate through the continuous brittle phase,
such as (Ti, Mo)sSi3 in the present study. Understanding these direc-
tional properties is crucial, but it also comes with the constraint and
limitation in extracting a transverse specimen for compression testing
from a directionally solidified specimen (which is typically 3 mm in
diameter with a length spanning up to 90 mm), making it only feasible to
test specimens along longitudinal directions) were performed at 800 °C
with a strain rate of 1073 s on samples with a diameter of 3 mm and a
height of 4.5 mm. The Vickers micro-hardness testing equipment
(Future-Tech, FM-810) was used with a 500 gf load for a dwell time of 20
s to probe the hardness of each phase. For statistical purposes, ten in-
dents were taken in each phase. To further understand the toughness of
the BCCgs phase, we used a larger force of 10 kgf to induce crack radially
from the indentation corner. This indentation was performed with a
Qness Q10 + microhardness tester and the crack length was determined
by SEM technique. The elastic modulus and hardness of the various
phases were determined with a Berkovich nanoindenter (Hysitron Tri-
boindenter). Displacement and load were measured with a precision of
0.1 nm and 0.1 pN, respectively. A maximum load of approximately 8
mN was used and the dwell time at maximum load were kept constant
for 5s.

Fig. 1 represents the liquidus projection of the Mo-Si-Ti phase dia-
gram indicating the expected phases as body-centred cubic (Mo, Ti,Si)ss/
(Ti,Mo,Si)ss and hexagonal (Ti,Mo)sSi3. According to the Pandat

O Mo-20.0Si-52.8Ti - Eu
O Mo-18.0Si-72.0Ti - OEu-hex
O Mo-16.58i-72.0Ti - OEu-bcc

(Mo, Ti)sSi,

(Ti,Mo),Si,

100
0 10 20 30 40 50 60
BCCss  x,(Mo)/ at%

Fig. 1. Liquidus projection of the Mo-Si-Ti phase diagram, calculated using the
CALPHAD approach with the PanM02022 database by Computherm LCC, with
three different compositions: eutectic Mo-20Si-52.8Ti as well as off-eutectic
Mo-18Si-72Ti and Mo-16.5Si-72Ti. As per the phase diagram, the primary
phase that forms is (Ti,Mo,Si)ss in the case of OEu-bcc and (Ti,Mo)sSi3 phase in
the OEu-hex. The Eu has a very high solidus temperature Ts of around 1930 °C
and by changing the composition along the eutectic trough Ts decreases to 1750
°C for the OEu. The rationale behind focussing on higher Ti containing alloys
stems from the lower solidus temperature of around 1750 °C, and reduced
intermetallic phase fraction of Vf(Ti,Mo0)sSi3, while the solidification range
(ATy) increases from 205 K to 290 K. Colored symbols representing eutectic
(green) and off-eutectic (blue and red) compositions alongside marked their
primary phase.
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calculations, the V¢(Ti,Mo)sSi3 decreases to 0.45 and 0.41 for OEu-hex
and OEu-bcc, respectively, compared to 0.49 for the Eu alloy. Further-
more, the maximum solubility of Si and Ti in (Mo,Ti,Si)ss/(Ti,Mo0,Si)ss
was calculated for Eu and both OEu alloys. Beside the decreased V¢(Ti,
Mo)sSis, the solubility limits of Si and Ti in (Mo, Ti,Si)ss/(Ti,Mo,Si)ss are
changing from 3.9 at.% and 50.2 at.% to 2.5 at.% and 82.3 at.% to 2.5 at.
% and 81.1 at.% in Eu and both OEu, respectively. It is important to
note, that the solubility of Si decreases with decreasing temperature,
while the maximum solubilty of Ti in the OEu alloys is calculated to be at
1300 and 1050 °C for OEu-hex and OEu-bcc, respectively. However, the
solubitiy limit of Ti in (Ti,Mo,Si)ss decreases below these temperatures.

The transverse section BSE micrographs of Eu and OEu in AC and DS
are displayed in Fig. 2(a-f) which shows the existence of (Mo,Ti,Si)ss/
(Ti,Mo,Si)ss and silicide (Ti,Mo)sSis exhibiting hexagonal morphology
(related to its underlying crystallographic basis) with bright and dark
contrast, respectively [27]. The micrographs show eutectic colonies. The
relevant microstructural parameters are listed in Table 1. Detailed mi-
crographs of the longitudinal section can be found in the supplementary
material. The primary phase is (Ti,Mo,Si)ss and (Ti,Mo)sSi3 in case of
OEu-bce and OEu-hex, respectively, and is consistent with the assigned
primary phase fields in Fig. 1. It is worth noting here, that the micro-
structure consists of colonies and intercolonies and the primary solidi-
fied phase is in the center of each colony [17]. VH{(Ti,Mo)sSi3 remain
similar in all DS conditions compared to AC when considering the
experimental errors of 0.02 with respect to its volume fraction and also
well reflects the calculated phase fraction by Pandat (see Table 1). V¢(Ti,
Mo)sSi3 decreases from Eu to OEu-hex to OEu-bce thus increasing the
fraction of ductile phase in same order. In addition, the width L of (Mo,
Ti,Si)ss/(Ti,Mo0,Si)ss lamellae and the lamellar spacings A for (Mo,Ti,
Si)ss/(Ti,Mo,Si)ss were determined for all alloys under AC and DS con-
dition and are listed in Table 1. As expected, A increases for DS compared
to AC due to the slower cooling rate in DS.

Besides the (Ti,Mo,Si)ss and (Ti,Mo0)sSis phase, a third phase was
observed in the OEu manufactured by DS. SEM-EDX indicates that this
additional phase is a Ti-rich carbide, see Table 2. The C uptake is
correlated to the use of a graphite crucible during DS. Ti possesses a
much larger solubitiy limit for C than Mo [28,29]. That is also the reason
that no carbides were found in the Eu alloy [20]. However, V¢ of carbide
phase is neglibile (< 1 %) compared to the V¢(Ti,Mo,Si)ss and V¢(Ti,
Mo)sSis phases and was found widely scattered within the investigated
specimens. Nevertheless, nano-scaled precipitates with plate-like
morphology were observed in the (Ti,Mo,Si)g;, as shown in the inset of
Fig. 2f. These precipitates are anticipated to be Ti-rich carbides, but
were not further investigated yet. The Si content determined by
SEM-EDX of the (Ti,Mo,Si)ss phase of the OEu-bcc in AC condition (see
Table 2) is higher than calculated by Pandat (4 at.% vs. 2.5 at.%
respectively and difference is beyond the error caused by the measure-
ment). This indicates, that the OEu-bcc in AC condition experienced Si
supersaturation indicating DS is closer to thermodynamic equilibrium.
Furthermore, a higher Ti content was found in the (Ti,Mo,Si)ss phase of
AC compared to DS (see Table 2) and is again, indicating the implication
of faster cooling rates in AC. The solidification in the present case is
determined by a two-phase, three-component eutectic reaction thus, the
liquid continuously changes its composition during the eutectic reac-
tion. The orientation of the eutectic trough, see Fig. 1, leads to a sig-
nificant enrichment of the liquid in Ti during solidification. By
increasing cooling rates, the retardation of solidification towards Ti-rich
compositions is fostered.

In Fig. 3a, the compression response for AC specimens depicts that Eu
has the highest strength but fails in a brittle manner, whereas the OEu
show a significant amount of plastic deformability before final failure.
However, both OEu show a substantial decrease in maximum strength
compared to Eu (Fig. 3a). Three reasons for these observations can be
identified: (i) the lower Ts, (ii) the higher V{(Ti,Mo,Si)ss (see Table 1) and
(iii) a reduced solid solution strengthening caused by the lower Mo
content in (Ti,Mo,Si)ss phase compared to Eu. The lower Ts directly
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Fig. 2. SEM-BSE micrographs (transverse sections) of the Mo-Si-Ti alloys in (a-c) AC and (d-f) DS conditions. f) Presence of blocky globular dark phase revealing Ti-
rich carbide phase validated by EDX (point 1,2) (see Table 2), the bright phase is the BCC,s composed of either Mo or Ti-rich solid solution and the dark phase is the

silicide phase (point 3,4 in DS and point 5,6 in AC), g) Inset showing the SEM-BSE micrograph of (Ti,Mo,Si)ss revealing silicide phase (marked 7) and Ti-rich
carbide phase (marked 8).
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Table 1
Strength and microstructural parameters of different alloys in AC and DS.
Parameters Phase Eu OEu-hex OEu-bce
AC DS AC DS AC DS
Experimental: V{(Ti,Mo0)sSi3 0.45 0.43 0.42 0.42 0.39 0.39
Pandat: V¢{(Ti,Mo)sSi3 0.49 - 0.45 - 0.41 -
L/pm 0.19 2.2 0.376 1.95 0.41 2.1
A /pm 0.34 4.3 0.75 3.9 0.82 4.2
phases in the eutectic Mo-Si-Ti alloy form two interconnected networks.
';;t\:[ljz]z)x spot analysis of the phase indicated for OEu-bec. This leads to a high brittle to ductile transition temperature (BDTT) of
around 1100 °C. The higher V¢(Ti,Mo,Si)ss would lead to a disconnected
Condition  Point Phase Mo (at.  Ti(at.  Si(at.  Cfat (Ti,Mo)sSiz phase and, therefore, increases plasticity even at lower
Scan %) ) %) %) temperatures. Recently, Winkens et al. [31] reported on the solid solu-
DS 1 Blocky 0.1 54.5 0 45.5 tion strengthening in Mo-Ti alloys and found a maximum 0.2 % off set
carbide yield strength (oo 2) for (Mo, Ti) with 40 at.% Ti. This correlates directly
2 Blocky 0.1 54.5 0 45.5 . L. . K
carbide to the composition of the (Mo,Ti,Si)ss phase, where the Ti content is
3 (Ti,Mo,Si)ss  27.1 71.2 1.7 0 roughly 40 at.%. However, the (Ti,Mo,Si)ss phase contains up to 80 at.%
4 (Ti,Mo)sSi3 3.9 54.2 33.9 0 Ti, as confirmed by SEM-EDX (as shown in Table 2). 692 of (Ti,Mo0)ss
AC 5 (Ti,Mo,Si)ss  15.7 80.2 4.0 Y with 80 at.% Ti is about 320 MPa lower than that of (Mo,Ti,Si)s ac-
6 (Ti,Mo)sSis 2.9 60.8 36.3 0

correlates to a change in homologous temperature Ty, = % for the testing

conditions at 800 °C from Tf" = 0.48 to TPE = 0.53. However, the
change in T}, is small compared to the difference in strength from
roughly 1500 MPa in Eu to 530 MPa in OEu. The lower strength of OEu
in AC conditions is due to the higher Ti content in the solid solution in
contrary to the Eu. A larger contribution can be attributed to the
decrease of V{(Ti,Mo)sSi3 in the OEu. As recently reported in [30], the

cording to Ref. [31]. Therefore, a significant decrease in strength can be
expected by both, the increased V¢(Ti,Mo,Si)ss and higher Ti content in
(Ti,Mo,Si)ss.

Comparing Fig. 3a and b, yields that both OEu in DS have an
increased strength compared to the AC condition, which is contrary to
the trend observed for the Eu. Furthermore, Eu still fails in a brittle
manner in the DS condition. Fig. 3¢ shows indicates a positive and
negative slope (oo /1’0'5) for the Eu and OEu, respectively. To clarify the
disparity of why OEu samples in DS condition display higher strength
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Fig. 3. a) Compression curves of Mo-Si-Ti alloys at 800 °C deliberately stopped at 15 % engineering strain for a) AC and b) DS. c) shows the trends in compressive

yield strength and eutectic spacing for all three alloys in AC and DS conditions.

than their AC counterparts despite having larger microstructural length
scales, it is necessary to know: (i) the amount of Ti and Si in the (Ti,Mo,
Si)ss which leads to solid solution strengthening, the possible formation
and contribution of (ii) (Ti,Mo)sSiz precipitates in (Ti,Mo,Si)ss as
described in Ref. [32] and iii) Ti-rich carbide phase towards
strengthening.

Since the AC condition of OEu-bcc exhibits the highest amount of
dissolved Si and Ti as shown in Table 2, contradicting effects can be
expected by solid solution strengthening, as discussed already. There-
fore, the higher Si content would result in higher strength compared to
DS due to precipitation of silicide associated with intrinsic heat treat-
ment/homogenization, while the higher Ti content will lead to lower
strength contribution in AC compared to DS. However, Ref. [33] de-
clares that Si is the most potent solid solution strengthening element in
Mo. Recent investigations regarding the solid solution strengthening in
bcce Ti also indicate that Si has a larger effect than Mo [34]. With this in
mind, the experimental results on the strength of AC and DS condtion
depends on solid solution strengthening and precipitation strengthening
mechanism, which opens up avenue for broad exploration. As recently
reported by Ref. [29] for the Eu, the formation of (Ti,Mo)sSi3 pre-
cipitates in (Ti,Mo,Si)ss was observed also in OEu, as exemplarily shown
in the inset of Fig. 2f. However, the increment in strength due to pre-
cipitation strengthening might be revoked by the decrease in solid so-
lution strengthening due to the consumption of supersaturated Si from
the (Ti,Mo,Si)ss matrix. Recently, it was discussed in Ref. [27] that the
formation and coarsening of (Ti,Mo)sSis precipitates in the Eu during
creep at 1200 °C might contribute to the distinct creep minimum and
subsequent acceleration in creep rate instead of strengthening. There-
fore, we expect the major contribution for strengthening in OEu is ex-
pected by the C uptake during DS, which leads to the formation of Ti-rich

carbides within (Ti,Mo,Si)s. In order to asses the strengthening contri-
bution from individual precipitate the following properties needs to be
emphasized such as: 1) Hardness and Elastic Modulus, 2) Size and Dis-
tribution, 3) Coherency and Interfacial Strength and 4) Thermal Sta-
bility. Generally, Ti rich carbide typically provides higher strengthening
than the Ti rich silicides [35,36]. In Ref. [37,38], it was shown that even
a small fraction of carbides plays a significant role in the strength of Mo
alloys. In the OEu alloy, the DS specimens undergo a strengthening
balance despite increased microstructural length scale due to the for-
mation of carbides and silicides, leading to an almost similar response to
its AC counterparts. Overall, the gain in strengthening due to in-situ
precipitation is greater compared to the loss of strengthening due to
increased microstructural length scales due to which DS showed higher
strength than the AC counterparts.

To further investigate the effect of higher strength in DS compared to
AC possibly caused by the presence of nanoprecipitates, nano-
indentation of the (Ti,Mo,Si)ss phase was performed. As seen in Fig. 4,
the (Ti,Mo,Si)ss phase of AC experiences a larger indentation depth when
compared to the (Ti,Mo,Si)ss phase of the DS condition. The hardness
and elastic moduli for the corresponding curves are shown in Table 3,
and it is higher for the (Ti,Mo,Si)ss of DS as compared to the AC, sup-
porting the argument that nanoprecipitation of silicide as well as carbide
particles in this phase contribute to overall strengthening. However, the
order of strengthening from individual precipitate is still unclear for the
present alloy system and it is our future scope to understand the
mechanism, which will involve detailed nanoscopic investigation.
However the most important aspect is that the combination of different
nano-precipitates leads to overall strengthening.

The indentation method is used in conjunction with radial crack
theory to determine and understand the fracture toughness of a phase,
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Fig. 4. The load vs. displacement curves plotted for (Ti,Mo,Si)ss phase in AC
and DS conditions for the OEu-bcc.

Table 3
Hardness, elastic moduli trend of the (Ti,Mo,Si)ss phase in the OEu-bcc.

Mechanical Response

Phase Specimen E (GPa) H (GPa)
(Ti,Mo,Si)ss DS 137 + 3 8.6 + 0.3
AC 127 + 1 6.7 + 0.2

which is related to the crack size caused by a Vickers indentation as
discussed by qualitatively by Hyun et al. [19] and is given by:

E\ (Pmax
Ko=a < ﬁ) <c—3/2) (€9)

where Py is the maximum indentation load, ¢ is the radial crack
length, and « is an empirical constant that depends on the geometry of
the indenter tip (o = 0.016 [39])

It is well known that the presence of a ductile phase may increases
the toughness of an alloy [8,9,22,40]. The overall incremental fracture
toughness is strongly correleated to the product of the strength (o,),
elastic moduli (E), volume fraction (V{(Mo,Ti,Si)ss/(Ti,Mo,Si)ss) and the
size of the ductile phase (L) (see Table 1) [27,41]. The empirical relation
is given below:

AKq = +/E C o6, Vf (Mo, Ti, Si)ss/(Ti, Mo, Si)ss L (2)

where, AKg is the incremental fracture toughness (Kq to Kg + AKg) due
to the presence of a ductile phase. The parameter C is a constant rep-
resenting the degree of constraint imposed upon a ductile phase by the
brittle phase and is ~1.6 [8,24,32-35] when the ductile phase plasti-
cally deforms without interface decohesion [9,27,39,41-43].

Table 4 shows that the fracture toughness (AKg) enhancement is
highest for DS specimens compared to AC both in Eu and OEu alloys. The

Table 4

Incremental fracture toughness in three alloys in different processing conditions.
0, is defined as the yield strength estimation of ductile phase obtained from the
hardness conversion typically 2.4 HV obtained from 500 gf.

Parameters Eu OEu-hex OEu-bee
AC DS AC DS AC DS
6, (MPa) 1358 580 528 660 538 740

AKo (MPa\/m) 6.3 12.3 5.4 14.6 5.7 15.3
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AKq is lowest for AC because of its fine scale microstructure, which can
lead to continuous crack propagation due to lower length scale which
absorb and transmit sufficient plastic energy. The OEu alloys in DS
conditions shows highest incremental fracture toughness compared to
Eu and its AC counterparts. Thus directional solidification inherited with
intrinsic nano-precipitation can lead a strengthend and toughneded
material. According to the foregoing studies, the V¢(Ti,Mo)sSis is nearly
50 % and is highest in Eu and lowest in OEu, as shown in Table 1. clearly
indicating DS outperforms AC microstructures.

To estimate the overall fracture toughness of the two phase micro-
strucure, a very large load of 10 kgf is used to generate a crack in the (Ti,
Mo, Si)ss and the (Ti,Mo)sSi3 phase simultaneously and crack length was
calculated radially from the indenter tip corner. The average elastic
modulus and hardness are lower for OEu as compared to the Eu pri-
marily to due to higher Ti content. From Eq. (1), the indentation fracture
toughness was measured and found to be high for both OEu (around 60
MPa+/m) and decreases substantially down to 18 MPa+/m for the Eu as
detailed in Table 5. As observed the crack length is inversely propor-
tional to toughness values, as shown in Fig. 5. The higher fracture
toughness in OEu is presumably due to three effects: (i) the higher Ti
content in the (Ti,Mo,Si)ss phase, (ii) the higher fraction of the (Ti,Mo,
Si)ss phase and (iii) increased length scale of the ductile phase due to DS.
As discussed before, the higher Ti content reduces the solid solution
strengthening in (Ti,Mo,Si)ss and possibly reduce the stress for plastic
deformation below the fracture stress of this phase. Previously, Ref. [30]
has reported that (Mo, Ti,Si)ss and (Ti,Mo)sSis3, form 3D interconnected
networks and, therefore, the brittle nature of the (Ti,Mo)sSi3 phase be-
comes dominant and comprehensible. With reducing Si in the OEu, the
V¢ ((Mo, Ti,Si)ss/(Ti,Mo,Si)ss) increases and therefore the possibility that
the ductile (Ti,Mo,Si)ss phase becomes the matrix in these alloys in-
creases. This was not investigated in detail here. However, literature on
Mo-Si-B alloys reports a change in matrix character from intermetallic to
solid solution with decreasing Si content and therefore, increasing V¢
((Mo,Ti,Si)ss/(Ti,Mo0,Si)ss) [44]. The increased length scale of (Ti,Mo,
Si)ss will contribute to increased fracture thoughness due to the larger
availability of (Mo,Ti,Si)ss/(Ti,Mo0,Si)ss phase, for the absorption of
plastic energy as reported vikram et.al. [20].

In summary, this article presents a comprehensive exploration of
novel off-eutectic Mo-Si-Ti alloys, specifically Mo-18Si-72Ti and Mo-
16.5Si-72Ti, in comparison to the established eutectic Mo-20Si-52.8Ti
alloy. All microstructures comprise a body-centered cubic solid solu-
tion ((Mo,Ti,Si)ss/(Ti,Mo0,Si)ss) and silicide phase ((Ti, Mo)sSis).
Notably, the OEu demonstrates exceptional plastic deformability at 800
°C, distinguishing them from their Eu counterparts. Directionally so-
lidified (DS) specimens of the OEu exhibit higher strength compared to
the AC. This improved strength is attributed to the in-situ precipitation
of silicide and Ti-rich carbide phase within the primary (Ti,Mo,Si)ss
phase, despite the increase in individual phase length scales, the latter of
which prove beneficial for fracture toughness via directional solidifi-
cation. Thus, implementing strategic design and processing techniques
leads to enhanced mechanical response with titanium playing a signif-
icant role in augmenting material properties.

Table 5
Indentation fracture toughness obtained for different Si-containing alloys.
Alloy E H E/H Pax c o Ko
(GPa)  (GPa) ) (um) (MPay/m)
Eu 180 6.60 27.27 98 58 0.016 18
OEu- 133 4.38 30.36 98 28 0.016 58
hex
OEu- 132 4.64 28.44 98 26 0.016 62
bce
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Fig. 5. SEM-SE micrograph of the Vickers indentation and cracks at test loads of 10 kgf for a) OEu-bcc, b) OEu-hex, and c) Eu.
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