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A B S T R A C T

In the present study, the effect of Zr addition on the mechanical properties of arc melted hypoeutectic Nb−16 at.
%Si alloy has been investigated. The alloys were characterized by scanning electron microscopy (SEM), electron
back scattered diffraction (EBSD), hardness test, nanoindentation test, compression test and three point bend
test. The desirable phase α−Nb5Si3 phase could be obtained in alloys containing 4 at. % or more Zr.
Nanoindentation results showed that the elastic modulus of Nbss phase is not significantly influenced by Zr
additions whereas elastic modulus of Nb3Si and α−Nb5Si3phases are considerably improved by Zr additions.
The strength, plasticity and room temperature fracture toughness of the alloys are significantly increased with Zr
addition. The maximum compressive strength of 2160 ± 80MPa, plastic strain of 2.6 ± 0.2% and fracture
toughness of 14.3 ± 0.3MPam1/2are achieved in alloy with 4 at.% Zr.

1. Introduction

Nickel based superalloys in the form of single crystal turbine blades
have been extensively used in the hottest section of the gas turbine
engines. The skin temperature of these superalloys has already reached
their maximum temperature limit of 1150 °C which is 85% of melting
temperature of the alloys [1,2]. Scope for increasing the operating
temperature beyond 1150 °C is limited because of localised melting that
could occur due to the microsegregation of alloying elements. However,
there is a desire among the modern gas turbine engine manufacturers to
enhance the operating temperature of turbine blades above 1150 °C.
This rise in temperature can ultimately lead to an increase in thermo-
dynamic efficiency and reduce CO2 emission during operation of the
gas turbine engines. Therefore, there is an urgent need for development
of new high temperature materials which can survive beyond the usage
of current generation nickel base superalloys.

Alloys based on NbeSi system are promising for next generation gas
turbine blade applications owing to their high melting temperature
(> 1750 °C), relatively low density (6.6–7.2 g/cc), high temperature
strength and creep resistance. However, their low room temperature
fracture toughness and poor oxidation resistance at high temperature
are the major obstacles to use them for high temperature applications
[3–5]. NbeSi based alloys are also called as in−situ composites con-
sisting of Nb silicide (Nb3Si/Nb5Si3) matrix and Nb solid solution (Nbss)
reinforcement. In these composites, Nbss phase provides room tem-
perature fracture toughness and niobium silicide phase offers high

temperature strength and creep resistance. In binary NbeSi based al-
loys, the high temperature phase Nb3Si gets retained at room tem-
perature because of its sluggish decomposition [6,7]. Moreover it has
been reported that the NbeSi alloys with Nb3Si phase exhibits inferior
creep resistance [8,9]. Hence, the alloy should be subjected to high
temperature and long duration heat treatment for conversion of Nb3Si
phase in to Nbss and α–Nb5Si3 phases through a eutectoid transforma-
tion. However, the transformation takes more than 100 h to complete
even at the nose of TTT diagram [6]. It is desirable to target im-
provement in mechanical properties of NbeSi based alloys containing
Nbss and α−Nb5Si3 phases in their microstructures because these are
equilibrium phases and offer stability during service at high tempera-
ture [10].

The potential applications of NbeSi based alloys at high tempera-
ture cannot be realized without achieving a balanced combination of
properties of good high temperature strength and oxidation resistance
combined with adequate room temperature fracture toughness.
Different approaches such as alloying other elements and advanced
fabrication techniques (powder metallurgy, directional solidification,
etc.) have been attempted to improve the properties in the NbeSi based
alloys [11–16]. A brief summary of alloying of NbeSi is reported in an
earlier work [17]. There are limited studies on the effect of Zr addition
on the microstructure and mechanical properties of binary NbeSi al-
loys. The results on the microstructure evolution of Nb–16 at. % Si
alloys [17] are encouraging. In this study, we present a detailed me-
chanical characterization of these alloys.
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2. Experimental work

Four alloy pancakes with nominal compositions of Nbe16Si%(A2),
Nbe16Si%−2Zr%(AZ2), Nbe16Si%−4Zr% (AZ4)and Nbe16Si
%−6Zr%(AZ6) were used in the present study. The alloys were pre-
pared by non–consumable electrode arc melting in a water cooled
copper mould under an argon atmosphere. The details of the alloy
preparation methods have been elaborated in an earlier work [17]. All
the compositions of the alloys are mentioned in at. % throughout the
text. The phases and microstructures of the alloys were investigated by
X-ray diffraction (XRD), scanning electron microscope (SEM) and
electron back scattered diffraction (EBSD). Microhardness of the con-
stituent phases was measured by UHL VMHT® make microhardness
tester. Nanoindentation test was carried out to measure the modulus of
elasticity of the constituent phases with a strain rate of 5× 10−2s−1.
Berkovich™ diamond indenter tip was used during nanoindentation test.
The indenter tip was calibrated with fused silica samples before starting
the test. The slope of the unloading portion of the load – displacement
curve was used to determine the elastic modulus. The samples were cut
from the alloy pancakes by electro discharge machining (EDM) for
microstructure characterization, three point bend test and compression
test. The same metallographic samples were used for both microhard-
ness and nanoindentation study. Compression tests were conducted at
room temperature using the Instron® 5500 R universal testing machine
at a strain rate of 1× 10−3s−1. The dimensions of the compression test
samples were 5mm in diameter and 7.5mm in height. The fracture
toughness of the alloys was measured by conducting three point bend
tests using an Instron® 5500 R universal testing machine with a cross
head speed of 0.1mm/min and a span of 20mm. Single edge notched
bending (SENB) specimens with 30mm length, 6 mm width and 3mm
thickness were used for carrying out three point bend test. A 0.1 mm
notch was introduced in the width side to a/w=0.5, where‘a’ is notch
length and ‘w’ is width of the specimen. The fracture toughness mea-
surements (KQ) were performed according to ASTM E399 [18]. The KQ

values are calculated using the following equation.
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Where

PQ is the maximum force during bend specimen testing,
B is the specimen thickness,
S is the length of span,
w is the width of specimen,
a is the length of notch.

The fracture surfaces of three point bend tested samples were ana-
lyzed by SEM using secondary electron imaging.

3. Results and discussion

The phases observed in Nbe16Si alloys containing different con-
centration of Zr are shown in Table 1. The typical XRD patterns of these
alloys were presented in our earlier report [17]. It can be seen that from
Table 1 that Zr free alloy (A2) exhibited Nbss and Nb3Si phases. The
alloy AZ2 exhibited Nbss, Nb3Si and γ−Nb5Si3 phases. In contrast, the

alloys AZ4 and AZ6 revealed Nbss and α−Nb5Si3 phases. Further, the
alloy AZ6 also showed an additional phase namely γ−Nb5Si3. The SEM
micrographs of Nbe16Si alloys containing various concentration of Zr
are shown in Fig. 1. It can be seen that the binary alloy (A2) and alloy
with 2%Zr (AZ2) primarily composed of Nbss and Nb3Si phases. Con-
versely, the alloys AZ4 and AZ6 mainly composed of Nbss and
α−Nb5Si3 phases. However, an additional phase is seen in the inter-
dentritic region of alloys AZ2 and AZ6. The EBSD phase mappings of
the alloys are shown in Fig. 2. The alloys A2 and AZ2 mainly exhibit
Nbss and Nb3Si phases while the main phases in alloys AZ4 and AZ6 are
Nbss and α−Nb5Si3. EBSD results confirm that the additional phase
seen in the interdendritic region of alloys AZ2 and AZ6 is γ−Nb5Si3
(hP16Mn5Si3– type, D88). Thus, it follows that addition of 2%Zr has
only a minor influence on the modification of microstructure in the as
cast condition. In contrast, higher Zr addition has a significant influence
on the modification of microstructures in alloys AZ4 and AZ6. The
formation of interdendritic γ−Nb5Si3 phase in alloys AZ2 and AZ6 may
be attributed to the enrichment of Si and Zr elements in the last stage of
liquid to solidify during solidification of alloys. This is in agreement
with the results of Tian et al. [19] on Nbe16Sie24Ti containing Zr. The
enrichment of the liquid alloy with Si and Zr may also be attributed to
their very low solid solubility in Nb. The Nb3Si phase is totally absent in
alloys AZ4 and AZ6. Instead, the alloys exhibited an equilibrium phases
comprising of Nbss and α−Nb5Si3 in the as cast (i.e. arc melted) con-
dition. The−Nb5Si3 phase is a product of eutectoid decomposition of
Nb3Si phase (Nb3Si→ Nbss +α−Nb5Si3). In the present study, it may be
inferred that the eutectoid decomposition of Nb3Si phase proceeds to
completion when Zr concentration is above 2%. Probable mechanisms
for the formation of Nbss and α−Nb5Si3 phases in NbeSi alloy con-
taining Zr in the as cast condition were explored earlier [17]. The
formation of equilibrium microstructures consisting of Nbss and
α−Nb5Si3 phases in the as cast condition is highly desirable for NbeSi
based alloys because it eliminates the need for high temperature and
long duration vacuum heat treatment practice which is generally
adopted for these alloys for conversion of Nb3Si phase in to Nbss and
α−Nb5Si3 phases.

The microhardness of the major phases present in the alloys as a
function of Zr concentration is shown in Fig. 3. The hardness of Nbss
phase in binary alloy (A2) is 454 ± 11 VHN and increases marginally
to 487 ± 17 VHN with the addition of 2%Zr (AZ2). Thereafter, the
hardness values decreases to 469 ± 11 VHN and 441 ± 8 VHN re-
spectively in alloys AZ4 and AZ6 with further increase in the con-
centration of Zr above 2%. The hardness of Nb3Si phase in Zr free alloy
(A2) is 924 ± 14 VHN; it increases to 1225 ± 23 VHN in AZ2 alloy.
This increase in hardness is attributed to the solid solution strength-
ening of Nb3Si phase by Zr. As shown in Fig. 3, the hardness of
α−Nb5Si3 phase is 1467 ± 35 VHN in alloy AZ4. The hardness value
of α−Nb5Si3 phase decreases to 1274 ± 30 VHN in alloy AZ6. This
shows that a large difference in hardness values of α−Nb5Si3 phase is
noticed between alloys AZ4 and AZ6 despite the fact that the silicide
phase exists in a same crystal structure in both the alloys. The reduction
in hardness of α−Nb5Si3 phase in alloy AZ6 may be attributed to the
solid solution softening of α−Nb5Si3 phase by Zr. This indicates that
that the alloying element Zr plays a significant role to alter the hardness
of NbeSi alloys. A minor fraction of hexagonal γ−Nb5Si3 phase was
observed in alloys AZ2 and AZ6. However, the small size of the
γ−Nb5Si3 phase precluded reliable measurement of hardness.

Nanoindentation experiments were conducted on Nbss and silicide
phases of sufficiently large size. Load was chosen to ensure indentation
is significantly smaller than size of the phase to avoid effect of interface.
The loads of 30mN and 15mN were used for indentation of Nb3Si and
Nbss phases respectively in alloys A2 and AZ2. While the loads of 20mN
and 15mN were used for indentation of α−Nb5Si3 and Nbss phases
respectively in alloys AZ4 and AZ6. The typical load versus displace-
ment curves of the nanoindentation test performed on NbeSi alloy
containing different Zr concentration are shown in Fig. 4. It can be seen

Table 1
Phases observed in Nbe16%Si alloy containing different concentration of Zr by
XRD.

Sl.No Alloy composition (at. %) Phases observed

1 Nbe16%Si (A2) Nbss and Nb3Si
2 Nbe16%Sie2%Zr (AZ2) Nbss, Nb3Si and γ−Nb5Si3
3 Nbe16%Sie4%Zr (AZ4) Nbss and α−Nb5Si3
4 Nbe16%Sie6%Zr (AZ6) Nbss, α−Nb5Si3 and γ−Nb5Si3
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that the depth of indentation of Nbss phase decreases with 2% Zr as
compared to Zr free alloy for the same indentation load. On the other
hand, no significant change in indentation depth is observed in Nb3Si
phase. Poisson ratio values of 0.2 for silicide phase and 0.35 for Nbss
phase were used to calculate elastic modulus using nanoindentation test
[20]. The measured elastic modulus of Nbss, Nb3Si and Nb5Si3 phases as

a function of different Zr concentration are presented in Fig. 5. The
elastic modulus of Nbss phase is not significantly influenced by Zr ad-
dition. In contrast, a large difference in elastic modulus of Nb3Si and
α–Nb5Si3phases was noticed in NbeSi alloy containing Zr. The elastic
modulus of Nb3Si phase is 252 ± 13 GPa in Zr free alloy (A2) while the
elastic modulus of the Nb3Si phase in 2%Zr added alloy (AZ2) is

Fig. 1. SEM BSE micrographs of Nbe16Si alloy containing Zr: (a) 0 Zr, (b) 2Zr, (c) 4Zr and (d) 6Zr.

Fig. 2. EBSD phase mapping showing phases of
Nb−16 Si alloy containing Zr: (a) A2, (b) AZ2, (c)
AZ4 and (d) AZ6. In this figure red colour represents
Nbss, blue colour represent. Nb3Si, green colour re-
presents γ−Nb5Si3 and yellow colour represents
α−Nb5Si3. (For interpretation of the references to
colour in this figure legend, the reader is referred to
the Web version of this article.)
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273 ± 9GPa. It indicates that the bonding of Nb3Si phase gets changed
and becomes stronger when 2% Zr is added to NbeSi alloy as compared
to Zr free alloy. The elastic modulus value obtained for α−Nb5Si3 phase
is 355 ± 13 GPa in alloy AZ4. This value is significantly higher than
that of the elastic modulus value reported for monolithic Nb5Si3
(327 GPa) [20]. Further, it is obvious from Fig. 5 that the elastic
modulus of α−Nb5Si3 phase decreases to 316 ± 4GPa when Zr con-
centration exceeds 4%. However, the elastic modulus of α−Nb5Si3

phase in alloy AZ6 is comparable to that of the elastic modulus reported
in the literature. The different elastic modulus values of α−Nb5Si3
phase in the NbeSi alloys containing varying Zr content can be at-
tributed to the dissolution of Zr in the phase possibly due to weakening
the bonding in the intermetallic phase by Zr.

The room temperature compressive strength and plasticity of the
alloys as measured by compression test are shown in Fig. 6. It can be

Fig. 3. Bar chart showing microhardness of phases present in Nbe16Si con-
taining Zr.

Fig. 4. Shows the typical load−displacement curves obtained from nanoindentation test of Nbe16Si alloy containing Zr:: (a) 0Zr, (b) 2Zr, (c) 4Zr and (d) 6Zr.

Fig. 5. Bar chart showing elastic modulus of constituent phases present in
Nbe16Si containing Zr.
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seen from Fig. 6a that the compressive strength of binaryNb–16Si alloy
(A2) is 1289 ± 64MPa. The compressive strength increases to
1795 ± 67MPa when 2% Zr is added to Nbe16Si alloy (AZ2). The
alloy AZ4 exhibited a maximum compressive strength of
2159 ± 79MPa. Further, the compressive strength of alloy decreases
to 1960 ± 50MPa when concentration of Zr increased to 6%(AZ6). It
can be seen from Fig. 6b that the plastic strain of alloys increased with
increase in concentration of Zr up to 4%. Thereafter, plastic strain of the
alloys decreased with further increase in Zr concentration to 6%. This
trend is akin to the behavior of compression strength of Nbe16Si alloy
containing different concentration of Zr. The increase in compressive
strength and plastic strain of alloys with Zr addition is related to the
volume fraction and morphology of Nbss and Nb3Si/Nb5Si3 phases. The

volume fractions of various phases present in the alloys are shown in
Table 2 [17]. The decrease in volume fraction of Nbss phase from
48.66 ± 0.61% to 44.06 ± 1.59% along with solid solution
strengthening of Nb3Si phase (volume fraction:50.47 ± 1.63%) by Zr
is responsible for improvement in strength of alloy AZ2 as compared to
Zr free alloy(A2). The maximum compressive strength and plastic strain
achieved in alloy AZ4 is related to the change in microstructure and
morphology of the phases. It has been reported that the NbeSi based
alloys with lamellar microstructure consisting of Nbss and α−Nb5Si3
exhibits better combination of mechanical properties [21]. Therefore,
in the present study the higher compressive strength achieved in alloy
AZ4 is in agreement with results reported by Sekido et al. [21]. Besides,
the solid solution of α−Nb5Si3 phase by Zr is also responsible for in-
crease in compressive strength of alloy AZ4 as Zr atoms are expected to
substitute for Nb site of α–Nb5Si3 phase. Beyond the maximum values
of compressive strength and plastic strain of alloyAZ4, the decrease in
both compressive strength and plastic strain of alloy AZ6 may be at-
tributed to the presence of γ−Nb5Si3 phase with volume fraction of
approximately 6%. The γ−Nb5Si3 phase has been reported to be hard
and brittle [22]. Further, the increase in volume fraction of Nbss phase
from 59.25 ± 0.51% (AZ4) to 63.18 ± 1.22% (AZ6) and decrease in
volume fraction of α–Nb5Si3 phase from 40.75 ± 0.54% (AZ4) to
30.82 ± 0.22% (AZ6) is also partially responsible for drop in com-
pressive strength of alloy AZ6 as compared to alloy AZ4.

A reasonable fracture toughness at room temperature is one of the
important properties of materials used for high temperature structural
applications. The NbeSi based alloys are basically in−situ composites
consisting of the ductile Nbss phase and the hard niobium silicide
phases. The Nbss phase provides room temperature fracture toughness
while the Nb5Si3 phase imparts high temperature strength. The primary
toughening mechanisms of these alloys are crack bridging, crack arrest
and crack deflection of Nbss phase. In addition, the fracture toughness
of NbeSi based alloys is also related to the volume fraction and mor-
phology of Nbss and Nb3Si/Nb5Si3 phases. The room temperature
fracture toughness of the alloys as determined by the three point bend
test is shown in Fig. 7. The reported values are an average of three test
results. It can be seen that the fracture toughness of the alloys increased
with increase in concentration of Zr, reached maximum in alloy AZ4
and then it decreased with further increase in Zr concentration to 6%
(AZ6).

Table 3 lists the fracture toughness values of some of the binary,
ternary and multicomponent NbeSi based alloys processed under dif-
ferent processing conditions for comparison. It can be seen from Table 3
that the fracture toughness of the NbeSi based alloys is sensitive to the

Fig. 6. Plots showing room temperature mechanical properties of Nb−16 alloy.
containing Zr: (a) Compressive strength and (b) Plastic strain.

Table 2
Volume fraction of phase present in the alloys.

Nominal alloy
composition (at
%)

Volume fraction (%)

Nbss Nb3Si γ-Nb5Si3 α-Nb5Si3

Nbe16Si (A2) 48.66 ± 0.61 51.34 ± 0.56 – –
Nbe16Sie2Zr

(AZ2)
44.06 ± 1.59 50.47 ± 1.63 5.47 ± 0.07

Nbe16Sie4Zr
(AZ4)

59.25 ± 0.51 – – 40.75 ± 0.54

Nbe16Sie6Zr
(AZ6)

63.18 ± 1.22 – 6.18 ± 0.2 30.64 ± 0.92

Fig. 7. Plot showing the room temperature fracture toughness of Nb−16 Si
alloy containing Zr. 50 μm.
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chemical composition and the processing technologies. It is also clear
from Table 3 that the fracture toughness of binary alloy is a function of
silicon content. The room temperature fracture toughness of monolithic
Nb5Si3 phase is 3 MPam½ [23]. For the as cast binary NbeSi alloys, the
fracture toughness values are 9.2 MPam½ and 5.4 MPam½ for the arc
melted Nbe10Si and Nbe16Si alloys respectively [24,25]. The fracture
toughness value of these alloys are increased to 9.7 (for Nbe10Si alloy)
and 7.54 MPam½ (for Nbe16Si alloy) even after high temperature and
long duration vacuum heat treatment (i.e. 1500 °C for 100 h). Table 3
also reveals that the fracture toughness of NbeSi alloy was significantly
improved by thermomechanical processing. For example, the Nbe10Si
alloy exhibits higher fracture toughness values of 16.44 MPam½ after
extrusion and 20.66 MPam½ after extrusion and heat treatment as
against the fracture toughness of 9.2 MPam½ in the as cast condition
[24,25]. Besides, it is clear that directional solidification and alloying
with other elements also considerably enhances the fracture toughness
of NbeSi based alloys [26–33]. In the present study, it is found that the
addition of Zr resulted in a significant improvement in the values of
room temperature fracture toughness of NbeSi alloys (Fig. 7).

The fracture toughness value of Zr free alloy (A2) is comparable to
that of literature data reported for binary Nbe16Si alloy. The fracture
toughness values obtained for alloy AZ4 is 14.3 ± 0.3 MPam1/2. This
value is significantly high compared to other alloy composition in-
vestigated in the present study and promising. The volume fraction of
Nbss phase plays a major role for the improvement in the fracture
toughness of NbeSi based alloys. In the present work, the volume
fraction of Nbss phase increases with increase in concentration of Zr
except for alloy with 2%Zr (AZ2). The increase in volume fraction of

Nbss phase resists the crack propagation more effectively and increases
the fracture toughness of NbeSi based alloys through the mechanisms
of crack bridging, crack arrest and crack deflection.

The alloys A2 and AZ2 exhibit the eutectic Nbss phase in form of
rods in a continuous matrix of Nb3Si phase. Hence, fracture toughness is
limited in these alloys A2 and AZ2. However, the higher fracture
toughness achieved in alloy AZ2 as compared to alloy A2 is attributed
to the solid solution strengthening of Nbss and Nb3Si phases by Zr. It has
been reported that the NbeSi based alloys with a lamellar micro-
structure composed of Nbss and α–Nb5Si3 phases shows higher fracture
toughness [21,27]. In the present study, the alloys AZ4 and AZ6 exhibit
lamellar morphology of Nbss and α–Nb5Si3 phases. Thus, both the alloys
(AZ4 and AZ6) are expected to have higher fracture toughness. How-
ever, the fracture toughness of alloy AZ6 is less (10.8 ± 0.6 MPam½) as
compared to the fracture toughness of alloy AZ4 (14.3 ± 0.3 MPam1/2)
in spite of the fact that the alloy AZ6 displays lamellar microstructure.
The decrease in fracture toughness of alloy AZ6 is similar to the be-
havior of decrease in compressive strength and plastic strain of alloy
AZ6. This is associated with microstructure of alloys AZ4 and AZ6. It
can be inferred from the EBSD phase mapping depicted in Fig. 2 that the
alloy AZ4 composed of only Nbss and α−Nb5Si3 phases (i.e free from
the γ−Nb5Si3 phase) while the alloy AZ6 has approximately 6% volume
fraction of γ−Nb5Si3 phase along with Nbss and α−Nb5Si3 phases. The
γ−Nb5Si3 phase has been reported to have an adverse effect on the
fracture toughness of NbeSi based alloys [11].

The fracture toughness of NbeSi based alloys in presence of hex-
agonal γ−Nb5Si3 phase has been investigated by many authors [32,34].
It has been reported that γ−Nb5Si3 phase generally forms in NbeSi

Table 3
Comparison of fracture toughness values of NbeSi based alloys with different compositions.

Alloy composition (at.%) Processing method Testing method Fracture toughness (MPam1/2) References

Nb5Si3 HP + HT@1500 °C Three point bend test 3 [21]
Nbe10Si AM Three point bend test 9.2 [24]

AM + HT@1500 °C/100 h 9.7
AM + E 16.44
AM + E + HT@1500 °C/100 h 20.66

Nbe16Si AM 5.4
AM + HT@1500 °C/100 h 7.35
AM + E + HT at 1500 °C/100 h 12.5 [25]

Nbe 16Si−1Hf AM Three point bend test 7.3 [26]
Nbe 16Si−3Hf 7.5
Nbe 16Si−7Hf 8.5
Nb−18.7Si AM Three point bend test 8.4 [27]
Nb−18.7Sie10Ti AM 11.8
Nb−17.5Sie10Ti DS 9.8
Nb−17.5Sie10Ti DS + HT 16.0
Nbe16Sie5Mo AM Three point bend test 8.5 [28]
Nbe16Sie15Mo 10.2
Nbe 16Sie2Fe AM Three point bend test 9.37 [29]

AM + HT@ 1350 °C/100 h 10.19
Nbe 16Sie4Fe AM 9.03

AM + HT@ 1350 °C/100 h 9.63
Nbe 16Sie6Fe AM 9.66

AM + HT@ 1350 °C/100 h 9.51
Nbe17Sie10Mo −0.1Ga DS Four point bend test using 9.3 [30]
Nbe17Sie10Mo −0.1Ga DS + HT@1300 °C/100 h 12.0
Nbe17Sie10Mo –1Ga DS 6.6
Nbe17Sie10Mo –1Ga DS + HT@1300 °C/100 h 10.5
Nbe22Tie15Sie5Cr-3Hf-3Al AM Three point bend test 11.94 [31]
Nbe22Tie15Sie5Cr-3Hf-3Ale2Zr 12.89
Nbe22Tie15Sie5Cr-3Hf-3Ale4Zr 13.73
Nbe22Tie15Sie5Cr-3Hf-3Ale8Zr 15.01
Nbe15Sie24Tie4Cre2Al-2Hf AM + DS + HT@1450 °C Three point bend test 9.87 [32]
Nbe15Sie24Tie4Cre2Al-2Hf-1V 12.98
Nbe16Sie20Tie3Al- 2Hf- 6Cre 4V AM Three point bend test 9.9 [33]
Nbe16Sie20Tie3Al- 2Hf- 6Cre 2V 11.13
Nbe16Sie20Tie3Al- 2Hf- 3Cre 4V 14
Nbe16Sie20Tie3Al- 2Hf- 3Cre 2V 14.72

AM- Arc melted, HT-Heat treated, DS-Directionally solidified, E-Extruded, IM-Induction melted, HP-Hot pressed.
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alloys containing higher concentration of Ti and Hf. The γ−Nb5Si3
phase is more brittle as compared to α−Nb5Si3 phase in NbeSi based
alloys. Therefore, in the present study, it is confirmed that the reduction
in fracture toughness values in alloy AZ6 as compared to alloy AZ4 is
solely attributed to the presence of γ−Nb5Si3 phase. Alloy composition
alone, however, is not sufficient to ensure high fracture toughness. It
should be noted that the size of the Nbss phase also plays a significant
role to ensure higher fracture toughness of NbeSi based alloys. Sekido
et al. [27] and Kim et al. [28] have shown that the resistance to crack
propagation can be very effective when Nbss plate is thick. In the pre-
sent study, the thickness eutectoid Nbss plate is more in alloy AZ4 as
compared to alloy AZ6. Therefore, the higher fracture toughness values
achieved in alloy AZ4 is well in agreement with the literature [27,28].

Secondary electron imaging of the fracture surfaces of the three
point bend tested samples (Fig. 8) shows that primary Nbss and Nb3Si
phases failed in a brittle cleavage mode with large facets in alloys A2
and AZ2. Whereas Nbss phase revealed both the cleavage fracture with
river pattern and a few ductile tearing ridges in alloys AZ4 and AZ6.
The fracture mode of Nb5Si3 phase is almost same in both alloys AZ4
and AZ6 with brittle cleavage pattern. However, the amount of the
plastic tearing ridges in alloy AZ4 is much larger than the ones noticed
in alloy AZ6. The more amounts of the tearing ridges in Zr added alloy
particularly in alloy AZ4 is contributing to enhance the fracture
toughness at room temperature, since the tearing ridge is a manifesta-
tion of plastic fracture mode.

4. Conclusions

In the present study, the microstructure and mechanical properties
of Nbe16Si alloy containing different concentrations of Zr were sys-
tematically investigated. The conclusions drawn are as follows.

1. The Nbss and Nb3Si are main phases in alloys A2 (Nbe16Si) and AZ2
(Nbe16Sie2Zr) while Nbss and α−Nb5Si3 are main phases in alloys

AZ4 (Nbe16Sie4Zr) and AZ6 (Nbe16Sie6Zr). Small amounts of
γ−Nb5Si3 phase is found in alloys AZ2 and AZ6.

2. Zr is an effective solid solution strengthener of Nb3Si and
Nb5Si3phases.

3. The modulus of elasticity of silicide phases is significantly increased
with Zr addition. The highest value of modulus of elasticity is ob-
tained for alloy containing 4% Zr.

4. The strength, plasticity and fracture toughness of the alloy increase
with increase in concentration of Zr up to 4% Zr. Thereafter, they
decrease with increase in concentration of Zr to 6% due to the for-
mation of γ−Nb5Si3 phase.
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