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tudy, the effect of Ta, Ni, Zr additions and heat treatment on the microstructure and hardness of Nb−16Si have been 

ted. It was observed that Ta addition has not changed the microstructure of the alloy, while Ni and Zr additions 

ly changed the microstructure of the alloys. The alloying additions increased the hardness of the alloys in as cast 

n. However, hardness of phases present in the alloy decreased after heat treatment. Nbss and Nb3Si phases were observed 

6Si and Nb−16Si−3Ta alloys while Nbss and Nb5Si3 phases were observed in Nb−16Si−3Ni and Nb−16Si−3Zr alloys 

t treatment. 
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1. Introduction 

Alloys based on the Nb−Si system have been considered as a potential candidate for the next generation gas 
turbine blade material with significantly higher operating temperatures than the currently used Ni-based superalloys, 
because of their high melting point (>1750 ºC), relatively low density (6.6 – 7.2 kg/cc), excellent high temperature 
strength and very good creep resistance [1−3]. However, poor oxidation resistance and room temperature fracture 
toughness limits these alloy use for high temperature applications. The potential applications of these alloys at very 
high temperature require a balance of high creep strength, good oxidation resistance and acceptable low-temperature 
fracture toughness.  

Nb−Si system forms in situ composites where niobium solid solution (Nbss)  phase is dispersed in 
continuous matrix of silicides, which includes Nb5Si3, Nb3Si or both depending upon the Si content [4, 5]. The 
niobium solid solution phase provides room temperature fracture toughness and silicide phase (Nb5Si3) provides 
high temperature strength and creep resistance. In the binary Nb−Si alloy, the metastable Nb3Si phase is retained at 
room temperature due to the sluggish nature of decomposition of Nb3Si phase in to Nb5Si3 phase during 
solidification [6, 7].  Moreover, Nb−Si alloy with Nb3Si phase has poor creep properties [8−10]. Long duration 
(>100 hrs) heat treatment at 1500° C and above is required to convert  Nb3Si phase in to stable equilibrium Nbss + 
Nb5Si3 phases  through eutectoid reaction [10, 11]. These Nb and Nb5Si3 phases are thermodynamically stable and 
impart adequate creep strength at elevated temperatures.  

 
Alloying additions play an important role in controlling the microstructure of Nb−Si alloy and tailoring the 

optimum combination of properties. Earlier studies have shown that elements such as Ti, Hf, Zr, Cr, Al, Mo, W, Fe 
and  Sn have been added to Nb−Si alloys with Si concentrations in the range 12−22 at% [12−17]. Among the 
alloying elements studied it has been reported that addition of Ti and Hf to Nb−Si alloys have shown positive effect 
on improving room temperature fracture toughness and oxidation resistance [18−20]. However, higher Ti and Hf 
concentrations can have adverse effects on creep performance [21, 22]. The addition of Mo and W can enhance high 
temperature strength by solid solution strengthening [23−24]. The additions of Al, Cr and Sn can improve the 
oxidation resistance [12, 14]. Small quantity of Zr addition has been reported to accelerate eutectoid decomposition 
reaction of Nb3Si phase [16, 17]. To date, the reports on the effect of Ta, Ni and Zr additions on the microstructure 
and mechanical properties of Nb–Si alloys are still poor. Hence, in the present work, the effect of   Ta, Ni, Zr 
additions on the microstructure and mechanical properties of Nb−16Si has been investigated. 

 
 
2.  Experimental  
 

The nominal compositions of the alloys investigated in this work are Nb−16Si, Nb−16Si−3Ta, 
Nb−16Si−3Ni and Nb−16Si−3Zr. The compositions are reported in atomic percent unless otherwise stated. High 
purity Nb (99.9), Si (99.999), Ta (99.9), Ni (99.9) and Zr (99.9) were used as starting materials. The alloys were 
prepared by non - consumable arc melting method using a tungsten electrode under an argon atmosphere in water 
cooled copper crucible. Each alloy was remelted five times to ensure chemical homogeneities. The alloys were cut 
by electro discharge machining (EDM) wire cut for heat treatment and microstructural observations. Heat treatment 
was carried out in an alumina tubular furnace at 1400 ºC in vacuum for 50 and 100 h and then furnace cooled. 
Samples for microstructures were mounted in Bakelite and mechanically polished to 0.5 µm finish. Microstructures 
of the as cast and heat treated alloys were observed using JSM 5800® scanning electron microscope (SEM) 
equipped with energy dispersive X-ray spectroscopy (EDS). The chemical compositions of different phases present 
in the alloys were determined with help of energy dispersive X-ray spectroscopy (EDS) and CAMECA® electron 
probe micro analyser (EPMA).  X-ray diffraction was performed using Philip 3710® diffractometer on bulk samples 
to identify the phase constituents using Cu kα (λ=0.15405 nm) radiation at 40 kV. JCPDC data were used for 
identification of the different phases. Volume fraction of different phases exist in the alloys were measured by image 
analyser using images obtained from back scattered SEM. Microhardness of each phase of the alloys was measured 
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on metallography samples using Leica® VMHT auto Vickers microhardness testing machine with load of 10 gf and 
holding time of 15 seconds. A minimum of 10 indentations were taken for microhardness of selected phases.   

3.  Results and Discussion 

The XRD patterns of as cast Nb−16Si, Nb−16Si−3Ta, Nb−16Si−3Ni and Nb−16Si−3Zr alloys are shown in 
Fig. 1. Niobium solid solution (Nbss) and Nb3Si peaks are observed in Nb−16Si and Nb−16Si−3Ta, while, in the 
case of Nb−16Si−3Ni and Nb−16Si−3Zr alloys, Nb5Si3 peaks are observed along with Nbss and Nb3Si peaks. The 
typical SEM backscattered electron images of alloys are shown in Fig. 2. It was observed that Nb−16Si and 
Nb−16Si−3Ta alloys reveal the presence of a two phase microstructures consisting of Nbss and Nb3Si phases, 
whereas Nb−16Si−3Ni and Nb−16Si−3Zr alloys reveal the presence of three phase microstructures consisting of 
Nbss, Nb3Si and Nb5Si3 phases. The overall chemical composition of the alloys and chemical compositions of 
different phases present in the alloys are shown in Table 1. It has been depicted from the microstructure (Fig. 2. a) 
that the addition of Ta does not show significant influence on the microstructure and morphology of phases. The 
addition of Ni has resulted in significant changes in the microstructure and the morphology of Nbss and Nb3Si phases 
besides formation of Nb5Si3 phase (Fig. 2. c). The Nb−16Si−3Ni alloy also reveals very fine eutectic mixture of Nbss 

and Nb3Si phases. Similar to Ni addition, the addition of Zr also resulted in a drastic change in the microstructure 
and morphology of phases (Fig. 2. d). The eutectic mixture is completely lamellar along with the coarse dendrites of 
primary Nbss phase.  It is known from Fig. 1 and Fig. 2 that the addition of Ni and Zr resulted in promotion of Nb5Si3 
phase during solidification. 
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                                       Fig. 1. XRD Pattern of alloys in as cast condition.  
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Fig. 2. SEM micrograph of alloys in as cast condi
       (c)  Nb−16Si−3Ta and (d) Nb−16Si−3Zr. 
 
Table 1. The phases present in the alloys and their

Alloy 
composition 

Phases Nb 

Nb−16Si Overall 81.9 
Nbss 94.6 

Nb3Si 77.2 
Nb−16Si−3Ta Overall 81.9 

Nbss 92.8 
Nb3Si 74.2 

Nb−16Si−3Ni Overall 80.9 
Nbss 95.8 

Nb3Si 72.2 
Nb5Si3 67.0 

Nb−16Si−3Zr Overall 80.8 
Nbss 96.2 

Nb3Si 70.7 

a b
n 

c
n 

d
n

Nbss + Nb3Si 

Nb3Si 

Nbss 

Nbss 

Nbss + Nb3Si 

Nb3Si 

Nb5Si3 
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dition:  (a) Nb−16Si, (b) Nb−16Si−3Ta,  

eir compositions (at. %) determined by EDS. 
 

Si Ta Ni Zr 

16.1 - - - 
5.4 - - - 

22.8 - - - 
15.00 3.1 - - 

3.6 3.6 - - 
21.7 3.1 - - 
16.1 - 3.0 - 
3.1 - 1.1 - 

21.4 - 6.4 - 
28.0 - 5.0 - 
16.4 - - 2.8 
3.2 - - 0.6 

24.3 - - 5.0 

 

d
n 

Nbss + Nb3Si 

Nbss 

Nb3Si 

Nbss 

Nbss + Nb3Si 

Nb5Si3 
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The volume fractions of the alloys studied are shown in Table 2.  It has been observed that the volume 
fractions of Nbss and Nb3Si phases in the Nb−16Si alloy are approximately 55.4 % and 44.6% respectively. The 
volume fractions of Nbss and Nb3Si phases in Nb−16Si−3Ta alloy are 63.3% and 36.7% respectively. Here the 
volume fraction of Nbss phase is more as compared to Nb−16Si alloy. This may be due to the partition of Ta is more 
in Nbss phase than in Nb3Si phase.  For Nb−16Si alloy containing Ni, the volume fraction of Nbss phase is 51.7% and 
Nb3Si and Nb5Si3 phases are 25.3 % and 23.0 % respectively, while Nb−16Si alloys containing Zr, the volume 
fraction of  Nbss phase is 63.6% and Nb3Si phase is 36.4%.   

Table 2. Volume fraction of alloys measured in as cast condition. 

Alloy 
composition 

Volume fraction (%) 

Nbss  Nb3 Si  Nb5 Si 

Nb−16Si 55.4 44. 6 - 
Nb−16Si−3Ta 63.3 36.7 - 
Nb−16Si−3Ni 51.7 25.3 23.0 

Nb−16Si−3Zr 63.6 36.4 - 

 
The XRD patterns of alloys heat treated at 1400 ºC for 50 h are shown in Fig. 3. The Nb−16Si and 

Nb−16Si−3Ta alloys show presence of Nbss and Nb3Si peaks, while Nb−16Si−3Ni and Nb−16Si−3Zr alloys show 
presence of Nbss and Nb5Si3 peaks.  SEM backscattered electron images of alloys heat treated at 1400 ºC for 50 h are 
shown in Fig. 4. There were no significant changes in microstructure and morphology observed in Nb−16Si alloy 
while significant changes in microstructure and morphology observed in Nb−16Si−3Ta, Nb−16Si−3Ni and 
Nb−16Si−3Zr alloys. It is observed from XRD pattern and microstructure (Fig. 3 and Fig. 4) that minor fraction of 
Nb5Si3 phase is seen observed in Nb-16Si alloy. It indicates that the eutectoid transformation reaction has been 
initiated during heat treatment. The chemical compositions of the phases present in the alloys after heat treatment at 
1400 ºC for 50h is shown in Table 3.  

 
Table 3.  Compositions of the phases present in the alloys determined by EPMA after heat treatment at 
1400 ºC for 50 h. 
 

Alloy 

composition 

Phases Nb Si Ta Ni Zr 

Nb−16Si Nbss 96.8±0.16 3.2±0.16 - - - 

Nb3Si 75.3±0.09 24.7±0.09 - - - 

Nb−16Si−3Ta Nbss 94.2±0.11 1.7±0.09 4.1±0.08 - - 

Nb3Si 70.9±0.63 24.6±0.28 4.5±0.36 -  

Nb−16Si−3Ni Nbss 97.6±0.24 1.9±0.18 - 0.5±0.06 - 

Nb5Si3 66.8±0.07 28.0±0.22 - 5.2±0.17 - 

Nb−16Si−3Zr Nbss 97.0±0.2 2.4±0.16 - - 0.6±0.05 

Nb3Si 73.6±0.11 25.2±0.1 - - 1.3±0.04 

Nb5Si3 58.5±0.2 36.5±0.25 -  5.0±0.05 
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Fig. 3. XRD Pattern of alloys heat treated at 1400 ºC for 50h. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4. SEM micrograph of alloy heat treated for 50 h: (a) Nb−16Si, (b) Nb−16Si−3Ta,  
        (c) Nb−16Si−3Ni and (d) Nb−16Si−3Zr. 
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Fig. 5. Shows the XRD patterns of alloys heat treated at 1400 ºC for 100h.  It was noted that all the Nbss, 
Nb3Si and Nb5Si3 peaks were seen in Nb−16Si and Nb−16Si−3Ta alloys. However, several peaks from the 
untransformed Nb3Si phase are present in these samples. It indicates that eutectoid transformation has not been 
completed in Nb−16Si and Nb−16Si−3Ta alloys. The Nb−16Si−3Ni and Nb−16Si−3Zr alloys have shown only Nbss 

and Nb5Si3 peaks which shows significant evidence of completion of eutectoid transformation of Nb3Si. The 
microstructures of alloys heat treated at 1400 ºC for 100 h are shown in Fig. 6. A significant change in 
microstructure and morphology of different phases present in all the alloys. The phases observed in Nb−16Si and 
Nb−16Si−3Ta alloys are Nbss and Nb3Si along with Nb5Si3. In contrary in Nb−16Si−3Ni and Nb−16Si−3Zr alloys 
only Nbss and Nb5Si3 phases are observed. It has been observed from Fig. 5 and Fig. 6 eutectoid transformation of 
Nb3Si phase has not been completed Nb−16Si and Nb−16Si−3Ta alloys during heat treatment, whereas complete 
eutectoid transformation of Nb3Si phase has been taken place in  The Nb−16Si−3Ni and Nb−16Si−3Zr alloys. The 
microstructure of the eutectic mixture has become refined in all the four alloys after heat treatment. Moreover, it is 
also noted that Ni and Zr additions to Nb-Si alloy accelerate eutectoid transformation (Nb3Si to Nb5Si3 + Nbss) 
reaction. The XRD results of alloy heat treated at 1400 ºC for 100 h (Fig. 5) also confirms the presence of Nb5Si3 
phase in Nb−16Si−3Ni and  Nb−16Si−3Zr alloys.  
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Fig. 5. XRD Pattern of alloys heat treated at 1400 ºC for 100h 

 
Table 4. Hardness of the alloys in as cast and heat treated conditions.  

Alloy 
composition 

Vickers Microhardness (Hv), Load : 10gf 

As cast Heat treated at 1400 ºC for 50h 

Nbss Nb3 Si 
Nb5Si3 Eutectic 

mixture 
Nbss Nb3 Si 

Nb5Si3 Eutectic 
mixture 

Nb−16Si 454±11.6 924±14.7 - 921±15.3 280±17.5 1070±20.4 - 726±18.9  

Nb−16Si−3Ta 542±12.5 1230±20 - 1015±21.3 358±7.4 1222±20.5 - 757±19.7 

Nb−16Si−3Ni 582±15.8 1578±22.5 1600±25 867±22 513±19.3 1310±28.5 1550±19.2 806±10.5 

Nb−16Si−3Zr 598± 9.8 1218± 14.9 - 804±18 289±7.5 
1100 
±15.3 

1300±14.9 
880±15.2 
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Fig. 6. SEM micrograph of alloy heat treated for 100 h: (a) Nb−16Si, (b) Nb−16Si−3Ta,  
        (c) Nb−16Si−3Ni and (d) Nb−16Si−3Zr. 
 

Table 5.  Compositions of the phases present in the alloys determined by EPMA after heat treatment at 
1400 ºC for 100 h. 

Alloy composition Phases Nb Si Ta Ni Zr 

Nb−16Si Nbss 96.4±0.35 3.6±0.35    

Nb3Si 75.5±0.45 24.5±0.45    

Nb5Si3 65.1±0.5 34.9±0.5    

Nb−16Si−3Ta Nbss 92.2±0.13 3.0±0.09 4.8±0.21   

Nb3Si 72.1±0.55 25.4±0.55 2.5±0.1   

Nb5Si3 62.8±0.37 34.6±0.31 2.6±0.05   

Nb−16Si−3Ni Nbss 94.7±0.29 5.0±0.25 - 0.3±0.04 - 

Nb5Si3 66.6±0.15 28.3±0.19 - 5.1±0.05 - 

Nb−16Si−3Zr Nbss 97.0±0.2 2.2±0.17 - - 0.8±0.2 

Nb5Si3 58.2±0.14 36.7±0.11 - - 5.3±0.07 
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The hardness of alloys in as cast and heat treated conditions is listed in Table 4. The hardness of Nbss and 
eutectic mixture in as cast condition is higher than as in heat treated condition. The decrease in hardness after heat 
treatment is due to the precipitation of Nb5Si3 phase in Nbss during heat treatment. This precipitation of Nb5Si3 phase 
in Nbss resulted in lowering the solid solution strengthening of Nbss phase. However, the decrease in hardness is very 
marginal in Nb−16Si−3Ni alloy. The compositions of the phases present in the alloys heat treated at 1400 ºC for 100 
h is shown in Table 5. It is observed from Table 3 and Table 5 that the Ta is predominantly portioned in Nb phase, 
while Ni and Zr portioned in Nb5Si3 phase. 

 
 

4.  Conclusions  
1. Ta addition has two phase microstructures consisting of Nbss and Nb3Si phases whereas Ni and Zr addition 

have three phase microstructures consisting of Nbss, Nb3Si and Nb5Si3 phases in as cast condition.  
2. Ta addition does not have any significant role on the microstructure, while Ni and Zr additions have shown 

significant influence on the microstructure changes. 
3. A complete eutectoid transformation of Nb3Si phase has been taken in Nb−Si alloy containing Ni and Zr. A 

partial eutectoid transformation of Nb3Si phase has been observed in Nb−Si and Nb−Si−Ta alloys. 
4. Additions of Ta, Ni, and Zr increase the hardness of both Nbss and Nb3Si phases. The hardness of eutectic 

mixture increases with Ta addition and decreases with Ni and Zr additions. 
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