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Abstract: The Nb−16Si−xTi−yZr−zHf (x=18, 22; y=0, 4; z=0, 4; at.%) alloys were prepared by arc melting to 
investigate the influence of elements Ti, Zr and Hf additions on the phase constitution, microstructure, fracture 
toughness and crack propagation behavior. The results show that the single addition of 4 at.% Zr promotes the eutectoid 
reaction of (Nb,X)3Si phase to Nb solid solution (Nbss)/γ-(Nb,X)5Si3 eutectic, and simultaneous addition of Ti, Zr and 
Hf further promotes the eutectoid reaction. The crack trends to propagate in (Nb,X)3Si phase, and the crack deflects 
when the crack meets Nbss. The fine Nbss/γ-(Nb,X)5Si3 eutectic and Nbss/γ-(Nb,X)5Si3 lamellar structures can induce 
the crack bridging and branching, and hinder the crack growth. Nb−16Si−22Ti−4Zr−4Hf alloy with the highest content 
of alloying elements exhibits the highest room-temperature fracture toughness (11.62 MPa·m1/2), which is 87.7% higher 
than that of the Nb−16Si−18Ti alloy. The performance improvement is mainly attributed to the presence of lamellar 
eutectic structure. 
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1 Introduction 
 

Nb−Si based alloys with relatively low 
densities, good elevated-temperature strengths and 
high melting points are regarded as the promising 
super-temperature composite material, used in the 
next generation turbine blade at temperature as  
high as 1200 °C, which are supposed to replace 
nickel base single crystal superalloy for elevated 
temperature structural applications in future 
turbofan engine [1−3]. Nb5Si3 phase with the high 
melting point of 2484 °C provides elevated- 
temperature mechanical properties and oxidation 
resistance, and the Nb solid solution (Nbss) 
provides the toughness in Nb−Si based alloys [4−6]. 

However, the insufficient fracture toughness and 
ductility restrict the industrial application of Nb−Si 
based alloys. 

There are usually two ways to improve 
fracture toughness of Nb−Si based alloys, including 
alloying and processing technologies [7−10]. 
Alloying is an effective means to improve the 
toughness of Nb−Si based alloys, which has 
attracted a great deal of attention [5−8]. Large 
number of alloying elements have been introduced 
to Nb−Si based alloys, including Ti [5−10],      
V [11,12], Zr [4,13,14], Hf [15,16], B [17,18],    
C [19] and so on. However, some alloying elements 
are detrimental to the room-temperature fracture 
toughness, including Cr [20,21], Al [21,22],    
Mo [15,19] and so on. The addition of Ti in Nb−Si 
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based alloys can reduce the element P−N barrier 
energy of Nbss phase, which increases the 
toughness of Nbss phase [9,10]. Therefore, newly 
developed Nb−Si based alloys usually contain a 
greater content of Ti element, and develop into  
the ternary Nb−Si−Ti based alloys. 4−8 at.% Hf 
element is commonly added in Nb−Si based alloys 
for improving fracture toughness and oxidation 
resistance [15,16]. Recent studies have shown that 
4 at.% Zr can significantly improve the room- 
temperature fracture toughness of Nb−Si based 
alloys [4,13]. Hf, Zr and Ti are Ⅳ-B elements, and 
the same group elements added to metal alloys 
usually have similar effects on microstructure and 
mechanical properties. However, there is less study 
on the effect of simultaneous addition of Hf, Zr  
and Ti elements on mechanical properties and 
microstructure of Nb−Si based alloys, which 
arouses our interest. This study evaluated the 
common effect of adding Hf, Zr and Ti elements on 
microstructural evolution and fracture toughness of 
Nb−Si based alloys. A particular attention is paid on 
the crack propagation performance after fracture 
toughness testing. 
 
2 Experimental 
 

Button ingots of Nb−Si based elevated- 
temperature alloys were prepared by arc melting, 
and the raw materials used in this experiment are 
Nb (99.95 at.%), Si (99.9 at.%), Zr (99.9 at.%), Ti 
(99.95 at.%) and Hf (99.9 at.%). All button ingots 
in this study were melted in a water-cooled copper 
crucible, by non-consumable tungsten electrode, 
under purified Ar gas. And all button ingots were 
melted four times for homogenous distribution of 
alloying elements. X-ray diffraction (XRD, under 
40 kV and scanning speed of 8 (°)/min, using the 
Cu Kα radiation) was used to identify the 
constituent phases in the investigated alloys. 
Microstructure of the investigated alloys was 
observed by scanning electron microscopy (SEM, 
Quanta 200FEG) equipped with backscattered 
electron mode (BSE), and the energy disperse 
spectroscopy based on SEM was performed to 
measure the chemical composition of specimens. 
Due to the contrast of phases under SEM is 
different, Image J software was used to calculate 
the area fraction of phases. The final area fraction 
of each phase was calculated by taking three images 

of different locations and calculating the average. 
The single-edge notched room-temperature 

fracture toughness was measured on an electronic 
universal mechanical testing machine (Instron 5569) 
and the crosshead speed was 0.2 mm/min. Electrode 
discharge machine was performed to cut 2.0 mm 
deep slit notches in fracture toughness testing 
specimen for fracture toughness testing. At least 
three specimens were tested and the average value 
was employed for room temperature fracture 
toughness of the investigated alloys. Crack profile 
data were based on similar fracture toughness 
testing specimens that were tested under similar 
testing condition. In the stress state, microcrack 
occurred at the intersection of prefabricated crack 
and the surface of specimen. The propagation of 
crack under stress state was analyzed by the 
microcrack [23]. Microcrack is much less extensive 
in the sample than that at the free surface of the 
specimen. 
 
3 Results and discussion 
 
3.1 Phase constitution and microstructure 

The addition of Hf, Zr and Ti can significantly 
improve the room-temperature fracture toughness 
of Nb−Si based alloys, and 4−8 at.% Hf [15,17], 
4 at.% Zr [13,17] and 18−22 at.% Ti [8−10] are 
usually added in Nb−Si based alloys. Therefore, the 
4 at.% Hf, 4 at.% Zr, 18 Ti at.% or 22 Ti at.% were 
added in Nb−16Si based alloys in this study. The 
nominal compositions of investigated alloys are 
given in Table 1 (all chemical compositions are 
given in at.% in this work). Figure 1 shows the 
XRD patterns of investigated alloys. The Nb−16Si− 
18Ti, Nb−16Si−22Ti, Nb−16Si−18Ti−4Hf and 
Nb−16Si−22Ti−4Hf alloys have the same phase 
composition, including (Nb,X)3Si and Nbss phases 
(“X” represents the elements substituting for    
Nb in the lattices), and they have similar 
characteristic peaks, which indicates that the 4 at.% 
Hf addition has little influence on the phase 
composition for Nb−16Si−18Ti and Nb−16Si−22Ti 
alloys. The (Nb,X)3Si, Nbss and γ-(Nb,X)5Si3 

phases are detected in Nb−16Si−18Ti−Zr, 
Nb−16Si−18Ti−4Zr−4Hf, Nb−16Si−22Ti−4Zr and 
Nb−16Si−22Ti−4Zr−4Hf alloys, which indicates 
that the addition of 4 at.% Zr contributes to the 
formation of γ-(Nb,X)5Si3 phase. 
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Table 1 Nominal compositions of Nb−Si-based alloys 

Alloy 
Nominal composition/at.% 
Nb Si Ti Zr Hf 

Nb−16Si−18Ti 66 16 18 − − 
Nb−16Si−18Ti−4Zr 62 16 18 4 − 
Nb−16Si−18Ti−4Hf 62 16 18 − 4 

Nb−16Si−18Ti−4Zr−4Hf 58 16 18 4 4 
Nb−16Si−22Ti 62 16 22 − − 

Nb−16Si−22Ti−4Zr 58 16 22 4 − 
Nb−16Si−22Ti−4Hf 58 16 22 − 4 

Nb−16Si−22Ti−4Zr−4Hf 54 16 22 4 4 
 

Figure 2 shows BSE-SEM images of Nb− 
16Si−18Ti, Nb−16Si−18Ti−4Zr, Nb−16Si−18Ti−4Hf 
and Nb−16Si−18Ti−4Zr−4Hf alloys. Combined with 
XRD results, the microstructures of Nb−16Si−18Ti 
and Nb−16Si−18Ti−4Hf alloys consist of primary 
Nbss phase, (Nb,X)3Si phase and fine Nbss/ 
γ-(Nb,X)3Si eutectic, as shown in Figs. 2(a, c). The 
microstructures of Nb−16Si−18Ti−4Zr and Nb− 
16Si−18Ti−4Zr−4Hf alloys consist of primary Nbss 
phase, (Nb,X)3Si phase and fine Nbss/γ-(Nb,X)5Si3 
eutectic. Table 2 lists the area fractions of Nbss 
phase, (Nb,X)3Si phases, and Nbss/γ-(Nb,X)5Si3 

eutectic in investigated alloys. The result shows that 
the addition of 4 at.% Hf has little influence on the 

 

 
Fig. 1 XRD patterns of investigated alloys 
 
microstructure and phase composition, as shown  
in Figs. 2(a, c). However, the addition of 4 at.% Zr 
contributes to the formation of fine Nbss/ 
γ-(Nb,X)5Si3 eutectic, as shown in Figs. 2(b, d). 

 

 
Fig. 2 BSE-SEM images of Nb−16Si−18Ti (a), Nb−16Si−18Ti−4Zr (b), Nb−16Si−18Ti−4Hf (c) and Nb−16Si−18Ti− 
4Zr−4Hf (d) alloys 
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Table 2 Area fractions of Nbss and (Nb,X)3Si phase, and 
Nbss/γ-(Nb,X)5Si3 eutectic in investigated alloys (%) 

Alloy Nbss (Nb,X)3Si 
phase 

Nbss/γ- 
 (Nb,X)5Si3 

eutectic 
Nb−16Si−18Ti 42 58 − 

Nb−16Si−18Ti−4Zr 38 54 8 
Nb−16Si−18Ti−4Hf 40 60 − 

Nb−16Si−18Ti−4Zr−4Hf 36 44 20 
Nb−16Si−22Ti 40 60 − 

Nb−16Si−22Ti−4Zr 35 53 12 
Nb−16Si−22Ti−4Hf 43 57 − 

Nb−16Si−22Ti−4Zr−4Hf 31 43 26 
 
Moreover, the area fraction of Nbss/γ-(Nb,X)5Si3 
eutectic in the Nb−16Si−18Ti−4Zr−4Hf alloy 
significantly increases compared with Nb−16Si− 
18Ti−4Zr alloy, which indicates that simultaneous 
addition of Zr and Hf elements contributes to the 
formation of fine Nbss/γ-(Nb,X)5Si3 eutectic. 

Figures 3 shows BSE-SEM images of Nb− 
16Si−22Ti, Nb−16Si−22Ti−4Zr, Nb−16Si−22Ti− 
4Hf and Nb−16Si−22Ti−4Zr−4Hf alloys. Combined 
with the XRD results, the microstructure and phase 
composition in Nb−16Si−22Ti and Nb−16Si− 
22Ti−4Hf alloys are similar to those of Nb−16Si− 
18Ti and Nb−16Si−18Ti−4Hf alloys. However, the 
area fractions of fine Nbss/γ-(Nb,X)5Si3 eutectic in 

Nb−16Si−22Ti−4Zr and Nb−16Si−22Ti−4Zr−4Hf 
alloys significantly increase compared with those of 
Nb−16Si−18Ti−4Zr and Nb−16Si−18Ti−4Zr−4Hf 
alloys. The fine Nbss/γ-(Nb,X)5Si3 eutectic is 
surrounded by Nbss, which indicates that Nbss 
substitutes (Nb,X)3Si phase in the matrix. This 
result suggests that Zr addition contributes to the 
eutectoid reaction of (Nb,X)3Si phase to Nbss/ 
γ-(Nb,X)5Si3 eutectic. 

Previous studies have reported that the 
additions of Hf, Zr or Ti can contribute to the 
formation of (Nb,X)5Si3 phase [13−16]. In this 
study, the microstructure and phase composition are 
not significantly different in Nb−16Si−18Ti, Nb− 
16Si−18Ti−4Hf, Nb−16Si−22Ti and Nb−22Si− 
22Ti−4Hf alloys. For alloys containing Zr element 
(Nb−16Si−18Ti−4Zr, Nb−16Si−18Ti−4Zr−4Hf, 
Nb−16Si−22Ti−4Zr and Nb−16Si−22Ti−4Zr−4Hf), 
the area fraction of Nbss/γ-(Nb,X)5Si3 eutectic 
increases with the content of Hf, Zr and Ti element 
in alloys, as shown in Table 2. This result suggests 
that the Hf, Zr and Ti elements contribute to the 
formation of γ-(Nb,X)5Si3 phase. However, for 
alloys which only contain Hf element (Nb−16Si− 
18Ti−4Hf and Nb−22Si−22Ti−4Hf), (Nb,X)5Si3 
phase does not exist in the microstructure, as shown 
in Figs. 2 and 3. Compared with alloys containing  

 

 
Fig. 3 BSE-SEM images of Nb−16Si−22Ti (a), Nb−16Si−22Ti−4Zr (b), Nb−16Si−22Ti−4Hf (c) and Nb−16Si−22Ti− 
4Zr−4Hf (d) alloys 
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Zr element, it can be inferred that the stabilization 
effect of Zr element on (Nb,X)5Si3 phase is stronger 
than Hf and Ti elements. 
 
3.2 Fracture toughness 

Figure 4 shows the average room-temperature 
fracture toughness (KQ) of investigated alloys. The 
KQ value of Nb−16Si−18Ti alloy is 6.19 MPa·m1/2. 
The addition of 4 at.% Zr in Nb−16Si−18Ti alloy 
results in KQ value increasing to 10.32 MPa·m1/2, 
improved by 66.7%. The KQ value of Nb−16Si− 
18T−4Hf alloy is 6.84 MPa·m1/2, which is similar to 
that of Nb−16Si−18Ti alloy. The simultaneous 
addition of 4 at.% Zr and 4 at.% Hf in Nb−16Si− 
18Ti alloy results in the KQ value increasing to 
10.92 MPa·m1/2, which is similar to that of Nb− 
16Si−18Ti−4Zr alloy. The KQ value of 22 at.% Ti- 
contained alloys is slightly higher compared with 
18 at.% Ti-contained alloys. Nb−16Si−22Ti−4Zr− 
4Hf alloy with the highest content of alloying 
elements exhibits the highest room-temperature 
fracture toughness (11.62 MPa·m1/2), which is  
87.7% higher than that of Nb−16Si−18Ti alloy. To 
sum up, the Zr-contained alloys exhibit a higher 
room-temperature fracture toughness. 
 

 
Fig. 4 Average room-temperature fracture toughness (KQ) 
of investigated alloys 
 
3.3 Crack propagation behavior 

Figures 5 and 6 show BSE-SEM micro- 
structures of the crack propagation path after 
fracture toughness test, and the crack propagation 
mechanisms are studied in this study. The 
Nb−16Si−18Ti, Nb−16Si−18Ti−4Hf, Nb−16Si− 

22Ti and Nb−16Si−22Ti−4Hf alloys have the 
similar microstructure and phase composition, and 
they show the similar crack propagation behavior 
after fracture toughness test, as shown in 
Figs. 5(a, e) and 6(a, e). There is a clear tendency 
for the crack to propagate in the (Nb,X)3Si matrix, 
or along the interface between silicide phase and 
Nbss, and the crack usually deflects when the crack 
meets Nbss. The crack bridging and branching 
usually occur when the crack path is perpendicular 
to Nbss. It can be observed that the second cracking 
occurs in the Nb3Si phase when the crack 
propagation encounters Nbss. 

The Nb−16Si−18Ti−4Zr, Nb−16Si−18Ti−4Zr− 
4Hf, Nb−16Si−22Ti−4Zr, and Nb−16Si−22Ti−4Zr− 
4Hf alloys contain convoluted Nbss/γ-(Nb,X)5Si3 
eutectic, as shown in Figs. 5(c, g) and 6(c, g). The 
special microstructure of regular lamellar structures 
of Nbss/γ-(Nb,X)5Si3 eutectic is found in Nb−16Si− 
18Ti−4Zr−4Hf alloy, as shown Fig. 5(h), and there 
is a clear tendency for the crack propagation 
parallel to the regular lamellar structures of Nbss/ 
γ-(Nb,X)5Si3 eutectic. The similar result has been 
found in TiAl alloys that the regular lamellar 
structures could contribute to crack propagation, 
which is harmful to the room-temperature fracture 
toughness [24,25]. However, when the angle 
between the propagation direction of crack and 
lamellar direction is large, the crack branching  
and deflection occur, which improves the crack 
propagation resistance. Compared with the lamellar 
structures of Nbss/γ-(Nb,X)5Si3 eutectic, the crack 
is easier to bypass globular Nbss. Therefore, the 
special microstructure of regular lamellar structures 
of Nbss/γ-(Nb,X)5Si3 eutectic can improve the 
fracture toughness of Nb−Si alloy. 

Figure 7 shows the schematic diagram of crack 
growth of investigated alloys based on the room- 
temperature fracture toughness testing results. 
Figures 7(a, b, c) show the schematic diagrams   
of the crack propagating in the silicide phase, 
perpendicular to Nbss, and along the regular 
Nbss/γ-(Nb,X)5Si3 lamellar structures, respectively. 
The crack branching and crack bridging are 
therefore the mechanisms of energy dissipation  
that contributes to the toughness of Nb−Si based 
alloys. The crack bridging is found in region of 
Nbss/γ-(Nb,X)5Si3 eutectic, but the regular Nbss/ 
γ-(Nb,X)5Si3 lamellar structures contribute to crack 
growth, which suggests that the microstructure of  
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Fig. 5 Crack propagation path of Nb−16Si−18Ti (a, b), Nb−16Si−18Ti−4Zr (c, d), Nb−16Si−18Ti−4Hf (e, f), and 
Nb−16Si−18Ti−4Zr−4Hf (g, h) alloys after room-temperature fracture tests 
 
high fracture toughness Nb−Si based alloys has the 
following characteristics: (1) The matrix of Nb−Si 
based alloy contains the fine Nbss/γ-(Nb,X)5Si3 
eutectic; (2) There is a certain amount of Nbss/ 
γ-(Nb,X)5Si3 lamellar structures in the region of 
Nbss/γ-(Nb,X)5Si3 eutectic; (3) Nbss has a high 
continuity, since Nbss can hinder the crack growth. 
Figure 6(g) shows that the crack grows mainly 
through the lamellar Nbss/γ-(Nb,X)5Si3 eutectic 
structure. The continuous Nbss phase in the 
lamellar eutectic structure causes more deflections 
and bridging, and also generates secondary cracks. 
According to above mechanisms, these consume 
stress greatly, leading to the best room-temperature 
fracture toughness of Nb−16Si−18Ti−4Zr−4Hf 
alloy. 

Previous studies have shown that the addition 

of Hf, Zr and Ti have a solution strengthening    
on Nbss [11−13], which improves the room- 
temperature fracture toughness of Nbss, and the 
addition of the same group elements to metal  
alloys usually have similar effect on mechanical 
properties [4,13,15,16]. In this study, the addition of 
22 at.% Ti slightly improves the fracture toughness 
of the alloy compared with the 18 at.% Ti-contained 
Nb−Si alloy. The addition of 4 at.% Hf has little 
influence on the room-temperature fracture 
toughness, because the addition of 4 at.% Hf has 
little influence on the microstructure. The addition 
of 4 at.% Zr significantly improves the room- 
temperature fracture toughness of investigated 
alloys, which can be attributed to the following 
reasons. (1) The addition of Zr contributes to the 
formation of fine Nbss/γ-(Nb,X)5Si3 eutectic and 
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Fig. 6 Crack propagation path of Nb−16Si−22Ti (a, b), Nb−16Si−22Ti−4Zr (c, d), Nb−16Si−22Ti−4Hf (e, f) and 
Nb−16Si−18Ti−4Zr−4Hf (g) alloys after room-temperature fracture tests 
 

 
Fig. 7 Schematic diagrams of crack growth of Nb−Si based alloys: (a) In silicide phase; (b) Perpendicular to Nbss;    
(c) Along regular Nbss/γ-(Nb,X)5Si3 lamellar structures 
 
Nbss/γ-(Nb,X)5Si3 lamellar structures, which 
hinders the crack growth. (2) The addition of     
Zr in Nb−Si based alloys has a solid solution 
strengthening effect on Nbss, and thus improves 
fracture toughness [4,13]. The Zr-contained Nb−Si 

alloy exhibits a high fracture toughness compared 
with Hf-contained Nb−Si alloy, and Zr element 
exhibits low cost and low density compared with Hf 
element, which indicates that Zr is a promising 
alloying element for Nb−Si alloy. 
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4 Conclusions 
 

(1) The addition of 4 at.% Hf or 22 at.% Ti  
has a little influence on the microstructure and 
phase composition, and the addition of 4 at.% Zr 
contributes to the eutectic reaction of (Nb,X)3Si 
phase to Nbss/γ-(Nb,X)5Si3 eutectic. 

(2) There is a clear tendency for the crack to 
propagate in the (Nb,X)3Si matrix, or along the 
interface between the silicide phase and Nbss, and 
the crack deflects when the crack meets Nbss. 

(3) The fine Nbss/γ-(Nb,X)5Si3 eutectic and 
Nbss/γ-(Nb,X)5Si3 lamellar structures can induce the 
crack bridging and branching, and hinder the crack 
growth. 

(4) Nb−16Si−22Ti−4Zr−4Hf alloy with the 
highest contents of alloying elements exhibits   
the highest room-temperature fracture toughness 
(KQ=11.62 MPa·m1/2), which is 87.7% higher than 
that of Nb−16Si−18Ti alloy. Compared with 
Nb−16Si−18Ti and Nb−16Si−22Ti alloys, the KQ 

values of Nb−16Si−18Ti−4Zr (10.92 MPa·m1/2) and 
Nb−16Si−22Ti−4Zr (10.95 MPa·m1/2) are much 
improved. The improvement of properties is mainly 
derived from the existence of Zr element, which 
contributes to the formation of fine Nbss/ 
γ-(Nb,X)5Si3 eutectic and plays a solid solution 
strengthening on Nbss. Therefore, Zr is a promising 
alloying element for Nb−Si alloy. 
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Ti、Zr 和 Hf 元素协同优化 Nb−Si 基合金显微组织、 
相组成和室温断裂韧性 
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摘  要：采用真空电弧熔炼制备 Nb−16Si−xTi−yZr−zHf (x=18, 22; y=0, 4; z=0, 4；摩尔分数，%)合金并研究 Ti、Zr

与 Hf 元素对 Nb−Si 合金物相组成、显微组织、断裂韧性以及裂纹扩展行为的影响。结果表明：单独添加 4% Zr

元素能促进(Nb,X)3Si 向 Nb 固溶体(Nbss)/γ-(Nb,X)5Si3 共析反应的发生；同时添加 Ti、Zr、Hf 元素能进一步促进

共析反应的发生。裂纹倾向于在(Nb,X)3Si 中扩展，当裂纹途径 Nb 固溶体时会发生偏转。细密的 Nbss/γ-(Nb,X)5Si3

共晶组织以及层状 Nbss/γ-(Nb,X)5Si3 共晶组织可以使裂纹产生桥接与分支，阻碍裂纹的扩展。Nb−16Si− 

22Ti−4Zr−4Hf 的合金化元素含量最高，因此，其室温断裂韧性最好(11.62 MPa·m1/2)，相较于 Nb−16Si−18Ti 提高

87.7%，性能的提升主要归因于存在层状共晶组织。 

关键词：Nb−Si 合金；合金化；断裂韧性；裂纹扩展 

 (Edited by Bing YANG) 


