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Abstract: To improve the mechanical properties of niobium/silicide in-situ composites via rapid solidification, the 
evolution of eutectic geometry and the corresponding hardening effect in a prototype Nb−18Si (at.%) composite upon 
electron beam surface melting (EBSM), i.e., a rapid remelting and solidifying sequence, were studied. Results show that 
rod-like Nb solid solution (Nbss)/Nb3Si eutectics prevail in the arc-melted state, yet evolve into lamellar arrangements 
after EBSM. Atomic scale scanning transmission electron microscopy (STEM) and near-atomic scale atom probe 
tomography (APT) were employed to characterize the three-dimensional stacking of nano-laminated Nbss/Nb3Si 
eutectics and their compositions. Compared with the rod-like eutectics, the lamellar eutectics via EBSM demonstrate a 
prominent eutectic refinement (39.5 nm in spacing) and an increased volume fraction of Nbss (~41%). 
Nano-indentation testing reveals that with the microstructural transition from micro-rod to nano-lamella eutectics, a 
significant increment in hardness up to 13.9 GPa is achieved. 
Key words: niobium/silicide composites; rapid solidification; eutectic morphology; lamellar eutectics; rod-like 
eutectics 
                                                                                                             

 
 
1 Introduction 
 

Long standing needs exist for developing 
high-temperature structural materials in the aircraft 
field, which sets the pace of engine technology 
evolution [1]. Niobium/silicide in-situ composites, 
also named Nb−Si based alloys, consisting of Nb 
solid solution (Nbss) and silicides (Nb3Si and/or 
Nb5Si3) have been recently developed towards 
advanced turbine blades, due to their relatively low 
densities (6.6−7.2 g/cm3), sufficient microstructural 
stability and strong creep resistance at elevated 
temperatures, e.g., creep rates less than 3×10−8 s−1 at 
1200 °C with stresses of less than 140 MPa [2−4]. 

One important superiority of niobium/silicide 
composites is the near-net shape casting ability  
that suits the fabrication of structure-complex 
components like turbine blades, including electron 
beam or laser additive manufacturing that is 
featured by a rapid solidification process [5−8]. The 
rules for grain nucleation and growth during 
additive manufacturing typically differ from 
conventional casting, which is considered as a 
near-equilibrium solidification route [4]. Therefore, 
it is of importance to investigate the solidification 
behavior of niobium/silicide composites at both 
near-equilibrium and non-equilibrium states, as  
well as the microstructural response to various 
solidification conditions. 
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Near-eutectic microstructures are generally 

engineering-favored, due to their favorable 
solidification behavior and attractive mechanical 
properties. As a typical faceted-nonfaceted system, 
niobium/silicide composites may display a variety 
of geometrical arrangements including lamellar, rod- 
like, dendritic and maze-like eutectics, depending 
on the composition, solidification conditions as well 
as subsequent heat treatments [9−11]. Previous 
work [9] has shown that the lamellar to anomalous 
eutectic transition can be triggered by either spark 
plasma sintering (SPS) or heat treatments at above 
1000 °C for 1 h in rapidly solidified Nb−18Si− 
24Ti−2Cr−2Al (at.%) alloy powders. The anomalous 
eutectics refer to the irregular, broken-lamellar,  
and complex-regular eutectics [12]. The regular 
eutectics mainly include alternative rod-like and 
lamellar eutectics, whose regularity tends to 
determine their mechanical properties [13]. 

To tune the length scale and geometrical 
arrangements of eutectics for improving properties, 
the adjustment of composite and processing 
strategies are usually involved [10,11,14,15]. For 
instance, for directionally solidified niobium/ 
silicide composites, both decreasing the Ti content 
and increasing the withdrawal rate enable the 
transition from quasi-regular eutectics I to quasi- 
regular eutectics II [10]. The former presents 
skewed and bifurcate morphologies with block or 
short-rod (Nb, Ti)5Si3, and the latter shows the 
paralleled growth of (Nb, Ti) solid solution phases 
and (Nb, Ti)5Si3 phases [10]. Fully lamellar 
eutectics are generated in a rapidly solidified 
niobium/silicide composite with a hypereutectic 
composition [11,16], and a further higher content  
of Si enables the transition from lamellar eutectics 
to hypereutectic dendrites [11]. Noteworthily,   
the transition from rod-like to lamellar eutectics,   
a classical microstructural response to rapid 
solidification [17], has not been reported for 
niobium/silicide composites. 

In this work, we employed the electron beam 
surface melting (EBSM) treatment on a prototype 
near-eutectic Nb−18Si (at.%) composite to explore 
whether the rapid solidification route can 
effectively rebuild the eutectic morphology in terms 
of geometric arrangements and microstructural 
length-scale, as well as to reveal the potential  
effect on hardening behavior. To investigate the 
nanometer-scale microstructures, atomic scale 

scanning transmission electron microscopy (STEM) 
and near-atomic scale atom probe tomography 
(APT) analyses were performed for structural and 
chemical characterizations, respectively. Nano- 
indentation was conducted to evaluate the impact  
of tuning eutectic morphology on mechanical 
properties of niobium/silicide in-situ composites. 
 
2 Experimental 
 

A bulk Nb−18Si (at.%) composite was 
produced by arc-melting in argon atmosphere. The 
bulk ingot was remelted five times to eliminate 
chemical macrosegregation. An electron beam 
based 3D printer (Arcam A2XX), consisting of an 
electrical control cabinet and a vacuum chamber 
cabinet, was used for EBSM treatment on the 
arc-melted composite surface. A controlled 0.2 Pa 
of He was maintained in the processing chamber. A 
tungsten filament included in the electron gun was 
heated to emit electrons, which were accelerated by 
applying a ~60 kV voltage and focused by the 
electromagnetic coil. Before EBSM treatment, the 
bulk composite was preheated to ~1273 K using 
defocused electron beam to avoid cracking [16]. 
For EBSM treatment, focused electron beam was 
employed with a scanning current of 4.5 mA and a 
scanning speed of 700 mm/s. The zigzag scanning 
method was employed with a hatch distance of 
0.1 mm. 

Phase determination was performed by X-ray 
diffraction (XRD, D/max−2500, Cu Kα) at a 2θ 
scanning rate of 6 (°)/min. Microstructures were 
examined using a field-emission scanning electron 
microscopy (FE-SEM Merlin, Zeiss), and the 
attached energy dispersive X-ray spectroscopy 
(EDS, Esprit, Bruker) was employed for chemical 
measurements. Samples for the microstructure 
observation were ground progressively using finer 
grades of metallographical SiC papers, polished 
with diamond suspension and colloidal silica oxide 
polishing suspension (OPS), and finally water- 
cleaned to remove residual silica particles. 
Near-atomic-scale chemical and tomographic 
characterizations were performed using 3D-APT 
(CAMECA LEAP™ 3000X HR). APT analysis was 
performed using needle-shaped tips in laser pulsing 
mode at ~70 K with a pulse repetition of 200 kHz. 
The pulse energy was 0.4 nJ, and the target 
evaporation rate was 4 ions per 1000 pulses. The 
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APT data were reconstructed using CAMECA IVAS 
3.8.0 software. STEM analysis was conducted on 
an FEI Titan Themis instrument at 300 kV. For the 
high angle annular dark-field (HAADF)-STEM 
imaging, a probe semi-convergence angle of 
17 mrad was employed, and the semi-collection 
angles covered from 73 to 200 mrad. STEM-EDS 
spectrum imaging was acquired using the 
4-quadrant SuperX spectrometer. Multivariate 
statistical analysis was applied to highlighting the 
signal and reducing the signal noise [18]. The 
site-specific TEM lamella and needle-shaped APT 
tips were prepared by the focused ion beam (FIB) 
lift-out technique (FEI Helios Nanolab 600i dual 
beam system). The lift-out procedure was described 
somewhere else [19]. A Pt layer, ~3 μm in height, 
was deposited on the composite surface to protect 
the TEM lamella from potential damage by the Ga+ 
beam during the thinning process. 

To evaluate the mechanical properties of the  
rod and lamellar eutectics, nano-indentation 
measurement was performed using an Agilent 
NanoSuite Nanoindentation G200 equipped with a 
Berkovich tip. The strain rate was 0.05 s−1. Based 
on the load−displacement curve, the hardness and 
elastic modulus of the composite were calculated 
using the Oliver and Pharr’s method [20]. 
 
3 Results 
 

Figure 1 shows the XRD patterns of the arc- 
melted and EBSM-processed Nb−18Si composites. 
Both composites are composed of body-centred 
cubic (bcc) Nbss and tetragonal Nb3Si phases, 
suggesting that the EBSM treatment does not   
alter the phase structures in the Nb−18Si composite.  
 

 
Fig. 1 XRD patterns of Nb−18Si composites processed 
by arc-melting and EBSM 

According to the Nb−Si binary phase diagram [21], 
Nb3Si is a metastable phase that typically 
experiences the eutectoid decomposition to Nb  
and Nb5Si3 upon equilibrium solidification. 
However, the decomposition of Nb3Si is kinetically 
sluggish [22], resulting in the existence of 
undecomposed Nb3Si after solidification. Besides, 
both arc-melting and EBSM deviate from 
equilibrium state with a more rapid solidification 
rate, which suppresses the decomposition of Nb3Si, 
additionally contributing to the preservation of 
Nb3Si phase in arc-melted and EBSM-processed 
Nb−18Si composites. 

Backscatter-electron (BSE) imaging test was 
performed to observe the phase morphologies of the 
arc-melted Nb−18Si composite. Figure 2(a) displays 
 

 
Fig. 2 Microstructure of Nb−18Si composites via arc- 
melting: (a) BSE image showing rod-like Nbss/Nb3Si 
eutectics; (b) Sectional microstructure of rod-like eutectics; 
(c) Compositional distribution along line AB in (a) 
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the rod-like eutectic microstructure, and the 
bright-contrast Nbss rods showing a hexagonal 
arrangement are embedded in the dark-contrast 
Nb3Si matrix. The volume fractions, approximated 
by the area fractions of Nbss and Nb3Si, are  
(34±1)% and (66±1)%, respectively. The rod 
spacing (Rr), as defined in Fig. 2(a), is (1.7±0.3) μm. 
To further demonstrate the rod morphology of the 
Nbss/Nb3Si eutectics, the FIB cut-out method was 
employed to observe their sectional morphology 
with a titling angle of 22°. As shown in Fig. 2(b), 
the three-dimensional rod morphology of Nbss/ 
Nb3Si eutectics is thus confirmed. The composition 
distributions of Nb and Si plotted on Fig. 2(a), are 
illustrated in Fig. 2(c), where both Nbss and Nb3Si 
are included. The former is enriched in Nb, while 
the latter has a higher concentration of Si. 

HAADF-STEM imaging with atomic number 
contrast was performed to further characterize the 

microstructure of Nbss/Nb3Si eutectics formed via 
arc melting. Figure 3(a) shows the HAADF-STEM 
image of rod-like eutectics. The contents of Si    
in Nbss and Nb3Si are ~8.1 and ~24.5 at.%, 
respectively, obtained by STEM-EDS. The fast 
Fourier transformation (FFT) for a sample region at 
the Nbss/Nb3Si interface is displayed in Fig. 3(b), 
and an orientation relationship between Nbss and 
Nb3Si for the arc-melted composite is found, i.e., 

3Nbss Nb Si(110) //(420)  and 
3Nbss Nb Si[001] //[001] .  

Figures 3(c) and (d) display the high-resolution 
HAADF-STEM images from neighboring Nb3Si 
and Nbss, as overlaid with the respective crystal 
structures plotted using VESTA [23]. Atomic 
columns of Nb (red balls) in both Nb3Si and Nbss 
lattices are visualized, whereas atomic columns of 
Si (blue balls) in Nb3Si lattices have a very weak 
HAADF contrast. 

The sectional microstructure of the Nb−18Si 
 

 
Fig. 3 HAADF-STEM image of arc-melted Nb−18Si composites (a), FFT pattern of Nbss/Nb3Si interface (b), and 
high-resolution HAADF-STEM images of Nb3Si (c) and Nbss (d), respectively, with corresponding crystal lattices 
generated by VESTA [23] 
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composite via EBSM, i.e., viewed perpendicularly 
to the scanning direction, is shown in Fig. 4. 
Accordingly, the thickness of the remelted layer via 
EBSM is about 73 μm. The remelted border zone is 
frequently observed, where Nbss particles with 
lighter contrast are embedded in the Nb3Si matrix, 
and are featured by a coarsened microstructure 
(Fig. 4(b)), resulting from a lower cooling rate [16]. 

This observation suggests that during EBSM, the 
melt pool is remelted by the next electron beam 
scanning. In the melt pool interior, as shown in 
Fig. 4(c), lamellar Nbss/Nb3Si eutectics emerge. 
This indicates the transition from rod-like to 
lamellar eutectics during EBSM. 

Figure 5(a) shows the morphology of the 
lamellar eutectics in the EBSM-processed Nb−18Si  

 

 
Fig. 4 Microstructure of Nb−18Si alloy via EBSM: (a) BSE image showing remelted zone; (b) Zoom-in BSE image in 
(a); (c) Nano-lamellar Nbss/Nb3Si eutectics 
 

 
Fig. 5 HAADF-STEM image of EBSM-processed Nb−18Si composite (a), FFT pattern of Nbss/Nb3Si interface (b), and 
high-magnification HAADF-STEM images of Nb3Si (c) and Nbss (d), respectively, with crystal lattices generated by 
VESTA [23] 
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composite, via HAADF-STEM imaging. The 
volume fractions of Nbss and Nb3Si, represented by 
area fraction estimated from multiple BSE and 
STEM images, are (41±2)% and (59±2)%, 
respectively. The lamellar spacing (Rl), defined in 
Fig. 5(a), is (39.5±4.8) nm, obtained from a 
sampling of more than 20 spacings from random 
locations. The fluctuation of lamellar spacing as 
well as the growth defects−distortion and 
coalescence, is revealed as a result of the variation 
on local solidification condition, e.g., cooling rate 
and temperature gradient during EBSM. The 
contents of Si in Nbss and Nb3Si are ~2.1 at.% and 
~27.4 at.%, respectively, as obtained by 
STEM-EDS. The FFT pattern of Nbss/Nb3Si 
interface for the EBSM-processed composite is 
shown in Fig. 5(b). Accordingly, the orientation 
relationship between Nbss and Nb3Si is determined 
as 

3Nbss Nb Si(110) //(330)  and 
3Nbss Nb Si[113] //[112] , 

which is different from that in the arc-melted 
composite. This orientation difference may be 
caused by the stronger radial temperature gradient 
in the melt pool produced by EBSM that tends to 
govern the selection of crystal orientation [24]. The 
atomic-resolution HAADF-STEM images from 
neighboring Nb3Si and Nbss phases are shown in 
Figs. 5(c) and (d), respectively, correlating well 
with the overlaid crystal structures. 

APT was utilized to unveil the elemental 

distribution in nanostructured Nb−18Si composite 
with near-atomic resolution. Figures 6(a) and (b) 
respectively display the reconstructed three- 
dimensional distribution of Nb and Si across a 
representative APT dataset containing both Nbss 
and Nb3Si phases from the EBSM-processed 
composite specimen. To clearly demonstrate their 
lamellar morphology, the presented volume is 
rotated parallel to the Nbss/Nb3Si interface in 
parallel with viewing direction. The distribution of 
Si can be used to distinguish Nbss and Nb3Si 
(Fig. 6(b)). The Si-depleted region belongs to Nbss, 
while the Si- enriched region is Nb3Si. The APT 
reconstruction containing both Nb and Si is shown 
in Fig. 6(c), together with an iso-composition 
interface of 93.0 at.% Nb. Figure 6(d) shows    
the representative one-dimensional compositional 
profiles along the selected cylinder perpendicular  
to the Nbss/Nb3Si interface in Fig. 6(c). The 
concentrations of Si in Nbss and Nb3Si are  
~1.4 at.% and ~26.8 at.%, respectively. 

To evaluate the mechanical properties of the rod 
and lamellar eutectics, a series of nanoindentaion 
tests were performed, as shown in Fig. 7. The 
representative load−displacement responses for the 
two types of eutectics are illustrated in Fig. 7(a) 
with a maximum load of 670 mN. The hardness of 
the lamellar eutectics via EBSM is (13.9±0.7) GPa, 
~20% higher than that of the rod eutectics via arc  

 

 
Fig. 6 APT analysis of lamellar Nbss/Nb3Si eutectics: (a, b) Distribution of Nb and Si, respectively; (c) Reconstruction 
of dataset with iso-composition interface at 93.0 at.% Nb; (d) One-dimensional compositional profile along cylinder 
denoted in (c); (e) 2D compositional map 
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Fig. 7 Representative load−displacement curves obtained from nano-indentation on arc-melted and EBSM-processed 
Nb−18Si composites (a), and morphologies of indentation impress on arc-melted (b) and EBSM-processed (c) alloys, 
respectively 
 
melting ((11.6±0.6) GPa). The elastic modulus of 
the lamellar eutectics via EBSM is (191.9±6.8) GPa, 
slightly lower than that of the rod eutectics via 
arc-melting ((209.7±4.1) GPa). It is also noted that 
cracking occurs at the indentation impress corners, 
which may indicate a lower fracture toughness of 
the rod eutectics (Fig. 7(b)) [16,25]. Therefore, 
when comparing the mechanical performance of the 
rod-like and lamellar eutectics, we find that the 
lamellar eutectics show higher resistance to 
localized plastic deformation (hardness), and lower 
resistance to elastic deformation (elastic modulus). 
 
4 Discussion 
 
4.1 Rod-like to lamellar eutectics transition 

Rod and lamella are two most important 
morphologies of eutectics. The rod to lamellar 
eutectics transition, a fundamental subject in 
solidification theory, has been observed in other 
systems including Al−Cu [26], Al−Fe [27],   
Ni−Al [28], Mg−Li [29] alloys. For the first time, 
we not only achieve such microstructural transition 
in niobium/silicide composite family but also 
reduce the eutectic spacing from >1 µm down to 
<50 nm, as schematically illustrated in Fig. 8. The 
classical model for the selection of either rod-like 
or lamellar eutectics is based on the competitive 
growth criteria such that the growth morphology 
with higher solidification temperature (lower 
undercooling) will prevail [30−32]. The resulted 
microstructure transition condition depends on the 
volume fraction of the minor phase and the relative 

interface energy contribution. In practice, this 
transition is not sharp but happens in a small  
range [32]. Accordingly, rod-like eutectics are 
generally stable when the volume fraction of the 
minor phase is lower than 1/π, assuming isotropic 
interfacial energy, and transformed into the lamellar 
morphology with a higher volume fraction [30]. 
Here, in our case, for the experimental Nb−18Si 
composites, the volume fraction of Nbss in rod-like 
eutectics is ~34%, close to 1/π. In contrast, the 
volume fraction of Nbss in lamellar eutectics via 
EBSM with refined eutectic spacings is ~41%, 
much higher than 1/π. This supports the idea that 
the volume fraction change of Nbss is the key factor 
behind this transition mediated by the EBSM 
treatment. 
 

 
Fig. 8 Schematic of microstructural transition from rod 
to lamellar eutectics triggered by EBSM treatment 
 

In addition, other effects such as the 
orientation relationship between two phases can 
also play a role in the microstructural transition. 
The classical theory often assumes that the 
interfacial free energy is isotropic, so the orientation 
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does not matter [32]. This simplification, often 
made for building analytical models, is not always 
true. Our experiments (Figs. 3 and 5) reveal that the 
orientation between two phases follow specific 
relationships, and clear evidence that the interfacial 
free energy is not isotropic. Another evidence is that 
the regularity of eutectic rods in Fig. 2 is not perfect, 
which is only possible for isotropic interfacial 
energy [33,34]. It is expected that this effect may 
shift the critical volume fraction for the rod-like to 
lamellar eutectics transition. Taking the anisotropy 
in the interfacial free energy into account would 
require a more detail model development. But in 
both cases (with or without anisotropy), the volume 
fraction of Nbss phase remains to be the most 
important aspect, which also apply to our 
niobium/silicide composites’ results in this work. 

Since the volume fractions of the two phases 
are the key factor determining the rod-like to 
lamellar eutectics transition, now the question 
becomes why the volume factions are changed upon 
EBSM processing. The volume fractions depend on 
the molar fractions of the two phases and their 
molar volumes, which both depend on temperature 
and composition. On the one hand, the change of 
lattice constant (molar fraction) with composition, 
also known as the Vegard’s coefficient [35], is often 
small, so is the thermal expansion coefficient. 
Therefore, the molar volume effect is negligible. On 
the other hand, according to the lever rule [36], the 
molar fractions are determined by the compositions 
of the two phases for a fixed nominal composition. 
As confirmed by our results, although the phase 
structures are the same, their compositions do 
change from one process to another (arc-melting vs 
EBSM) due to the difference in solidification 
conditions. It is worth noting that the Si content in 
Nb3Si in the EBSM-processed composite is higher 
than that in the arc-melted composite, as verified by 
STEM-EDS and APT measurements. Meanwhile, 
the Si content in Nbss shows the opposite trend. 
Such a change on the Si content can be related to 
the energetic effects of site-ordering [37,38]. As a 
consequence, higher volume fraction of Nbss is 
formed in the EBSM-processed composite to 
partition the 18 at.% Si with Nb3Si, leading to the 
formation of a lamellar microstructure. 

In addition, rod-like to lamellar eutectics 
transition can be understood from stability analysis 
considering the capillary effect, namely the 

Rayleigh instability [26,39,40], as documented in a 
recent model developed by LIU et al [26]. For a 
stationary cylinder with fixed volume, it has been 
well established that the cylinder will remain stable 
in the longitudinal direction with perturbation 
wavelength λz<2πR, where R is the radius of the 
unperturbed cylinder [26,39]. The eutectic spacing 
(~39.5 nm) is significantly smaller than that of the 
rod spacing (~1.7 μm). With such a eutectic spacing 
increment, the eutectic lamellae tend to be unstable 
and divide into rods, resulting in the formation of 
rod-like eutectics. 

Accompanied with the microstructural 
transition, significant microstructural refinement is 
realized, arising from the rapid solidification 
condition enabled by EBSM. Owing to the 
substantial high energy density of the electron beam, 
higher temperature gradient (G) and larger growth 
velocity (V) are achieved by EBSM, compared with 
arc melting. Resultantly, the cooling rate (product 
of G and V) by EBSM (103−105 K/s) is much higher 
than that by arc melting (<102 K/s) [41,42]. The 
coupled diffusion field distance required for the 
growth of Nbss/Nb3Si eutectics via EBSM thus 
substantially decreases, resulting in the nanoscale 
microstructure. 
 
4.2 Hardening mediated by microstructural 

transition 
For Nbss/Nb3Si composite consisting of a soft 

metal phase and a hard intermetallic phase, the 
composite’s hardness is mainly determined by the 
eutectic morphology, volume fraction of each phase 
and the number of boundaries. It has been reported 
that the lamellar eutectic morphology enables     
a more favorable combination of strength and 
plasticity, while the rod-like arrangement generates 
a higher strength at the expense of plasticity, being 
less effective in managing local deformation 
instabilities [43]. Meanwhile, combining with the 
rationale that the hardness of Nb3Si is much higher 
than that of Nbss [44], the rod-like eutectics with a 
higher fraction of Nb3Si should have shown a  
higher hardness value than the lamellar eutectics 
from the above two viewpoints. However, our 
experimental results show the opposite trend, 
providing an even higher hardness for the lamellar 
eutectics. This hardness increment arising from the 
microstructural transition from rod to lamellar 
eutectics is mainly associated with the significant 
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microstructure refinement of the nano-lamellar 
eutectics, producing more boundaries to impede 
dislocation movement. The concept of laminated 
nano-composites has been introduced in various 
materials systems, e.g., Cu/Zr, Cu/Nb, and Ag/Ni, 
and demonstrated to improve both the strength and 
the ductility [45,46]. The nano-lamellar eutectic 
niobium/silicide composites via EBSM have also 
shown the improvement in mechanical properties. 
Such a rationale can be further engineered by 
electron beam additive manufacturing to fabricate 
niobium/silicide composite components, with the 
additional consideration on the effects of thermal 
history during additive manufacturing on the 
microstructure and mechanical properties [47]. 
 
5 Conclusions 
 

(1) Rod-like Nbss/Nb3Si eutectics are formed 
in the Nb−18Si composite via arc-melting, and the 
Nbss rods, embedded in the Nb3Si matrix, show a 
hexagonal geometric arrangement. 

(2) The transition from rod-like to lamellar 
eutectics is triggered by the EBSM treatment while 
maintaining the Nbss/Nb3Si phase regime. The 
volume fraction of Nbss in lamellar eutectics via 
EBSM ((41±2)%) is higher than that in rod-like 
eutectics via arc-melting ((34±1)%). 

(3) Accompanied with this microstructural 
transition, significant microstructure refinement is 
achieved, resulting in the formation of alternating 
Nbss and Nb3Si lamellae with a spacing of 
~39.5 nm. Compared with the rod-like eutectics, the 
lamellar eutectics show an increased hardness 
((13.9±0.7) GPa) and a slightly decreased elastic 
modulus ((191.9±6.8) GPa). 

(4) The results provide new microstructural 
insights towards the electron beam melting of niobium/ 
silicide composites with improved mechanical 
properties. 
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铌/硅化物原位自生复合材料微米棒状向纳米 
层片状共晶组织转变及其硬化行为 
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摘  要：以 Nb−18Si(摩尔分数，%)复合材料为研究对象，分析共晶组织几何形态对电子束表面熔化(EBSM)快速

凝固条件的响应机理及其对材料硬度的影响规律。研究结果表明，Nbss/Nb3Si 共晶在电弧熔炼凝固条件下以棒状

形态为主，而在 EBSM 凝固条件下转变为层片状形态。利用原子尺度的扫描透射电子显微镜(STEM)和近原子尺

度的三维原子探针(APT)对样品进行表征，获得纳米 Nbss/Nb3Si 共晶的三维层片状结构特征及其组分。与棒状共

晶相比，EBSM 凝固条件下形成的层片状共晶组织显著细化(共晶间距为 39.5 nm)，Nbss 相体积分数大幅增加(约

41%)。随着显微组织由微米棒状共晶转变为纳米层片状共晶，材料硬度显著增加，达到 13.9 GPa。 

关键词：铌/硅化物复合材料；快速凝固；共晶形态；层片状共晶；棒状共晶 
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