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Abstract. Extremely thin Nb2O5 nanowires and Al powder were successfully 

consolidated at room temperature by using high-pressure torsion (HPT), producing a 

novel metal matrix nanocomposite with exceptional mechanical properties. It is shown 

that minor additions of Nb2O5 increase sharply the hardness of commercially pure Al. 

For instance, hardness of over 180 Hv was developed at the edge of samples with 10% 

nanowires and processed through 10 turns of HPT. This is markedly higher than any 

other value reported for pure aluminum matrix composites having this level of 

reinforcement phase. A detailed characterization of the interface structure using high-

angle annular dark field scanning transmission electron microscopy (HAADF-STEM) 

revealed a pronounced grain refinement of the Al matrix at the nanoscale and the 

occurrence of the aluminothermic reduction of the Nb2O5. The latter led to: (i) the 

formation of Al2O3 nanolayer at the Al/Nb2O5 interface and (ii) the nanosegregation of 

metallic Nb (with few atomic layers) along grain boundaries and dislocations. The 

pronounced increase in hardness is attributed to the formation of this interface 

nanostructure.
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1. INTRODUCTION

In pursuit of lightweight and high-performance materials for the aerospace and 

automotive sectors, aluminum-based composites have emerged as a promising class of 

materials for the replacement of conventional metallic alloys in many applications [1,2]. 

Metal-matrix nanocomposites (MMNCs) are particularly important and may be 

developed with properties that are superior to those of monolithic alloys and composites 

containing micron-scale reinforcements [2,3]. Ceramic nanoparticles, such as Al2O3, 

SiC, TiC, and AlN, are commonly used as reinforcements in Al-MMNCs. More 

recently, carbon nanotubes (CNTs) were investigated as a reinforcing phase in MMNCs 

because of their high aspect ratio, high elastic modulus (> 1 TPa) and high tensile 

strength (> 30 GPa) [4,5]. 

The processing technique employed in the synthesis of Al-based nanocomposites 

has a significant influence on their microstructural characteristics such as the dispersion 

of the reinforcing phase in the matrix and the nature of the reinforcement/matrix 

interface, and this in turn has direct implications for their mechanical properties. To 

date, Al-MMNCs have been produced by liquid, semi-solid and solid processing routes 

[6]. Liquid processing routes, in particular, are quite challenging due to the poor 

wettability of the reinforcing phase in a molten matrix and the large difference in 

density between the reinforcements and the metallic matrix. In addition, undesired 

interfacial reactions are likely to occur due to the high temperatures achieved during 

processing [6–8]. Although to a lesser extent than in liquid-state processing, the 

difficulty in obtaining a uniform distribution of reinforcements occurs also in matrices 

in the semi-solid state [6]. Considering the drawbacks associated with the production of 

Al-nanocomposites by liquid and semi-solid processing routes, solid-state processing is 

generally considered the most attractive alternative procedure.

Solid-state processing techniques for the production of MMNCs are generally 

based on powder metallurgy (PM) procedures. In practice, these processes usually 

involve the following steps: (i) a blending/mixing of the metal-matrix and reinforcement 

powder; (ii) compacting the blend usually by cold pressing (called “green compacts”); 

and (iii) a sintering of the green compacts through different routes such as direct 

sintering, microwave-assisted sintering [9], spark plasma sintering [10], hot extrusion 

[11] and severe plastic deformation (SPD) [12,13]. The major advantages of these PM 

techniques are the significant reduction in wettability-related problems, the possibility 
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of producing composite systems which are not feasible using the liquid or semi-solid 

processing routes, and a generally improved control of the chemical reactions involved 

during processing [6]. Further improvements in the mechanical performance of the 

MMNCs depends largely on producing a strong matrix-reinforcement interface which 

,may be obtained through a high degree of coherency, mechanical bonding induced by 

surface roughness, appropriate reactions or through interdiffusion bonding[14,15]. 

Great progress has been achieved in the development of MMNCs by 

incorporating nanoparticles through SPD procedures, including by use of high-pressure 

torsion (HPT) which offers a possibility to consolidate metal-matrix composites with a 

simultaneous grain refinement which may be even to the nanometer level [16–18]. In 

the HPT process, a disk-shaped sample is placed between two anvils under a nominal 

pressure of 2 - 8 GPa and rotated in a quasi-constrained condition up to a chosen 

number of turns (N). The severe shear straining and high hydrostatic pressure makes the 

consolidation feasible even at room temperature (RT) [5,19–21]. Solid-state joining 

processes, such as mechanical alloying and chemical intermixing, often occur during the 

HPT processing leading to the consolidation of multicomponent materials at low 

homologous temperatures [20]. For example, ultrahigh-strength tungsten-based 

nanocomposites (W/Al, W/Ti, and W/Ni) with average grain sizes ranging from 9 to 15 

nm were successfully produced by HPT at 573 K where this is a temperature at which 

the occurrence of detrimental interfacial reactions or the formation of brittle 

intermetallics can be prevented [22]. 

In addition to grain refinement, recent studies have shown that HPT-processed 

composites exhibit a ‘hierarchical interface structure’ which can dramatically affect the 

structure-property relationship of these materials [14,23,24]. The interface architecture 

of these materials encompasses multiple length scales compromising: (i) grain 

boundaries (GBs), (ii) interfaces between the matrix and reinforcing phase, (iii) 

subgrain boundaries and other types of interfaces at the nanometer scale; (iii) inter- 

and/or transgranular elemental segregation; and (iv) subnanometer intragrunular solute-

clustering [14,23,24]. A fundamental understanding and control of these interface 

structures holds promise for developing the ability to tailor the mechanical behavior of 

new generations of these lightweight composite systems. Accordingly, the present 

research was initiated to investigate the interface structures and hardness evolution of 
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Al-based MMNCs reinforced with Nb2O5 nanowires fabricated by HPT at room 

temperature. 

2. MATERIALS AND METHODS

The Nb2O5/Al nanocomposites were produced by HPT at room temperature. 

Spherical Al powders with a purity of 99.7% and an average particle size of 9 µm were 

used as metallic matrices in the nanocomposites. The Nb2O5 nanowires were 

synthesized using a solvothermal method. Ammonium niobate oxalate hydrate 

(NH4[NbO(C2O4)2(H2O)2]·3H2O) was processed by a solvothermal method in a 

microwave reactor using alcohol as a solvent upon heating  for 30 minutes. The 

resulting material was filtered and washed with acetone. This synthesis procedure is a 

patent pending method/material and a detailed description is now in preparation. The 

nanostructured material is constituted of high quality and homogenous bundles of 

aggregated thin nanowires of Nb2O5 in an orthorhombic crystal structure. Figure 1 

shows scanning electron microscopy (SEM) and high-resolution transmission electron 

microscopy (HRTEM) images of these wires. The Nb2O5 nanowires were of several 

hundreds of nm in length and 3 nm in diameter. 

Figure 1. The Nb2O5 nanowires used as reinforcing phase in the Al- Nb2O5 nanocomposites. (a) 

SEM image of the bundles of aggregated thin nanowires of Nb2O5. (b) HRTEM image of a 

representative monocrystalline Nb2O5 nanowire, exhibiting approximately 3 nm in diameter.
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Six distinct composites were produced using the Al powder reinforced with 0.5%, 

1%, 2%, 3%, 5%, and 10% in weight of Nb2O5 nanowires. Firstly, Nb2O5 nanowires 

were blended with pure aluminum powder and mechanically homogenized using ball 

milling for 15 min. After homogenization, disks having diameters and thicknesses of 

10.0 mm and 1.2 mm, respectively, were obtained by compacting the mixtures in a 

hydraulic press at RT. Thereafter, pre-compacted disks were processed by HPT at RT 

using a quasi-constrained facility [25] operating at a nominal pressure of 6.0 GPa and 

using a rotation rate of ~2 rpm. Samples were processed to 5 and 10 turns in order to 

track the evolution of the consolidation process. For comparison purposes, a disk of 

bulk pure aluminum was also processed by HPT. 

The microstructures of the nanocomposites were characterized using high-

resolution scanning transmission electron microscopy (STEM) imaging on a FEI Titan 

Themis Cubed (FEI Company), equipped with a Cs probe corrector and a Super-X EDS 

with four windowless silicon-drift detectors and operated at 300 kV. The STEM 

observation was performed at the half-radius position of the HPT-processed disks. Thin 

TEM lamellas were prepared using the dual-beam focused-ion-beam workstation 

Quanta FEG 3D FEI. Hardness measurements were performed on the consolidated 

samples, applying a load of 100 gf during 10 s in a Future-Tech FM-700 tester equipped 

with a Vickers diamond indenter. Measurements were performed along the diameter of 

the Nb2O5/Al nanocomposites with varying concentration of Nb2O5 (0.5%, 1%, 2%, 

3%, 5%, and 10% in weight) after 5 and 10 turns. For comparison purposes, 

microhardness measurements were also performed on HPT-processed Al disks after 5 

turns.

3. RESULTS 

a. Mechanical response of the Nb2O5/Al nanocomposites

The effect of the addition of Nb2O5 nanowires into the pure Al matrix on the 

Vickers microhardness values is presented in Figure 2. The microhardness of the HPT-

processed pure Al disks reached a saturation level of about 80 Hv after 5 HPT turns as 

shown by the lower datum points in Figure 2(a). A significant improvement in Vickers 

microhardness was achieved with the addition of the Nb2O5 nanowires into the Al 

matrix. The hardness profile of all MMNCs exhibited greater values at the edges of the 

disks which is attributed to the larger torsional strain in this region compared to the 
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center. The samples with only 0.5% and 1.0% of nanowires exhibit hardness values of 

~120 Hv after only 5 turns of HPT and this is in the range of hardness observed in 

aluminum matrix composites having much higher fractions of the reinforcement phase. 

For example, hardness values in the range of ~80-120 Hv were reported in Al-3% CNT 

[19], Al-5% CNT [4], Al-5% fullerene [26], Al-5% graphene [27] and Al-10% Al2O3 

[28] processed by HPT. 

The composites reinforced with 5% and 10% wt. Nb2O5 exhibited hardness values 

over ~140 Hv after five HPT turns. Further processing to 10 turns promoted a slight 

increase in hardness of the composites with 0.5 – 5% of nanowires but the sample with 

10% wt. of nanowires exhibited a significant increase in hardness to ~190 Hv after 10 

turns at the edge of the disc. This is markedly higher than any other values reported for 

pure aluminum matrix composites having this level of reinforcement phase. 

Figure 2. Microhardness profiles of the HPT-processed Nb2O5/Al nanocomposites with varying 

concentration of Nb2O5 (0.5%, 1%, 2%, 3%, 5%, and 10% in weight) after 5 (a) and 10 turns 

(b).

b. Microstructure of the Nb2O5/Al nanocomposites

To reveal the origins of these outstanding hardness values, the hierarchical 

interface structure of the HPT-processed 10% wt. Nb2O5/Al nanocomposites was 

investigated using aberration-corrected scanning transmission electron microscopy 

(STEM) equipped with both bright-field (BF) and high-angle annular dark-field 

(HAADF) detectors. HAADF-STEM provides high-resolution images where the 
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imaging contrast is related to the local atomic number (Z). [29–31]. As a result, sample 

regions with heavier elements tend to be brighter than regions with lighter elements 

such as oxygen or the light metals. The bright-field imaging is also related to a Z-

contrast, but with an inverse contrast, where heavier components appear as dark regions 

and light components as bright regions. However, the BF imaging is also influenced 

significantly by diffraction effects where the image contrast must be analyzed by 

considering both effects: Z-contrast and diffraction. Figures 3 and 4 display typical BF 

and the corresponding HAADF-STEM images of the 10% wt. Nb2O5/Al 

nanocomposites after 5 and 10 HPT turns, respectively. 
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Figure 3. BF-STEM (left) and their corresponding HAADF-STEM images (right) of the 10% 

wt. Nb2O5/Al nanocomposites after 5 HPT turns. Evidence of segregation of heavy atoms to 

crystalline defects is indicated by yellow arrows.
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Figure 4. BF-STEM (left) and their corresponding HAADF-STEM images (right) of the 10% 

wt. Nb2O5/Al nanocomposites after 10 HPT turns. 

The BF-STEM images of the 10% wt. Nb2O5/Al nanocomposite after 5 turns 

reveal slightly elongated grains of ~100 nm in length and ~60 nm in width (Figure 3(a)). 

An inhomogeneous diffraction contrast caused by the high density of dislocations is 

noted within the grains, especially near the agglomerations of Nb2O5 particles in Figure 

3(a). After 10 HPT turns, the BF-STEM images in Figure 4(a) and 4(c) depict grains 

with approximately the same size as in the previous deformation state but with a 

considerable reduction in the dislocation density. 

The HAADF-STEM images of the 10% wt. Nb2O5/Al nanocomposite show that 

the original morphology of the reinforcing phase, which were thin nanowires, changed 

to tangles of fragmented particles after 5 HPT turns, thereby forming clusters ranging 

from tens to hundreds of nanometers, as shown by the bright regions in Figure 3(b,d,f). 

Larger numbers of HPT turns led to a partial de-agglomeration of the reinforcements 

with a more uniform distribution in the Al matrix (Figure 4). Moreover, these images 
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provide evidence of segregation of heavy atoms to dislocations, grain boundaries (GBs) 

and subgrain boundaries, as indicated by the arrows in Figure 3. 

Figure 5 depicts the STEM-EDS elemental mappings with the overall composition 

of the reinforcements and segregations formed in the 10% Nb2O5/Al nanocomposites 

after 10 HPT turns. These chemical maps confirm that Nb and O atoms are uniformly 

distributed in 50 – 70 nm aggregates of the reinforcement phase. A close-up inspection 

in Figure 5 reveals the presence of oxygen superimposed on aluminum, forming a layer 

of about a few nanometers thick at the Nb2O5/Al interface. These results suggest the 

formation of aluminum oxide as a result of the reduction of Nb2O5 during the HPT 

processing. 

Figure 6 displays STEM and EDS elemental maps of the long and thin structures 

formed during the HPT processing. The elemental mappings demonstrate that these 

structures also consist of metallic niobium with no oxygen superimposed on the Nb 

signal.  These results confirm the aluminothermic reduction of Nb2O5 through the 

reaction

3Nb2O5 + 10Al  6Nb + 5Al2O3. 

The thickness of these structures is about 5 nm which is equivalent to approximately 15 

atomic layers of niobium. The HAADF-STEM images shown in Figure 7(a and b), 

confirm that these structures can be attributed to metallic niobium. This high-resolution 

STEM pattern with 2.34 Å of lattice spacing is unequivocally indexed to the Nb (110) 

lattice planes. Figure 7(b) also indicates the formation of small Nb nanoparticles having 

sizes of less than ~2 nm.  Furthermore, the HAADF- and BF-STEM images, shown in 

Figure 7(c and d), exhibit niobium segregation layers of 1.5 nm thickness along 

subgrain boundaries. From Figure 7(d) it is observed that these defect-free aluminum 

subgrains are oriented at different crystallographic positions. The corresponding fast 

Fourier transform (FFT) pattern can be indexed to (200) and (111) aluminum lattice 

planes. This suggests that, despite the presence of a Nb layer, the Al subgrains are 

related by a crystallographic orientation along the [011] zone axis. 
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Figure 5. HAADF-STEM image and EDS elemental mappings of the Nb2O5 agglomerations 

formed in the 10% wt. Nb2O5/Al nanocomposites after 10 HPT turns, showing Al (red), Nb 

(green), and O (blue).  

Figure 6. HAADF-STEM image and EDS elemental mappings revealing the segregation of Nb 

atoms along planar defects in the 10% wt. Nb2O5/Al nanocomposites after 5 HPT turns.
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Figure 7. Microstructure of the 10% wt. Nb2O5/Al nanocomposites after 10 HPT turns. 

HAADF-STEM image exhibiting the nanometer-scale niobium segregation (a) and a zoomed 

image of the region marked in (a) and the corresponding FFT pattern (b). HAADF- and BF-

STEM images (c and d, respectively) showing the niobium segregation along subgrain 

boundaries. 

4. DISCUSSION

a. Aluminothermic reduction of Nb2O5 and the niobium segregation

The aluminothermic reduction of Nb2O5 followed by niobium segregation at 

linear and planar defects, to the detriment of intermetallic compound formation, may be 

examined in terms of thermodynamic and kinetic factors. Thermodynamically, pure Al 
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and Al3Nb are the stable phases at room temperature in the Al-Nb system [32,33]. The 

enthalpy of formation of Al3Nb at 298 K is ~121 kJ/mol [34] and the heat of reaction of 

the aluminothermic reduction of Nb2O5 is ~890 kJ/mol [35]. In high energy milling 

experiments of the Al and Nb2O5 powders for 45, 75, and 120 minutes at 298 K, X-ray 

diffraction of the milled mixtures detected the presence of Al2O3 and Nb as result of the 

aluminothermic reduction of niobium pentoxide only after 75 minutes [34]. The solid-

state reaction was also reported in an Al-50%at. Ni composite during HPT, leading to the 

formation of an Al3Ni2/Ni nanocomposite [36]. 

Therefore, it is important to examine the reason for the lack of formation of Al3Nb 

during HPT at room temperature. This can be explained by the diffusion kinetics in the 

Al-Nb system and the enhanced solubility limit in crystalline defects. The diffusion 

kinetics for the formation of Al3Nb was studied from 800 to 1300 oC [36] and both the 

activation energy and the pre-exponential factor were estimated as ~152.7 kJ mol-1 and 

~5.4 x 10-4 m2 s-1. By considering these parameters, the kinetic constant at room 

temperature (30oC) is estimated to be in the order of 10-30 while at 1000oC it is 10-10. 

From these estimates, it is concluded that the formation of Al3Nb at low temperatures 

requires a long time and there will be no formation of such phase during the few 

minutes associated with conventional HPT processing.  

In addition, it was shown that solute segregation at linear and planar defects takes 

place during the HPT processing of aluminum alloys and the presence of Nb atoms in 

the Al matrix leads to a compressive strain with a strong tendency for segregation at 

defect sites in order to minimize the elastic strain [23]. The other factor influencing 

solute segregation is the potential for an increase of over 1 order of magnitude in the 

interdiffusion coefficients for severely deformed materials [37]. In SPD-processed 

materials, the high density of defects reduces the energy barrier for diffusion [37] and 

the high diffusion rates do not permit a local concentration of Nb and therefore they 

preclude the formation of Al3Nb. 

b. Hardening mechanisms

As shown in Figure 1, the hardness at the edge of the Al-10% wt. Nb2O5 disks 

after 10 HPT turns (~190 Hv) is very substantially higher than in both the HPT-

processed pure Al disk (~80 Hv) and the nanocomposites with lower fractions of the 

reinforcement phase. The strengthening mechanisms contributing to these high hardness 
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values are mainly Hall-Petch strengthening, the Orowan mechanism, nanoscale 

segregation and any load-bearing effect.

First, the nanocrystalline grain size accounts for the alloy strength through 

restriction of dislocation mobility as described by the Hall–Petch relationship [38,39]. 

According to the Orowan mechanism, when a dislocation passes a reinforcement 

particle then a residual dislocation loop remains around the particle. This interaction 

between hard nanoparticles and dislocations may contribute significanly to the 

composite strength [40,41] but in practice it is reasonable to anticipate that this 

mechanism plays only a minor role in the present nanocomposites. Thus, the 

agglomeration of the reinforcement phase increases the mean distance between the 

Nb2O5 nanowires and in practice hard nanoparticles were not observed in the grain 

interiors so that the main barriers to dislocation movement are GBs and subgrain 

boundaries. 

The present structural and chemical analyses of the Nb2O5/Al MMNCs using 

HAADF-STEM provides direct evidence for nanometer-sized structures consisting of 

Nb atoms at GBs, subgrains and other defects [42]. It is expected that the intergranular 

solute segregation provides a stabilization of grain growth [24] and a strengthening of 

the mechanical bonding at the interface [15], where the latter hinders the nucleation of 

dislocations at the GBs [24]. Earlier studies demonstrated that solute segregation causes 

an increase in the stress required to initiate grain boundary-mediated plastic 

deformation, sduch as grain boundary sliding and grain rotation, in nanocrystalline 

metals [43].

Strong interfacial bonding between the reinforcements and the matrix plays also a 

critical role in the mechanical response of the composites. The present STEM-EDS 

elemental mappings of the nanocomposites confirms there is an interfacial reaction 

between the Nb2O5 and the Al matrix during HPT processing. The aluminothermic 

reduction of Nb2O5 leads to the formation of an Al2O3 nanolayer at the Nb2O5/Al 

interface. Using high-resolution TEM, the Al/Al2O3 interface was observed to match the 

close-packed planes and directions in the two phases [44,45]. Therefore, the 

modification of the interface from Nb2O5/Al to Nb2O5/Al2O3/Al appears to lead to an 

enhanced interfacial bonding and thus to an effective load transfer from the Al matrix to 

Nb2O5 and Al2O3. It should be noted also that alumina whiskers were recently in-situ 

synthesized in CNT-reinforced aluminum nanocomposites [46] and it was reported that 
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the Al2O3 layer formed on the outer-walls of the CNTs provide a strong interfacial 

bonding which effectively promotes a load transfer from the Al matrix to the carbon 

nanotubes [46,47]. It is proposed that an analogous type of behavior, associated with 

enhanced interfacial bounding, accounts also for the high hardness values recorded 

around the periphery of the Al-10% wt. Nb2O5 disks after HPT though 10 turns.  

5. SUMMARY AND CONCLUSIONS

1- Niobium pentoxide nanowires were synthesized in the laboratory and 

incorporated at different fractions into a pure aluminum matrix using room temperature 

consolidation of powders by high-pressure torsion.

2- The hardness of the composites increased significantly with only 0.5% wt. of 

nanowires and there was an exceptionally high increase in hardness with 10% wt. of 

nanowires after 10 turns of HPT. 

3- HAADF-STEM images revealed a solid-state reaction during HPT. An 

aluminothermic reduction of Nb2O5 was observed along a thin layer of nanowire 

agglomerates leading to the formation of Al2O3 and Nb. These Nb atoms segregated at 

crystal defects.

4- The segregation of Nb at grain boundaries restricts grain growth leading to the 

formation of nanostructured grains and contributes directly to the high hardness of the 

composite. 
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