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a b s t r a c t
Metal matrix nanocomposites (MMNCs) require the development of new manufacturing techniques that
enable enhanced control over their microstructure and mechanical performance. The approach for MMNC
fabrication proposed in this work combines the partial reduction of the oxide nanopowder with the subsequent cold sintering. We show that it is possible to avoid unwanted structural changes such as grain
coarsening and inclusion agglomeration. We reveal that a core-shell structure of partially reduced
Fe2 O3 particles facilitates reliable sintering and enables the fabrication of near-dense MMNCs reinforced
by iron oxide nanoparticles. The fabricated composites exhibit a homogeneous distribution of reinforcing
oxide inclusions and demonstrate high mechanical strength.
Ó 2020 Elsevier B.V. All rights reserved.

1. Introduction
Metal matrix nanocomposites (MMNCs) have started to gain
the attention of various industries due to their superior performance, particularly high strength and better fatigue resistance, as
compared to conventional composites [1]. Since the extreme properties of MMNCs originate from their nanostructure, the classical
high-temperature powder processing techniques, usually accompanied by barely controllable changes in nanostructure (grain
coarsening, clustering of reinforcing inclusions), do not unlock
the full potential of MMNCs. Therefore lower-temperature equal
channel angular pressing (ECAP) [2] and spark-plasma sintering
(SPS) with a high sintering rate [3] were adopted for MMNC fabrication. High-pressure consolidation/cold sintering (CS) might be
considered as a promising process for MMNC fabrication thanks
to achievements in the synthesis of iron-based composites [4]
and ceramic-polymer nanocomposites [5].
While typical MMNC reinforcing inclusions are carbon nanotubes, nitride or oxide particles [6], here we employ fine particles
of matrix-metal oxide as a reinforcing agent. To the best of our
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knowledge, MMNCs of such type have not been reported before.
Here, we propose a method for metal–metal oxide (Me  Men Om )
nanocomposite fabrication by partial reduction of oxide nanopowder followed by cold sintering (Fig. 1). At the first step, partial
reduction of oxide nanopowder results in the formation of particles
with core (oxide) – shell (metal) structure. During the second step,
cold sintering leads to the particle consolidation into bulk
Me  Men Om nanocomposite.
The proposed technique helps to circumvent unwanted alternation of MMNC structure and enables a homogeneous distribution
of the core phase (oxide) at a nanoscale level (Fig. 1). The metallic
outer phase prevents agglomeration of the core phase and its clustering at the grain boundaries. In addition, the nature of the redox
reaction provides robust bonding at the metal-oxide interface [7].
All these advantages shall result in Me  Men Om MMNCs with
improved properties.

2. Materials and methods
We demonstrate the benefits of proposed MMNC fabrication
technique on an example of Fe  Fen Om nanocomposite. Fe2 O3
nanopowder (<50 nm, Sigma-Aldrich, c  Fe2 O3 ) was consolidated
at 100 MPa into 50%-dense compacts. Partial reduction of the compacts was performed in ultra-high purity hydrogen (H2 99.999%) at
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Fig. 1. Fabrication of Me  Men Om MMNC by CS of partially reduced oxide nanopowder.

a flow of 0.13 cm3/s (325 °C, 165 min). Under these conditions, the
compact loses 28.5 wt% of its mass.
Fe2 O3 reduction at temperatures below 570 °C is usually a twostep process of Fe2 O3 ? Fe3 O4 the intermediate reaction followed
by Fe3 O4 ? Fe reduction [8]. However, the kinetics of Fe2 O3 reduction is highly dependent on process parameters, and even a direct
reduction Fe2 O3 ? Fe in pure hydrogen atmosphere at temperatures below 380 °C can occur [9]. To remove the ambiguity we
adopt the notion Fe  Fen Om to refer the obtained compacts without mentioning exact composition of the oxide core consisting of
mix of Fe2 O3 and Fe3 O4 oxides (section 3.1). To prepare near to
dense specimens, partially reduced compacts were consolidated
at 3.0 GPa in preheated to 300 °C tungsten carbide die.
The microstructure of the samples was studied with the aid of
X-ray diffractometry (XRD, Philips PW-1820 with Cu Ka radiation)
and of high-resolution scanning electron microscopy (HR SEM,
Zeiss Ultra+) with backscattered electron (BSE) and energydispersive (EDS) detectors for phase and microstructure characterization. Bulk samples were etched by H2NO3 1.6% solution for
structure characterization. The density of bulk samples was determined by the Archimedes method. Compression tests were performed using Instron-1195 testing machine on 5x4 mm
(diameter  thickness) specimens at a strain rate of 105 s1.
3. Results and discussions
3.1. Evaluation of Fe  Fen Om composition after partial reduction
The balanced equation of Fe2 O3 reduction at the temperatures
below 570 °C can be written as

Fe2 O3 þ ð3  3x  4yÞH2 ! xFe2 O3 þ yFe3 O4 þ ð2  2x  3yÞFe
þ ð3  3x  4yÞH2 O
where x and y are coefficients of Fe2 O3 and Fe3 O4 in the reaction
products, respectively. Monte Carlo simulations for a range of the
admissible ðx; yÞ values showed that the volume fraction of the
residual oxide in the product is bounded by two reactions
(Fig. 2a). Lower estimate corresponds to the direct Fe2 O3 ! Fe
reduction, while the upper bound corresponds to the sequence
Fe2 O3 ! Fe3 O4 ! Fe with a complete transformation of Fe2 O3 to
Fe3 O4 at the initial step. The explicit expressions connecting mass
reduction m and volume fraction of residual oxides V derived for
lower and upper bounds take the form
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where q is the density (g/cm3), w – the mass fraction of Fe in the
corresponding composition, and mc – mass reduction after the complete transition from Fe2 O3 to Fe3 O4 calculated as

mc ¼

MðOÞ
 0:0334;
6M ðFeÞ þ 9MðOÞ

ð3Þ

where MðFeÞ and MðOÞ are the molar masses of iron and oxygen
(g/mole), respectively.
According to Fig. 2a, the mass loss measurements provide a relatively accurate estimation of the compact composition regardless
of the specific reduction path. For the obtained material with a
mass loss of 28.5 wt% (denoted as Fe  Fen Om ), the volume fraction
of oxides is between 10.5% and 11.5%.
3.2. Synthesis and characterization of Fe  Fen Om nanocomposites
XRD (Fig. 2b) and EDS (not provided) analyses of the initial
nanopowder revealed c  Fe2 O3 stoichiometric composition. XRD
analysis of the cold-sintered Fe  Fen Om (Fig. 2b) detected iron
and iron oxide peaks that demonstrate broadening due to the
nanoscale structure. It is hard to resolve c  Fe2 O3 and Fe3 O4 by
XRD analysis due to very similar patterns [10]. According to simulations, the specific composition of the partially reduced to 28.5 wt
% oxide was within a narrow envelope of Fe  Fe2 O3  Fe3 O4 compositions. Further investigation by the high-resolution transmission electron microscopy would enable inferring definitive
conclusions on the composition of the oxide phase.
High-resolution SEM images of the initial Fe2 O3 powder and
compact after partial reduction are presented in Fig. 3a, b. Careful
inspection of the samples did not reveal signs of nanostructure
coarsening after the heat treatment. Herewith, we observed partial
sintering of nanoparticles, pointed by arrows in Fig. 3b. These findings correlate with studies on reduction of Fe2 O3 nanopowders,
where sintering of 30 nm particles starts at 200 °C [11], while sintering of 1–2 mm particles requires temperatures above 415 °C [12].
Besides the nanostructure preservation, low-temperature treatment enabled control over mass loss through the reduction time,
which was crucial at a high reduction extent of 28.5 wt%.
High-resolution SEM image of Fe  Fen Om nanocomposite prepared by CS of the partially reduced compact is shown in Fig. 3c.
The bright right side shows an as-obtained sample surface; the
dark left side reveals the etched site. We observed a system of
interconnected nanopores on the sample surface but not in the
interior. The average density of the samples was 7.60 g/cm3 that
is near to 96% of Fe  Fen Om theoretical density. Therefore, the
porosity of near 4% likely originates from nanopores on the surface.
Along with exposure of the dense interior, surface etching
unveiled nanocomposite structure of the sample (Fig. 3d, e). Close
examination of the nanocomposite (Fig. 3d) revealed dark nanoscale inclusions corresponding to oxide phase (Fen Om ) in the bright
matrix corresponding to Fe phase. This observation confirms that
the partial reduction of Fe2 O3 nanoparticles at the employed conditions lead to the formation of nanoparticles with Fe shell and Fen Om
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Fig. 2. a) Dependencies of oxide volume fraction on measured mass reduction for all admissible routes of Fe2 O3 reduction; b) XRD patterns of the initial and the partially
reduced to 28.5 wt% Fe2 O3 nanopowder, both cold-sintered at 3 GPa.

Fig. 3. HR SEM images of (a) Fe2 O3 initial powder, (b) Fe  Fen Om compact after partial reduction, (c) Fe  Fen Om nanocomposite after CS (BSE), (d, e) Fe  Fen Om
nanocomposite, etched site (BSE), (f) Fe  Fen Om nanocomposite, fractured site.

core. Due to the core–shell structure of the grains, oxide inclusions
were homogeneously distributed within the metal matrix at the
nanoscale level with no agglomeration near grain boundaries of
metal phase (Fig. 3c–e), typical in MMNCs fabricated by conventional methods [1,13]. The average size of Fe shell of about
26 nm, estimated from XRD peak broadening (Fig. 2b), correlates
with the size of Fe phase observed in HR SEM image (Fig. 3d).
Thanks to nanoscale structure, the measured compressive yield
strength of 1035 MPa was 4-fold higher than the previously
reported strength of microstructured Fe  10Fe2 O3 obtained by
SPS [14]. The appearance of elongated grains and narrowed edges
prior to failure in Fig. 3f, similar to previously reported in plastically deformed nanocrystalline Fe [15], can be attributed to the
process of ductile failure. Since iron oxides show brittle behavior
even at high temperatures (significantly exceeding the testing temperature of 25 °C) [16], the fabricated MMNCs are capable to
demonstrate ductile behavior thanks to the presence of Fe phase
after the partial reduction.

shown that this technique helps to avoid unwanted structural
changes, such as grain coarsening or accumulation of the reinforcing phase at the grain boundaries. Resulted composites had a neardense structure and demonstrated high mechanical strength. We
believe that this technique can be adapted for other reinforcing
agents (nitrides, carbides, borides, etc.), and encourage researchers
to employ it for MMNCs fabrication.
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