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Abstract: In this study, submicrometer grain-sized metal matrix composites (MMCs) based on nickel
were elaborated via a bottom-up strategy combining the polyol process and a non-conventional heat
treatment route. First, four sets of nano-sized Ni–P metastable alloy nanopowders with an average
particle size centered at 50, 100, 130, and 220 nm were prepared by the polyol process modified by the
addition of hypophosphite (strong reducing agent) and heterogeneous nucleation using silver nitrate
and platinum salt (nucleating agents). The heat treatment step was realized by reactive spark plasma
sintering (R-SPS) at identical heat treatment conditions (600 ◦C, 53 MPa, and 10 min as holding time).
R-SPS transformed the Ni–P metastable alloys into bulk submicrometer grain-sized MMCs with Ni as
the matrix and Ni3P as the reinforcement. Mechanical and magnetic properties of the four MMC
samples were found to be closely related to the grain size of the Ni matrix, which varied from 247 to
638 nm. Yield stress, maximum stress, and coercive field increased when the grain size decreased,
while plastic strain and magnetization saturation decreased. The reinforcement Ni3P phase enhanced
the mechanical characteristics of the composite. Crossover behavior was observed at around 350 nm
Ni grain size, where a ductile and soft magnetic composite was tuned into a hard mechanical and
semi-hard magnetic one.

Keywords: metal matrix composite; metastable Ni–P alloy; submicrometer grain-sized materials;
bottom-up strategy; mechanical and magnetic properties

1. Introduction

Spark plasma sintering (SPS) has emerged as a promising nonconventional consolidation process.
Indeed, SPS is characterized by a specific heat treatment in comparison with powder metallurgy
methods; a high sintering rate and a local high temperature generated by spark discharges leading to
a very low consolidation time. This enables a dense consolidation without excessive grain growth.
Thus, when the starting material is in the form of a nanopowder, the as-obtained bulk material is
nanostructured or submicrometer grain-sized and shows structural and physical properties closely
governed by its fine microstructure [1].

Besides these advantages, several recent works have shown that SPS can also be used as a
reactive process to elaborate nanostructured or submicrometer grain-sized materials starting from raw
reactants [2–5]. In this process, called reactive SPS (R-SPS), synthesis and densification are achieved
in a single step. For instance, Patissier et al. reported the synthesis of LaFe13-xSix magnetocaloric
compounds by the R-SPS process starting from a mixture of ball-milled LaSi, Fe, and Si elements [6].

In this context, we have undertaken a general project to elaborate metal matrix composites (MMCs)
based on nickel. In the first step, metastable Ni–P alloys in the form of nanoparticles were elaborated
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by the polyol process. These particles had the fcc nickel structure with phosphorus inserted inside [7].
In the second step, the R-SPS process transformed these metastable alloys into bulk submicrometer
grain-sized MMCs, where the matrix was composed of nickel and Ni3P was the reinforcement phase.
In the first part of this work [8], we reported on the influence of two sintering parameters, namely,
temperature and holding time, on the mechanical and magnetic properties of MMC Ni–Ni3P obtained
from nanoparticles of metastable Ni–P alloys with a 100 nm diameter. We report here in the second
part on the influence of the starting nanoparticle size of metastable Ni–P alloys on the properties of
the obtained submicrometer grain-sized MMCs while using identical sintering conditions. Both parts
show that some parameters, such as holding time and Ni–P nanoparticle size, play a key role in the
large-scale tuning of the properties of such obtained materials.

2. Materials and Methods

2.1. Synthesis

The experimental protocol adopted to elaborate the Ni–P powders has been described in a previous
work [9]. This synthesis protocol allowed us to elaborate particles with sizes ranging from 50 to
130 nm. In the present work, we modified this protocol by adding a certain amount of silver nitrate as
nucleating agents ([AgNO3] = 2 × 10−5) in order to obtain larger particles, namely 220 nm in diameter.

Prior to the R-SPS process, the Ni–P powder was initially heated under hydrogen at 300 ◦C for 1 h
in order to clear them from organic molecules and to thermally reduce all traces of nickel oxide present
on the surface of the particles.

The R-SPS experiments were realized according to the following process: 2 g of the
Ni–P nanopowders was versed in a cylindrical graphite matrix (internal diameter of 10 mm).
After establishing a primary vacuum in the apparatus, uniaxial pressure was firstly applied on
the graphite die containing the powder. Its value was increased up to 53 MPa in 1 min and then the
heating started while maintaining this pressure. The heating rate was 60 ◦C min−1 and the holding
time was 10 min at 600 ◦C. Under these conditions, the as-obtained specimens presented a height of
about 3 mm.

2.2. Characterization Techniques

X-ray diffraction (XRD) patterns of the synthesized powders and the bulk samples were obtained
using an INEL EQUINOX 1000 diffractometer (INEL, Artenay, France) operating with CuKα radiation
(λ = 1.5406 Å). The existing phases were determined using the International Centre for Diffraction
Data-Powder Diffraction Files 2 (ICDD PDF2) database. The lattice parameters and the average
crystallite sizes were calculated with the FullProf program (Version 2006) [10] using the Rietveld
method [11]. The particle size, the morphology, and the microstructure of the consolidated samples
were studied using a JEOL-2011 transmission electron microscope (TEM, JEOL, Tokyo, Japan) operating
at 200 kV. Microstructure examination of fracture surfaces was carried out using Field Emission Gun
Scanning Electron Microscopy (FEG-SEM; Ziess, Oberkochen, Deutschland). The grain size of Nickel
and Ni3P was determined by a statistical study of 200 particles using the Image Tool program (Free
software, Version 2, University of Texas Health Science Center, San Antonio, TX, USA). The phosphorus
content in the samples was determined by inductively coupled plasma (ICP) measurements. The SPS
process of the powders was accomplished with an SPS-515S SYNTEX apparatus (Fuji Electric Industrial
Co., Osaka, Japan). The densities of the consolidated samples were measured by the Archimedes
method using 2-propanol as a measuring liquid (0.786 density at 25 ◦C). Compressive tests of specimens
with dimensions of 1.5 mm × 1.5 mm × 2.4 mm were conducted at room temperature (RT) using a
homemade micro-sample testing machine with a load cell of 5 kN maximum capacities and a strain
rate of about 3.5 × 10−3 s−1. Microhardness measurements were conducted on the perpendicular plane
to the pressing direction using a Duramin 20 Vickers device (Struers S.A.S., Champigny sur Marne,
France) with a test force of 1.916 N for 10 s. Multiple measurements (20) were carried and the average
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value was taken to reduce errors. The magnetic properties of samples were measured using a Quantum
Design MPMS 3 (Magnetic Property Measurement System) magnetometer (Quantum Design Inc., San
Diego, CA, USA). Magnetization as a function of the magnetic field was collected in the magnetic field
range of [−3 T, +3 T] at 10 and 300 K.

3. Results

3.1. X-Ray Diffraction and TEM Characterizations

The XRD patterns of as-prepared powders presented the symmetry of the pure nickel (Figure 1).
The best refinements of these diffractograms were obtained using a cubic face-centered crystal symmetry
with almost similar lattice parameter (a = 3.523 Å) to that of pure Ni (PDF card No. 04-0850, a = 3.524 Å),
despite the presence of a significant amount of P (2%–4% by weight) [7,8]. This P composition is
significantly higher than that reported in the stable equilibrium diagram of the Ni–P system wherein
the solid solution Ni–P is very limited in phosphorus content, not exceeding 0.17% by weight [12].
Thus, the as-obtained alloys can be considered as metastable phases. TEM studies have shown
that the particles obtained are equiaxed, with size varying in the range of 50–220 nm (Table 1) (see
Supplementary Material S1).
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Figure 1. X-ray diffraction (XRD) patterns of starting Ni-P powder.

Table 1. Summary results of densified Ni–P samples: particle size of starting Ni–P powder was
determined by transmission electron microscope (TEM), crystallite size by the Rietveld method of X-ray
diffraction (XRD) patterns, grain size by TEM, the % mass of P by inductively coupled plasma (ICP),
and Ni and Ni3P phases by the Rietveld method. SPS, spark plasma sintering.

Samples
Particle Size of
Ni-P Powder

(nm)

Crystallite
Size of Ni

(nm)

Crystallite
Size of

Ni3P (nm)

Grain Size
of Ni (nm)

Grain
Size of

Ni3P (nm)

% Mass P
(ICP)

% Mass
Ni3P

(Rietveld)

NiP50SPS 50 ± 9 38.2 10.8 247 ± 39 97 ± 29 4.16 9.84
NiP100SPS 100 ± 18 49.9 14.5 330 ± 21 134 ± 28 4.01 9.40
NiP130SPS 130 ± 19 54.8 16.2 383 ± 27 141 ± 28 3.72 7.19
NiP220SPS 220 ± 12 81.1 20.6 638 ± 80 187 ± 33 2.22 4.97

The XRD patterns of densified samples obtained by the R-SPS process showed, besides intense
peaks of Ni, the presence of low-intensity peaks (Figure 2). According to the X-ray diffraction database,
these peaks can be attributed to Ni3P phase (PDF Card No. 34-0501). This phase was formed during
the SPS process and derived from the use of sodium hypophosphite in the synthesis process [6].
Actually, SPS acted as a reactive process and transformed the metastable alloys into bulk submicrometer
grain-sized MMCs, where the matrix was composed of nickel and Ni3P was the reinforcement phase



Metals 2020, 10, 112 4 of 15

formed during sintering. The mechanism of this phase apparition assumed the diffusion of phosphorus
from the inside of the initial nanoparticles to the grain boundaries, where nucleation and growth
of Ni3P nanoparticles occurred. Grain growth during heat treatment by SPS was accompanied by
narrowing peaks observed on XRD patterns.Metals 2020, 10, x FOR PEER REVIEW 4 of 16 
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Figure 2. XRD patterns of metal matrix composites (MMCs) based on Ni-densified Ni-P samples
obtained by reactive spark plasma sintering (SPS) from different particle sizes of nanopowders.

The weight percentages and the crystallite size of both phases were determined using the Fullprof
program based on the Rietveld method (Table 1). The weight percentages of Ni3P phases varied from
5% to 10%.

TEM investigations of the microstructure of the bulk samples and the grain size distributions
determined by TEM are presented in Figure 3. It was found that the mean grain size values for nickel
depended on the size of the starting Ni–P alloy nanoparticles. The larger the size of the initial particles
of Ni–P alloys, the larger the grain size of Ni present in the MMC materials—about 3–5 times larger
than the mean particle sizes in the initial powders (see Table 1). However, the grain growth was
more important when the starting nanoparticle size was lower, indicating that the high-temperature
consolidation (600 ◦C) resulted in grain coarsening, in agreement with previous reports [13,14].
It should be noted that the grain size of Ni3P nanoparticles increased concomitantly with that of Ni,
which was the matrix phase.

The SPS process induced a significant change in the morphology. We could note in the two
as-processed material grain types. The major one consisted of polygonal grains with mean sizes
varying from 247 to 638 nm depending on the size of the starting particles. Obviously, these grains
corresponded to the Ni compound. The minor one corresponded to equiaxial nanoparticles, with sizes
not exceeding 187 nm. Some were located at triple junctions of Ni grains; others were located inside or
on the grain boundaries of the nickel. This organization was recently reported by Prasad et al. in an
Ni–P system obtained by electrodeposition [15]. Given their small size, these nanoparticles can match
the Ni3P phase that was formed during the R-SPS step. This result was confirmed in a previous work
by electron energy loss spectroscopy (EELS) analysis [7].
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Figure 3. Transmission electron microscope (TEM) observations submicrometer grain-sized samples
and grain size histogram of Ni and Ni3P.

The crystallite size of both phases is given in Table 1. The variation of the grain size of nickel and
Ni3P as a function of crystallite size is illustrated in Figure 4. Regardless of the particle size of the
starting powders, an almost linear correlation was observed between the crystallite size and the grain
size for both phases. Indeed, the grain size increased as the crystallite size increased.
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Table 2 shows the grain size of Ni and Ni3P, the relative density, and the microhardness (Hv)
values for the sintered samples. It was found that the relative density increased linearly as a function of
the grain size within the SPS experimental conditions used in this work (53 MPa, 10 min, and 600 ◦C).
The samples do not reach a fully dense consolidation. Indeed, a residual porosity remains for all
samples; it increases when the grain size decreases and varies between 5.5% and 2.2%.

Table 2. Summary of grain sizes of Ni and Ni3P and values of relative densities and microhardness
(Hv) for Ni–P samples.

Samples Grain Size of Ni
(nm)

Grain Size of Ni3P
(nm)

Relative Densities
(%) Hv

NiP50SPS 247 ± 39 97 ± 29 94.5 522 ± 4
NiP100SPS 330 ± 21 134 ± 28 95.6 593 ± 5
NiP130SPS 383 ± 27 141 ± 28 96.2 615 ± 5
NiP220SPS 638 ± 80 187 ± 33 97.8 355 ± 6

The Vickers microhardness increased gradually, reaching a maximum of Hv = 615 for a Ni grain
size of 383 nm and a relative density of 96.2%. For an Ni grain size higher than 383 nm, a dramatic
decrease of the microhardness was observed despite a very low porosity (2.2%).

3.2. Compressive Test

Figure 5 shows the true stress versus true strain curves of the MMCs. The mechanical properties
of these samples are summarized in Table 3.

It appears that the mechanical behavior of densified samples was governed by grain growth.
Indeed, it can be seen that the MMC with a large grain size higher than 0.5 µm (NiP220SPS) presented
mechanical characteristics very close to those of bulk nickel, namely, low yield strength (621 MPa),
low maximum stress (894 MPa), and large ductile plateau with a plastic strain of 36.8%. It had a
relatively long hardening, followed by a progressive softening leading to rupture.

This behavior did not occur for samples with a lower grain size. Indeed, when the grain size
decreased, the mechanical characteristics evolved toward those of a brittle material, the plastic strain
decreased down to 2.6%, and the yield strength and maximum stress increased up to 1408 and 1638 MPa,
respectively.



Metals 2020, 10, 112 7 of 15

Metals 2020, 10, x FOR PEER REVIEW 7 of 16 

 

3.2. Compressive Test 

Figure 5 shows the true stress versus true strain curves of the MMCs. The mechanical properties 

of these samples are summarized in Table 3. 

It appears that the mechanical behavior of densified samples was governed by grain growth. 

Indeed, it can be seen that the MMC with a large grain size higher than 0.5 μm (NiP220SPS) 

presented mechanical characteristics very close to those of bulk nickel, namely, low yield strength 

(621 MPa), low maximum stress (894 MPa), and large ductile plateau with a plastic strain of 36.8%. It 

had a relatively long hardening, followed by a progressive softening leading to rupture. 

This behavior did not occur for samples with a lower grain size. Indeed, when the grain size 

decreased, the mechanical characteristics evolved toward those of a brittle material, the plastic strain 

decreased down to 2.6%, and the yield strength and maximum stress increased up to 1408 and 1638 

MPa, respectively. 

 

Figure 5. True stress vs. true strain curves obtained from compression test of MMCs. 

Table 3. Mechanical characteristics of the metal matrix composites (MMCs). 

Samples 
Grain Size of Ni 

(nm) 

Yield Strength 

(MPa) 

Maximum Stress 

(MPa) 
Plastic Strain (%) 

NiP50SPS 247 ± 39 1408 1638 2.9 

NiP100SPS 330 ± 21 1190 1493 4.7 

NiP130SPS 383 ± 27 968 1229 16.4 

NiP220SPS 638 ± 80 621 894 36.8 

3.3. Fracture Behaviors 

The fracture surfaces of the submicrometer grain-sized samples after compression tests at room 

temperature (RT) were observed by FEG-SEM (Figure 6). The fracture surfaces showed that the 

behavior of these materials varied between that of a hard and brittle material (NiP50SPS) and that of 

a ductile and low-strength material (NiP220SPS). Indeed, for the NiP50SPS sample, the rupture was 

fragile, characterized by a shiny surface with rivers and ridges, on which one can notice the presence 

of grains (Figure 6a). On the contrary, the fracture was essentially ductile in the case of the 

NiP220SPS sample, characterized by the presence of cupules and cones (Figure 6d). The transition 

between brittle and ductile failure was not sudden; in fact, the intermediate samples NiP100SPS and 

NiP130SPS (Figure 6b,c) present both fragments with ductile fracture along with fragments with a 

brittle one. 

Figure 5. True stress vs. true strain curves obtained from compression test of MMCs.

Table 3. Mechanical characteristics of the metal matrix composites (MMCs).

Samples Grain Size of Ni
(nm)

Yield Strength
(MPa)

Maximum Stress
(MPa) Plastic Strain (%)

NiP50SPS 247 ± 39 1408 1638 2.9
NiP100SPS 330 ± 21 1190 1493 4.7
NiP130SPS 383 ± 27 968 1229 16.4
NiP220SPS 638 ± 80 621 894 36.8

3.3. Fracture Behaviors

The fracture surfaces of the submicrometer grain-sized samples after compression tests at room
temperature (RT) were observed by FEG-SEM (Figure 6). The fracture surfaces showed that the
behavior of these materials varied between that of a hard and brittle material (NiP50SPS) and that of a
ductile and low-strength material (NiP220SPS). Indeed, for the NiP50SPS sample, the rupture was
fragile, characterized by a shiny surface with rivers and ridges, on which one can notice the presence
of grains (Figure 6a). On the contrary, the fracture was essentially ductile in the case of the NiP220SPS
sample, characterized by the presence of cupules and cones (Figure 6d). The transition between brittle
and ductile failure was not sudden; in fact, the intermediate samples NiP100SPS and NiP130SPS
(Figure 6b,c) present both fragments with ductile fracture along with fragments with a brittle one.
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Figure 6. FEG-SEM observation of the fracture surfaces of submicrometer grain-sized samples:
(a) NiP50SPS, (b) NiP100SPS, (c) NiP130SPS, and (d) NiP220SPS.

3.4. Magnetic Properties

The magnetic behavior of MMC samples was studied by measuring the static magnetization
as a function of the magnetic field at two different temperatures: 10 and 300 K. Figure 7a,b show
the hysteresis loops of all the samples at 10 and 300 K, respectively. Table 4 reports the average
grain and crystallite size together with the magnetic characteristics of these materials (coercive field,
magnetization at remanence, and saturation). It should be noted that the magnetic characteristics of
NiP100SPS obtained in the present work are, within the experimental error, in good agreement with
our previous results [8].

Table 4. Magnetic characteristics of materials produced by reactive SPS (R-SPS).

Samples Grain Size of
Nickel (nm)

Crystallite Size of
Nickel (nm)

Hc (Oe) Mr (emu g−1) Ms (emu g−1)

10 K 300 K 10 K 300 K 10 K 300 K

NiP50SPS 247 ± 39 38.2 86.7 26.3 2.9 0.96 43.3 41.3
NiP100SPS 330 ± 21 49.9 55.4 5.2 2.6 0.33 48.1 46.2
NiP130SPS 383 ± 27 54.8 40.6 1.8 2.1 0.15 50.2 48.1
NiP220SPS 638 ± 80 81.8 22.8 0.6 0.9 0.03 54.7 52.3
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Figure 7. Hysteresis loops at 10 (a) and 300 K (b) of materials produced by reactive SPS (R-SPS) from
various particle sizes of Ni-P nanopowders.

Both at low and room temperatures, the samples presented a ferromagnetic behavior, showing the
usual decrease of the coercive field and the saturation magnetization when the temperature increased.
This allowed affirming that, no matter the grain size, the magnetic properties of the MMCs were mainly
driven by the ferromagnetic Ni matrix and not the paramagnetic Ni3P included phase.

Table 4 illustrates the variation of Hc and Ms as a function of the grain and crystallite size of nickel,
confirming that the submicron characteristic also governed the magnetic properties of the prepared
materials. The coercive field increased when the grain and crystallite size of nickel decreased: the
higher coercive field was obtained for the MMC showing the lowest grain size of nickel (247 nm).
In this latter case, we observed a coercive field almost twice that of the one observed in the agglomerate
bulk nickel materials obtained by conventional compaction at a similar temperature (52 Oe) [16].
Conversely, magnetization at the saturation value increased when the grain size increased. However,
it is worth noting that all Ms were only slightly reduced compared with that of the bulk nickel (55 emu
g−1) [17], confirming the good quality of our Ni-based sintered materials. The small difference can be
attributed both to (i) the presence of Ni3P, which has a paramagnetic behavior; and (ii) the variation of
grain and crystallite sizes of Ni, with this latter parameter appearing to be the most important one, as
discussed in Section 4.

4. Discussion

Relatively dense submicrometer grain-sized MMC Ni–P alloys have attracted much scientific and
technical attention because of their excellent functional properties compared with conventional
polycrystalline materials [18–20]. The mechanical properties, owing to their fine grain size,
are characterized by high strength and relatively high ductility [21,22]. Their corrosion resistance,
high hardness, and wear resistance as well as electrical, magnetic, and catalytic properties have made
these alloys excellent candidates for use in electric motors, chemical applications, and several others
areas [20,23,24].

These alloys can be prepared by two principal processes: electroless or electrodeposition methods.
Both methods require the use of a complex bath composed of several salts, each having a specific role
(reducing agent (generally, the hypophosphite anion), complexing agent, pH buffers, accelerators,
stabilizers, and wetting agents) [25]. The alloys elaborated by the deposition methods commonly come
in film form. Thus, an additional heat treatment is needed to improve the crystallinity and mechanical
properties of these materials. This step confers to these films a very high hardness and can be used as
wear-resistant coatings. However, these materials are subject to severe brittleness, which makes their
workability not an easy task.

In the present work, along with our previous works [7–9,26], we proposed a novel method to
elaborate Ni–P alloys in the form of nanoparticles instead of films. This method requires a simplified
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bath only constituted of polyol, in which the hypophosphite is added in order to enhance the reducing
power of the medium. The obtained Ni–P nanoparticles are spherical with well-controlled size and
polycrystalline structure. Unlike the Ni–P alloys prepared by electroless or electrodeposition [22,27,28],
nanoparticles prepared by the polyol process show high crystalline quality. While electroless and
electrodeposition processes enable the elaboration of films, our bottom-up strategy using the R-SPS
process and starting from nanopowders of Ni–P alloys leads to bulk submicrometer grain-sized MMCs,
which are characterized by an Ni matrix and Ni3P inclusions as a reinforcement material (wt % of
5–10%). This is coherent with our previous results obtained for 100 nm Ni–P alloys [8].

In the work of [8], by varying the heat treatment conditions (temperature, time, and pressure),
various MMC materials were obtained with a tunable grain size, varying in the ranges of 179–560 and
101–223 nm for Ni and Ni3P, respectively.

In the present work, the R-SPS conditions were fixed (temperature of 600 ◦C, holding time of
10 min, and pressure of 53 MPa), while the starting nanoparticle size varied from 50 to 220 nm.
This resulted in MMCs that also had a tunable grain size between 247 and 638 nm for Ni and between
97 and 187 nm for Ni3P. A relationship exists between the starting nanoparticle size of Ni–P alloys and
the grain size of the Ni in the as-obtained MMCs; the larger the size of the starting Ni–P alloy particles,
the larger the size of Ni grains in MMCs.

As can be seen, the two approaches led to almost identical grain size ranges for both components.
The grain sizes inferred from TEM images were significantly higher than the crystallite sizes

inferred from XRD analyses. Crystallites are in fact the smallest domain inside the grain, which scatter
X-rays coherently. This coherency breaks even if the crystallites have very small misorientation (1◦–2◦).
Thus, the crystallites inside of the grain can be considered as subgrains [29,30]. More interesting to note,
the grain size varied linearly with the crystallite size; it increased when the crystallite size increased.
Furthermore, for Ni grains, the grain size/crystallite size ratio varied in a narrow range: 6.5–8, similar
to that observed in the work of [8]. Accordingly, the mechanical and magnetic properties of these
materials can either be correlated to the submicrometer microstructure scale (grain size) and/or to the
nanometer scale (crystallite size).

To summarize, the different investigations conducted (TEM, XRD, density, chemical analysis)
show that the MMC materials consist of a matrix of nickel polygonal grains with submicron size
and Ni3P as reinforcement in the form of spherical particles with size in the sub-micrometer range,
but significantly lower than that of Ni grains. Furthermore, all obtained composites have a residual
porosity, which decreases when the grain size increases. All together, these parameters likely control
the mechanical and magnetic properties of the as-obtained MMCs. However, our recent work [8] has
shown that Ni grain size plays the key role to tune the as-properties.

Thus, all mechanical and magnetic properties of the as-obtained MMCs are discussed and
tentatively correlated with the grain size of the matrix, namely, Ni. Furthermore, the influence of Ni3P
or porosity on this general behavior is specified in each case.

Yield strength, maximum stress, and plastic strain are mainly driven by the grain size of Ni, which
constitutes the matrix. Figure 8 reports the yield strength (maximum stress is not reported, as it behaves
similarly) and the plastic strain as a function of grain size. Similar behaviors were observed for MMCs
published in the work of [8]. As shown in Figure 8, yield stress increased when the grain size decreased.
Conversely, the plastic strain increased when the grain size increased. An important crossover of the
mechanical response of the MMCs appeared around 350 nm of Ni grain, which corresponded to a
crystallite size of around 50 nm. It is interesting to note that this threshold value was also observed for
MMC samples studied in the work of [8] (Figure S2).
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Figure 8. Variation of yield stress (�) and plastic strain (�) for the sintered samples as a function of the
grain size of the Ni.

While the mechanical characteristics deduced from the compression tests do not depend on the
porosity of the materials, Vickers hardness has a subtle behavior; it depends on the porosity in addition
to the Ni grain size. It increases with the grain size to reach a maximum value for a grain size close to
380 nm, and then it decreases. Balancing porosity and Ni grain size makes it possible to obtain the
highest hardness (p% 2.2, grain size 383 nm). The samples with a smaller grain size correspond to
high porosities, which are harmful for obtaining high hardness. Beyond the critical size of 380 nm,
the sample has a very low porosity, but it corresponds to an exaggerated growth of all nickel grains
and Ni3P particles. This abnormal grain growth outweighed the increase in relative density, and hence
explains the microhardness decrease.

The magnetic properties were also found to be closely related to the Ni grain size (Figure 9).
The coercive field (Hc) increased when the grain size decreased, similar to yield strength, while
saturation magnetization values (Ms) increased with the grain size in a manner similar to the plastic
strain (curves corresponding to previous work [8] are shown in Figure S3). Like the mechanical
behavior, a crossover behavior was observed around 350 nm of Ni grain size for the magnetic behavior
of both sample series elaborated in the work of [8] and the present work. It is interesting to notice that
this grain size corresponds to a crystallite size of around 50 nm, which is the critical crystallite size of
the Ni magnetic mono-domain (Table 4) [31].Metals 2020, 10, x FOR PEER REVIEW 12 of 16 
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All these results show that R-SPS is a useful sintering process to control the microstructure and
physical properties of MMCs based on nickel. This can be achieved by following two different methods.
The first one, developed in the work of [8], consists of varying the SPS conditions and starting from a
given particle size. The second method (present work) consists of keeping identical SPS conditions
and varying the size of the starting particles. Both processes led to MMCs with grain sizes varying in a
wide range from 200 to 680 nm for Ni. This enables tuning the mechanical and magnetic properties on
a large scale and opens the possibility of a crossover of these properties within the same composition
only by controlling the growth of Ni grains.

In this work, together with the work of [8], we have shown that decreasing the grain size led
to greater strength and a less ductile submicrometer grain-sized material in accordance with the
Hall–Petch law [32,33]. This may be explained on the basis of dislocation density in the grains and
subgrains (crystallites). Indeed, small grains contain few dislocations in comparison with large grains,
inducing weaker stress at the grain boundary. Furthermore, decreasing the grain size leads to an
increase of grain boundaries, which impedes the dislocation motion. In this case, the dislocation
propagation in the adjacent grain needs a more important applied stress [34].

Finally, compared with the results published in the literature on pure nickel materials with
comparable average sizes, we note that the yield strength, maximum stress, and microhardness are
significantly higher [13,35] in our case. This result is mainly caused by the following:

- The presence of a secondary phase (Ni3P). Indeed, compared with single-phase samples with the
same particle size, the presence of a secondary phase strengthens the microstructure and leads to
higher values of microhardness and yield strengths [36,37].

- The difference in microstructure of these materials induced by the elaboration process. In the
present study, the R-SPS process led to MMCs based on nickel with Ni3P as a reinforcement
starting from nanoparticles of Ni–P metastable alloys. The formation of Ni3P occurred in situ by
diffusion of P from the inside of the nanoparticles to their boundaries. This mechanism leads to
strong chemical bonding between matrix and reinforcement components [38].

Decreasing the grain, and thus the crystallite size of the nickel, also affects the magnetic behavior.
It leads to a higher coercive field (Hc) and lower saturation magnetization (Ms).

Because, as shown before, the grains of the as-obtained MMCs consisted of crystallites with
sizes varying in the nanometer range (30–80 nm), it clearly appears that the magnetic behavior
can be tentatively explained on the basis of interactions between these crystallites considered as
magnetic nano-domains. The increase in Hc may be because of the change of the magnetization
reversal mechanism in these nano-domains. When their size decreases, the crystallites are more
magnetically close to mono-domains, and thus the magnetization reversal proceeds via a coherent
rotation of the magnetic moment in each domain. This coherent mechanism needs a higher applied
field [31] compared with the percolation process in a multi-domain magnetic state. Also, as soon
as the crystallite size of the nickel approached the critical size of nickel (50 nm) (see Figure 8, blue
numbers in parentheses), the coercive field of the MMC materials went abruptly to zero at RT (i.e.,
crossover-like behavior of the magnetic properties). This result allows us to speculate on the competition
between the thermal instability of the magnetization moment into the mono-domain nanoparticles [31],
causing the superparamagnetic behavior with the magnetic interactions between domains favoring
the ferromagnetic properties. Our results show that approaching the critical size of the Ni crystallites
drifts the thermal instability effect at higher temperatures than the RT one. Indeed, as shown in the
inset of Figure 6b, when the crystallite size of the Ni matrix decreased below the critical size of Ni
nanoparticles (i.e., Dc = 50 nm), the so-called blocking effect appeared at higher temperatures than
the RT one. At RT, in fact, the hysteresis cycle went from a typical multi-domain magnetic behavior
(NiP220SPS) to a soft ferromagnetic one (NiP50SPS). This allows the observation of soft ferromagnetic
behavior for MMC systems presenting smaller Ni crystallite sizes than the critical one.

Unlike Hc, Ms also depends on the presence of Ni3P (a paramagnetic compound), which explains
the slight decrease of Ms of all compounds of the series in comparison with bulk Ni. However, inside
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this series, as for Hc, a regular variation was observed in the function of grain and crystallite sizes
(i.e., when the grain and crystallite sizes decreased, the Ms decreased). Indeed, when the crystallite
size decreased, the number of atoms at the surface increased. This led to an important number of
disoriented moments in comparison with well-oriented moments inside of the crystallite. Such division
into two magnetic sub-domains is responsible for the Ms decrease in comparison with the Ms of large
particles, with the outside domain (surface domain) being considered a magnetic dead surface [39].

5. Conclusions

A bottom-up strategy combining a modified polyol process and the R-SPS process enabled us to
elaborate MMCs based on Ni as a metal matrix and Ni3P as a reinforcement phase. The modified polyol
process led to Ni–P metastable alloy nanoparticles that were spherical in shape and had sizes between
50 and 220 nm. The heat treatment of the powder was performed by R-SPS for 10 min at 600 ◦C and
53 MPa. This transformed the starting metastable alloys into bulk submicrometer grain-sized MMCs,
with Ni as the metal matrix and Ni3P as the reinforcement. The metal matrix was formed by polygonal
grains and the reinforcement phase appeared in the form of equiaxial nanoparticles. The polygonal
grains were of sizes varying from 247 up to 638 nm, whereas the size of equiaxial particles varied in
the range of 97–187 nm. TEM and X-ray diffraction analyses showed that the Ni grains were in fact
constituted of crystallites, which can be considered as subgrains. Even more interesting was that the
Ni grain size increased linearly with the crystallite size, which varied from 38 to 82 nm.

The presence of Ni3P acted both on mechanical and magnetic properties: (i) as a reinforcement,
it enhanced the strength of the as-elaborated MMCs; (ii) as a paramagnetic phase, it slightly reduced
the Ms of the samples. However, it was clearly shown that the microstructure of the as-elaborated
MMCs was the main factor driving their mechanical and magnetic behaviors. When the grain size
decreased, the yield strength and coercive field (Hc) increased. In contrast, strain to facture (%) and
saturation magnetization (Ms) decreased when the grain size increased. It was observed that, for both
properties, a crossover occurred at an Ni grain size of around 350 nm, corresponding to a crystallite size
of 50 nm, which is the critical size of the Ni magnetic mono-domain. Below this grain size, the materials
showed a relatively hard mechanical behavior (high strength) and semi-hard magnetic one (Hc around
100 Oe). For higher sizes, the materials evolved toward ductile and soft ferromagnetic magnetic
behavior. Despite the nano-size of the crystallites considered as the magnetic mono-domains, the soft
ferromagnetic behavior still existed at room temperature, which was likely owing to the magnetic
interactions between the considered domains.

In summary, we have shown in this work that the mechanical and magnetic properties of MMCs
based on Ni as a matrix and Ni3P as a reinforcement can be easily tuned by controlling the grain and
crystallite sizes of the Ni matrix. In turn, these sizes can be controlled by the size of Ni–P metastable
alloy nanoparticles elaborated in polyol medium and transformed by R-SPS into MMCs under identical
thermal heat conditions.
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