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1 ICB UMR 6303 CNRS/Université de Bourgogne, BP 47870, 21078 Dijon Cedex, France
2 Nexter Munitions, 7 route de Guerry, 18000 Bourges, France

Correspondence should be addressed to F. Bernard; fbernard@u-bourgogne.fr

Received 25 February 2013; Accepted 16 April 2013

Academic Editor: Faming Zhang

Copyright © 2013 F. Naimi et al.This is an open access article distributed under the Creative Commons Attribution License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

An investigation was performed to evaluate the potential of the spark plasma sintering process in producing dense nanostructured
materials. Microstructured and nanostructured nickel was sintered by SPS starting from nickel powder (APS 3–7 𝜇m) in the as-
received state and after a mechanical activation using a high-energy ball mill. First, a sintering study to determine SPS processing
conditions to reach full densification was carried out with specimens 50mm in diameter and 10mm in height. In a second step, an
experimental investigation was undertaken with dense nickel disks to generate tensile properties. The tensile tests were performed
at a strain rate of 10−3 s−1 with specimens 16mm in gage length and 4mm in gage diameter. Tensile ductility in excess of 40% was
reached with the microstructured nickel. For the nanostructured nickel, high yield stresses in excess of 600 MPa were measured
with a tensile ductility of 30%. These results were analyzed through densification and microstructure measurements.

1. Introduction

The term “nanomaterials” is usually used for nanostructured
or nanophased materials, in which the dimension of grains
is ranged from 1 to 100 nanometers, which have specific
characteristics due to the modification of the surface/volume
ratio. However, if many examples in the literature can easily
illustrate these effects in electronics, magnetic recording,
cosmetics, catalysis, etc. [1–7], it is very difficult to access to
the evolution of mechanical properties versus the grain size.
The relative dearth of experimental data onmechanical prop-
erties of nanomaterials has been attributed to the difficulty in
preparing significant size dense specimens [8]. Nevertheless,
some examples showed clearly that the improvement of
mechanical properties of metals and alloys is historically
related to a refinement ofmicrostructure. Indeed the decreas-
ing of the grain size increases the yield strength according to
the Hall-Petch law [9–11]. The development of substructure
limits the dislocationmotions via the precipitation—creation
of dislocation cells (10–200 nm)—and, consequently, rein-
forces the compromise between yield stress and ductility [12].

For example, in the case of tungsten alloys prepared by pow-
der metallurgy and thermal transformation, an increasing by
two orders of magnitude of strength resistance is observed
[13].

Material processing via powders has the potential of
controlling the material microstructure at a nanoscale. The
process begins with the synthesis of powders. It is now
possible to synthesize powders with a grain size in the
nanorange for a wide range of ceramic and metallic com-
pounds from three different ways: (i) physical route such
as evaporation-condensation processes and laser pyrolysis
[14–21], (ii) chemical route including soft chemistry, sol-gel
methods, and hydrothermal synthesis which can be extended
to supercritical conditions [22–25], and (iii) the mechanical
route in which powders are “nanostructured” (as opposed to
those “nanosized”), for example, powders of metallic alloys
with a nanodistribution of phases within each particle, can
be obtained by mechanical alloying [26–30].

Then, it is necessary to add a consolidation step to obtain
dense materials. Different processes have been developed to
consolidate nanoparticles [31–34]. Rawers [34] has reviewed
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themainmethods to densify nanomaterials and discussed the
advantages and disadvantages. All the methods are based on
the application of high pressure but also of high temperature
to affect densification through particle deformation andmass
transport. One promising technique is the hot pressing of
mechanically milled powders, in which the careful control
of processing parameters (time, temperature, and pressure)
makes possible the fabrication of fully dense nanostructured
samples [33, 34]. However, the high-temperature treatment
leads to significant grain coarsening (Ostwald ripening).
Usually, for limiting the grain growth, it is necessary to
decrease the temperature, for example, by the use of very
high pressure (4GPa in some cases) in order to plastically
deform the nanometric grains [35]. An alternative route
to enhance densification and avoid excessive grain growth
is the so-called fast firing method [36] and fast sintering
techniques, usually named SPS (spark plasma sintering, [37]).
The aim of these methods is to reduce the time of exposure
to high temperatures. An example is given in the case of W-
2Y nanopowders prepared by ball milling and then sintered
in vacuum [38]. In a recent review containing 1005 papers,
Orrù et al. [39] report the potentiality of SPS technology
to produce “in a short time” various types of materials.
Indeed, SPS is one of the most attractive techniques for
producing innovative materials with a moderate cost and, for
some cases, enhanced properties [37, 39]. The SPS technique
allows rapid heating through Joule effect by applying to the
powders and environmental tools (die, punches, and spacers
usually in graphite) a high current (∼1000 to 30 000A). It
allows producing materials from 10 to 100 times faster as
compared to classical powder metallurgy techniques. Rapid
heating is performed and sintering is greatly enhanced,
allowing the production of a dense material with a limited
grain coarsening. Exceptional results are obtained such as a
limitation of grain growth in the case of ceramics [40–42], or
of metallic composites [43, 44].

The aim of the present research work was to fabricate
dense nanostructured nickel in order to take advantage of the
improvement of mechanical properties with reduced grain
size. One of the challenges was to limit the grain coarsening
even in significant size specimens, through the control of the
SPS processing parameters (such as heating rate, sintering
temperature, holding time, and pressure). However, it is also
crucial to control the production of nanopowders in order to
get powders having a nanometric size and a size distribution
as narrow as possible. Such a control is not obvious due to
the large reactivity of nanoparticles. That is why as-milled
powders have been produced using high-energy ball milling.
Indeed, the milling process leads to both the reduction in
the crystallite size and the accumulation of defects in powder
particles. The other interest of ball milling is the possibility
to form agglomerates with a micrometer size (size usually
available with commercial ones) containing nanocrystallites.
Moreover, the reactivity towards ambient air of mechanically
activated powder in which the specific surface area is reduced
in comparison with individual nanoparticles produced, for
example, by a chemistry route. Consequently, the storage,
the transport, and the handling of mechanically activated Ni
agglomerates are facilitated.
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Figure 1: Description of the SPS process.

In the present work, Ni milled powders were prepared
using high-energy planetary mill and were subsequently
consolidated as disk of 50mm in diameter using the SPS
process, from which tensile specimens were extracted for
mechanical characterization.

2. Experimental Procedure

The investigation has been performed by evaluating the
mechanical properties of nickel samples sintered by SPS from
a mechanically activated powder. Mechanical properties are
then compared with those of a reference sample obtained by
electrodeposition. The process to produce dense nanostruc-
tured Ni from a micrometric commercial powder (commer-
cial powder) consists in two steps [45, 46]: (i) mechanical
activation of the elemental powder by a short-duration
treatment in a high-energy planetarymilling (milled powder)
and (ii) densification of Ni in one step by flash sintering using
SPS equipment.

The dimensions of sintered specimens must be sufficient
to perform tensile tests, that is, 50mm in diameter and
10mm in height. Conditions of powder preparation were
selected to produce per vial one batch necessary to perform
one SPS sample. Consequently, 120 g of elemental powder Ni
(Alfa Aesar, APS 3–7 𝜇m in particle size, 99.9% purity) was
milled in a planetary ball vario-mill Fritsch Pulverisette 4
[47, 48]. Based on previous works [49, 50], a specific ball
milling condition was established at 250 rpm (rotation per
minute) for the disk rotation speed and −50 rpm for the
absolute vial rotation speed. The charge ratio 𝐶

𝑅

(steel ball
to powder mass ratio) was 7. The powder being constituted
of quite abrasive materials, a short duration of milling has
been selected to avoid any contamination of the product by
the milling tools (8 h uninterrupted). Moreover to limit this
contamination but also to increase the yield of nanostruc-
tured powder, three millings without cleaning milling tools
have been carried out. Under these conditions, the ductile
character of powders induced the formation of Ni coating
on the vial surface acting as a protective liner against the
abrasion on the surface of tempered iron tools. In addition,
the milling parameters were selected to be sufficiently long
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Figure 2: Tensile test: (a) tensile specimens layout in the sintered disc with a diameter of 50mm in which three specimens were extracted,
(b) tensile specimen with installed extensometer.
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Figure 3: SEM observations of commercial Ni powder (APS 3–7 𝜇m) and (a) milled Ni powder (b) including the particle size distribution
determined by laser granulometry for both systems (c).

for producing mechanically activated agglomerates. Many
studies reported the existence of correlation between ball
milling conditions and microstructure of milled powders
[51, 52]. It was determined that there is an interval of time
for which the crystallite size and the dislocation density
are not time dependent whereas the twin faults density
increased proportionally to milling duration. Other authors
[51] showed that in the case of nanostructured Cu powder
prepared by ball milling a frequency of shocks in range of 6–
17Hz does not affect the microstructure. On the other hand,
crystallite size, dislocation and, twin densities are function of
the energy of shocks. From the kinetic model developed by
Abdellaoui and Gaffet [48], the change of speed rotations of
disk and vials led to an injected power during the ball milling
process which can be expressed as the energy of shocks (𝐸)

and the frequency of shocks (𝐹). In this work, energy and
frequency of shocks are, respectively, equal to 0.08 J and 9Hz.

Sintering is the second step and is required to obtain
nanostructured materials with a density perfectly controlled.
In the case of SPS, the sintering is due to the simultaneous
application of direct current pulses of very high intensity
(several thousands of amperes) and of a uniaxial pressure
to the encapsulating system (Figure 1). The Ni powders were
sintered in the spark plasma sintering apparatus (HPD125
apparatus, FCT System GmbH). Dense samples of 50mm
diameter and 10mm thickness were sintered into a graphite
die (100mmouter diameter and 50mmheight).The powders
were first cold compacted in the die lined with graphite foil
(graphite foil is also inserted between the powder and the
punches) at the sintering pressure during 5 minutes. The die



4 Journal of Nanomaterials

containing the cold-compacted sample was enveloped with
a carbon felt to reduce the radiation heat losses from the
outer surface. The temperature was monitored by a K-type
thermocouple located in a hole at 3mm far from the sample
and half height of the die.

Before characterization, the samples were first polished
with 180-grit silicon carbide and up to 1 𝜇m with diamond
paste and, finally, cleaned in an ultrasonic ethanol bath in
order to remove surface contamination from graphite foil.
The relative density is obtained by the ratio of the bulk density
of the sintered samples (determined using the Archimedes
method in distilled water) to the theoretical density. Each
value is an average of three measurements. X-ray powder
diffraction (XRD) measurements were performed with a
Bruker-AXS D8 Advance diffractometer (CuK𝛼 radiation,
𝜆 = 0.154051 nm) using a super speed VANTEC-1 detector.
Pattern decompositionwas carried out with the profile-fitting
program TOPAS using Le Bail’s method [49].

A scanning electronmicroscope (SEM JEOL JSM-7600F)
with a field emission gun (FEG) and coupled with (i) a LINK
OXFORD Energy Dispersive X-Ray Spectrometry (EDXS)
and (ii) an electron backscattering diffraction (EBSD) detec-
tor was used to analyze, respectively, the grain morphol-
ogy and the local chemical composition of materials. The
microstructures of powders (commercial and milled) were
characterized by embedding and polishing them in order
to perform an analysis of the cross section of grains or
agglomerates and SPS materials were cut along the axial
direction. The samples were observed under secondary or
backscattered electron modes and analyzed by orientation
imagingmicroscopy (OIM).TheEBSDKikuchi patternswere
posttreated using CHANNEL 5.0 software in order to obtain
information on grain size distribution. The grain maps were
reconstructed assuming that the real grains contain more
than two adjacent pixels with the same orientation and the
grain boundary angles were higher than 4∘.

Finally, in order to evaluate the mechanical properties,
three tensile specimens were extracted from SPS-sintered
samples in relation with the schematic representation given
on Figure 2. Such a procedure allows us to perform, for
each as-sintered material, three tests. The tensile tests were
performed at a strain rate of 10−3 s−1 with specimens 16mm
in gage length and 4mm in gage diameter using a Testwell
machine equipped with a load cell of capacity 5000 daN. The
gage length elongation was measured with an extensometer
Epsilon over a gage length of 10mm.

3. Experimental Results

3.1. Mechanical Activation Stage. The powder issued from
the high energy ball milling does not keep the spherical
morphology of the commercial powder grains (Figure 3).
Mechanically activated powders in comparison to commer-
cial Ni powders appear as large agglomerates due to succes-
sive fracture/welding process occurring during the milling.
Indeed, the size of commercial powder grain increases from
8𝜇m to 200𝜇m (𝑑(0.5) measured by laser granulometry
(Figure 3(c)) whereas the crystallite size determined from
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Figure 4: (a) BSE micrographs showing the transverse cut of
milled Ni agglomerates. The dark zones correspond to oxygen
contamination and pores in agreement with (b) EDX analyses
reported in the table in which WDS (Fe, Cr) analysis were added.

XRD peak profile analysis decreases from 250 nm to 52 nm.
This mechanical activation has allowed the formation of
micrometric agglomerates constituted of nanocrystallites.
In addition, the microdistortion rate corresponding to an
increasing of defect density is also modified but the mag-
nitude seems to be lower (∼+10%). For the selected milling
condition, no contamination from the milling tools was
detected by both EDX-SEM and XRD analyses. Indeed, two
chemical analyses performed by EDXandWDSonmilledNi-
agglomerate confirmed that no Cr and Fe contamination was
observed. Only few areas located on agglomerate boundary
are composed of oxygen (Figure 4). However, oxides are not
detected by XRD (in the detection limit of the apparatus).
This study confirms the interest to use high-energy ball-
milling without cleaning vials in order to avoid any contami-
nation.

Figure 5 obtained from SEM-EBSD analysis permits to
determine a grain size distribution (inverse pole figure) and a
defect density (kernel analysis) on commercial (Figure 5(a))
and mechanically activated (Figure 5(b)) nickel powders.
The white areas on commercial powder figures correspond
to the resin. These figures confirm the XRD analyses and
show that the high energy ball milling process allows reduc-
ing the crystallite size (Figure 5(b)-top). Moreover, many
defects have been introduced (Figure 5(b)-down). Indeed,
the inverse pole figure for the milled powder exhibits a large
grain size distribution including zones containing large grains
and others composed with finer grains. In fact mechanical
activation of Ni powder allows to obtain a good combination
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Figure 5: For both (a) commercial and (b) milled Ni powders, inverse pole figure mode and kernel average misorientation have been plotted
in order to establish, respectively, the average grain size of particles (top) and a defect density inside powders (down).

between large and fine particles. Moreover, the density
of defects introduced during the milling is significant in
comparison with commercial powders in which the density
of defect is negligible. This density of defects observed on
EBSD images is higher than that obtained by XRD analysis
for which the contribution of microdistorsion seems to be
underestimated. In addition, the lattice strain has been found
to increase in the first stage of grain deformation, to reach
a maximum, and then to decrease upon further millings
[26, 27]. This behavior has been attributed to strain release
which can be observed during themilling especially when the
plastic deformation mechanisms are activated via formation
and movement of dislocations to grain boundary gliding.
Consequently, it is essential to study the influence of the
crystallite size reduction and defect density multiplication
on the sintering, in particular, on the grain coarsening and
consolidation stages.

3.2. Sintering Stage. In order to evaluate the sintering behav-
ior of each powder (i.e., commercial and milled powders), a
dilatometric study inside the SPS machine was performed.
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The SPS cycle consisted of a sintering at 1000∘Cunder 50MPa
without dwelling time. A heating rate of 50∘C/min has been
applied. This comparative study presented Figure 6 which
shows the sintering behavior of both powders is different. In
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particular, the temperatures corresponding, respectively, at
the beginning (230∘C instead of 270∘C) and at the end (800∘C
instead of 1000∘C) of sintering decrease when a mechanical
activation stage on the commercial powder is used.This effect
can be attributed to the microstructure difference in terms of
crystallite size and defect density as it was observed on EBSD
analysis presented on Figure 5. In addition, the shrinkage
curve of Ni commercial powder is composed of two steps,
firstly between 270∘Cand 400∘Cand secondly between 400∘C
and 1000∘C whereas such a slope change is not observed for
the milled powder (Figure 6).

This different sintering behavior can be explained by the
difference of morphology between the two powders. Indeed,
the commercial one, due to its thistle-like morphology, has
in a first step, and before starting to sinter, its surface
which becomes smooth. The optimization of the sintering
conditions of themicrometricNi powder has been performed
in a previous work by the establishment of a SPS sintering
map [50–52, 59, 60]. Accordingly, the commercial Ni powder
was sintered at 750∘C under 100MPa during 5 minutes. The
heating rate was divided into two steps. The heating rate was
200∘C/min until 600∘C and decreased at 50∘C/min for the
second step.The density of the sample was 99 ± 0.5%. Tensile
tests were performed on this SPS sintered sample and com-
pared with the reference Ni prepared by electrodeposition
(99% dense) (Figure 7). The yield stress, the hardening char-
acteristics, and the ductility of the micrometric SPS sintered
specimen and electrodeposition one are totally comparable.
Such a comparison validates the SPS process for producing
dense nickel with similar properties to the reference material
(electrodeposition Ni). Consequently, the sample elaborated
from the Ni milled powder has been sintered in the same
conditions (sintering parameters and tools). The density of
this sintered specimen is equal to 96 ± 0.5% only. This
density difference could be attributed to the plasticity of the
milled powder agglomerates which is smaller than that of
the commercial powder. As expected, the nanostructured
Ni sample exhibits a higher mechanical strength than the
micrometric sample (Figure 8). A nonnegligible ductility of
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100MPa.

25% was reached with the nanostructured sample. Figure 9
compares the fractographs of the micrometric nickel and
the nanostructured nickel both elaborated by SPS under a
pressure of 100MPa.They both exhibit stretched voids typical
of ductile failure.Themicrometric nickel reveals a continuous
net of stretched voids of size ranging from 2 to 10 𝜇m,
while the nanostructured nickel reveals a finer stretched
void structure with a somehow continuous network of voids
ranging from 0.5 to 2𝜇m. In addition, the nanostructured
nickel exhibits large voids spherical in shape of size ranging
from 5 to 10 𝜇m. Because of their spherical aspects, these
voids are believed to originate from pores as the residual
porosity is high in excess of 4%.

To improve the density of the sample elaborated from the
milled powder, the SPS process has to be optimized. Precisely,
the beneficial effect of the SPS process on the densification
was demonstrated elsewhere showing that the density is
improved with the heating rate, the applied pressure, and the
holding time up to a critical value [39]. However, heating rate
and holding time do not provide a significant improvement
and an increasing of the sintering temperature could lead
to grain growth, which will be harmful to the mechanical
properties. On the contrary, an increasing of the pressure
allows decreasing the sintering temperature while improving
densification. So, the strategy adopted has been to apply
higher pressure to enhance the contribution of the plastic
deformation to densification and bonding. The high stress
enhances the plastic strain controlling pore closure. Also, the
stress plays a significant role in stress-assisted densification
mechanisms. In addition, the extensive plastic deformation
under high stress results in the destruction of any continuous
surface oxides on powder particles which may degrade
bonding and properties. The high pressure applied may also
have a beneficial effect of slowing down grain growth because
of the reduction of free volumes in grain boundaries which
favor atomic jumps across the boundary.

Therefore, the effect of the pressure has been investigated.
Because of the poor flexural strength of the graphite, the
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Figure 9: Fractographs of the tensile specimens for the microstructured (a) and the nanostructured (b) nickel elaborated by SPS under a
pressure of 100MPa.

uniaxial pressure is limited to 100MPa. Consequently, spe-
cific tungsten carbide-cobalt tools including cylindrical die
of 100mm outer diameter and 50mm height and punches
have been designed. However, the sample densification is
influenced by the nature of SPS tools. Despite a similar sin-
tering temperature, the sample temperature can be different
[61]. Therefore, the electrical and thermal conductivities of
WC-Co tools impose to modify the thermal cycle applied to
mechanically activated Ni powder. In addition, applying very
high pressures will strongly affect the sintering behavior by
changing the densification temperature. In order to evaluate
the influence of the tool on the sintering, a dilatometric curve
of the milled powder has been realized from the following
sintering conditions: sintering at 700∘C under 200MPa with
a 200∘C/min heating rate without dwelling time. According
to this curve the sintering of milled Ni powder has been
performed at 550∘C during 10 minutes under 200MPa. As
previously mentioned, the heating rate was divided into
two steps. The heating rate was 200∘C/min until 450∘C and
decreased at 50∘C/min for the second step.The density of this
sample was close to 98 ± 0.5%.

On Figure 10, it appears that the sintered nanostructured
Ni at 200MPa has higher mechanical strength (∼590MPa)
than the milled powder sintered under 100MPa (∼500MPa).
In addition, the ductility has been improved from 25 to 35%.

As shown in Figure 11, both nanostructured nickel sam-
ples exhibit a continuous network composed of stretched
voids with size ranging from 0.5 to 2𝜇m. For the nanostruc-
tured nickel elaborated under high pressure (Figure 11(b)),
small spherical voids in size, less than 1 𝜇m, have been
observed as well. However their sizes similar to the size of the
stretched voids indicate that the residual porosity may play a
minor role in the final failure process of this nanostructured
nickel.

Finally, the yield strength of 590MPa is three times higher
than the yield strength of electrodeposition sample. In fact
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the strength observed is approximately consistent with what
would be expected under the Hall-Petch relationship. The
second interesting feature is that a plastic strain of 30% is an
observed event at this high strength level. Most nanophase
nickel alloys (grain size <100 nm) reported previously did
not exhibit such pronounced plastic strain before fracture.
It is surmised that the premature failure observed in these
materials may at least partly be due to the presence of a
significant amount of pores, impurities. The behavior of this
nanostructured nickelmay lead to the presence of “bi-modal”
microstructure which is composed of larger grain dispersed
in the finer grain matrix as observed on Figure 12.

The EBSD-SEM image on this sample shows clearly these
two areas. A sample elaborated in the same conditions but
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Figure 11: Fractographs of the tensile specimens for the two nanostructured nickels.

3𝜇m

Figure 12: EBSD-SEM images of the sample elaborated from the
milled powder sintered under 200MPa.

with the commercial powder has a larger and more homo-
geneous microstructure. Consequently, it will be interesting
to control this combination between larger gains and finer
ones in order to understand the role of each grain population
onmechanical properties especially on strength and ductility.
However, in comparison with Hall-Petch plot for nickel
processed by different processing routes (Figure 13), it is
clearly shown that the dense nanostructured nickel (98%with
an average crystallite size of 130 nm determined by XRD
analysis) produced by mechanically activated SPS process is
in agreement (our result is symbolized by a open circle) with
the dashed line which represents a linear fit on data generated
by electrodeposition by Ebrahimi et al. [53] and Xiao et al.
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Figure 13: Hall-Petch plot for nickel processed by different process-
ing routes (see [53–58]).

[54]. Other data reported in the figure were generated with
nanopowders sintered by SPS [55] and HIP [56] and with
micrometric nickel plastically deformed by equal channel
angular pressing [57] and by dynamic plastic deformation
[57]. If the latest technology is another potential mean to gen-
erate ultrafined and nanostructured nickel, the sintering of
nanopowders, compared to mechanically activated powders,
reveals its limitations, as the high density of oxides provides
higher strength with a drawback of exhibiting no capacity to
deform plastically.
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4. Conclusion

Themethod of dense nanostructured Ni preparation used in
the present work is the mechanically activated spark plasma
sintering (MASPS). The process to fabricate dense nano-
materials starting from micrometric commercial powders
consists in two main steps: (a) mechanical activation (MA)
using a high energy ball mill and (b) densification using
the SPS device. In the former, mixture of pure elemental
powders of Ni was milled in a Fritsch planetary ball mill
(the so-called vario-mill P4 Pulverisette). Finally, the milled
nickel powders have been sintered by SPS. The sintering
conditions from these mechanically activated powders will
be established in order to identify the “SPS window” for
which it is possible to consolidate these powders without a
coarsening of particles or with a control of the grain growth
from a modification of the applied pressure (200MPa).
Consequently, dense nanostructured nickel samples have
been produced (98%). These latter presented a specific and
interesting microstructure which combines larger particles
with smaller ones.

In addition, in order to use a representative sample for
performing mechanical tests, it will be essential to control
these nanostructures in larger sample (diameter greater than
50mm). Finally, these Ni nanostructured samples were tested
using classical static mechanical tests such as traction tests
and compared to the literature data. These nanostructured
nickel specimens which had yield strength of 600MPa with
ductility close to 30% are in agreement with the expected
Hall-Petch relationship.
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