
S
e
m

M

a

b

c

a

A
R
R
A
A

K
N
S
M
M

1

d
r
i
e
t
c
p
a
(
t
n
h
a
t
B
w

n
J

0
d

Journal of Alloys and Compounds 504S (2010) S323–S327

Contents lists available at ScienceDirect

Journal of Alloys and Compounds

journa l homepage: www.e lsev ier .com/ locate / ja l l com

park plasma sintering and hot isostatic pressing of nickel nanopowders
laborated by a modified polyol process and their microstructure, magnetic and
echanical characterization

.A. Bousninaa,b, A. dakhlaoui Omranib,c,∗, F. Schoensteinb, P. Madecb, H. Haddadib, L.S. Smiri a, N. Jouinib

Unité de recherche 99/UR12-30, Département de Chimie, Faculté des Sciences de Bizerte, 7021 Jarzouna, Tunisia
Laboratoire des Propriétés Mécaniques et Thermodynamiques des Matériaux, LPMTM, CNRS UPR 9001 Université Paris XIII, 99 Avenue J.B. Clément, 93430 Villetaneuse, France
Laboratoire de Physique et Chimie des Nano-Objets, INSA de Toulouse, 135 Avenue de Rangueil, 31077 Toulouse cedex 4, France

r t i c l e i n f o

rticle history:
eceived 5 July 2009
eceived in revised form 9 February 2010

a b s t r a c t

The microstructure, magnetic and mechanical properties of spark plasma sintered (SPS) and hot isostatic
pressed (HIP) nickel nanopowders are investigated. The microstructure study shows that the increase in
the particle size was more limited when consolidation was performed by the SPS than by the HIP process.
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The grain size is in the range 0.17–0.2 �m in the case of the SPS consolidated sample while it is in the range
0.4–0.62 �m in the case of the HIPed sample. The ratio of the yield stress in the HIP and SPS consolidated
samples to the yield stress in the bulk nickel sample is greater than two and three times, respectively.
Vickers microhardness measurements give the same ratios. A ferromagnetic behaviour was deduced from
the magnetic characterizations of the as-prepared nickel powder as well as the consolidated samples.
echanical properties
agnetic measurements

. Introduction

In the last few years, considerable effort has been devoted to the
esign and controlled fabrication of dense nanostructured mate-
ials of the 3d elements for their unusual properties especially
n the mechanical and physical fields [1–5]. Up to now a vari-
ty of elaboration methods have been used. They adopt either
he “Top-down” or the “Bottom-Up” processes. In the former pro-
ess the coarse-grained materials are refined into nanostructured
owders by severe plastic deformation (SPD) techniques such
s equal-channel angular pressing (ECAP), high-pressure torsion
HPT) and repeated cold-rolling and folding (F&R) [6–8]. While
he “Bottom-Up” process consists in two steps: (i) synthesis of
anoparticles and (ii) consolidation by various processes such as
ot isostatic pressing (HIP) [9], spark plasma sintering (SPS) [10]

nd pulse electric current sintering (PECS) [11]. Here we report on
he elaboration of dense nanostructured nickel samples using the
ottom-Up strategy: first the nanopowder was synthesized by the
ell known polyol process, modified using the sodium hypospho-
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sphite as reducing agent, and then the densification of the powder
was performed by the HIP and SPS processes. The polyol process
has been used for its several advantages particularly as complexant
and as a surfactant agent which adsorbs on the surface of the ele-
mentary particles preventing their agglomeration [12]. To achieve
consolidation, HIP and SPS have been used to make it possible to
apply high pressure in the former which is likely to favour elab-
oration of full dense nanostructured material and the advantage
of a short cycle time of consolidation in the latter process which
permits consolidation of powder with a limited grain growth.

The microstructure, mechanical and magnetic behaviours of the
elaborated dense materials were reported and discussed as a func-
tion of the consolidation process.

2. Experimental

2.1. Synthesis of the powder

The Ni nanopowder has been prepared according to the following proce-
dure: the appropriate amount of nickel (II) acetate tetrahydrate (Ni(OAc)2·4H2O)

(0.08 M), sodium hydroxide (NaOH) (0.2 M) and anhydrous sodium hypophosphite
(NaH2PO2) (0.24 M) were mixed together, stirred at room temperature until com-
plete dissolution in ethyleneglycol (EG), then heated to the boiling temperature of
the liquid. The water coming from metal acetate was distilled off and the reaction
was left to proceed for two hours. Then, the black precipitate was collected by cen-
trifugation, washed several times with ethanol and acetone then dried in an oven
at 50 ◦C.

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:dakhlaoui_amel@yahoo.Fr
dx.doi.org/10.1016/j.jallcom.2010.02.142
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.2. Consolidation of the powder

Before being consolidated the nickel powder was initially heated under hydro-
en at 300 ◦C for one hour to clear it of organic impurities and to thermally reduce
ll trace of nickel oxides probably present on the surface of the particles.

To be consolidated using the hot isostatic pressure process, the powder was
laced in a cylindrical stainless steel capsule then pumped for about one week to
xtricate the residual air. After being closed, the capsule was first isostatically pres-
ured through argon up to 120 MPa then heated up to 650 ◦C and holding for one hour
hen the hipping process was switched off. Spark plasma sintering of the powder
as achieved using the following process: after establishing a primary vacuum and
assing an argon flow into the apparatus, an uniaxial pressure was firstly applied
o the graphite die containing the powder. Its value was increased up to 53 MPa
fter 1 min and then the heating started while maintaining this pressure. The final
olding temperature is between 598 ◦C and 600 ◦C and it was maintained for 5 min.

t should be mentioned that the pressure and the temperature of consolidation with
he SPS process have been fixed on the basis of the HIP densification observation:
n fact from the diagram powder’s consolidation evolution using the HIP process, it
as been observed that the displacement of the capsule was stabilized, and conse-
uently the consolidation was achieved, at a temperature of approximately 560 ◦C
nd a pressure far lower than 120 MPa and so we have chosen to perform the SPS
ests at 600 ◦C and a pressure of 53 MPa.

.3. Characterization techniques

The X-ray diffraction patterns were collected on an INEL diffractometer with
cobalt anticathode (� = 1.7809 Å). The size and morphology of the particles and

he microstructure of the consolidated samples were studied using a JEOL-2011
ransmission electron microscope (TEM) operating at 200 kV. HIP experiments were
ealized with a hot isostatic pressing apparatus equipped with a dilatometer allow-
ng in situ control of the consolidation process [13]. SPS consolidation of the powders

as accomplished with a spark plasma sintering (SPS)-515S SYNTEX apparatus. The
echanical properties were studied on parallepedic samples in uniaxial compres-

ion at a strain rate of 2 × 10−4 s−1 at room temperature using an Instron universal
achine (model 1195) with a load cell of 100 kN maximum capacity. The com-

ressive mechanical (elastic plus plastic) strain was determined from the absolute

agnitude �l of change in specimen length as ε = −ln(l/l0) = −ln((l0 − �l)/l0). Micro-

ardness measurements were conducted on the plane perpendicular to the pressing
irection using a Duramin 20 Vickers device under a test force of 1.916 N for 5 s.

The variation of the magnetization as a function of the applied magnetic field
as recorded at 5 K with a superconducting quantum interference device (SQUID)
agnetometer model MPMS-SS.

Fig. 2. TEM micrographs of the as-elaborated Ni precursor po
Fig. 1. XRD patterns of as-elaborated Ni powder (a) and dense samples (b).

3. Result and discussion

3.1. X-ray diffraction characterization

X-ray diffraction patterns of the dense samples (NiHIP and NiSPS)
(Fig. 1b) show the presence of nickel phosphide (Ni3P) phase while
no trace of it was observed in the pattern of the powder (Fig. 1a).
From a peak intensity analysis, using Match program [14], the per-
centage of this impurity was estimated at 8% and 6% for the NiHIP
and NiSPS samples, respectively. The broadening of the diffraction

lines of the consolidated samples decreases in comparison with
those of the precursor powder which indicates an increase in the
crystallites’ size. The calculation of the average crystallites’ size
based on the width of the 2� = 44.42◦ diffraction peak by Scher-

wder (a) the NiHIP sample (b) and the NiSPS sample (c).
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(Fig. 5a). This difference between the mean value of ductility and
the local observations can be explained by shear band localisation
before the fracture occurs. In this case the reached strains can justify
SEM observations.
Fig. 3. Variation of magnetization of Ni powder, NiHI

er’s formula gives values of 11 nm, 44 nm and 42 nm, respectively
or the powder, the NiHIP and the NiSPS.

.2. TEM characterization

The TEM micrograph of the powder shows particles with a
pherical morphology and roughly 100 nm in diameter (Fig. 2a). The
ifference between the particles’ diameter given by the TEM and
he crystallites’ size calculated on the basis of the X-ray pattern
uggests that the Ni particles are formed through an aggregation
rowth process rather than an Ostwald repining process. For the
onsolidated samples (Fig. 2b and c), it can be clearly observed
hat both HIP and SPS consolidation processes induce no significant
hange of the particles’ morphology but an increase in the grains’
ize could be clearly noted. The grains’ diameter increased up to
.62 �m in the case of the former sample and 0.2 �m in the case of
he second which clearly indicates that the SPS process limits the
rain growth during sintering. No evidence of presence of residual
orosity could be deduced from the TEM micrographs, although
he relative densities of the two samples (88% for NiHIP and 86% for
iSPS) are lower than that of the bulk nickel which suggests that

he presence of the Ni3P impurity in the dense material could be
he origin of this difference.

.3. Magnetic characterization

Hysteresis loops of the powder and the dense samples (Fig. 3)
how a ferromagnetic behaviour for the three samples. As can be
een, the Hc values of the dense samples (85 Oe for NiHIP and 111 Oe
or the NiSPS) are close to that of the bulk nickel (100 Oe) [15]
hile a clear improvement is observed in the powder (175 Oe). The

light anisotropic morphology and the small size of the nanopar-
icles of the Ni powder could be the origin of its higher coercivity.
he increase of the particles’ size during sintering and the strong
article–particle interaction could be the origin of the decrease in

he coercivities of the dense samples.

The saturation magnetization (Ms) of the nanoparticles
≈41 emu g−1) as well as those of the consolidated samples
≈40 emu g−1 for the NiHIP and 35 emu g−1 for NiSPS) were slightly
educed compared to that of the bulk nickel (55 emu g−1) [15]
NiSPS samples with the applied magnetic field at 5 K.

which is probably due to the surface oxidation of the particles that
reduces the effective magnetic moment [16].

3.4. Mechanical behaviour

The main mechanical characteristics of the consolidated sam-
ples NiHIP and NiSPS as well as that of bulk commercially obtained
nickel (NiBulk) are summarized in Table 1. Their true stress vs. true
strain curves are given in Fig. 4. The NiBulk sample shows the low-
est yield stress (510 MPa) and the greatest ductility (more than
10%). No hardening occurred during straining and a large plateau
is observed on the stress–strain curve.

The value of the yield stress of the NiHIP sample is more than two
times greater (1160 MPa). It exhibits a low ductility about 3% and
a weak hardening. Despite these two observations, the failure pro-
cess of this sample seems to be ductile. It is evidenced by elongated
dimples [17,18] observed at various places on the fracture surface
Fig. 4. Typical tensile stress–strain curve for NiHIP, NiSPS and bulk samples.
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Table 1
Grain sizes and main mechanical characteristics of the Ni sintered samples and Ni bulk.

Sample Grain size (nm) Density (relative density) Maximum strength (MPa) Hardness (Vickers)

NiHIP 400–620 7.822 (87.9%) 1160 306
NiSPS 0.17–0.2 7.56 (86%) 1730 680
Ni Bulk 8.89 (99.98%) 510 184
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Fig. 5. SEM micrograph of fracture surface of the NiHIP sample (a) and the NiSPS

Concerning the NiSPS sample, its yield stress (1730 MPa) is three
imes higher than the yield stress of the NiBulk sample. Fracture
ccurred during elastic regime and it could be clearly observed
n the fracture surface (Fig. 5b) that the NiSPS sample exhibits a
rittle fracture. The analysis of the NiSPS sample provided clear
vidence that inter-particle de-cohesion had occurred during frac-
ure and that the nanoparticles of nickel remain spherical since no
lastic deformation occurred either during elaboration or during
echanical loading. This fact could explain the poor ductility of this

ample.
Vickers microhardness measurements give the same tendency

s the uniaxial compression tests: the Vickers hardness of the NiBulk
ample was measured as 184 HV while the NiHIP and NiSPS samples
how significantly higher hardness: 306 HV and 680 HV, respec-
ively. This result confirms that the SPS sintered sample is stronger
han the HIPed sample which could be a consequence of its smaller
rain size.

All these results concord with the enhancement of strength
s the grain size decreases [19–21]. A similar behaviour of Ni,
u, and Fe nanostructured materials has been reported earlier
19–22]. However, it should be noted that the great strength of
he as-elaborated dense materials is accompanied by a significant
ecrease in the ductility especially as concerns the NiSPS samples
hich fail at the elastic stage.

The ductility of the NiSPS can be increased if the particles’ cohe-
ion is improved without increasing the size of grains. There is
competition between two phenomena: (i) the first is the de-

ohesion which occurs in the elastic domain when the particles
re very small (less than 200 nm), (ii) and the second phenomenon
s the plastic deformation where the yield stress increases when
he size of grains decreases.

. Conclusion

In a first stage, nickel nanoparticles have been elaborated by
modified polyol process. They present a spherical morphology

ith approximately 100 nm in diameter. In a second stage these
anoparticles have been consolidated by spark plasma sintering
nd hot isostatic pressure. A more limited increase of the particle
ize is observed in the case of the sample consolidated using the
PS process than the hot isostatic pressed process. Density mea-

[
[

[

le (b). Inset of the two figures are the selected zones with higher magnification.

surement gives comparative values but lower than that of the bulk
sample. XRD patterns of the sintered samples show the presence
of Ni3P as impurity which could contribute to the decrease in the
density value.

The magnetic measurements indicate a ferromagnetic
behaviour in the precursor powder as well as of the consoli-
dated samples. Mechanical measurements show a real increase in
the yield stress that is accompanied by a poor ductility.

Investigations are currently conducted in order to obtain nanos-
tructured nickel with a good compromise between high saturation
magnetization, high strength combined with acceptable ductility.
The main factors investigated are the starting size of the nanoparti-
cles and the consolidation parameters (temperature, pressure and
time).
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