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A spark plasma sintering (SPS) device was modified to allow free deformation of grains perpendicular to the loading axis. The
aim was to obtain lamellar thermoelectric Ca3Co4O9 ceramics. The new process is referred to as edge-free spark plasma sintering or
spark plasma texturing (SPT). SPT materials are compared to those processed by conventional sintering and traditional SPS in
terms of microstructure, texture and high-temperature thermoelectric properties. The results highlight the decisive advantages of
the SPT technique.
� 2011 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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Spark plasma sintering (SPS) is a relatively new
technique [1–4] that has been developed for shaping
materials by combining simultaneously uniaxial loading
(using direct contact with the sample) and the applica-
tion of an electric field, of up to 250 kN and 10 kA,
respectively. Even though the key mechanisms control-
ling SPS are still debated (the Joule effect and/or plasma
generation due to the spark), this method shows a num-
ber of advantages [1,4] – (i) an increase in the kinetics of
sintering, (ii) rapid densification and (iii) grain growth
limitation – which are helpful for tailoring the micro-
structure of functional materials and thus optimize their
transport, mechanical and/or thermal properties.

A lack of homogeneity has been reported in the
microstructure of materials processed by SPS [1,4]: the
core of the samples exhibits higher densities than
the outer regions. Indeed, microcracks and larger pores
are present in these outer regions. If the presence of
microcracks can be explained by the shear stress exerted
by the wall of the mould on the sample during SPS pro-
cessing, as creep is the major deformation mechanism,
the level of this stress (and thus the size of the homoge-
neous core) depends on the elaboration conditions in a
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more or less uncontrolled manner. These defects might
explain the discrepancies observed among the results re-
ported in the literature. To avoid (or minimize) these de-
fects, we propose the use of a mould with a diameter
much larger than the desired final diameter of the sin-
tered sample. Under such circumstances, the sample be-
haves like in an edge-free mould (the hot-pressing
configuration). This large-diameter configuration is re-
ferred to as edge-free spark plasma sintering or spark
plasma texturing (SPT) (Fig. 1). The results presented
in this letter are for samples prepared by the conven-
tional sintering (CS) route and the SPS and novel SPT
methods.

The elaboration of the samples using the SPT process
was conducted similarly to the SPS: identical equipment
and the same loading and heating profiles were used
[3,5,6]. Basically, in the SPT method, the starting powder
was first sintered at 900 �C for 2 h in a mould with a diam-
eter of 13 mm in order to obtain a self-supporting sample.
This Ca3Co4O9 (Co349) preform was ten placed in the
centre of a graphite mould with a diameter of 20 mm, as
shown in Figure 1b. SPT is accompanied by a remarkable
change in the grains’ morphology, progressively trans-
forming them into platelets. The idea is to induce free
deformation of the pellet. During this stage, the lamellar
platelets are growing and aligned with their c-axis parallel
to the applied uniaxial force. For the reference sample, the
Co349 powder was introduced directly into the mould, in
the same way as in traditional SPS sintering (Fig. 1a).
sevier Ltd. All rights reserved.
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Figure 2. Typical microstructures obtained from (a) CS, (b) SPS and
(c) SPT.
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Figure 1. Schematic configuration of the SPS and SPT processes.
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Quantitative texture analyses were operated using a 4-
circle X-ray diffractometer equipped with a curved
position sensitive detector (CPS120 from INEL), simulta-
neously spanning 100� in 2h [7]. We measured 864 2h dia-
grams for as many sample orientations in the Eulerian
cradle, in a 0–55� tilt angle range (in 5� steps) and a 0–
355 azimuthal angle range (in 5� steps). The orientation
distribution of crystallites was determined using the
whole diffraction pattern analysis in a combined Riet-
veld–EWIMV formalism [8–10], implemented using the
MAUD software [11]. During these steps, we refined the
unit-cell parameters of Co349. The results are compared
with materials obtained by CS and SPS. Thermoelectric
properties and performance factors were measured using
ULVAC-RIKO (ZEM3 model, Yokohama, Japan). The
temperature dependence of electrical resistivity, q, and
Seebeck coefficient, S, measurements were simulta-
neously performed on�10 mm � 2 mm bar-shaped spec-
imens cut from the samples in a direction perpendicular to
the pressing axis. When a temperature gradient is applied
between the ends of a specimen, the induced voltage was
measured and the Seebeck coefficient was obtained as:
S = DV/DT.

The q measurement is based on the four-probe meth-
od, using an applied electric current. The resistance, R, of
the specimen is calculated from the resulting voltage V
and the applied current I as: R = V/I. The electric resis-
tivity, q, is then determined as follows: q = R � (A/L),
where A is the specimen section area and L is the distance
between the two measurement points.

Figure 2 shows the microstructure of the samples pro-
cessed by the CS, SPS and SPT methods. While almost
round shape grains are obtained by CS (Fig. 2a), close-
packed platelets are obtained when implementing SPS
(Fig. 2b), indicative of increased crystal growth. How-
ever, the arrangement of these platelet aggregates exhib-
its no preferred orientation. On the other hand, the
aggregates are pronouncedly oriented with their plane
perpendicular to the loading direction (vertical direction
of Fig. 2c) when produced by SPT. The size of the
Co349 lamellar grains reaches 9 and 14 lm for the
SPS and SPT processed samples, respectively. A similar
experimental procedure was used by Gopalan et al. [12]
to induce grain alignment by hot-pressing Nd–Fe–B per-
manent magnet powder. Comparison of Figure 2b and c
demonstrates the detrimental influence of the mould
wall on the microstructure of these materials. In fact,
the microstructure of the SPT sample is similar to the
one usually obtained with the hot-pressing process
(HP) [13,14]. The decisive benefit of SPT over HP is
the short sintering time and subsequently the energy sav-
ing (45 min for SPT compared to 36 h for HP).

Moreover, the relative density obtained is �98% for
both SPS and SPT samples, while it is only 60% for
the CS sample. A homogeneous microstructure was ob-
tained across all the SPS and SPT samples, but a key
difference between them is that in the latter process



Figure 3. {100}, {002} and {010} pole figures of the Co349 SPT
sample. The refinement was obtained within the P21/m supercell space
group and resulted in cell parameters of a = 4.851(1) Å,
b = 36.108(2) Å, c = 10.7852(8) Å and b = 98.20(1). Reliability factors
for the orientation distribution function were Rw = 2.2% and
RB = 2.4%, with a goodness of fit of 1.37 for the Rietveld fits of all
the diagrams.
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Figure 4. Temperature-dependent electrical resistivity and power
factor curves of the CS, SPS and SPT samples.
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needs a loosely consolidated sample (as the grains are no
longer confined by the mould wall).

The crystallographic texture of the SPT sample is
indicated by a maximum of 7.6 multiples of random dis-
tribution (mrd) on the {001} pole figure (Fig. 3) with no
significant preferred orientation around the load axis
(see the {100} and {010} pole figures). The imposed
texture still remains fibre-like, but the maximum of the
reciprocal c-axis orientation density is approximately
doubled under optimized conditions compared to the
SPS elaboration [5–14]. The global texture strength cor-
responds to a texture index of F2 = 12.2 mrd2, the larg-
est obtained using the SPS method.

The temperature dependence of the resistivity of the
SPS and SPT samples is shown in Figure 4. The lowest
values are noted for the SPT sample, which correlates well
with the microstructure features presented in Figure 2c:
(i) plate-like morphology of the grains; (ii) a reduction
in grain boundary densities in the plane perpendicularly
to the loading direction; and (iii) sample densification
and a stronger texture. At 550 �C, the in-plane electrical
resistivity of the CS, SPS and SPT samples are �44,
10 and 7 mX cm, respectively. The evolution of the
resistivity vs. temperature shows a transition around
T* = 250 �C, which has been attributed to a magnetic
[15] or structural transition [16]. Beyond T*, the SPS
and SPT samples exhibit a semi-conducting behaviour,
while the CS sample shows a metallic behaviour, proba-
bly due to the higher resistivity component along the c-
axis. The Seebeck coefficient values, S, are close to each
other for all samples as this parameter is principally influ-
enced by the chemical composition, whereas the electrical
resistivity strongly depends on their microstructure. The
power factor (PF), expressed by S2/q, is an important
parameter that allows an evaluation of the thermoelectric
performances of a given material. The PF values increase
monotonously with temperature for both the SPS and
SPT samples (Fig. 4). At 550 �C, a maximum PF value
of 400 lW m�1 K�2 is reached for the SPT sample, which
is almost 30% higher than the corresponding value for
SPS [5] and eight times larger than that for the CS samples
[5].

We conclude from this investigation that the newly
developed SPT technique offers a new way to process
lamellar systems like Ca3Co4O9, in order to improve their
anisotropic properties like transport currents and See-
beck-related coefficients. There is a priori no main draw-
back attached to this technique, which could be used for
the anisotropic elaboration of other compounds.
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