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bstract

he basic mechanisms of the current activated/assisted sintering (ECAS) of yttrium-doped zirconia’s currently is a controversial issue. To gather
ore experimental data, we performed two-electrode-experiments (2EE) on staked spherical granules of cubic yttria-stabilised zirconia (YSZ)

−2
f diameters ranging from 10 to 100 �m. The observations were focused on the initial welding stage, under currents smaller than 4 A cm . The
mpedance spectroscopy appears to be a sensitive technique to detect the very early welding stage. FEG-SEM analysis reveals protrusion formations
t the granule surfaces which are probable intermediate microstructures in the neck formation.

 2011 Elsevier Ltd. All rights reserved.
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.  Introduction

The electric current activated/assisted sintering (ECAS) con-
ists in passing an electric current, with a possibly additional
pplied pressure, throw a green compact or a loose pow-
er at high temperature or during the heating process. The
rst ECAS patent is attributed to Bloxam in 1906.1 Amongst

he numerous ECAS techniques, Spark Plasma Sintering is
he most widely developed. Two electrode experiments (2EE)
sing AC or DC electrical fields applied during a conventional
intering process have successfully led to dense sintering of
2O3-doped ZrO2,2–5 MgO-doped Al2O3

6 and Co2MnO4.7

espite all this research and development work, the consol-
dation/sintering specific mechanisms are still unclear. It is
bviously recognized3,4,8,9 that the passing of an electrical cur-
ent through a resistive material induces a Joule heating, but this,
n its own, does not fully explain the observed results, except

9
or Grasso et al. It was shown that an electric field retards
he grain growth10,11 but has no significant effect on the grain
ize distribution.12 The presence of an electrostatic charge at

∗ Corresponding author. Tel.: +33 4 76 82 65 98; fax: +33 4 76 82 67 77.
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he grain boundaries and of segregated solute ions, were men-
ioned as possible explanations along with a decrease in the
rain boundary energy and in the solute ion mobility. Cologna
nd Raj13 have shown that the electric field should not affect the
eck growth rate at the early stage of the sintering during which
urface diffusion is the predominant consolidation mechanism.
uring the early ECAS stage, in a porous body, the current flows

hrough the matrix and the grain boundaries and not along the
urfaces where it could affect the surface diffusion. In a review
rticle, Munir et al.14 pointed out that during the ECAS pro-
ess, mass transport can be enhanced by electromigration, point
efect generation and defect mobility enhancement. Moreover
aj et al.4 have suggested that, at least, two mechanisms are

imultaneously prevalent. In a recent paper3 devoted to cubic
irconia, it has been strongly recommended to use an AC signal
nstead of a DC one, in the two-electrode-experiments, to avoid
etrimental electrolysis effects. This recommendation applies
o all materials becoming ionic conductors at high temperature.
he objective of the present study was to perform 2EE using
C signal on pre-sintered YSZ granules to gather new exper-

mental observations, focused on the early stages in the neck

ormation. Recently, Demirskyi et al.15 also performed mea-
urements on such a microstructure, but in microwave and SPS
quipments.

http://www.sciencedirect.com/science/journal/09552219
dx.doi.org/10.1016/j.jeurceramsoc.2011.12.022
mailto:annecordier@rocketmail.com
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cally 180–200 V cm , the current increased suddenly (Fig. 2),
until the target limit was reached; it was then fixed by the elec-
trical equipment. Then, instantaneously, the equipment voltage
Fig. 1. Characterisation of the softly compacted powder. (a) SEM image of

.  Experimental

.1.  Sample  processing

Our raw material was the 8 mol.% yttria stabilised zirconia,
ommercial powder, from Tosoh (TZ-8Y). Its specific surface
rea is 16 ±  3 m2 g−1, it is composed of granules from 15 �m to
40 �m in diameter, formed of 30 nm grains. The powder was
alcined at 1300 ◦C during 24 h to get fairly rigid spheres and
lso to obtain stable grain sizes; if not, their growth would have
nterfered with the observed phenomena. This heat treatment
oes not result in any noticeable inter-granule sintering (in fact,
he selection of this calcination temperature results from a com-
romise between a maximum grain growth and the absence of
uch an inter-granule sintering). The granules shrunk down to
iameters from 10 to 100 �m and the elementary grains grow to
.2 �m. This calcined powder, called TZ-1300, was then mixed
ith a binder (PEG 3500) and softly compacted uniaxially under
2 MPa in the form of discs 2.5 mm thick and 10 mm in diame-
er which were placed in an alumina ring in the sample holder.

 typical SEM image of the as-compacted sample is shown in
ig. 1a. It shows that granules are in contact with each other
nd that their shape integrity is maintained. Each disc was then
eated at 800 ◦C to remove the binder and cooled down to 400 ◦C
or the first impedance spectroscopy measurement. A typical
mpedance diagram of the as-compacted samples is shown in
ig. 1b. It is an unaltered semicircle, indicating a good electrical
omogeneity of the samples.

.2. 2EE  welding  equipment  and  procedures

The experiment disc was placed in the sample holder inside an
lumina ring and contacted on each of its faces with a platinum
rid 45 mesh, slightly pressed under about 100 g to maintain the
ontact. A thermocouple was placed close to the sample (<1 cm)
o detect variation in the sample temperature. It cannot be pressed

n contact with it to avoid any interference with the welding
eld. All this experimental set-up was introduced inside a fur-
ace operated with its own regulation. The granule welding was
erformed, under air, with a Pacific Smart Source 115ASX AC
ranules stack. (b) Corresponding impedance diagram measured at 400 ◦C.

ower generator, connected to the sample holder and controlled
y the UPC Manager V.1.4 software. It allows to applied to
he sample, a field adjustable between 0 and 240 V cm−1 whilst
imiting the resulting electrical current density to a select value
p to 10 A cm−2 (target current in Table 1). All the electrical
arameters were continuously recorded.

In all the welding experiments, the initial reference sample
emperature was 902 ◦C. Initially, an impedance diagram was
lotted at this temperature to give an estimate of the sample ini-
ial resistivity (ρbw-902 = 1700 �  cm). The welding field was then
ncreased from 0 V cm−1, by step increments of either 8 V cm−1

slow rate: sr in Table 1), 20 V cm−1 (normal rate: nr in Table 1),
r 60 V cm−1 (fast rate: fr in Table 1) until the current reached the
arget limit. The duration of all the incremental steps was 1 min
xcept in the 3A-fr experiment where it was 30 s. Examples of
he recorded current as a function of time are shown in Fig. 2.
s previously observed by Muccillo et al.3 the first measured

urrent intensities indicate an approximately ohmic behaviour in
greement with the sample initial resistance. On the other hand,
s soon as a threshold field was reached (Vmax in Table 1), typi-

−1
Fig. 2. Typical current versus time variation during 2EE.
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Table 1
Experimental conditions of the 2EE.

Target current Voltage increment Stabilisation time Vmax Vwelding ρw Dwell at Imax Total duration

(A) (A cm−2) (V cm−1) (s) (V cm−1) (V cm−1) (� cm) (min) (min)

1A-nr 1 1.3 20 60 200 120 60 10 25
2A-nr 2 2.5 20 60 180 124 45 10 23.5
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A-fr 3 3.8 60 30 

A-sr 3 3.8 8 60 

ecreased to a field value close to 120 V cm−1 (Vw in Table 1).
his is the indication of the welding occurrence and the result-

ng decrease in the sample resistance. The sample resistance,
nd resistivity (ρw in Table 1) under the welding conditions can
e simply evaluated using the relevant values of the applied field
Vw) and current density (target current).

The thermocouple located close to the sample, gave an indi-
ation of any heating of the sample. The maximum recorded
emperature was around 930 ◦C for the 1A-nr, 2A-nr and 3A-
r experiments and 940 ◦C for 3A-sr. The experiments were
rbitrarily stopped when this thermocouple started indicating

 temperature decrease. The corresponding times (Dwell time
t Imax and total duration) are shown in Table 1.

After completion of the welding process, the sample returned
o the rest temperature of 902 ◦C and a new impedance diagram
as plotted to get an estimate of the sample resistivity (ρaw-902 in
able 2), at this temperature, after the welding. The variations of

he sample resistivity from this value to that under the welding
onditions (ρw in Table 1) allows us to estimate the average
ample temperature reached during the welding, referring to the
rrhenius variation law3:

T =  ρ0 exp

(−Ea

kT

)
(1)

For that, we assumed a high temperature activation energy
a of −0.8 eV.16 This estimated welding temperature (Tw –
able 2), of the order of 1350–1450 ◦C, is much higher than

hat measured by the thermocouple located close to the sample
hich was of the order of 930 ◦C.

.3. Characterisations

For the impedance spectroscopy analysis, a HP
mpedancemeter (HP 4194A) was used. An AC signal
anging from 100 to 1.5 ×  107 Hz in frequency (400 points
n this interval) and of 0.3 V amplitude was applied to the
ample. The detailed analysis was all done at 400 ◦C (Fig. 3).
easurements were also performed at 902 ◦C. Measurements
ere recorded with a home made software. The Zview software

Scribner Associates Incorporated) was used for fitting the
mpedance diagram and calculating the relevant parameters.
fter the welding, the diagrams can be fitted with two semi-
ircles (Fig. 3d). The corresponding parameters are reported in
able 2.

Microstructure observations of the sample before welding,
nd after the 1A-nr and 2A-nr experiments were made thanks to

o
c
e

200 108 30 2 5
180 120 27 15 40

 Field Emission Gun SEM (Zeiss Ultra 55) equipped with an
nergy and angle selective backscattering detector. The samples
A-sr and 3A-fr were observed with a FEG-ESEM (FEI quanta
EG 250). The estimation of the mean diameter of the grain, in

he granules, was made thanks to the ImageJ software (National
nstitute of Health–USA) with more than 50 measurements.

. Results  and  discussion

.1.  Granules  welding

The total resistivity of the granule stack before welding, mea-
ured at 400 ◦C (ρ400-bw), is 1.5 × 107 �  cm. The initial value of
he resistivity of all the samples, measured at 902 ◦C (ρ902-bw), is
bout 1700 �  cm. This value is approximative because of inter-
erences with inductive effects and electrode polarizations which
annot be easily separated at this temperature. A huge decrease
f the resistivity is measured after the welding experiments
ρ902-aw – Table 2), the impedance spectroscopy appears as a
owerful tool for in situ characterisation of welding experiment.

After a welding current density limited to 1.3 A cm−2 (1A-
r), very few microstructure evolutions are observable (Fig. 4a).
he surface of the granules is rough, the grain size of the gran-
les is estimated to be the same as before welding (i.e. 1.2 �m).
mongst other details, it can be noted that irregular grains of

dust” are stuck on the granule surfaces. No neck, whatever
heir size, were formed at the grain contacts (Fig. 4b). How-
ver, protrusion formations (see next section and Fig. 5a) may
lready have established contacts between the granules. The
elding temperature evaluated as described above was 1461 ◦C.
he 400 ◦C impedance diagram shows an enormous variation

Fig. 3a). This light welding has resulted in a sample total resis-
ivity reduction by a factor of about 10, pointing to a strong
melioration of the contacts between the granules. This shows
he high sensitivity of the impedance spectroscopy to charac-
erise the electric contacts between YSZ granules.

After a welding current density limited to 2.5 A cm−2 (2A-
r), the sample resistance is again strongly reduced by another
actor of about 10 (Fig. 3b). The evaluated welding tempera-
ure was 1342 ◦C The microstructure of the granule changes.
he surface is less rough and the grain size has grown to about
.9 �m (Fig. 4c). Necks between granules can be clearly identi-
ed (Fig. 4d). They are around 300–500 nm thick.
A limitation of the welding current density to a higher value
f 3.8 A cm−2 (3A-fr and 3A-sr) does not seem to markedly
hange the electrical sample characteristics (Fig. 3b and c). The
valuated welding temperature was 1364 ◦C and 1340 ◦ C for the
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Table 2
Calculated impedance spectroscopy parameters after welding: R is the resistivity, f◦ is the relaxation frequency and C the specific capacitance of the high (1) and low
(2) frequency semicircles.

ρ902-aw (� cm) Tw (◦C) ρ1 (� cm) f◦1 (Hz) C1 (F cm−1) ρ2 (� cm) f◦2 (Hz) C2 (F cm−1)

1A-nr 768 1461 3 × 104 7.6 × 105 7 × 10−12 1.3 × 106 3.6 × 102 3.5 × 10−10

2A-nr 388 1342 7.2 × 104 6.3 × 105 3.5 × 10−12 3.3 × 105 4.4 × 103 1.1 × 10−10

3 5 105 −12 5 3 −10
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A-fr 279 1364 1.2 × 10 4.3 × 

A-sr 231 1340 7.8 × 104 5.7 × 

A-fr and 3A-sr experiments respectively. A huge grain growth
s observed (Fig. 4e), the mean diameter is estimated to be around
.7 �m, the surface tends to be smoother. Necks can be clearly
bserved and they seem to be slightly more frequent (Fig. 4f),
ut their thickness is not obviously different from the 2A-nr
ample. Fig. 3c shows that the welding field increase rate does
ot have a strong influence on the contact electrical characteris-
ics (under the investigated experimental conditions). Changing
he dwell time at the limited current (3A-sr) has no obvious
onsequence on the grain size (mean diameter of 3A-sr sam-
le: 4.9 �m) (Fig. 4g). No difference as well is found for the

requency of the neck formations, neither for their size (Fig. 4h).

As it can be seen in Fig. 3b, the impedance diagrams recorded
t 400 ◦C are all composed of two semi circles. Fig. 3d gives

b
b
w

ig. 3. Impedance spectroscopy diagram of the granule compact measured at 400 ◦C
iagrams, (b) zoom in the high frequency area, (c) comparison between the slow ra
view®.
3.1 × 10 2.1 × 10 6.4 × 10 1.1 × 10
3.6 × 10−12 2.3 × 105 2.4 × 103 2.9 × 10−10

n example of a deconvolution into 2 semicircles. The param-
ters extracted from such a resolution are given in Table 2.
he frequency relaxation of the high frequency semi-circle (f◦1

n Table 2) clearly identifies this semi-circle as a response of
he intragrains (frequently called “bulk” in the specialized lit-
rature). From the corresponding resistivities R1 and specific
apacitances C1 one can calculate the average relative dielectric
onstant of the material (38). Referring to the results published
y Steil et al.17 this indicates a sample porosity of about 45%, in
greement with the value we could evaluate from the microstruc-
ure images. The second semi-circle describes the electrical

locking effects at the contacts between the granules but also
etween the elementary grains. This last contribution decreases
ith the increase in the grain size. It should therefore be slightly

 (the numbers stand for the logarithm of the frequency): (a) general view of the
te and the fast rate when limited current is 3A, (d) fitting of the diagram with
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nd b)

s
a
o
s

Fig. 4. FEG-SEM observations of the welded stacks. (a a

maller in the 2A sample and even smaller in the 3A. We can

ssume that this contribution remain small with respect to that
f the granule welding (because of the initial fairly large grain
ize17).

a
d
s

 1A-nr; (c and d) 2A-nr; (e and f) 3A-fr; (g and h) 3A-sr.

In conclusion, as soon as a current density of 1.3 A cm−2 is

pplied, electrical contacts are improved. However, a current
ensity of 2.5 A cm−2 is needed to form neck between pre-
intered granules. Increasing again the current density has only
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ig. 5. FEG-SEM observations of the protusions. (a) 1A-nr; (b and d) 2A-nr; (
D” means dust and “T” means protusion.

 weak consequence on electrical properties. The microstructure
f the granules is greatly affected as soon as a current density
f 2.5 A cm−2 is applied, in addition with the neck formation, a
uge grain growth is observed. Increasing again the current den-
ity (3.8 A cm−2), increases the grain growth. As no correlation
as found between the welding temperature (Tw) and the grain
rowth, we can conclude that the grain growth is mostly due to
he current density that might affect the grain boundary mobil-
ty in these conditions. The two electrodes welding experiments
llows to improve contacts between granules without changing
he packing of the granule stack.

.2. Protrusion  formation

On the FEG-SEM observations, unexpected microstructure
eatures are detected (Fig. 5). Surprising protrusion formations
ppear as soon as an AC is applied (Fig. 5a). This feature cannot
e mixed up with the dust grains that could be incorporated in the
ranule surface. Dust grains are more angular (D in Fig. 5a) and
re separated from the granule surface by a grain boundary (D
n Fig. 5b), whereas the protrusions are smoother and seem to be
art of the grain (T in Fig. 5a and b). They appear at the surface
f the grain but never at the grain boundary. Moreover, we often
bserve, on facing surfaces, two protrusion formations, in front
f each other (Fig. 5c) that are not yet in contact. Because of
he very low probability to incorporate dust grains at the same
pot on two different granule surfaces, we can also see this as

n indication of a difference in nature between the dust grains
nd the protrusions. In addition, we can further note that the
hickness of the necks (Fig. 5d) is very close to the height of the
rotrusion formations. The difference in microstructure between

A

P

-fr. The scale represents 500 nm for (a) and (b), 1.1 �m for (c), 333 nm for (d).

ncorporated dust and protrusion formations is less obvious after
igh welding current because of smoother surfaces.

Consequently, we propose that these protrusion formations
re the first step in the consolidation mechanism by ECAS and
s a consequence of the application of the field. The observation
f the protrusions has been made possible because of the ther-
al treatment of the powder before welding (1300 ◦C-24 h) that

reatly decreases the reactivity of the surface, and also thanks
o the high porosity of the stack.

. Conclusion

In ECAS experiments, the welding of pre-heated TZ-8Y
ranules, with diameter of about 100 �m, have been performed
nder various experimental conditions, starting from a rest tem-
erature of 902 ◦C. Under these experimental conditions, the
urrent might affect the grain boundary mobility. Moreover, a
ew microstructure feature has been observed. Protrusion for-
ations appear on the surfaces of the granules, in the vicinity of

heir physical contacts as soon as a current is passed through the
aterial. Using impedance spectroscopy allowed us to detect

he early welding stages where contacts between granules could
e insured solely by these protrusion formations. After passing
urrents of the order of 2.5 A cm−2, well formed necks could be
een.
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