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Abstract

A methodology is proposed to investigate in detail shrinkage kinetics under isothermal spark plasma sintering (SPS) conditions applied to
ceramic nano powders such as Y,Oj3 stabilized ZrO,. To do so, mild SPS conditions were used (low temperatures and pressure, long dwell times).
The extracted experimental activation energy has the value of 246 & 37 kJ mol " and the slope of the curves on the intense densification stage is
around 0.33. Results are in agreement with densification by a grain-boundary diffusion mechanism as for conventional sintering and the
contribution from the specific pressure-assisted mechanisms as for hot pressing is insignificant. This result suggests that exploration of mild SPS
might prove rewarding in separation and control of the sintering mechanisms leading to production of specific ceramic with new or improved

functionality.
© 2011 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Spark plasma sintering is attracting significant interest in the
recent years for the consolidation of different classes of
materials. The method applies simultaneously a uniaxial
pressure and a pulsed (and/or dc) current on punches between
which in a die (usually from graphite) the powder to be sintered
is placed. It is usually accepted that the method is convenient to
obtain in the final sintered product a high density close to
theoretical values. The method is also usually priced for its
ability to realize relatively high heating and cooling rates, this
being useful for a better control of the grain particles coarsening
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during sintering, in many cases minimizing it. Apart from the
presented aspects, different authors observed the decrease of
the sintering temperature, activated behavior during sintering
leading to a reduction of the necessary sintering time, special or
significantly improved properties of the SPSed bulks and so on.
Several articles and reviews [1-7] show such evidences and
take advantage of them. This strongly suggests that during SPS
unconventional non-thermal field-induced effects may occur.
On the other hand, several other articles [8—11] concluded that
SPS is rather similar to traditional sintering methods and
strongly resembles hot pressing.

Attempts to observe in a more direct manner the processes
during SPS were also done, e.g. in works of Aldica et al. [12],
and Hulbert et al. [13,14]. Unconventional processes such as
formation of plasma states were not observed [13,14], but it is
rather impossible to deliver a final general conclusion because
of the possible limitations of the experimental techniques, and
because of the materials and SPS window-conditions selected
for the experiments.

Under presented circumstances it results that search for new
approaches on evaluation of the SPS processes is of interest. In
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this work it is proposed to look in detail on the shrinkage
kinetics of the intense densification stages of isothermal SPS.
To do so, we used a ZrO, nanopowder stabilized with Y,Os;.
This is a convenient case study material because there is a
significant literature on SPS and traditional sintering of this
material and one can compare with our data. Second, we
applied low sintering temperatures, long dwell times and a low
pressure. These conditions allow expansion of the intense
densification and saturation stages of sintering in order to
accurately investigate them. They also provide a second
dimension of interest. In general, SPS conditions are designed
to conduct the processing as fast as possible targeting
maximization of the density and minimization of the particle
growth. Long time SPS sintering experiments are opposite to
the current trend and apparently have no practical sense. For
some materials, mild SPS temperature and pressure conditions
and long sintering times are suitable not only to avoid
coarsening of the particles as in the current work, but might be
also important for healing some of the inherent defects resulting
due rather harsh and far from equilibrium thermal (e.g. high
heating rates) and non-thermal field-induced conditions and
processes (e.g. arc discharges if any, formation of hot spots)
during the initial SPS stages. Finally, in the estimation of the
shrinkage curves calculated from the vertical displacement
curves of the punches during SPS we subtracted the
displacement curves for empty die system heated in the same
conditions as for the case with the powder.

2. Experimental

The zirconia stabilized with 3 mol Y,0O5 (3YSZ) powder had
a primary particle size of 10-50 nm and an aggregates size of
45-70 nm [15,16]. The SPS experiments were performed using
‘Dr. Sinter’ machine produced by Sumitomo, Japan. A uniaxial
pressure of 40 MPa was applied before SPS heating and was
kept constant during processing. Heating rate was 80 °C min '
to sintering temperatures of 800, 850, 900, 950, 1000 and
1100 °C. Dwell time was up to 30 min. Vertical displacement of
the punches was in situ measured by the SPS machine. After
SPS the relative density of the specimens was calculated by
dimension to weight estimation, and by the Archimedes method
(ASTM B 963-08). Confirmation of approximately constant
crystallite and grain size (Fig. 1) during SPS processing
was obtained from x-ray diffraction measurements performed
at room temperature (Rigaku RINT 2000, Japan, Cu

200 nm

200m

Ka-radiation) using standard Scherer method and by observa-
tion of the microstructure by electron microscopy (SEM JEOL
JSM 7001F and TEM JEOL JEM-2100-F, Japan).

3. Results and discussion

Relative displacement curves of the punches during SPS for
the empty die (D) and for the die filled in were measured. By
subtraction of the curves, one obtains the displacement curve
for the powder (P) as shown in Fig. 2. The displacement is
proportional to shrinkage of the sample in the densification
process during SPS and the detail from Fig. 3(a) shows
shrinkage on the isothermal SPS heating stage. Clearly there are
notable differences between shrinkage as-measured in situ
curves by SPS machine and the corrected curve considering
behavior of the empty die. Remarkable is that the slope of the
corrected shrinkage curve is around 0.33 (Fig. 3(a)). This can be
better observed in Fig. 3(b) where the slopes for isothermal SPS
at different temperatures are between 0.32 and 0.36, i.e. they are
close to 0.33 and can be considered almost constant.
Representation from Fig. 2(b) follows the isothermal sintering
model [17]:

n/2
(AL> — ﬂn (1)

L_o - 2gn-m

where a is the radius of the solid particles, (AL/Lg) is the relative
shrinkage, F(T) is the function depending on the temperature
and materials parameters, n and m are constants typical for each
individual mass transport mechanism [17,18], and ¢ is the
holding time. The constant 7 is also the slope of the relative
shrinkage curve in log-log representation from Fig. 2(b). For
n=0.33 a grain boundary diffusion mechanism is generally
considered to be responsible for variation of the relative
shrinkage. To confirm this conclusion we extracted the activat-
ed energy E using equation:

AL;LO]

—nE
= ; 2
RT +C

log [

where C and n are constants related to the powder geometry and
sintering mechanism, respectively and (AL/Ly) is the relative
shrinkage at temperature 7. Experimental data are presented in
Fig. 4 and they follow an approximately linear dependence as
expected for Arrhenius-type plots. Activation energy has an
average value of 246 + 37 kI mol'. The data presented in

Fig. 1. SEM images of nanoctystalline zirconia after SPS at (a) 800, (b) 900 and (c) 1000 °C for 30 min.
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Fig. 2. Vertical punch displacement measured in situ during SPS on empty die
(D), and on die filled in with powder (P + D). Displacement for the powder
obtained by subtraction of the two experimental curves is also given.

Fig. 4 may also indicate on two sintering stages. However,
at lower temperatures, activation energy would be
—192 kJ mol™'. This value is rather low and there are no
similar data reported in the literature. In fact, the average value
of 246 kJ mol ™! is in the lower values limit when compared to
literature (Table 1) [19-25]. Low energy values were reported
for conventional sintering of YSZ powders for which grain
boundary diffusion mechanism is dominant and, obviously,
non-thermal field-induced effects as for SPS are not active.
One notes that activation energy depends on the powder. In our
case, somehow lower value of E may indicate on some contri-
bution from the field-induced or pressure effects during SPS
decreasing E. For SPS processing, Bernard-Granger et al. [8]
reported a higher value for E of 450 kJ mol ' than in our case.
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Fig. 3. (a) Shrinkage for the isothermal SPS: as-measured (S(P + D)) and
corrected considering behavior of the die (S(P)). (b) Log—log plot of relative
shrinkage vs. time at different temperatures.
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Fig. 4. Arrhenius plot for SPS sintering of nanocrystalline YSZ by the
isothermal sintering approach.

Estimations were made based on densification kinetics of 3YST
granulated powder, but using the nonisothermal conventional
sintering approach. Once again, the grain boundary diffusion
mechanism is the most probable mechanism during the intense
densification stage of SPS.

Despite the agreement between our data of n and E and
between our E values and the literature ones, we attempted to
simulate for our data a pressure assisted sintering mechanism
specific for hot pressing. Within this mechanism relative
shrinkage is described by Coble [26]:

(AL) _ F(T)(1 4 Paa/m) . 3)
L() am

where all parameters are as in Eq. (1) and P, is the macroscopic
applied pressure. In fact, Eq. (1) differs from Eq. (3) with
(1 + P,-alm). Therefore Eq. (3) reflects the grain boundary
diffusion as well as pressure-induced contribution. Considering
the works [26-28], the Arrhenius equation in this case takes the
form:

L g SR(—E/RT) (a_ff>

B :u“eﬁ‘

. - )

where p is 1/L (dL/dT), dL/dT is the shrinkage rate, (.4 is the
shear modulus of the powder bed, 0,4 is the effective stress on
the powder bed, K is the a constant described by Bernard-
Granger et al. [8], and s is the stress exponent. Expressions for
the calculation of p.4 and o, are given in Ref. [8] and they

Table 1
Activation energy E values found in literature for conventional sintering and
within the grain boundary diffusion mechanism model.

No. E (kJ mol ") Material Ref.
1 615 + 80 2.8YSZ [19]
2 377 8YSZ [20]
3 370 3YSZ [21]
4 309 0.16Y,0; — 0.8Zr,_, Hf,O, [22]
5 300 Nanocrystalline 3YSZ [23]
6 292 3YSZ [24]
7 275 Commercial 3YSZ [25]
8 100 Nanocrystalline 3YSZ [25]
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Fig. 5. (a) The densification rate (1/L)(dL/dr) plotted as a function of the normalized effective stress (o,4/L.p). (b) Transformed Arrhenius plot for s = 0.5.

depend on the Young’s modulus of the theoretically dense
3YST taken at 210 GPa [29], the effective Poisson’s ratio
chosen at 0.31 for the present investigation based on the
considerations from Ref. [8], and the macroscopic applied
pressure (40 MPa) during SPS. The values of the effective
Young’s modulus and Poisons’s ratio at given densities were
calculated according to Lam et al. [30]. To find the value of s,
Eq. (4) is transformed for E = constant:

1 1dL ’
ln( __> :sln("ﬁ‘) 1K, (5)
/‘Leﬁ‘L dt /'Lef]"

where K is a constant for a fixed sintering temperature. Then
the slope of the straight line obtained when drawing Eq. (5)
(Fig. 5(a)) corresponds to the s value. Two values for s are
obtained of 0.5 and 3. Knowing s-value, from the transformed
Eq. (4), i.e. Eq. (6), E can be evaluated:

T (i)' 1dL E
ln[ <“ff) }:——H{z, ©6)
Mo \Oe/) L dt RT

where K is a constant. The slope of the straight line obtained
when representing this equation (Fig. 5(b)) corresponds to the
value of —E/R.

For s=0.5 or 3, E values are 235 +27kJ mol~! and
760 4 45 kJ mol ', respectively. The activation energy value
of 760 4 45 kJ mol ! is rather high for sintering of an YSZ
nanopowder when compared with literature data (Table 1).
The E values from Table 1 were obtained for conventional
sintering without pressure-assistance that normally contri-
butes to the further decrease of the E-values. On the other
hand, E =760 + 45 kJ mol~! was obtained for s =3 corre-
sponding to the high stress region. But, in our case the applied
pressure is rather low (40 MPa). In addition, when high
stresses are active, this should induce dislocations in the
Nabarro-Herring creep mechanism [18]. Microstructural

analysis of our samples did not show the presence of
dislocations. A creep mechanism is not active in our case. A
similar situation and interpretation was previously given by
Satanach et al. for Al,O5 [31].

Bernard-Granger et al. [32] reported the densification of
granulated zirconia under hot-pressing conditions using a
pressure of 100 MPa. As in our present study, the grain growth
was assumed to be minimal and there are also two steps with
activation energies of 450 425 and 280 =+ 25 kJ mol ' for
s =2 and s = 1, respectively. Although similarities may suggest
that a pressure-assisted mechanism of sintering is active during
SPS, Jimenez-Melendo et al. [33] concluded that cation
diffusion is rate limiting mechanism in the superplastic flow
and follows Eq. (7):

o mbfo 2 b\ ? 7r
PEATT (ﬁ) (E) v @

where A=2 x 1077 is a dimensionless constant, b is the
Burgers vector, d is the grain diameter and D,”" is the volume
diffusivity of Zr cations. Considering Eq. (7) the activation
energy for creep in zirconia should be between 450 and
700 kJ mol~'. We have seen that for our case the creep is
excluded, while for the hot pressing experiments by Bernard-
Granger et al. [32] it would be likely more appropriate to
consider that the data set E =450+ 25kJmol '/s=2
reflects the volume diffusion of zirconia ions that is a
pressure dependent mechanism. It results that our data set
E =760 + 45 kJ mol ™ '/s = 3 does not reflect the real physical
situation and, therefore, this data set can be dropped from the
analysis. If so, the data set E =235 + 27 kJ mol /s = 0.5 for
the low stress region reflects the physical reality. The E value
of 235+£27kImol ' is close to E =246+ 37 kJmol '
obtained for the grain boundary diffusion model. This result
positions SPS, at least for the conditions from this work and
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on the intense densification stage, close to a conventional
sintering process driven by grain boundary diffusion mecha-
nism, rather than to a fast hot-pressing technique assisted by
pressure-induced mechanisms.

4. Conclusions

Isothermal sintering kinetics approach was proposed to be
applied for the study of the sintering mechanism during the SPS
intense densification stage. It was shown that shrinkage data of
the powder sample need correction considering the shrinkage
behavior of the die used for SPS processing. The model of grain
boundary diffusion mechanism for conventional sintering with
the slope of the relative shrinkage curve of 0.33 and activation
energy E=235+27kImol™' describes well the intense
densification SPS stage. At the same time the contribution
from the pressure-assisted specific mechanisms usually active
during hot pressing is not significant or does not occur. Mild
SPS conditions (low temperatures, long dwell times, low
pressures) used to generate the data for the proposed
methodology are currently not employed for SPS processing
of materials, preference being given to harsh conditions (fast
heating, high pressures, short dwell times). This unexplored
direction of mild SPS processing deserves further attention
since it allows separation and control of different sintering
mechanisms, it preserves the initial particle size of the raw
powder, and it may generate a specific ceramic with new or
improved functionality.
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