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bstract

n this study, the densification of alumina by spark plasma sintering (SPS) was investigated and compared to conventional hot pressing. It was
hown that SPS is very effective in the sintering of alumina leading to higher densities and allows to work at lower temperatures and with shorter
intering cycles. The effect of the heating rate is dependent on the heating mode (SPS or HP). The identification of active sintering mechanisms
as attempted by an isothermal and an anisothermal methods, showing that other mechanisms probably related to electrical effects enhance the

ensification. We suggest the higher contribution of surface diffusion mainly during the initial stage of sintering and an influence of the presence of
mpurities segregated at the grain boundaries. They could create conductive layers and also introduce ions with a lower valence than Al3+; defects
re created in the surface layers and the diffusion of the species is increased.

 2011 Elsevier Ltd. All rights reserved.
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.  Introduction

In the field of sintered materials (ceramics, cermets, prod-
cts from the powder metallurgy), performances are influenced
y high densities, absence of defects, and by maintaining a
icrostructure as fine as possible. High density, defect free sin-

ered materials can be obtained rather easily by hot pressing
HP) or hot isostatic pressing (HIP), but these techniques are
erceived as expensive due to their discontinuous character and
ncapsulation technologies needed for the latter. Thereupon, as
t is well known1 that grain growth and densification kinetics are
n competition (see Fig. 1), the ability to achieve fine microstruc-
ure in both of them is limited owing to the long processing time.
onsequently, in a context where there is a need for densities
lose to theoretical density and microstructure as fine as possi-
le, there is a great interest in fast sintering techniques such as

park plasma sintering (SPS).

In SPS, a high pulsed electric current flows through the
raphite die and punches and through the powder when
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lectrically conductive. The whole system is thus heated pri-
arily by Joule effect. Such a technique enables reaching very

igh density while keeping a very fine microstructure in very
hort processing times (heating rates up to 1000 ◦C/min2 and
well times of only a few minutes). The low thermal inertia
f the system and the absence of a massive insulation within
he water cooled vessel, allow shortening the cooling step as
ell, thereby reducing significantly the overall thermal cycle.
n additional advantage of the SPS is its applicability to a broad

ange of materials, including insulating powders. Using a nano-
etric �-alumina powder, Mishra and Mukherjee3 obtained a

elative density of 98% after 10 min at 1300 ◦C, a density level
hat was obtained by conventional sintering at 1500 ◦C after 3 h.
he benefit of short processing cycle resulting from the high
eating rates applicable in SPS was also demonstrated by Shen
t al.4 In their phenomenological parameter study, the effects of
eating rate and applied load on the final density and grain size of

 nanometric alumina were highlighted. In the temperature range
f 1300–1400 ◦C, the heating rate was found to have no influence
n the final density up to 300 ◦C/min. Higher heating rates how-

ver induced a slight decrease of density. In the same temperature
ange, the lower heating rate led to a more pronounced coars-
ning of the microstructure and to a larger average grain size.

http://www.sciencedirect.com/science/journal/09552219
dx.doi.org/10.1016/j.jeurceramsoc.2011.10.031
mailto:m.demuynck@bcrc.be
dx.doi.org/10.1016/j.jeurceramsoc.2011.10.031
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tering conditions (like a too high temperature for example), an
ig. 1. Competition between densification rate and grain growth (from Ref. 1).

espite the extensive use of SPS for the densification of poorly
onductive oxide powders and of alumina in particular, the iden-
ification of the active sintering mechanism(s) and the potential
ontribution of athermal effects still appear as a pending issue
nd a debate subject. The assessment of the sintering mech-
nism was addressed only recently by Langer et al.5 through

 comparison between hot pressing and field-assisted sintering
f two submicron alumina powders with different purity lev-
ls and average particle sizes. The experiments were performed
t 1100–1250 ◦C with a dwell time between 1 and 2 h, a fixed
eating rate of 10 ◦C/min and a macroscopic uniaxial pressure
f between 15 and 50 MPa. It was shown that for both pow-
ers, the densification is enhanced in the case of field assisted
intering from the very beginning of the thermal cycle, this
ffect being more pronounced when considering the finest pow-
er. It was concurrently demonstrated that the densification for
oth hot pressing and field assisted sintering proceeded by the
ame mechanism, namely grain boundary diffusion. However,
t may be stressed that the heating rate used by these authors
ombined with the prolonged isothermal soaking times are not
epresentative of sintering conditions usually used in SPS.

It was accordingly intended to investigate in the present
tudy the influence of temperature, dwell time, heating rate
nd pressure on the overall densification process and result-
ng microstructure and to highlight the potential specific effect
f applying an electrical field on the densification mechanism,

hen sintering submicron alumina at high heating rates (up to
50 ◦C/min) for short period of time (max. 6 min). To this end, as
n the paper just cited, a direct comparison between SPS and hot

a
d
p
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ressing (under both resistive and inductive heating conditions)
as carried out.

.  Experimental

A commercial alumina powder (P172SB, Alcan, France) was
sed as raw material. It has a purity of 99.7% (main impuri-
ies: 600 ppm Na2O, 900 ppm SiO2, 600 ppm CaO and 900 ppm

gO) and a mean particle size of 0.45 �m.
Three sintering methods were investigated. SPS experiments

ere carried out in an HPD25/1 equipment (FCT System,
ermany) using a fixed pulse pattern of 10:5 ms on:off. Hot
ressing experiments were performed, either under resistive
eating conditions (KCE, Germany), or under inductive heating
onditions (laboratory adapted induction furnace, UCLouvain,
elgium). These two hot pressing modes are further referred to

n the text as HPR and HPI, respectively. Samples were sintered
t 1300–1600 ◦C temperature range for 2–6 min under varying
eating rates, the range of which depending on the sintering
echnique used: 10–250 ◦C/min in SPS, 20–100 ◦C/min in HPI
nd 2–10 ◦C/min in HPR, respectively. The tests were conducted
nder either constant or progressively increasing applied pres-
ure as described elsewhere.6 The samples sintered by SPS and
PI had a diameter of 20 mm; those sintered by HPR, a slightly

arger diameter of 30 mm.
The density was measured using the Archimedes’ water

mmersion method. Polished and thermally etched samples were
bserved by scanning electron microscopy (SEM, JEOL JSM-
900LV). The average grain size was determined by the linear
ntercept method according to the provisions of EN 623-3 (cal-
ulation on a minimum of 300 grains).

. Results

.1.  Sintered  density  and  microstructure

Whatever the sintering technique used, all samples reached
ull density, except those prepared at 1300 ◦C under the minimal
oad of 16 MPa. Accordingly, the final average grain size was
aken as criterion to discriminate the potential influence of the
nvestigated sintering parameters (maximum temperature, heat-
ng rate, dwell time, applied load). Fig. 2 shows the progressive
oarsening of the microstructure with increasing maximum tem-
erature and dwell duration, in samples sintered by SPS under
6–48 MPa at a heating rate of 200 ◦C/min. The effect of applied
ressure and heating rate is illustrated in Fig. 3. Whereas the for-
er leads to a marked coarsening above 32 MPa, the latter has

o influence on the final microstructure. The density reached by
he samples at the beginning of the dwell period is reported in
igs. 2 and 3 as well and shows similar trend, increasing with

emperature, dwell time and applied pressure. Corresponding
epresentative SEM micrographs are given in Fig. 4. MgO is
sually used to inhibit grain growth but in non-optimized sin-
bnormal grain growth can be observed. The bimodal grain size
istribution observed on Fig. 4 can be due to the impurities
resent in the powder inducing a preferential grain growth of
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ig. 2. Average grain size of SPS sintered alumina; effect of temperature and
well time.

ome particles. However, the standard deviation does not seem
o increase with temperature or load and thus, the global grain
oarsening observed (Figs. 2 and 3) concerns the whole grain
opulation.

The effect of the heating rate on the average grain size was
ound to depend on the sintering technique used, as shown in
ig. 5. While an increase in heating rate has, as already said,
o significant influence in SPS sintered samples, it leads to a
ecrease of grain size in HPR, and to grain coarsening in HPI.

A dependence on the sintering techniques was also observed
or the densification behaviour at the lower temperature and
eating rate ranges investigated. The density values of samples
intered by SPS, HPR and HPI for 6 min at 1300 ◦C under
6 MPa are shown in Fig. 6 for various heating rates ranging
rom 2 to 100 ◦C/min. Careful calibration tests were carried
n the HPR and HPI equipments and the obtained results are
ery reproducible. However, SPS results are very sensitive to
hanges in some parameters (for example, after a calibration or
odification of the tool design or graphite grade). Tests leading

o the results shown in Fig. 6 are separated by several weeks and
his could explain the dispersion observed. Another possible
eason for this variation could be that the PID parameters of

he SPS device are not optimized for regulating a test at the
ower heating rate range. Despite the scatter only observed
or the SPS data below 50 ◦C/min, the density reached by

ig. 3. Average grain size of SPS sintered alumina; effect of applied load.

Fig. 4. SEM micrographs of samples sintered by SPS at 1500 ◦C for 6 min: (a)
h
a

S
o
a
t
f
c

eating rate: 100 ◦C/min, applied load: 16 MPa; (b) heating rate: 200 ◦C/min,
pplied load: 16 MPa; (c) heating rate: 200 ◦C/min, applied load: 48 MPa.

PS is significantly higher than that reached using either HPR
r HPI, whatever the heating rate considered. It has been
rgued7 that the more or less systematic lower densification

emperatures reported in the literature for SPS could follow
rom an underestimation of the real sample temperature as a
onsequence of the specific temperature measurement position.
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ig. 5. Dependence of average grain size on heating rate and sintering technique
sintering temperature of 1500 ◦C and applied load 16 MPa).

t is true that in the present study, the temperature was measured
n the SPS experiments at the bottom of the upper punch
lose to the sample surface whereas in both HPR and HPI, the
emperature was measured radially at the surface of the graphite
ie. It cannot thus be excluded that a discrepancy in temperature
eading partially contribute to the apparent lower densification
f the HPR and HPI sintered alumina. In order to evaluate this
ontribution, dedicated SPS runs were performed under similar
rocessing conditions but with simultaneous axial and radial
yrometer readings of the temperature. The details of these
ests will be provided in a companion paper.8 Fig. 7 shows the
esults obtained. On the non-conductive alumina, up to about
450 ◦C, the outer surface of the graphite presents a higher
emperature. At 1300 ◦C, the temperature difference between
he two measuring locations amounts around 25 ◦C. It thus
ollows that the results of the HPR and HPI tests conducted at
300 ◦C should be compared to SPS runs carried out at typically

275 ◦C or inversely, that HPR and HPI tests should have been
onducted at 1325 ◦C to allow an unbiased comparison with
he 1300 ◦C SPS data. However, analysis of the SPS sintering

ig. 6. Relative density values of samples sintered by SPS, HPI and HPR at
300 ◦C for 6 min under 16 MPa using different heating rates.

a
g
o
a

F

Fig. 7. Radial vs. axial temperature reading during a SPS run.

urves indicate that this 25 ◦C difference cannot on its own
xplain the large difference in final relative density observed
ere: despite some scatter in the results, density values in excess
f 75–80% are already obtained in SPS sintered specimens at
275 ◦C under moderate heating rates and without soaking time.

Fig. 8 shows that irrespective of the sintering technique used,
he average grain size follows a unique sintering trajectory
ccording to which, high density (of the order of 98%) can be
eached before grain coarsening takes place. Similar behaviour
as already be reported, both for zirconia9 as for alumina.5

.2.  Densification  kinetics  and  apparent  activation  energy

The densification mechanism involved during the SPS sin-
ering of the alumina samples was investigated following two
pproaches.

The first one is identical to that adopted by Bernard-Granger
nd Guizard in their analysis of the densification by SPS of
ranulated zirconia.9 Considering the densification process anal-
gous to the high-temperature creep of a porous body, these
uthors suggested that the kinetic equation may be written as
1

ρ

dρ

dt
= BDμeff b

kT

(
b

G

)p(
σeff

μeff

)n

(1)

ig. 8. Pooled sintering trajectory of SPS, HPI and HPR sintered samples.
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the shorter the time to reach full density and thus, the longer the
ig. 9. Determination of the active sintering mechanism in the SPS densification
f alumina; calculation of the stress exponent according to Eq. (3).

n which ρ  is the instantaneous relative density, B  a constant, D
he diffusion coefficient, b  the Burgers vector, k  the Boltzmann’s
onstant, T  the absolute temperature, G  the grain size, σeff the
nstantaneous effective stress acting on the porous body, μeff its
nstantaneous shear modulus, p  and n, the grain size and stress
xponent, respectively. Using appropriate expressions for the
ffective stress and effective shear modulus, the Eq. (1) can be
eformulated as

1

μeff

1

ρ

dρ

dt
= K

exp((−Q/RT  ))

T

(
b

G

)p(
σeff

μeff

)n

(2)

ith K  a constant and Q  the apparent activation energy of the
ctive densification mechanism. By taking the logarithm of both
nds of Eq. (2), assuming constant grain size, constant tem-
erature and constant apparent activation energy (i.e. a single
ensification mechanism active), the equation further transforms
o

n

(
1

μeff

1

ρ

dρ

dt

)
=  n  ln

(
σeff

μeff

)
+  K1 (3)

 plot of ln[(1/μeff)(1/ρ)(dρ/dt)] as a function of ln(σeff/μeff)
orresponding to the SPS experiments carried out at 1300 ◦C
nder 16 MPa for which the above hypotheses hold is shown in
ig. 9. The data points align along two groups of curves separated
y a limit corresponding to a relative density of about 90%,
orresponding roughly to closure of porosity. According to Eq.
3), the value of the stress exponent n can be obtained as the
lope of the straight lines in Fig. 9. For relative densities below
0% (right part of Fig. 9) the stress exponent has a value around
.3 (roughly between 1 and 2); for relative densities above 90%
left part of Fig. 9), n amounts to a higher value between 2 and

 (around 2.7). A slight but marginal effect of the heating rate is
bserved as well.

The second approach is based on the analysis of the whole

ensification curves, including their anisothermal part, accord-
ng to the formalism of the Master Sintering Curve (MSC)
riginally proposed by Su and Johnson.10 The applicability

p
g
(
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f this approach to estimate the apparent activation energy
nd to foresee the extent of densification of alumina sintered
y SPS has recently been demonstrated.11 The method was
xtended here to the whole range of temperature and heating
ate investigated. The results obtained by combining pairwise
xperiments carried out at a given temperature and successive
eating rates are summarized in Table 1. For sintering tests at
ow heating rates (20–50 ◦C/min) in the 1300–1400 ◦C temper-
ture range, the calculated apparent activation energy amounts
90–500 kJ/mol. In the same temperature range, increasing
he heating rate to the typical level encountered for SPS (i.e.
bove 150 ◦C/min) leads to a decrease of the apparent activa-
ion energy to 320–350 kJ/mol. The estimated energy further
rops as sintering temperature increases, reaching values as low
s 140–160 kJ/mol for SPS runs at 1600 ◦C and heating rates
bove 150 ◦C/min.

. Discussion

.1.  Grain  growth

Whereas the influence of temperature, dwell time or applied
oad on the progressive coarsening of the microstructure are
uite straightforward, the effect of heating rate (Fig. 5) and its
ependence on the sintering technique appears less trivial. It can
e shown however that this peculiar behaviour directly relates to
he difference in sintering kinetics and the resulting difference of
esidence time at high temperature of dense samples (densities
etween 95 and 100%). This relative density range is selected as
t was shown (Fig. 8) that grain growth occurs once the samples
eached a density value in excess of typically 95%.

Fig. 10 shows the change of relative density in the range of
0–100% as a function of time for samples sintered for 6 min at
500 ◦C. The time origin in Fig. 10 coincides with the beginning
f the isothermal soaking period. In HPR (see Fig. 10a), with
ncreasing heating rate, a density of 90% is clearly reached later
less than 10 min before dwell) and the residence time of the
early dense sample at high temperature is shorter. Indeed, when
t has reached a density higher than 90%, the sample sintered
ith an heating rate of 10 ◦C/min stays at high temperature for
ore or less 12 min while the sample sintered with an heating

ate of 2 ◦C/min stays in these conditions for a much longer time
f about 80 min. The die used in HPR is thicker than those used in
PI and SPS and is heated by an external resistance. So it needs

ime for the heat to progress inwards from the outer rim of the die
o the sample. As a consequence, the higher the heating rate, the
older the sample in the centre of the die and the smaller the final
rain size. In HPI (Fig. 10b), the density level of 90% is reached
uring the isothermal stage and the heating rate further affects
he densification with time. The sample heated at 100 ◦C/min
eaches the full density after 1 min dwell while the sample heated
t 20 ◦C/min does not reach the maximum density after 6 min.
he higher the heating rate used to reach the dwell temperature,
eriod for grain growth. Accordingly, as observed, the average
rain size increases with increasing heating rate. Finally, in SPS
Fig. 10c), despite a significant influence of the heating rate
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Table 1
Apparent activation energies calculated according to the MSC method.

T (°C)

Heating rate (°C/min)

20 50 100 150 200 250

1300

502 kJ/mol 322 kJ/mol

319 kJ/mol

350 kJ/mol

1400 489 kJ/mol

1500

306 kJ/mol

218 kJ/mol

160 kJ/mol

224 kJ/mol

1600
163 kJ/mol

140 kJ/mol
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n the densification progress during heating and on the density
eached at the onset of the dwell (higher temperature gradients
ith higher heating rates), this density rapidly evolves to its
aximum level in the first seconds of the isothermal soaking

eriod (all the samples reach the maximum density nearly at
he same time). It follows that whatever the heating rate, the
esidence time at high temperature of all samples with density in
xcess of 95% is practically identical which explains the absence
f significant dependence of average grain size on heating rate in
his case. However, if the maximum density is reached before the
eginning of the dwell, the higher the heating rate, the smaller the
rain size because in that case the maximum density is reached
ater with a faster temperature ramp. An advantage of SPS is
hus to give the possibility to work with higher heating rates and
ower temperatures.

.2. Sintering  mechanism

The investigation of the densification mechanism(s) active in
he SPS sintering of alumina by a classical isothermal method
ould only be performed using the 1300 ◦C data. For higher
intering temperatures, the major part, if not the whole part,
f the densification takes place during the heating portion of
he thermal cycle, i.e. under anisothermal conditions. Only the
tress exponent n, could accordingly be derived. The obtained
alue, depending on the heating rate considered, lies in the range

f 1.2–1.4 for relative densities up to 90% and amounts about
.7 above. A n  value of 1 corresponds to either grain boundary
iffusion, lattice diffusion or viscous flow, the first mechanism
eing the most often invoked in the literature for explaining the

d
i
c

ensification of pure submicron alumina powder.12 The value
f the apparent activation energy calculated from the sintering
uns carried out at this same temperature under moderate heat-
ng rate (20–50 ◦C/min) by the anisothermal MSC approach,

 ≈  500 kJ/mol, supports as well the idea that the densification
n this temperature and heating rate range occurs primarily by
rain boundary diffusion.10,12 However, the significantly higher
ensity values obtained by SPS at this temperature with respect
o the hot pressing techniques (both resistive and inductive) as
ell as the surprisingly low apparent activation energy values

stimated for higher temperatures and/or heating rates strongly
uggest that additional densification mechanisms might be
nvolved.

This improved densification most probably results from the
eculiar heating mode in SPS that potentially induces athermal
ffects related to the presence of an electrical field. The presence
f an electrical field can potentially affect surface phenomena by
odifying the grain boundary energy and interface kinetics.13

his could lead to a delay in the grain growth process and a
esulting enhanced sinterability. Even in poorly conducting
aterials like alumina, the presence of an electric field has been

hown to drastically enhance the diffusion of species contribut-
ng to densification14 (change in the rate-controlling diffusion

echanism). Very recently, it has been demonstrated that an
dequate combination of electrical field and temperature could
ead to a quasi instantaneous densification of ion conductive

aterial like zirconia15 as well as of other material like MgO-

oped alumina.16 Finally we have to keep in mind that despite
ts insulating character at room temperature, alumina becomes
onductive at high temperature.17 Its resistivity is indeed
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Fig. 10. Change of relative density with time during soaking at 1500 ◦C for 6 min
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nder 16 MPa: (a) HPR sintering run; (b) HPI sintering run; (c) SPS sintering
un.

nfluenced by the purity level but even for low impurity content,
 higher surface conductivity can result from the application
f an external electrical field and small surface currents can
onsequently appear. They are probably not sufficient to induce

 Joule effect18 but they were assumed to favour the formation
f sintering necks at an early stage of densification.19,20

.  Conclusion
It has been shown in this study that SPS is a very efficient
echnique for the densification of an insulating material like
l2O3. A scatter in the SPS results was observed at the lower
 Ceramic Society 32 (2012) 1957–1964 1963

nd of the temperature range investigated (1300 ◦C), stressing
he difficulty to reach a good reproducibility of the results in the
ower heating rate range and the relative importance of some
hanges (graphite grade, design of the tool, calibration, etc.) to
he obtained results. However in all experiments, higher alu-

ina densities were reached than in classical hot pressing with
he same processing parameters.

To approach the densification mechanisms, two different
ethods were used. A classical approach to determine the n

alues using isothermal data could only be applied at 1300 ◦C,
ecause full density is reached during an isothermal treatment.
t was shown that two different values are obtained, whatever
he used heating rate: n  between 1 and 2 for densities less
han 90% and n between 2 and 3 for higher densities, lead-
ng to the conclusion that grain boundary diffusion cannot be
he sole densification mechanism. The surface diffusion is prob-
bly enhanced from the very beginning of the sintering cycle
eading to a faster formation of the sintering necks during the
nitial stage of sintering. The high heating rates applied in SPS
llow reaching quickly a temperature range where the densifi-
ation process is favoured and kinetically separated from grain
rowth. The impurities could also play an important role. As
ests were carried out on a commercial powder with 0.3% of
mpurities, it is likely to consider that those impurities could be

ainly segregated at grain boundaries leading to the presence
f conductive layers. The impurities also introduce ions with a
ower valence than Al3+ in the system and create defects in the
urface layers. As a consequence of high currents applied during
PS, a softening of the surface layers is possible leading either

o a grain rearrangement by sliding under the applied load or to
n enhanced migration of species through the surface layer.

Using the Master Sintering Curve formalism, apparent acti-
ation energies were calculated for the full range of data. Values
round 490 kJ/mol, typical of densification by grain bound-
ry diffusion, were only found at lower temperature and lower
eating rates. Much lower apparent activation energy values
ere found for higher sintering temperatures and heating rates,

uggesting the contribution of additional mechanisms most
robably related to the presence of the electric field and to the
ncreasing electrical conductivity of the samples at high temper-
ture.
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