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Abstract

The feasibility of using direct MW heatingÐwith
2.45GHz radiation distributed in multimode appli-
catorsÐfor the obtainment of uncracked fully dense
zirconia ceramics was studied. It was found that
such a sintering approach can be used in the case of
ZrO2(Y2O3) powder compacts. Suitable correlation
between target load mass, heating chamber archi-
tecture and forward power pro®le is the key to direct
MW heating without thermal runaway. Sintered
bulk densities close to the theoretical were obtained
after ®ring cycles of about 2 h. Sintering rate
enhancement in the MW furnace resulted in a
reduction of �100�C in the minimal temperature
required for full densi®cation. Mechanical properties
of MW and conventionally sintered specimens (fully
dense state) were not signi®cantly di�erent. # 1999
Elsevier Science Limited. All rights reserved
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1 Introduction

Sintering of zirconia ceramicsÐbased on their
interaction with microwaves (MW) of various fre-
quency (2.45±60GHz range)Ðhas been previously
studied.1±14 For the case of 2.45GHz radiation in
multimode applicatorsÐcurrently the con®guration
with the best prospects for industrial scale useÐall
the systematic research has been performed using
the susceptor assisted MW heating (MW±SAH)
approach. The presence of susceptors modi®es the
electromagnetic ®eld distribution and its mean
intensity, introduces heat sources external to the
specimens and may shield, to some extent, the

target load from the ®eld.15 In such conditions the
heating of the specimens takes place in a way dif-
ferent from that encountered when direct MW
heating, without susceptor (MW±HWS), is used. In
MW±SAH potential nonthermal MW e�ects may
be reduced or eliminated and this approach is also
less convenient for industry. Considering the
above, it seems that a more thorough investigation
of the MW±HWS approach, as a means for the
densi®cation of zirconia powder compacts, is of
both scienti®c and technological interest.
In this work the densi®cation of a TZP type

material ZrO2(Y2O3) by the MW±HWS approach
was studied. The densi®cation levels, micro-
structures and mechanical properties obtained were
compared to those received after heating in a
resistive `conventional' furnace (CFH) approach.
The in¯uence of factors like specimen size and
shape, green density uniformity and the nature of
the ®ring atmosphere on the MW sintering process
was also investigated.

2 Experimental

2.1 Materials
An yttria (5.17wt%) stabilized, TZP type com-
mercial zirconia powder, grade HSY 3.0U of
DKKKK, Japan, was used.
The zirconia crystallites were agglomerated in

multilevel aggregates with a size �0.2�m; the ®rst
and second level strong aggregates were spheroidal
in shape. The material exhibits a speci®c surface
area of 22m2 gÿ1. The only `high' concentration
impurity is alumina, 0.7wt%. The as-received
material contains some 25 wt% monoclinic phase,
the remainder being tetragonal. In accord with the
phase diagram of the ZrO2±YO1.5 system,16 the
X-ray di�raction (XRD) pattern [(004) and (400)
peaks; 2�=73±75� region], indicates that no cubic
material is present.
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2.2 Specimens
The basic specimen type was disc shaped [diameter
(d)=17mm, height (h)=4mm] having been formed
by cold isostatic pressing (CIP) at 200MPa. Other
simple shape specimens (d=20mm, h=8, 12mm;
d=23mm, h=4mm; d=11mm, h=11mm) were
also examined together with convex top cylinders
(d=15mm, h=15mm). The green bulk density
(BDg) of the specimens was 46% of the theoretical
density (44% t.d. for the convex top cylinders)
assuming a theoretical density of 6.08 g cmÿ3.17

2.3 Sintering
MW sintering was performed in two furnace types,
which di�er in relation to the electromagnetic ®eld
distribution pattern. The ®rst type (model 10 of
MMT, Knoxville, TN), allows concentration of the
®eld in the central region of the applicator by sui-
tably positioning antennae attached to the four
magnetrons. The second system (model 101 of
MMT) has a relatively large applicator (d=90 cm,
L=137 cm) and includes a mode stirrer. These
features markedly enhance ®eld distribution homo-
geneity throughout the volume of the applicator.
The heating chamber set up, used in both fur-

naces, is shown in Fig. 1. The number of samples
heated during a run varied between one and six.
Conventional sintering was carried out in a tubular
fast ®ring furnace in air. Heating schedules are
referred to in Section 3.4. Temperatures were mea-
sured in all cases with S type thermocouples.

2.4 Characterization
The phase composition of the starting powder and
sintered specimens was examined by XRD. Their
microstructure was studied by electron microscopy
(SEM) performed on specimens which underwent
polishing and chemical etching. Density was mea-

sured by the Archimedes technique, using water as
the immersion medium.
The presence of cracks was determined by visual

and optical microscopy inspection using fuchsin
solution to enhance their visibility.
The bending strength of bars (3�4�15mm) cut

from conventional and MW sintered specimens
was measured by three point bending using a span
of 12mm.18 The tensile surface of the samples was
polished up to a 0.25�m ®nish. Fracture toughness
was measured by a chevron notch technique. In all
the tests crosshead speed was 50�m/minÿ1. A
minimum of four samples was tested in each case
in order to establish average values of bending
strength and fracture toughness. Vickers hardness
was measured using a load of 50N with a duration
of 15 s. To enhance the optical contrast, a thin
layer of gold was deposited by sputtering on the
polished surfaces of the specimens. An average
hardness value was calculated using the results of
10 indentations.

3 Results and Discussion

3.1 Behaviour of ZrO2 (Y2O3) during MW
sintering
Results obtained by di�erent authors, for the
dielectric properties of zirconias, diverge con-
siderably. Data given by Batt et al.19 were con-
sidered below.
Substituted zirconias have a temperature pro®le

of the dielectric loss factor which is di�erent from
those of other usual, oxide or non oxide, ceramics.
At room temperature (RT) the imaginary part of
the complex relative permittivity, "00, of yttria-sta-
bilized zirconias has values quite close to those
exhibited by MW `transparent' materials, like alu-
mina or spinel ("00TZP � 0�04). The loss factor
increases markedly to "00 � 100 around 1000�C
("00Al2O3

� 0�3 at the same temperature) to a level
similar to that of conductive ceramics such as �-
SiC.19 At RT the loss is entirely due to polarization.
The high value of the dielectric constant "0 � 35±40,
suggests a signi®cant contribution from 2Y0Zr ÿ V��0
dipoles because in monoclinic, pure, zirconia the
dielectric constant has a lower value, "0 � 13, in the
range expected considering only the ionic polariza-
tion of the oxide lattice. Over 500�C the contribution
of the O2ÿ based ionic conductivity to the loss starts
to be noticeable. The MW penetration depth in
ZrO2 (3mol% Y2O3), at RT, of 2.45GHz radiation
(l0=122.4mm)Ðcalculated using the procedure
proposed by Chabinsky20 Ðis Dp � 1�5m. At
1200�C the Dp drops to �1mm.
The "00 temperature pro®le suggests that strong

MW/TZP interactionÐand, as a consequence, heat

Fig. 1. Heating chamber con®guration. 1, Specimens; 2, bub-
ble alumina thermal insulation in sintered alumina container;
3, sintered alumina disc; 4, porous alumina parts providing
thermal insulation; 5, Pt sheathed S-type thermocouple; 6,

MW insertion points; 7, applicator wall; 8, metal stand.
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generationÐmay be expected over 500±600�C. The
amount of heat generated cannot be estimated
because the changes in porosity, during sintering,
which are accompanied by a steep Dp reduction,
continuously modify the fraction of the specimen's
mass interacting with the MW. Initial heating of
the material is expected to be sluggish ("00 < 1 up to
400�C) and heating, during the last stages of den-
si®cation, to be nonuniform due to the low Dp.
The low thermal conductivity of TZP, �2

W/m�K, combined with a high thermal expansion
(�=10�10ÿ6/�K) suggest that thermal (or m!t
related) stresses resulting from nonuniform and/or
fast heating may cause warpage/cracking, espe-
cially in the case of large and/or low symmetry
work pieces.

3.2 MW±HWS process
Various target load mass values and forward
power pro®les were examined. A minimal mass
exists below which autoheating will not take place
even at high MW forward power levels. For the
case of the zirconia powder used (speci®c surface
area of 22m2gÿ1) and the speci®c insulation system
con®guration this mass was 10±12 g for forward
power levels in the 1.5±2.0 kW region. It was
observed that an e�cient forward power pro®le
requires a high power initial segment. If subse-
quently the power is suitably reduced, at tempera-
tures over 500�C, thermal runaway can be prevented
albeit quite fast temperature increase, in the 400±
1000�C range, is unavoidable.
The optimal MW power pro®les established

allowed full sintering without cracking or warping.
Figure 2 presents the temperature pro®les,
obtained in both the MMT 10 and MMT 101
applicators, when heating a 15 g load of TZP,
under conditions, which determine full sintering
(i.e. BDf�99% t.d.) at minimal peak temperature.

The di�erent ®eld distribution patterns and
mean ®eld-strength values, in the two applicators,
determine noticeable di�erences in the tempera-
ture±time curves generated by a given forward
power pro®le (see the ®rst 30min in Fig. 2). As a
result the power pro®le required to reach a given
peak temperature is di�erent in the two MW fur-
naces examined. In the applicator exhibiting the
more uniform ®eld distribution and lower ®eld
strength (MMT 101) the interaction of the speci-
mens with the MW is weaker at low temperature,
but maximal densi®cation is reached at somewhat
lower temperatures than in the furnace which has
the ®eld concentrated in its central region (non-
uniform ®eld distribution).
It has been shown4 that direct MW sintering of

TZP is feasible in tuned single mode cavities. The
results presented above show that it is also feasible
in multi-mode applicators despite the low value of
"00 at room temperature. The heating process may
be controlled so as to prevent specimens from
cracking or warping. The sintering temperatures
which were required when using the approach of
Tian et al.,4 could be reduced by some 400�C by
optimizing heating schedules.

3.3 Sintering in nonoxidizing atmosphere
The structure of TZP sintered in air is not identical
to that obtained in oxygen de®cient atmosphere.
Under N2 some Zr3+ (d1 ion) may form by partial
reduction of Zr4+. Oxygen loss according to the
process O0()V��0 � 2e0 � 1=2O2 may create V0

type point defects. A more drastic reductive pro-
cess would generate Zr0 atoms, which may
agglomerate in colloidal size particles. Such defects
absorb or scatter visible light and are also likely to
in¯uence the dielectric properties, especially at high
temperature. The black colour acquired by the
specimens indicated that defects are formed indeed
during their MW heating in nitrogen.
Schedules similar to those used in air produceÐ

when heating is done under nitrogenÐthe same
levels of densi®cation. It seems that the defects,
which form under N2, do not noticeably in¯uence
the TZP's interaction with the MW ®elds. Anneal-
ing over 1250�C in air eliminates the black colour
induced by the processing under nitrogen.

3.4 Comparison of MW and conventional sintering
In Table 1 the densi®cation levels obtained for
various peak temperatures in the MMT 10 furnace
are presented for the case of a 20min dwell time, at
peak temperature, and a mean heating rate of
12�Cminÿ1 (at temperatures higher than 800�C).
The densi®cation levels (BDf) obtained in the
MMT 101 (8�C/minÿ1 at temperatures higher than
600�C) and, respectively, a conventional furnace

Fig. 2. Forward power and resulting temperature time pro®les
ensuring full densi®cation of TZP at minimal peak tempera-
tures. MMT 10MW furnace, nonuniform MW ®eld distribu-
tion with intensity enhancement in central region of
applicator; MMT 101MW furnace, uniform MW ®eld dis-

tribution throughout the applicator's volume.

Direct microwave sintering of yttria-stabilized zirconia at 2.45GHz 2069



(12�Cminÿ1, from RT) for the same dwell time are
also shown.
For the case of the MMT 10 furnace results

obtained by fast ®ring at �100�Cminÿ1 (no dwell
time at peak temperature) are also presented.
In all fully sintered specimens monoclinic zirconia

was absent, despite the quite high content of this
phase present in the initial powder. The XRD pat-
tern of a sintered specimen and that of the initial
powder are shown in Fig. 3. In the 72±75� range of
the XRD pattern only the (004)t and (400)t peaks
were observed indicating the absence of cubic phase.
Preliminary thermal treatments to eliminate

volatiles and/or convert monoclinic residue to tet-
ragonal crystals were found necessary by some
authors4,7 in order to obtain uncracked specimens.
No such processing was required here.
As the data in Table 1 shows, enhancement of

the sintering rate is obtained under the in¯uence of
the MW ®eld. In the MW furnace 98.3% t.d. was
attained as low as 1100�C (MMT 101). Similar
density required heating to 1300�C in the resistive
furnace. The maximal BDf of 99.5% t.d. was
obtained reproducibly at temperatures �1250�C (in
many cases also at 1200�C), in the MW furnaces.
In the conventional furnace BDf >99% t.d. was
obtained for temperatures of at least 1350�C. As it
may be observed di�erences in the densi®cation
levelÐbetween the MW and resistive furnace ®red
specimensÐwere noticeable in the 1100±1300�C
domain gradually disappearing at higher tempera-
tures. Contrary to the results obtained by other
workers4,11 in the case of zirconia sintering a `MW
e�ect' is maintained until the completion of densi-
®cation, in accord with the ®ndings of Janney
et al.6 The e�ect is stronger at lower densi®cation
levels. Accelerated di�usion, especially of O2ÿ ions,

seems to be the cause of the increase in TZP sin-
tering rate brought about by exposure to MW
®elds.14,21 In conventional furnaces full sintering at
temperatures �1300�C was previously obtained
only in the case of ZrO2 (Y2O3) powders lacking
agglomerates or having very soft ones.22±24 Here, in
the MW furnace, the same result is obtained also
for the case of commercial powdersÐwhich exhibit
multilevel strong aggregatesÐwithout applying
any special processing.
The di�erences in overall heating time (same

dwell time at peak temperature), between furnaces
MMT 10 and 101, did not in¯uence the maximal
densi®cation level achievable. On the other hand,
in the more uniform ®eld of MMT 101 somewhat
lower temperatures are required for a given level of
densi®cation.

Table 1. Densi®cation of the zirconia powder compacts, after
various heating schedules, in MW and conventional furnaces

Sintering
temperature
(�C)

Bulk density (% of t.d.)

MW Conventionala

MMT
10 Aa

MMT
101a

MMT
10 Bb

1100 94.4 98.3 Ð 80.0
1170 97.5 99.0 Ð 82.0
1200 99.0 99.5 Ð 94.0
1250 99.5 99.5 Ð 97.0
1300 99.5 99.5 98.0 98.4
1350 99.5 99.5 Ð 99.3
1400 99.5 Ð 98.3 99.3
1500 Ð Ð 99.0 99.1
1600 Ð Ð Ð 95.5
1700 Ð Ð Ð 94.0

aDwell time at peak temperature was 20min; heating rates
�10�Cminÿ1.
bNo dwell time at peak temperature; heating rate 100�Cminÿ1.

Fig. 3. XRD patterns of TZP: A, as-received powder; B, spe-
cimen after MW sintering, in air, at 1200�C 20min. &, Tetra-

gonal phase; ~, monoclinic phase.

2070 A. Goldstein et al.



The cracking propensity of the specimens (which
attained BDf �98% t.d.) was a function of size and
green specimen densi®cation uniformity. Table 2
shows the yield in uncracked pieces when heating
various types of specimens (MMT 101; 8�Cminÿ1;
20min at peak temperature). It is believed that
marked yield improvements in the case of large
and/or complex shape specimens can be attained if
heating cycles adapted to each particular specimen
type are employed.
The ultrafast ®ring, at �100�C minÿ1 (see

Table 1), while permitting full densi®cation after
very short heating cycles always generated cracked
specimens.
In Fig. 4 various green and MW sintered speci-

mens are shown.

3.5 Microstructure of sintered specimens
Equiaxed grains were observed in the SEM pic-
tures of the specimens sintered either by MW±
HWS or CFH. The structure of the strong
agglomerates, present in the powder is preserved,
to a large extent, in the ®red bodies. The micro-
structure of a specimen MW sintered at 1300�C
(BDf=6.03 g cmÿ3) is shown in Fig. 5 together
with that of the initial zirconia powder.
Grain size remained submicron at all tempera-

tures, up to 1500�C, abnormal grain growth being
virtually absent.
No signi®cant di�erencesÐregarding the grain

size distributionÐwere observed between the MW
and conventionally ®red specimens.

3.6 Mechanical properties
For comparison purposes measurements were
made on specimens densi®ed by MW±HWS or
CFH at 1350�C. At this sintering temperature both
specimen types were fully dense. Results regarding
the bending strength, the fracture toughness (as
expressed by KIC) and Vickers hardness data are
presented in Table 3. The MW and conventionally
®red specimens exhibit similar mechanical proper-
ties. For the case of the MWed specimens the
values measured on specimens sintered at 1200�C
were similar to the values measured on those ®red
at 1350�C. In the case of specimens conventionally
sintered at 1200�C marked ¯uctuations from

Table 2. Yield in uncracked specimens (MW sintering) as a
function of their size and shape

Specimen
type

d=17mm;
h=4mm

d=11mm;
h=11mm

d=23mm;
h=4mm

Convex top
cylinders

Yield (%) 85 85 40 15

Fig. 4. Various shape specimens before and after MW sinter-
ing: upper row, green parts; lower row, MW sintered parts
(1300�C 20min); black disc was sintered, under N2 (1200

�C).

Table 3. Mechanical properties of ZrO2 specimens microwave
and conventionally sintered at 1350�C 20min

Sintering
approach

BDf

(% of t.d.)
Bending
strength
(MPa)

KIC

(MPa m1/2)
Hardness
(kgmmÿ2)

CFH 99.3 610�31 5.61�0.2 1435�25
MW±HWS 99.5 637�43 5.76�0.35 1451�33

Fig. 5. Microstructure of initial TZP powder and sintered
specimen (BDf=6.03 g cm3). SEM pictures: (a) TZP powder;
(b) sintered specimen: 1300�C 20min in air (cross section,

polished and chemically etched).
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specimen to specimen were observedÐprobably
due to the still large residual porosityÐprecluding
comparison with the MWed specimens.

4 Conclusions

If suitable MW (2.45GHz) power-time pro®les are
employedÐand correlated with the mass of the
target loadÐit is possible to heat, starting from
room temperature, ZrO2 3mol% Y2O3 powder
compacts up to the temperatures required for full
sintering without using susceptors, in MW powered
furnaces having multimode applicators. Thermal
runaway may be prevented and heating curves
exhibiting desired peak temperatures and dwell
times, at maximal temperature, can be obtained.
Fully sintered, uncracked, parts can be produced at
temperatures as low as 1200�C (15±20min dwell
times) at heating rates (over 500�C) �10�Cminÿ1.
A noticeable increase of the sintering rate is
brought about by the use of the MW powered fur-
nace instead of a resistive one, minimal tempera-
tures required for full sintering (for a given dwell
time) being reduced. Cracking propensity is a
function of size and green densi®cation uniformity.
Currently only small size workpieces can be pro-
duced with a yield in uncracked specimens accep-
table for practical applications. Heating under
oxygen-free atmospheres does not noticeably in¯u-
ence the MW sintering process despite modi®ca-
tions induced in the point defects system existent in
the TZP's lattice.
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