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 Clear evidence for the microwave effect has been observed during experiments in which a 
variety of materials have been heated using experimental systems that allowed both conventional and 
conventional-microwave hybrid heating. A hybrid single mode cavity has been used to investigate 
the microwave effect during phase changes in silver iodide, barium titanate and benzil, whilst a 
hybrid multimode cavity has been used to investigate the microwave effect during sintering and 
annealing of a range of ceramic materials with different dielectric properties. Although evidence 
for the microwave effect was not found in every case, where it was found the results could not be 
explained purely in terms of temperature gradients within the materials.

                                      Submission Date:		29	November	2007
 Acceptance Date: 7	May	2007	

Publication Date: 	25	July	2008

EvidEncE for non-ThErmal microwavE 
EffEcTs Using singlE and mUlTimodE hybrid 

convEnTional/microwavE sysTEms

Keywords: Microwave effect, hybrid microwave 
systems

INTRODUCTION

Many	 investigators	 have	 reported	 unexpected	
effects	 resulting	 from	 the	 use	 of	 microwave	
radiation	as	an	alternative	energy	source	during	
the	processing	of	materials.	This	has	 included	
apparent	 evidence	 for	 accelerated	kinetics	 for	
a	range	of	processes	in	ceramic,	polymeric	and	
organic	 systems	 [Binner	et al.,	 1995;	Boch	et 
al.,	1992;	Booske	et al.,	1991;	Fathi	et al.,	1991;	
Giguere,	1992;		Janney	&	Kimrey,	1991;	Janney,	
Kimrey	et al.,	 1991;	Katz	et al.,	 1991;	Lewis,	
1992;	Willert-Porada	 et al.,	 1992];	 enhanced	
sintering	of	ceramic	powder	compacts,	including	
lower	sintering	temperatures	[Janney,	Calhoun	et 
al.,	1991;	Janney	&	Kimrey,	1988];	and	reduced	
activation	 energies	 [Janney	 &	 Kimrey,	 1988;	
Janney	 &	 Kimrey,	 1991;	 Janney	 and	 Kimrey	

et al.,	1991;	Lewis,	1992].	 It	 is	now	generally,	
though	by	no	means	unanimously,	accepted	that	
a	‘microwave	effect’	exists.	One	of	the	reasons	
for	 the	remaining	uncertainty	 is	 the	 inability	 to	
vary	 the	energy	 source	without	 simultaneously	
affecting	 a	wide	 range	of	other	variables.	For	
example,	whilst	microwave	heating	experiments	
are	 performed	 in	 a	 microwave	 applicator	 the	
corresponding	 conventional	 experiments	 are	
typically	carried	out	in	a	separate,	radiant	furnace	
of very different specification.
	 Research	 has	 now	 been	 performed	 on	
a	 number	 of	 materials	 systems	 using	 two	
systems	that	were	capable	of	heating	materials	
using	 either	 conventional,	 microwave	 or	 the	
simultaneous	combination	of	the	two	(known	as	
hybrid)	heating.	In	both	cases	the	energy	source	
could	be	varied	without	affecting	a	wide	range	
of	other	variables.
 In the first series of experiments, a hybrid 
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single	mode	cavity	has	been	used	to	investigate	
the	microwave	effect	during	phase	changes	in	
silver	 iodide,	 barium	 titanate	 and	 the	 organic	
compound	benzil	via	examination	of	the	thermal	
properties, including the specific heat capacity. 
This	follows	work	by	Robb	et al.	[2002]	using	
temperature	 resolved	 in	 situ	 powder	 X-ray	
diffraction	that	indicated	anomalous	behaviour	
in	the	phase	transition	for	silver	iodide.	Under	
the	 influence	 of	 conventional	 heating	 the	
structural	transition	was	detected	at	the	expected	
temperature,	however		when	heated	by	2.45	GHz	
microwave	 radiation	 the	 transition	 occurred	
some	50°C	lower	than	expected.
	 In	 the	 second	 series,	 a	 hybrid	 multimode	
cavity	has	been	used	to	investigate	the	microwave	
effect	during	sintering	and	annealing	in	a	range	
of	 ceramic	 materials	 with	 different	 dielectric	
properties,	viz.	alumina,	zirconia	and	zinc	oxide.	
In	both	cases,	it	was	possible	to	heat	the	samples	

using exactly the same heating profile but with 
varying	amounts	of	microwave	energy.

EXPERIMENTAL

Single mode cavity

A	schematic	diagram	of	the	hybrid	single	mode	
cavity	 is	 shown	 in	 Figure	 1;	 it	 has	 been	 de-
scribed	in	detail	elsewhere	[Binner	et al.,	2005].	
A	rectangular	waveguide	(not	shown)	was	used	
to	launch	microwave	radiation	from	a	continu-
ously	variable	500	W	magnetron	operating	at	
2.45	GHz	into	a	cylindrical	cavity	containing	the	
specimen	holder	at	its	axis.	Motorised	chokes	at	
the	top	and	bottom	of	the	cavity	were	adjusted	so	
that the E-field within the cavity (measured by 
loop	antennas	orthogonal	to	the	specimen)	was	
maximised.		Ancillary	tuning	by	a	manual	3-stub	
tuner	in	the	launch	section	was	employed	so	as	

Figure 1. Schematic diagram of single mode test cavity showing arrangement for heating sample 
and positions of temperature sensors.  
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to minimise reflected power. By these means the 
cavity	could	be	operated	in	a	TE111	mode	with	
the maximum field intensity at the locus of the 
sample	position.
	 Conventional	 heating	 of	 the	 sample	 was	
achieved	by	passing	compressed	air,	heated	by	
a	750	W	process	gas	heater,	around	the	specimen	
holder.	The	 temperature	 of	 the	 specimen	 was	
monitored either by a fluoroptic thermometer 
(Luxtron	model	790)	or	by	a	thermal	imaging	
camera	 (FLIR	Systems	Thermovision®	A40).	
The	 fluoroptic	 thermometer	 was	 calibrated	
according	to	manufacturer’s	instructions	using	
an	 ice-water	 bath	 as	 a	 single	 reference	 point.	
The	 thermal	 imaging	 camera	 was	 calibrated	
for	 temperature	 by	 measuring	 the	 emissivity	
of	 the	 sample	 held	 at	 known	 temperatures	 in	
a	conventional	furnace.	The	power	supplied	to	
the	heater	and	magnetron,	input	air	temperature	
and	sample	temperature	were	recorded	by	A/D	
converters	 (PicoLog	ADC-16	 and	 TC-08).	
A	 temperature	 controller	 (Eurotherm	 2408)	
was	 used	 to	 control	 the	 power	 to	 the	 heating	
system	 which	 could	 either	 be	 operated	 with	
pure	 conventional	 heating,	 pure	 microwave	
heating or a hybrid fashion with fixed amounts 
of	microwave	energy	being	supplied	in	addition	
to	automatic	control	of	sample	temperature	via	
the	surrounding	air	temperature.
	 The	 system	 was	 used	 to	 examine	 phase	
changes	 in	 three	 different	 materials,	 viz.	
silver	 iodide	 (AgI),	 barium	 titanate	 (BaTiO3)	
and	 benzil	 (diphenylethanedione,	 C6H5CO)2),	
via	 examination	 of	 the	 thermal	 properties	 of	
these	materials.	The	AgI	and	BaTiO3	powders	
were	 made	 into	 pellets,	 the	 former	 of	 ~83%	
of	 theoretical	density	and	 the	 latter	~60%,	by	
uniaxial	 die	 pressing,	 whilst	 the	 benzyl	 was	
pre-melted	by	heating	the	tube	in	air	so	that	in	
each case the fluoroptic thermometer made good 
contact	with	the	specimens.	The	samples	were	

heated	using	both	pure	conventional	and	hybrid	
(microwave	plus	conventional)	heating.

Multimode cavity

Several	 series	 of	 pellets	 measuring	 13	 mm	
diameter	 by	 5	 mm	 thickness	 were	 made	 by	
die	 pressing	 a	 range	 of	 >99%	 purity	 ceramic	
powders	that	varied	in	terms	of	both	chemical	
composition	and	particle	 size	 (Table	1).	Each	
pellet	 was	 sintered	 at	 one	 of	 two	 different	
temperatures	 for	 one	 hour	 using	 exactly	 the	
same temperature/time profile whilst varying 
the	 fraction	 of	 microwave	 and	 conventional	
power	used	in	a	molybdenum	disilicide	element-
based	hybrid	microwave	furnace	[Wang	et al.,	
2006].	The	 latter	was	 capable	of	operating	 in	
pure	conventional	or	microwave/conventional	
hybrid	 mode1;	 the	 microwave	 frequency	 was	
2.45	GHz	and	up	to	2	kW	of	microwave	power	
was	available	if	required.
	 For	each	sintering	run	within	a	given	series	
the	 microwave	 power	 level	 was	 fixed	 at	 a	
given	value	between	0	and	1000	W,	in	200	W	
increments,	and	the	conventional	power	varied	
to	provide	the	same	sintering	schedule.	All	the	
samples	were	held	at	500oC	 for	1	hour	at	 the	
beginning	of	each	sintering	run	to	ensure	that	
thermal	 equilibrium	 was	 reached	 before	 the	
temperature was increased to the final value 
chosen.	This	minimised	the	magnitude	of	any	
temperature	gradients	developed.	The	sintering	
temperatures	were	deliberately	selected	to	avoid	
achieving full densification so that differences 
could	be	observed	as	a	function	of	the	microwave	
power	and	powder	particle	size	used.	Throughout	
the	work,	a	minimum	of	at	least	3	samples	was	
sintered	for	each	data	point.	
	 In	a	further	series	of	experiments,	samples	
were	sintered	for	one	hour	at	several	different	
temperatures, from where little densification was 

1	 Pure	 microwave	 heating	 was	 not	 possible	 with	 this	 system	 since	 the	 molybdenum	 disilicide	
elements absorbed a small but finite amount of microwave energy that was then radiated back onto 
the	samples.
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achieved through to almost full densification, 
using	 just	 pure	 conventional	 and	 hybrid	
heating	 involving	1	kW	of	microwave	power.	
This	allowed	a	direct	comparison	of	the	effect	
of	 sintering	 temperature	 on	 any	 enhancement	
caused	by	the	use	of	microwaves.	Once	again,	
in each case the temperature/time profile was 
identical	for	each	pair	of	samples	sintered.	
	 For	 the	 annealing	 experiments	 submicron	
zinc	 oxide	 disks	 with	 >98.4%	 of	 theoretical	
density and an average grain size of ~0.6 μm 
were	used.	The	disks	were	annealed	in	the	hybrid	
furnace	for	1,	3	or	5	hrs	at	900,	1000,	1100,	1150	
or	1200oC	using	either	pure	conventional	heating	
or	hybrid	heating	involving	1	kW	of	microwave	
power	 and	 a	 balance	 of	 conventional	 heat	
sufficient to achieve an identical temperature/
time profile, as described before. 
	 Throughout	the	work,	the	temperature	was	

controlled using a Luxtron optical fibre ther-
mometer	 (M10,	 Luxton	 Corporation,	 USA)	
inserted	into	a	narrow	hole	drilled	into	the	centre	
of the flat face of each sample such that the tem-
perature	was	measured	at	the	centre	of	the	body,	
as	indicated	in	Figure	2.	The	temperature	at	the	
edge	of	the	samples	was	also	monitored	using	a	
second	optical	thermometer,	which	allowed	the	
temperature	gradient	across	each	sample	to	be	
determined.	The	radiation	from	the	heating	ele-
ments	was	shielded	via	the	use	of	a	non-metallic,	
very	 low	 dielectric	 loss	 ceramic	 tube	 around	
the	 optical	 thermometers	 to	 achieve	 accurate	
temperature	measurement.	The	accuracy	of	the	
measurements	was	independently	assessed	using	
a	separate	series	of	measurements	made	of	the	
melting	point	of	vanadium	pentoxide	and	found	
to	be	±<3oC	[Binner	et al.,	2003].	In	addition,	
a	thermal	imaging	camera	was	used	to	observe	

Table 1. Average particle size, source of the powders, typical microwave absorbtion (at 
room temperature and 2.45 GHz), the green densities achieved after uniaxial pressing and 

sintering temperatures used.

Powder Average particle size Source Tan δ1× 102 Green 
    density/%

Sintering 
temperature / oC

ZnO

‘Submicron’
~0.15 μm Sigma	Aldrich 4.8 ~58% 680	&	780

‘Micron’
~0.92 μm Sigma	Aldrich 8.4 ~58% 780	&	900

3-YSZ

‘Nano’
~20	nm MEL 0.6 ~46% 900	&	1000

‘Submicron	D’
0.24 μm

HSY-3U,	
Daiichi - ~45% 1100	&	1200

‘Submicron	M’
0.12 μm MEL 1.9 ~44% 1220	&	1260

10-YSZ ‘Submicron	M’
0.25 μm MEL 0.4 ~45% 1220	&	1260

Al2O3

‘Nano	S’
~26	nm Sigma	Aldrich 0.5 ~50% 1400

‘Nano	IH’
<15	nm

Produced
	‘in-house’ - ~35% 1180	&	1260

1.	Loose	powders	measured	at	2.22	GHz	and	300oC.
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the	 temperature	gradients	across	 the	face	of	a	
number	of	samples	during	the	sintering	runs.	
	 Green	 sample	 densities	 were	 determined	
by	simple	measurement	of	 the	sample	dimen-
sions	 and	 mass,	 whilst	 the	 sintered	 densities	
were	 measured	 by	 the	Archimedes	 method	
using	 mercury.	The	microstructures	 of	 all	 the	
specimens	were	examined	on	both	fracture	and	
sliced,	polished	and	chemically	etched	surfaces	
using field emission gun scanning electron mi-
croscopy	 (FEG-SEM),	 the	 latter	 allowing	 the	
average	grain	size	 to	be	determined	using	 the	
linear	intercept	method.

RESULTS AND DISCUSSION

Single mode cavity

No	effect	on	the	phase	transformation	was	ob-
served	with	the	use	of	microwave	energy	for	ei-
ther	benzil	or	BaTiO3.	However,	Figure	3	shows	
results	obtained	on	heating	silver	iodide	at	1°C	
min-1	exposed	to	increasing	levels	of	a	constant	
background	of	microwave	power.	The	difference	
between	the	air	temperature	in	the	proximity	of	
the sample and the sample temperature (ΔT) 
is	plotted	against	the	sample	temperature	in	an	
analogous	 manner	 to	 a	 Differential	Thermal	
Analysis	 (DTA)	 measurement	 [Chen	 &	 Dol-
limore	(1995)].	With	no	microwave	power,	the	
curve	shows	the	characteristic	endothermic	peak	
accompanying	 the	 normal	 phase	 transition	 at	
147°C.	In	the	presence	of	microwave	energy	the	

shape	of	the	curve	changes	due	to	the	increased	
coupling of the α-phase with microwaves com-
pared to the β-phase, resulting in a sharp drop in 
conventional	heating	power	required	to	maintain	
the	programme	temperature.	It	appears	that	the	
phase	transition	is	shifted	to	lower	temperatures	
under the influence of increasing levels of mi-
crowave	energy.
	 Rather	than	use	a	linear	rising	temperature	
profile, the sample temperature could be pro-
grammed	to	oscillate	between	two	temperatures.	
The	ratio	of	the	amplitudes	of	the	specimen	and	
air	temperatures	is	then	proportional	to	the	heat	
capacity	of	the	test	specimen.	This	is	the	basis	
of	AC	calorimetry	[Kraftmaker,	2002]	and	data	
for	silver	iodide	obtained	in	the	absence	of	any	
microwave field using the present apparatus is 
shown	in	Figure	4(a).	In	this	particular	measure-
ment,	the	specimen	temperature	was	oscillated	
by	±2°C	about	a	mean	value	over	a	cycle	time	
of	 2	 minutes	 for	 a	 period	 of	 10	 minutes	 and	
then	the	mean	value	incremented	by	2°C	so	as	
to	perform	a	step-wise	temperature	sweep.	The	
phase	transition	of	silver	iodide	is	accompanied	
by	a	peak	in	heat	capacity	at	the	normal	tran-
sition	 temperature	 and	 there	 is	 a	 reduction	 in	
heat capacity from the β-phase to the α-phase. 
Figure	4(b)	shows	similar	data	for	silver	iodide	
measured	with	a	background	of	50	W	microwave	
power.	The	peak	in	heat	capacity	at	the	phase	
transition was not detected due to difficulties 
in	temperature	control	during	the	actual	phase	
transition	itself	but	the	occurrence	of	the	phase	
change	can	be	detected	by	the	characteristic	drop	

Figure 2. Schematic of temperature monitoring system for sintering and annealing experiments; the 
sample temperature is controlled by the optical fibre thermometer at the centre of the sample body.
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in	baseline	heat	capacity	between	128	and	130°C	
which	 agrees	 with	 the	 transition	 temperature	
obtained	under	the	same	microwave	power	using	
the	‘DTA’	approach,	see	Figure	3.
	 Rather	than	change	the	average	temperature	
of	 the	 sample,	 an	experiment	was	carried	out	
whereby	 the	specimen	 temperature	was	oscil-
lated	 between	 132	 and	 128°C	 over	 a	 period	
of	 two	 minutes	 as	 the	 microwave	 power	 was	
cycled	in	a	stepwise	fashion	between	0	W	and	
70	W.	Figure	5	shows	a	plot	of	the	specimen’s	
apparent	heat	capacity	as	a	function	of	micro-
wave	 power	 and	 it	 appears	 that	 silver	 iodide	
can be transformed reversibly between β-AgI 
and α-AgI under quasi-isothermal conditions by 
the influence of microwave radiation. Again, these 
data	are	consistent	with	those	shown	in	Figures	3	
and	4(b).
	 Whilst	 the	DTA-	and	AC	calorimetry-like	
data	 provide	 evidence	 for	 a	 non-thermal	 mi-
crowave	 effect	 in	 silver	 iodide,	 the	 presence	
of	 temperature	 gradients	 within	 the	 specimen	
cannot	be	discounted.	A	thermal	imaging	camera	
was therefore used in place of the fluoroptic ther-
mometer	to	monitor	the	specimen’s	temperature	
during	pure	microwave	heating.	Example	data	
are	shown	in	Figure	6	for	150	and	75	W	micro-

wave	power.	Changes	in	heating	rate	occurred	
around	90°C	due	to	increased	coupling	of	the	
specimen with the microwave field suggesting 
the formation of some of the α-phase. Accompa-
nying	this	phenomenon	was	a	dramatic	increase	
in	thermal	gradient	(determined	by	the	difference	
between	the	minimum	and	maximum	tempera-
tures	of	the	specimen)	across	the	specimen.	Thus	
hot	spots	appeared	in	the	sample	concurrent	with	
the formation of α-AgI. Below 90°C, the sample 
was	fairly	uniform	in	temperature.	Above	this	
temperature,	inhomogeneities	in	the	sample	and/
or microwave field could have caused hot spots 
to appear and thus form α-AgI locally. Alterna-
tively,	a	genuine	non-thermal	microwave	effect	
would cause nuclei of α-AgI to be generated 
at	a	 lower	 temperature	 than	normal	and	 these	
then	lead	to	localised	superheating.	In	order	to	
decide	between	these	possibilities,	it	would	be	
necessary	to	improve	the	spatial	resolution	of	the	
thermal	imaging	camera	and/or	devise	a	means	
of	 3-dimensional	mapping	of	 the	 temperature	
distribution	within	the	sample,	or	design	a	new	
cavity	that	could	handle	larger	samples.

Figure 3. DTA data for silver iodide heated at 1°C min-1 under increasing levels of microwave 
power (inset shows expansion of 0 W curve in transition region).
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(a)

(b)

Figure 4. (a) Heat capacity of silver iodide measured by AC calorimetry. (b) AC calorimetry 
data for silver iodide with a 50 W microwave power background.

Figure 5. AC calorimetry data for AgI at 130°C under different levels of microwave power.
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Multimode cavity

Sintering Experiments
The final density of the ZnO ceramics after 
sintering	 at	 680,	 780	 and	 900oC	 are	 shown	
in Figure 7. The relatively low final densities 
achieved	were	deliberate	since	 it	ensured	 that	
any differences in densification were visible. 
It can be clearly seen that densification was 
enhanced by the presence of a microwave field, 
with the enhancement becoming more signifi-
cant	the	greater	the	level	of	microwave	power	
used	despite	the	fact	that	the	thermal	histories	
of	each	pair	of	samples	were	identical.	Figure	
8	 shows	 FEG-SEM	 micrographs	 of	 fracture	
surfaces of the submicron ZnO ceramics sin-
tered	at	680oC	using	conventional	 and	hybrid	
heating,	 it	can	be	seen	that	 the	sample	heated	
using	1	kW	of	microwave	energy	has	sintered	
to a significantly greater extent confirming the 
density	results	in	Figure	7.	Similar	results	were	
obtained for the 3-YSZ powders, Figure 9, and 
Al2O3	powders,	Table	2,	although	the	magnitude	
of	the	effect	was	smaller	in	these	less	microwave	
absorbing	materials.	Whilst	the	effect	in	the	very	
low	dielectric	loss	(at	2.45	GHz)	alumina	was	

particularly	small,	it	was	repeatable.
	 These	 results	 are	 in	 agreement	 with	 the	
work	 reported	 by	 Xie	et al.	 [1999],	 in	 which	
three	kinds	of	ceramics	with	different	dielectric	
losses,	Al2O3, Ce-Y-ZrO2	and	the	lead-based	re-
laxor ferroelectric PMZNT, were sintered using 
2.45	GHz	microwave	and	conventional	heating.	
Larger increases in densification were observed 
during	microwave	sintering	 in	 the	higher	 loss	
Ce-Y-ZrO2 and PMZNT compared to the lower 
loss	Al2O3.	Nevertheless,	there	have	been	reports	
in the literature in which a significant apparent 
enhancement	was	observed	when	sintering	alu-
mina	[Janney	&	Kimrey,	1988;	Brosnan	et al.	
2003].	Janney	&	Kimrey	[1988]	used	28	GHz	
microwaves	to	sinter	doped	alumina	at	~250oC	
lower	 than	 with	 conventional	 heating.	 Since	
ceramics	 such	as	alumina	absorb	microwaves	
more	readily	at	higher	microwave	frequencies	
this	result	is	understandable,	however	the	results	
obtained	 by	 Brosnan	 et al.	 [2003]	 using	 2.45	
GHz	microwaves	must	be	interpreted	with	care	
since	they	were	obtained	using	separate	micro-
wave	and	conventional	sintering	furnaces	with	
different	temperature	measurement	techniques	
and	heating	rates.

Figure 6. Temperature vs time profiles of silver iodide heated by 150 and 75 W microwave power.
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	 When 3-YSZ and 10-YSZ submicron pow-
der	 samples	 were	 sintered	 using	 the	 hybrid	
furnace,	the	latter	displayed	consistently	higher	
densification [Wang et al.,	2006],	as	would	be	
expected	due	to	the	higher	fraction	of	vacancies	
in the crystal structure, and the densification en-
hancement	arising	from	the	use	of	microwaves	
was	also	more	pronounced	in	this	higher	ionic	
conductivity	 and	 more	 microwave	 absorbing	
grade	of	partially	stabilised	zirconia.	These	re-
sults	are	in	good	agreement	with	those	reported	
by	Janney	et	al	(1993)	who	found	that	12	mol%	
CeO2	doped	 zirconia	 displayed	 a	 much	 lower	
densification enhancement during microwave 
sintering	than	8	mol%	Y2O3 doped ZrO2,	the	latter	
having	a	higher	ionic	conductivity	by	a	factor	of	~100	
[Nightingale	et al.,	1997],	though	it	should	be	noted	
that	again	separate	microwave	and	conventional	
furnaces	were	used.	These	results	are	perhaps	not	
surprising	since	ionic	conductivity	in	zirconias	
is	related	to	the	presence	of	oxygen	vacancies	
in	the	lattice,	a	factor	that	also	positively	affects	
sintering.
	 The	greatest	effect	associated	with	the	use	
of	hybrid	heating	occurred	in	the	intermediate	
stages	of	sintering	(i.e.	the	region	between	about	

65	–	90%	of	theoretical	density),	with	the	effect	
decreasing with increasing densification, Figure 
10(a). The basic shape of the densification curve 
was	 the	 same	 for	both	pure	 conventional	 and	
hybrid	 heating,	suggesting	 that	 the	fundamental	
mechanism	could	be	similar	when	microwaves	are	
used. The final average grain size of the samples 
followed	a	similar	 trend;	 Figure	 10(b)	 shows	
the results for the submicron ZnO powder.  The 
largest enhancement in densification between 
that	 obtained	 with	 pure	 conventional	 heating	
and	hybrid	heating	using	1	kW	of	microwave	
power	occurred	at	680oC for the submicron ZnO 
powder,	with	a	23%	density	enhancement,	Table	3.	
The equivalent figure for the submicron M 10-YSZ 
at	1220oC	was	17.5%	whilst	that	for	the	submicron	
M 3-YSZ at the same temperature was 15%. The 
effects	of	particle	size	can	also	be	observed	in	these	
results, with finer particle sizes leading to greater 
enhancement	 at	 an	 equivalent	 temperature	 as	
might	 be	 expected.	 For	 example,	 the	 submi-
cron ZnO powder sintered to roughly the same 
degree of densification at 680oC	as	the	micron	
ZnO powder did at 780oC.	The	 comparative	
enhancements in densification were 23% and 
18%	respectively.

Figure 7. Final density curves of a) ‘submicron’ ZnO hybrid sintered at 680oC and 780oC and b) 
‘micron’ ZnO hybrid sintered at 780oC and 900oC.

(a) (b)
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Figure 9. Final density curves vs MW power for 3-YSZ for a) ‘nano’ powder sintered at 900 and 
1000oC and b) ‘submicron D’ powders sintered at 1100 and 1200oC.

Table 2. Final densities of Al2O3 pellets sintered at different temperatures using con-
ventional and hybrid heating, the latter with 1000 W of microwave power, but the same 

temperature/time profiles for each series.

Final density
‘Nano IH’ ‘Nano S’

Sintering temp. 1180oC 1260oC 1400oC
Pure conv. 57	±	0.5% 61	±	0.5% 84	±	0.5%
Hybrid (1000 W mw) 59	±	0.5% 62	±	0.5% 85	±	0.5%

Figure 8. FEG-SEM micrographs of fracture surfaces of submicron ZnO sintered at 680oC using 
a) conventional heating and b) hybrid heating using 800 W of microwave power.

(a) (b)

(a) (b)
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Figure 10. Conventional and hybrid (using 1 kW of microwave power) sintering of the submi-
cron ZnO powder. a) The greatest effect occurred at relatively low sintering temperatures, i.e. 

in the intermediate stages of sintering. b) The final average grain size of the samples followed a 
similar trend. 

Table 3. Enhancement in densification observed between that obtained using conventional 
and hybrid heating, the latter with 1000 W of microwave power, at the sintering 

temperatures indicated.

Powder Particle size Sintering temperature 
/ oC

Δ% Theor density1

ZnO
‘Submicron’ 		680 23.3

		780 		7.2

‘Micron’ 		780 17.7
		900 		8.6

3-YSZ

‘Nano’ 		900 12.8
1000 		6.7

‘Submicron	D’ 1100 12.4
1200 		3.1

‘Submicron	M’ 1220 15.1
1260 10.5

10-YSZ ‘Submicron	M’ 1220 17.5
1260 12.5

Al2O3

‘Nano	S’ 1400 		1.2

‘Nano	IH’ 1180 		2.4
1260 		1.8

1. Difference between the final density obtained after sintering at the designated temperature for one hour 
using	conventional	and	hybrid	heating,	the	latter	with	1000	W	of	microwave	power.

(a) (b)
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	 As	far	as	the	authors	are	aware,	these	results	
can	only	be	explained	by	two	possibilities.	The	
first is that the so-called ‘microwave effect’ is 
genuine.	However,	 the	 second	 is	 that	 the	dif-
ferent	 levels	 of	 microwave	 and	 conventional	
power used have resulted in significantly differ-
ent	thermal	gradients	within	the	samples	since	
it	is	known	that	microwave	heating	leads	to	an	
‘inverse	 temperature	 gradient’,	 i.e.	 the	 centre	
of	 the	body	 is	hotter	 than	 the	surface	[Binner	
&	Cross,	1992].	Based	on	the	results	in	Figures	
7(a)	and	(b),	these	gradients	would	have	to	be	at	
least	100oC in the ZnO pellets during sintering 
since	 in	both	 cases	 the	density	 achieved	with	
conventional	plus	1	kW	of	microwave	power	is	
actually	higher	than	that	achieved	with	pure	con-
ventional	heating	using	a	100oC	higher	sintering	
temperature.	As	indicated	earlier,	the	magnitude	
of the effect in the 3-YSZ is smaller, however 
the	temperature	gradients	would	still	have	had	to	
be	substantial.	Table	4	shows	the	differences	in	
temperature	between	the	edge	and	centre	of	the	
pellets	as	measured	by	the	two	optical	thermom-
eters	at	the	start	and	end	of	the	1	hour	isothermal	
hold	period	for	the	submicron	zinc	oxide	pellets	
sintered	at	680oC.	It	can	be	seen	that	at	the	start,	
immediately after the heating period finishes, 
there is a small but finite temperature difference 

with	the	surface	of	the	sample	being	hotter.	As	
expected,	 over	 the	1	hr	 hold	 this	 temperature	
gradient	reduces	in	all	cases	as	the	temperature	
equilibrates;	with	the	higher	microwave	power	
levels a very slight inverse temperature profile 
actually	 forms	 with	 the	 temperature	 gradient	
being	 negative	 indicating	 that	 the	 sample	 is	
hotter	in	the	centre.	However,	in	every	case	the	
measured	temperature	gradients	are	<10oC.	This	
is significantly smaller than would be required to 
explain the densification effects observed above. 
This	result	is	supported	by	the	lack	of	any	visible	
gradient	in	the	grain	size	or	other	microstructural	
features	across	the	diameter	of	the	samples.
	 In	 a	 further	 attempt	 to	 eliminate	 the	
temperature	gradient	possibility,	a	high	resolution	
thermal	imaging	camera	was	used	to	monitor	the	
temperature profile across the face of the samples 
during	the	sintering	schedule.	It	was	found	that	
the	samples	sintered	by	hybrid	heating	always	
displayed	 a	 slightly	 lower	 average	 surface	
temperature	and	a	smaller	gradient	 than	those	
sintered	by	pure	conventional	heating;	even	the	
largest temperature gradients were ≤10oC. Even	Even	
though	 these	 gradients	 were	 measured	 on	 the	
surface	of	the	samples	and	they	will	be	larger	at	
the	centre	of	the	compacts,	they	cannot	explain	
the	variation	 in	sintered	densities	observed	as	

Table 4. Temperature gradients across the sample radius, as measured by the optical 
thermometers, for the submicron zinc oxide pellets sintered at 680oC as a function of the 

amount of microwave (mw) power used.

Power Temperature gradient at sintering temperature
ΔT = Tedge – Tcentre / oC

Start	of	isothermal	hold End	of	isothermal	hold
Conventional 10 5

Hybrid	(200	W	mw) 8 5
Hybrid	(400	W	mw) 7 5
Hybrid	(600	W	mw) 8 4
Hybrid	(800	W	mw) 6 -1
Hybrid	(1000	W	mw) 8 -3
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a	 function	 of	 microwave	 power.	Very	 similar	
results	 were	 obtained	 for	 the	 other	 materials	
[Wang	et al.,	2006]; in every case the maximum;	in	every	case	the	maximum	
temperature	 difference	 was	 far	 too	 small	 to	
account for the greater densification observed 
when	hybrid	heating	was	used.	If	temperature	
gradients	cannot	be	used	to	explain	the	results	
then this therefore appears to be firm proof of 
the	existence	of	the	so-called		microwave	effect		
during	ceramics	sintering.

Annealing Experiments
Figure	 11	 shows	 the	 polished	 and	 etched	
microstructures at the centre of the ZnO disks 
before	annealing	and	after	annealing	at	1000oC	
and	1100oC	for	5	hours	using	pure	conventional	
and	 hybrid	 heating.	 It	 can	 be	 seen	 that	 grain	
growth	 was	 enhanced	 by	 the	 use	 of	 hybrid	
heating, a phenomenon confirmed by the grain 
size	data	 shown	after	5	hours	of	annealing	 in	
Figure 12. The figure reveals that the onset of 

significant grain growth during conventional 
heating	 was	 at	 around	 1150oC,	 whilst	 for	 the	
hybrid	 heated	 samples	 it	 occurred	 at	 about	
1050oC.	By	1200oC,	the	difference	in	grain	size	
between	the	conventionally	and	hybrid	annealed	
samples was significantly reduced, supporting 
the	 idea	 that	 microwaves	 have	 their	 greatest	
effect	during	the	early	to	intermediate	stages	of	
the	process	 [Wang	et al.,	2006].	This	appears	
to be confirmed by Figure 13, which shows 
that	the	slopes	of	the	lines	at	1100	and	1150oC	
were	different	for	the	conventional	and	hybrid	
cases	although	they	were	essentially	the	same	
at	1200oC. The difference in temperature, ΔT, 
that	existed	across	the	radius	of	the	disks	that	
were	annealed	for	5	hours	as	measured	by	the	
two	optical	thermometers	was	always	found	to	
be	less	than	20oC,	far	too	little	to	account	for	the	
significantly larger average grain sizes at 1100 
and	1150oC	[Binner	et al.,	2007].
	 The	 kinetic	 grain	 growth	 equation	 can	 be	

Figure 11. FEG-SEM micrographs of the centre of the submicron ZnO pellets: a) before anneal-
ing; and after annealing for 5 hours, b) at 1000oC using conventional heating, c) at 1000oC using 
hybrid heating, d) at 1100oC using conventional heating and e) at 1100oC using hybrid heating. 

The hybrid heating anneals involved 1000 W of microwave power.
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Figure 12. Average grain sizes after 5 hours for annealed ZnO samples as a function of anneal-
ing temperature and location on the cross section of the sample (see inset) with conventional and 

hybrid heating.

Figure 13. Average grain sizes as a function of time for annealed ZnO samples after convention-
al (C) and hybrid (H) heating at 1100oC, 1150oC and 1200oC.
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expressed	by	equation	1	[Coble,	1961]:

	 G G Ktn n
− =0 																							(1)

Where	G	is	the	average	grain	size,	n	is	an	integer	
that	depends	on	the	diffusion	mechanism,	 t	 is	
time	and	K	can	be	expressed	by	the	Arrhenius	
equation:

	 K K Q
RT

= −0 exp( ) 															(2)

where	K0	is	the	pre-exponential	constant	of	the	
material,	Q	the	activation	energy,	R	the	gas	con-
stant	and	T	the	absolute	temperature.	Hence,	the	
kinetic	grain	growth	equation	can	be	written	as:	

	 G G K Q
RT

tn n
− = −0 0 exp( ) 										(3)

In	this	expression	the	initial	grain	size	G0	can	be	
neglected because it is significantly smaller than 
the	grain	size	G	at	time	t.	Thus,	equation	3	can	
be simplified to:

	 G K Q
RT

tn
= −0 exp( ) 																(4)

This	has	been	widely	applied	by	many	research-
ers	to	calculate	the	grain	growth	exponent	value	
n,	e.g.	[Bennison	et al.,	1983],	by	plotting	in	the	
form:

	 log log logG
n

K
n

t= +
1 1

														(5)

Where	 the	slope	of	 the	 log	G	versus	 log	 t	 line	

is	 1/n,	 the	 grain	 growth	 exponent.	 Hence	 the	
smaller	 the	value	of	n,	 the	greater	 the	 rate	 of	
grain	growth.
 Figure 14 illustrates the results for ZnO an-
nealed	at	1100oC	whilst	Table	5	shows	the	values	
for	n	as	a	function	of	temperature.	It	can	be	seen	
that	at	1100	and	1150oC	they	were	3.3	during	
pure	conventional	heating	and	1.4	during	hybrid	
heating	respectively,	whilst	at	1200oC	they	both	
decreased	to	around	1.5.	Many	researchers	have	
reported	grain	growth	results	during	sintering	of	
undoped ZnO using pure conventional heating 
and	the	value	of	n	obtained	is	~3	in	the	1100-

Figure 14. Log grain size versus log time for 
ZnO pellets annealed at 1100oC using conven-
tional and hybrid heating. The grain growth 

exponents, n, are shown on the plot.

Table 5. Grain growth exponent values for un-doped, submicron ZnO as a function of tem-
perature for conventional heating and hybrid heating. Errors are those arising from the fit 

to the data.

Annealing temperature/ 
oC

Grain growth exponent, n

Conventional heating Hybrid heating

1100 3.3	±	0.1 1.4	±	0.1
1150 3.3	±	0.1 1.4	±	0.1
1200 1.6	±	0.2 1.5	±	0.2
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1150oC	temperature	range	[Dutta	et al.,	1970;	
Senda	et al.,	1990],	 showing	good	agreement	
with	the	present	results.	The	fact	that	the	value	of	
n	at	1200oC	during	conventional	heating	and	at	
1100	–	1150oC	during	microwave-based	heating	
is	both	lower	and	similar	suggests	that	the	effect	
of	using	microwaves	is	simply	to	accelerate	the	
conventional	process	so	that	it	happens	roughly	
100oC	sooner,	in	line	with	the	results	from	the	
sintering	study	[Wang	et al.,	2006].	

CONCLUSIONS

Two	 completely	 different	 investigations	 have	
been	pursued	into	the	so-called	‘microwave	ef-
fect’,	one	based	on	the	measurement	of	thermal	
properties	associated	with	phase	changes	using	
a	single	mode	cavity	and	the	other	the	determi-
nation	of	sintering	and	annealing	characteristics	
of	ceramic	materials	using	a	multimode	cavity.	
However,	in	both	cases	the	equipment	allowed	
heating	to	be	accomplished,	in	the	same	cavity	
and	using	exactly	the	same	experimental	con-
figuration, with either pure microwave, pure 
conventional	 or	 any	 combination	 of	 hybrid	
heating	and	the	results	show	clearly	that	a	mi-
crowave	effect	can	be	observed.	The	sintering	
investigation	also	showed	a	relationship	between	
the	magnitude	of	 the	 effect	 and	 the	dielectric	
characteristics	 of	 the	 material;	 the	 higher	 the	
dielectric	loss	the	greater	the	effect.	A	possible	
explanation	of	 the	effect	 in	 terms	of	 tempera-
ture	 gradients	 was	 discounted	 in	 both	 cases.	
Although	 temperature	gradients	were	present,	
as	expected,	they	were	substantially	too	small	
to	account	for	the	results	observed.
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