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Abstract

The densification of dual-phase yttria-doped tetragonal zirconia polycrystals (Y-TZP) and a-Fe2O3 (hematite) composite pow-
ders is described. Different powder synthesis methods, different forms of dry compaction processes, and two sinter methods (pres-
sureless sintering and sinterforging) were compared. The homogeneity and average grain sizes of the sintered compacts were
determined with SEM/EDX. Compacts produced from homogeneous powders that were prepared by the co-precipitation (CP)

method showed large-scale phase segregation and grain growth during sintering. Compacts made from the less homogeneous
sequentially precipitated (SP) powders showed far less phase segregation and relatively small grain growth during sintering. Dense
(>96%) nano/nano zirconia-hematite composites were made with average grain sizes of 80 nm by sinterforging at 1000 �C and 100

MPa.
# 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

During the mid-1980s research into the synthesis and
properties of nanograined dense materials was initi-
ated.1 Due to size and structural effects, special proper-
ties of nanomaterials can be expected. Size effects
become important if the building blocks are reduced to
critical length scales of physical phenomena (e.g. the
mean free paths of electrons or phonons) which can
influence the electrical, magnetic and optical properties
of materials. Structural effects in nanomaterials are
mainly ascribed to different atomic structures of the
grain boundary region compared with the bulk of the
grain. A solid material containing a high density of
grain boundaries has a high defect concentration. When
the volume fraction of defects becomes very high, the
properties of the material are influenced and change.
It can be expected that distinctive properties of nano-

crystalline materials emerge in composites rather than in
single-phase materials. In addition to the grain boundary

components of two different kinds of grains, the varia-
tion in atomic bonding, lattice mismatches and related
relaxation in the structure of the interfaces are reflected
in the macroscopic properties of these composites.
Nano/nano dual-phase composites in which both phases
are present as grains with typical dimensions <100 nm
are expected to exhibit physical properties that deviate
from their coarser-grained counterparts. If one phase is
electron conducting and the other electrically isolating,
special properties emerge due to Schottky-barrier space-
charge formation in the isolator phase near dual-phase
boundaries. The extent of the Schottky-barrier (Debije
length) can be of the same order as the total grain
dimension resulting in special electrical properties.
The only dense (>95% from theoretical density) nano/

nano ceramic oxide composites that have been reported to
date are the zirconia-alumina system.2,3 Alumina as minor
phase had an inhibiting effect on the growth of zirconia
grains. In cases where the alumina phase was not perco-
lative, the growth of alumina grains was also severely
retarded.2,3 Nanograined zirconia–alumina composites
had a lower hardness but increased toughness compared
to larger grained zirconia–alumina composites.4

In order to prepare dense nano/nano composite cera-
mics the starting powder should not only consist of
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small crystallites but should also have a low degree of
agglomeration.5 One method to prepare these type of
powders is to start with a single-phase powder in which
the cations present in the minor phase of the final pro-
duct are dissolved in the major phase. This system then
transforms into a dual phase composite during sinter-
ing.5 Another method is to start with a dual-phase
powder in which the nano-crystallites of the two phases
are distributed homogeneously.
This study describes the densification or sintering beha-

viour of nano/nano yttria-doped tetragonal zirconia
(Y-TZP) and a-Fe2O3 (hematite) composites. The synth-
esis of zirconia-hematite dual-phase powders and single-
phase solid solutions of iron oxide in zirconia has been
described previously, using either wet-chemical techni-
ques6,7 or high-energy ball milling.8 Densification of these
powders has rarely been reported, however, and in most
cases Fe2O3 was added in small amounts (up to 3 mol%)
to Y-TZP in order to improve the mechanical properties of
the compact.9�11 Larger amounts of Fe2O3 have been
added to cubic yttria-stabilised zirconia (YSZ) to probe the
change in electrical and ionic conductivity of the material.
In those cases formation of a dual-phase compact was
reported.12,13 Upon addition of 8 mol% FeO1.5 to mono-
clinic zirconia followed by sintering at 1500 �C densification
was improved and grain growth was inhibited by the pre-
sence of Fe3+ ions.14 When 10 mol% FeO1.5 was added to
cubic zirconia and the powder compact was sintered at
1480 �C, densification was also improved by the presence of
Fe3+ ions.15 Only one investigation describes the micro-
structure of a dual-phase zirconia-hematite compact, where
freeze-drying as powder preparation method resulted in a
better homogeneity for sintered zirconia-hematite compacts
compared to ball-milling.12 This emphasises the importance
of powder processing for obtaining the desired micro-
structure of the dual-phase zirconia/hematite composite.
The influence of the zirconia-hematite powder synth-

esis method and powder composition on the densifica-
tion and microstructure of the resulting Y-TZP/a-Fe2O3
composite is described in this paper. Both single-phase
solid solutions of Fe2O3 in zirconia and dual-phase
Y-TZP/a-Fe2O3 powders have been prepared as starting
materials to form dense composites. Different powder
compaction techniques and sintering methods (pressure-
less sintering, sinterforging) were compared. In addition,
the influence of the powder synthesis and densification
parameters on the final grain size and homogeneity of the
dense compact was investigated with several methods.

2. Experimental

2.1. Sample preparation

Two different synthesis routes were used to prepare
powders with different compositions (Y-TZP with

FeO1.5 ranging from 27 to 43 mol%). One method was
through co-precipitation (CP), in which a solution of
ZrOCl2.8H2O (Merck), YCl3 and FeCl3.6H2O (Fluka)
was slowly added to an excess of concentrated (25
wt.%) ammonia (pH �14) under vigorous stirring,
resulting in immediate precipitation of mixed metal
hydroxides. The second method was through a sequen-
tial precipitation (SP) method where two variations
were used. In the first variation of the SP method an
aqueous solution of ZrOCl2 and YCl3 was added to a
basic hematite suspension. This SP method is abbre-
viated as SPHZ (Sequential Precipitation: first Hematite
then Zirconia). For the second variation an aqueous
solution of FeCl3 was added to a basic suspension con-
taining a Y-TZP powder, prepared in a way as indicated
in the start of this section. This SP method is abbre-
viated as SPZH (Sequential Precipitation: first Zirconia
then Hematite). For both SP-syntheses, the addition
under vigorous stirring of the acidic metal-ion solution
to concentrated (25 wt.%) ammonia (pH �14) lead to a
nucleation burst of metal hydroxides within the suspen-
sion. All (partly) amorphous gels were washed with
water to remove any water-soluble species and subse-
quently with ethanol to remove water and disrupt
hydrogen bonded networks, which otherwise led to
severe aggregation upon heating. After drying at 100 �C
the gels were mortared and calcined in air for 2 h at the
minimum temperature necessary to obtain fully crystal-
line material (heating rate: 2 �C/min). This temperature
varied for the different powders from 500 to 700 �C. The
synthesis and characteristics of all these powders are
extensively described and discussed in Ref. 16.
Single-phase 3Y-TZP (3 mol% Y2O3) and a-Fe2O3

(hematite) powders were made for comparison. These
single-phase powders were made by adding aqueous
solutions of either ZrOCl2 and YCl3 (to form 3Y-TZP)
or FeCl3 (for hematite preparation) to concentrated
ammonia (pH �14) under vigorous stirring, followed
by washing of the precipitate with ethanol, drying at
100 �C and calcination at 500 �C.
Calcined powders were pressed at room temperature,

using three different methods. Isostatic pressing at 400
MPa was mostly used resulting in cylindrical samples
with a length of about 8 mm and a diameter of about 6
mm. A number of powder compacts were made by uni-
axially pressing at 1000 MPa (UP) in a cylindrical steel
mould with a diameter of 10 mm. The resulting compacts
had a height of 1–2 mm. The third compaction method
was magnetic pulse compaction (MPC) where a high-
energy pressure wave propagates through the material.
This causes large stress gradients and also adds an
impulse factor resulting in an increased local pressure.
The method is described extensively elsewhere.17 The set-
up generated a radial compaction field with a maximum
overall pressure of 1 GPa. The resulting compacts had a
diameter of 15 mm and a height of 2–3 mm.
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The compacted powders were either pressureless sin-
tered (PS) or sinterforged (SF). Pressureless sintering
was performed at temperatures varying from 800 to
1250 �C for 2 h in air using a dilatometer (Netzsch 410,
Germany) or a furnace (heating and cooling rates,
respectively: 2 and 4 �C/min). Sinterforging of green
compacts (formed through isostatic pressing) was con-
ducted on samples which were first pressureless pre-sin-
tered for 2 h at 850–925 �C. The resulting compacts
were placed between SiC pistons and first heated to the
pre-sinter temperature at a heating rate of 10 �C/min.
Subsequently the samples were heated at 2 �C/min to
the set temperature of 950 or 1000 �C while increasing
the pressure from 0 to the final pressure (100 or 300
MPa) starting at 50 �C below set temperature. After a
25 min hold period, the pressure was decreased and the
system cooled to room temperature.

2.2. Characterisation methods

The composition of powders and compacts was
determined with quantitative X-Ray-Fluorescence spec-
trometry (XRF) using a Philips PW 1480/10-fluo-
rometer (Eindhoven, The Netherlands). All
measurements were performed in duplicate. The XRF-
measurement procedure was described previously.18

X-ray diffraction patterns (XRD) revealed the phase
composition of the compacts. XRD data were recorded
on a Philips X’Pert-1 PW3710 diffractometer (Eindho-
ven, The Netherlands), using Cu-Ka radiation. The
divergence slit was set to either 1� using a Ni-filter in the
secondary (diffracted) beam or to an irradiated length of
10 mm when using a secondary curved graphite mono-
chromator optimised for Cu-radiation. In all cases the
receiving slit was set to 0.1 mm. The density of the
compacts was determined by the Archimedes technique
using mercury for non-dense (<90%) and water for
dense (>90%) compacts.
The sintered compacts were investigated by Scanning

Electron Microscopy (SEM). Either a Philips XL30
Environmental Scanning Electron Microscope with
Field Emission Gun (Eindhoven, The Netherlands) or a
Hitachi S4700 (Tokyo, Japan) was used to record Back
Scatter Electron (BSE) and Secondary Electron (SE)
images at different magnifications. The micrographs
were used to determine the average grain size of both
the zirconia and hematite phase. BSE pictures were
made from polished, non-etched samples. The viewed
samples were then thermally etched by heating at
30–50 �C below the sintering temperature for 15–30 min.
The exact same locality on the samples that were viewed
with BSE-SEM before etching was also viewed with
SE-SEM after etching. The SE-graphs showed the grain
boundaries between all grains, but could not be used to
determine the phase of the different grains. The BSE-
graphs, on the other hand, showed the phase difference

but not the grain boundaries between grains of the same
phase, and hence combinations of BSE- and SE- graphs
of the same locality could be used to reveal all indivi-
dual grains of both the Y-TZP and Fe2O3 phase. The
average grain sizes of the two phases could then be cal-
culated using the linear intercept method.19

2.3. Analysis of homogeneity

The distribution of the elements Fe and Zr within the
powders and sintered compacts was probed by per-
forming a series of EDX measurements in order to
quantify the homogeneity. The powders were pressed
uniaxially at 1000 MPa into cylindrical compacts of 10
mm diameter and �3 mm in height. The density of
these compacts was between 50 and 60%. The pressed
powders and sintered compacts were coated with a 5 nm
carbon layer to ensure electron conduction at the sur-
face. A Hitachi S800 (Japan), equipped with a Kevex
Delta Energy V dispersive X-ray analysis system was
used for the EDX measurements of the pressed pow-
ders. The angle of incidence was 56� and a voltage of 15
kV was applied. On each sample a series of at least 15
EDX-measurements was performed. Each measured
(micro)-locality had both a diameter and information
depth of ca. 1 mm. The measured spots were chosen over
the whole surface of each sample, but were not chosen
totally at random in the case of the pressed powders. To
avoid excessive scattering of the X-ray bundle, pores
were avoided as much as possible.
The homogeneity was quantified by defining an inho-

mogeneity factor I. This inhomogeneity factor was cal-
culated by multiplying the relative standard deviation in
the Fe-content with the so-called ‘Student-factor’,
tn(99), which in this case was 5.84.

20 The following for-
mula for I was derived:

I ¼ tn 99ð Þ s=Feavð Þ

where s is the standard deviation in Fe content, Feav is
the average mol% of Fe present.
The relative standard deviation in a series of measure-

ments on single phase Fe2O3/Y-TZP-doped-zirconia pow-
der (as determined by XRD) was taken as the standard
deviation of themeasurement method. It was assumed that
the compacts were homogeneous on the measurement
scale of 1 mm2. The standard deviation in the Fe-content (s)
was calculated using the following formula:

s ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s2l � s2b

q

sl is the standard deviation in Fe-content in series mea-
sured on localities of 1 mm2 and sb is the standard
deviation in Fe-content in series measured on single
phase systems.
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At lower I-values the distribution of the elements Fe
and Zr is more homogeneous. The average Fe-content
that resulted from the series of EDX-measurements did
not deviate from the average Fe-content as determined
by XRF by more than a few percent. This indicated that
the series of EDX measurements were representative for
the measured samples.

3. Results

3.1. Compaction and sintering

The elemental and phase compositions of the calcined
powders are shown in Table 1. The number in the sam-
ple key gives the amount of FeO1.5 in mol%. The zir-
conia phase of the SP-powders was purely tetragonal,
while for the CP-powders also cubic zirconia was pre-
sent. No monoclinic zirconia was detected. The XRD
spectra of the co-precipitated powders with 27 and 34
mol% FeO1.5 (CP27 and CP34) did not show any
hematite phase, while all other powders clearly showed
a two phase zirconia-hematite system after the indicated
calcination treatment. All SP powders showed a zirco-
nia as well as a hematite phase after calcination. For
both type of SP powders the zirconia crystals had a size
of 8 nm while the hematite crystals had an average size
of 24 and 57 nm for respectively the SPZH and SPHZ
powders. These crystallite size data were calculated
from X-ray line broadening results and were confirmed
from several TEM pictures.16 No coating on the SP
particles (e.g. an Fe2O3 coating on the zirconia parti-
cles in SPZH) was observed as could be expected from
the experimental conditions (nucleation burst in an
excess of ammonia) and as was confirmed by TEM
pictures.16

The calcined CP42 powder was compacted by iso-
static pressing (IP) at 400 MPa, uniaxial pressing (UP)
at 1000 MPa and by magnetic pulse compaction (MPC).
The resulting compacts were sintered pressureless in air
for 2 h at maximum temperatures of 900, 1000, 1100

and 1150 �C. Densities of the sintered compacts are
shown in Fig. 1. The higher pressures (1 GPa) that
could be obtained with uniaxial pressing and magnetic
pulse compaction resulted in higher green densities of 60
and 58% respectively compared to isostatic pressing at
400 MPa which resulted in a relative density of 49%.
Compared to the IP-compact, the MPC- and UP-com-
pacts remained at higher density with increasing sinter-
ing temperature, but at the highest sintering
temperatures (1100–1150 �C) the difference was only
3%. An impressive density of 94% was obtained at a
relatively low sinter temperature of 1000 �C for the
MPC-compact. Further optimising of the MPC process
may result in a dense (>97%) composite at the relative
low sinter temperature of 1000 �C resulting in a nano/
nano composite with all grain sizes <100 nm.
Sintering results of isostatically pressed compacts that

were pressureless sintered at 1150 �C or sinterforged at
950 �C and a pressure of 300 MPa (SF950-P300) or
1000 �C and 100 MPa (SF1000-P100) are summarised in
Table 2. In all cases sinterforging at 1000 �C and 100
MPa led to higher densities compared to sintering pres-
sureless in air at 1150 �C. Fig. 2 shows the pressureless
sintering behaviour of isostatically pressed compacts of
CP42, 3Y-TZP and Fe2O3 (heating rate: 2

�C/min, hold
time: 2 h) at increasing temperatures.
A dense a-Fe2O3-compact (98%) was formed by

pressureless sintering at 1000 �C while the 3Y-TZP and
CP42 compacts had densities <70% at this tempera-
ture.
The fast densification of the hematite compacts was

also observed when comparing the densification rates as
shown in Fig. 3. The pure hematite compact started to
densify at 600 �C, while the composites and 3Y-TZP
only started at 700–800 �C. All zirconia-hematite com-
posites were densified at lower temperatures compared
to 3Y-TZP. At T>900 �C the densification rate of

Table 1

Elemental and phase composition of the powders after calcination

Powder Calcination

temperature

(�C)

ZrO2
(mol%)

YO1.5
(mol%)

HfO2
(mol%)

FeO1.5
(mol%)

Phases

present

CP42 600 54.5 2.96 0.59 42.0 H, Z

CP34 700 62.4 3.27 0.70 33.6 Z

CP27 700 68.5 3.79 0.78 26.9 Z

SPZH42 600 55.1 2.99 0.01 41.9 H, Z

SPZH34 500 63.1 2.52 0.68 33.7 H, Z

SPZH27 500 69.1 3.79 0.02 27.0 H, Z

SPHZ43 600 53.6 2.68 0.01 43.8 H, Z

SPHZ34 525 63.3 2.58 0.01 34.1 H, Z

H=Hematite; Z=Zirconia.

Fig. 1. Pressureless sintering of CP42 compacts. UP=Uniaxial press-

ing; MPC=Magnetic Pulse Compaction; IP=Isostatic Pressing.
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3Y-TZP, however, surpassed the densification rate of
the composites, leading to higher relative densities for
3Y-TZP compacts when sintering at T>1000 �C.
In Fig. 4 the densification rates of all CP-compacts

are shown. The lower Fe2O3-containing compacts
(CP27 and CP34) showed an especially strong increase
in densification rate in the temperature regime of
800–900 �C, while at approximately 900 �C there was
an abrupt retardation in densification. This remark-
ably fast low-temperature densification is described in
Section 4.

3.2. Homogeneity and grain size of the sintered
compacts

The inhomogeneity (I) of the Zr/Fe distribution of the
sintered compacts was analysed with SEM/EDX. The

inhomogeneities of the (green) powder compacts are
compared with I-values of the sintered compacts and
the results are shown in Table 3. The I-value
increased with increasing sinter temperature for all
synthesis methods and all zirconia/hematite ratios.
However, I increased more rapidly with increasing
sinter temperature for the CP-compacts compared to
the SP-compacts. The SPHZ-compacts, on average,
have about the same value for I (1.22) after pres-
sureless sintering at 1150 �C compared to the CP-
compacts (1.28), although the average I value of the
SPHZ starting powders was much higher than for the
CP-powders.
Sintering of the CP compacts clearly led to large-

scale phase segregation and an inhomogeneous
phase distribution. This phenomenon occurred to a
lesser extent for the SP-compacts. The SPZH com-
pacts show the highest homogeneity in green as well
as in sintered compacts (the lowest I-values: see
Table 3).
A back-scattered electron (BSE) micrograph of a

SPZH42 compact after sinterforging at 1000 �C and a
pressure of 100 MPa is shown in Fig. 5. The black areas
on BSE graphs are hematite particles and this relatively
homogeneous sample had a I value of 0.26.
A back-scattered and a secondary electron (SE)

microscope picture of a sintered CP42 compact are
shown in Fig. 6 which have a relatively inhomogeneous
phase distribution at I=1.17.
The hematite grains on the SE photos often showed

flat crystal planes and straight edges. When comparing
Fig. 5 with Fig. 6 it can qualitatively be observed that
the hematite grains in the SPZH42 compact are more
homogeneously distributed in the matrix than in the
CP42 compact.
The average grain sizes of the zirconia and hematite

grains in the sintered compacts are given in Table 4.
Both the zirconia and hematite grains of the pressureless
sintered CP-compacts are larger compared to SP-com-
pacts, densified under similar conditions. The size of the
zirconia grains of the sintered SP-compacts was smaller
or equal to the size of the zirconia grains of a compar-
able 3Y-TZP compact, while for the CP-compacts the
zirconia grains in all cases were larger than for the 3Y-
TZP compact (Table 4).
The pure hematite compact sintered at 1150 �C

showed much larger grains compared to the hematite
grains of all zirconia-hematite composites.
The sinterforged compacts had smaller grains than

the pressureless sintered compacts, which could be
expected, due to the lower sintering temperature. The
SPZH-compacts had the smallest grains at 1000 �C. The
best result was obtained for the SPZH27 sample, which
after sinterforging resulted in a dense (>97%) ceramic
with the average grain size of both phases in the nano-
size regime (ca. 80 nm).

Fig. 2. Pressureless sintering of three different powder compacts as

function of temperature (holding time: 2 h).

Table 2

Relative densities of green compacts following: isostatic compaction at

400 MPa; pressureless sintering at 1150 �C (PS1150); sinterforging at

1000 �C and 100 MPa pressure (SF1000-P100); and sinterforging at

950 �C and 300 MPa pressure (SF950-P300)

Green

compact

PS1150 SF1000-P100 SF950-P300

Fe2O3 56 99

CP42 50 92 97

CP34 46 96 100

CP27 41 93 96

SPZH42 46 95 97 96

SPZH34 52 95 96

SPZH27 47 98 97

SPHZ43 47 89

SPHZ34 47 95 98 90

3Y-TZP 49 98
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Fig. 3. Densification rates during heating (2 �C/min) of isostatically pressed compacts.

Fig. 4. Densification rates during heating (2 �C/min) of isostatically pressed co-precipitated (CP) powder compacts.

Table 3

Inhomogeneity factor of the Zr–Fe distribution (I ) of powders, pres-

sureless sintered (PS) and sinterforged (SF) compacts at temperatures

(in �C) and pressures (P in MPa) as indicated

Powders,

compacted

UP1000

PS1150 SF1000-P100 SF950-P300

CP42 0.28 1.17 0.63

CP34 0 1.31 0.27

CP27 0 1.36 0.59

SPZH42 0.13 0.57 0.26 0.19

SPZH34 0.16 0.75 0.36

SPZH27 0.12 0.64 0.23

SPHZ43 0.78 1.38

SPHZ34 0.83 1.07 0.96 Fig. 5. Back Scattered Electron micrograph of SPZH42, sinterforged

at 1000 �C and a pressure of 100 MPa (I=0.26).
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4. Discussion

4.1. Compaction and sintering

For the systems investigated, pressureless sintering of
isostatically pressed powders (at 400 MPa) did not lead to
a nano/nano composite (grain sizes <100 nm), and it
seems unlikely that this goal can be achieved with this
method. By using higher pressures (e.g. by magnetic pulse
compaction) during green compact formation it may be
possible to obtain dense nano/nano composites after pres-
sureless sintering these type of powders at 1000 �C. Sinter-
forging, however, was more efficient in obtaining a dense
nano/nano composite at this relative low temperature.
The sintering results of co-precipitated (CP) powder

compacts showed a first maximum in sintering rate at a
temperatures between 800 and 900 �C with the highest
intensity achieved for the CP27 and CP34 compacts (see
Fig. 4). This effect is explained as follows. After co-pre-
cipitation the structure of the resulting gel consisted of a
zirconium hydroxide network where the Zr4+ ions were
connected by hydroxo bridges.21,22 In this amorphous
network the Zr4+ ions can be readily substituted by

large amounts of Y3+ and Fe3+ ions. In fully crystalline
tetragonal zirconia (Y-TZP), however, only small
amounts of Fe3+ (<1 mol%) could be dissolved in the
zirconia matrix.11 During 700 �C calcination of the CP
gel, a fraction of the Fe3+ ions was secreted from the
amorphous zirconia network while forming the crystal-
line zirconia phase. However, still a large percentage of
Fe3+ ions remained dissolved in the zirconia matrix
even after the calcination treatment. This amount was
much higher than the expected solubility limit of Fe3+

in a Y-TZP matrix after sintering.11 High-temperature
X-ray powder diffraction data on all CP powders
showed a change in the lattice parameter at tempera-
tures between 700 and 900 �C.16 A decrease in the 2y
values of the ZrO2 (111) reflection from 30.9 to 30.3�

was observed, indicating an increase in lattice para-
meter. This change in (111) reflection values was
accompanied by an increase of the Fe2O3 reflection.

16

The XRD and dilatometer results indicated that at
temperatures between 700 and 900 �C the relatively
smaller Fe3+ ions were released from a ‘metastable’
zirconia lattice. In this temperature region, therefore, a
large mobility of Fe3+ ions leaving the zirconia lattice
was expected. This high ion-diffusivity led to a high
densification rate as was observed in this temperature
interval (see Fig. 4). This phenomenon also explained
the stronger grain growth and dehomogenisation of CP-
compacts compared to SP-compacts as discussed below.

4.2. Grain growth and homogeneity

As can be observed from Table 4 there was an intrin-
sic difference in grain growth behaviour between the co-
precipitated (CP) and sequentially precipitated (SP)
powders. A difference in homogeneity development
during sintering was observed as well. The SPZH pow-
der compacts remained the most homogeneous upon
sintering, while the CP powder compacts showed the
largest dehomogenisation (largest increase in I values)
and the largest grain sizes after sintering at 1150 �C.

Fig. 6. Back Scattered Electron (BSE) and Secondary Electron (SE) micrographs of identical localities of a CP42 compact pressureless sintered at

1150 �C (I=1.17).

Table 4

Average grain sizes (in nm) of zirconia and hematite grains after

pressureless sintering at 1150 �C (PS1150) or sinter forging at 1000 �C

and a pressure of 100 MPa (SF1000–100)

PS1150 SF1000-P100

Zirconia Hematite Zirconia Hematite

Fe2O3 2286

CP42 202 294 85 137

CP34 215 358

CP27 169 237

SPZH42 98 218 71 102

SPZH34 305

SPZH27 110 183 80 84

SPHZ43 122 236

SPHZ34 75 171

3Y-TZP 122
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Both the larger grain size and the stronger dehomogen-
isation of the post-sintered CP-compacts can be
explained by the excess of Fe3+ that diffused out of the
‘metastable’ zirconia lattice. This Fe3+ diffusion also
promoted the mobility of other ions, which accelerated
grain growth of the two phases and promoted dehomo-
genisation. Better results for obtaining a homogeneous,
fine-grained (nano/nano) zirconia/hematite composite
ceramic were therefore obtained by sequential pre-
cipitation of one phase in a suspension of the other
phase, where the latter has the desired crystal structure.

5. Conclusions

Compacts made of co-precipitated zirconia-hematite
powders showed the largest grain growth and phase
dehomogenisation during sintering when compared to
sequentially precipitated zirconia-hematite powders. Due
to secretion of dissolved Fe3+ ions from a ‘metastable’
zirconia lattice, the ionic mobility of the whole system
was increased during sintering, causing increased segre-
gation between the two phases and grain growth within
the co-precipitated compacts. A powder prepared by the
SP-method where ferric hydroxide was precipitated in a
suspension of crystalline zirconia (SPZH) gave the most
dense zirconia-hematite dual-phase nano/nano com-
pacts with average grain sizes for all phases between 80
and 85 nm after sinterforging at 1000 �C and 100 MPa.
The SP-method in general led to the smallest grain sizes
and the most homogeneous distribution between the
zirconia and hematite phase. Magnetic pulse compac-
tion offers good opportunities as dynamic powder com-
paction method to obtain high densities at low
temperatures using pressureless sintering.
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