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bstract

n order to reveal the fundamentals of the field assisted sintering technique (FAST), also known as spark plasma sintering (SPS), the evolution of
he current density and temperature distribution in the punch-die-sample set-up during FAST of ZrO2–TiN powder mixtures was modeled by finite
lement calculations supported by in situ measured electrical and thermal input data. The thermal and electrical properties of partially sintered
omposite powder compacts were estimated using theoretical mixture rules, allowing to calculate the current density and temperature distribution
nside the tool and the specimen during the FAST sintering process. The electrical properties of the sintering composite powder compact, and

ence the thermal distribution in the sinter set-up, changed drastically during densification once percolation occurred. Based on the calculated
hermal distribution inside the composite powder compact, an optimal tool-powder compact design was determined in order to process electrically
onductive ZrO2–TiN composites from electrical insulating powder compacts within minutes with high reproducibility.

2006 Elsevier Ltd. All rights reserved.
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. Introduction

The field assisted sintering technique (FAST), also known as
park plasma sintering (SPS) or pulsed electric current sintering
PECS), belongs to a class of sintering techniques that employ a
ulsed DC current to intensify sintering.1 Some general advan-
ages of field assisted sintering, compared to traditional hot
ressing or hot isostatic pressing, are technological advantages
uch as short processing time, the use of high heating rates
ereby minimizing grain growth often leading to improved
echanical,2 physical3 or optical4 properties and elimination

f the need of sintering aids.
Lately, a lot of research is focused on a more fundamental

nderstanding of the sintering process. Recent studies focused
n the effect of (a) the electrical current and (b) the DC pulse
attern on the solid state reactivity of Mo and Si,5,6 on the effect
f contact resistances on the temperature distribution during the
AST process in case of monolithic fully densified materials7,8

nd on the enhanced sintering kinetics and diffusion mechanisms

uring the sintering process.9

Furthermore, high heating rates, especially in combination
ith short dwell times, can cause temperature gradients and
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ubsequently sintering inhomogeneity leading to non-uniform
icrostructural and mechanical properties of the sintered

arts.10–12 Therefore, the temperature field within the sintering
owder compact during FAST sintering should be understood
nd controlled as well as possible. Up till now, most researchers
ontrolled the temperature during a FAST sintering cycle by
ocusing a pyrometer on the outer die wall surface, leading
o an underestimation of the sintering temperature. In order
o correlate this temperature with the temperature of the
intering powder compact inside the die, the temperature
istributions within the whole tool-specimen system should be
nown. The most practical way to find this out is theoretical
odelling.
Previous research performed at our institute pointed out

he importance of both the contact resistances induced by the
raphite papers and of the electrical properties of the speci-
en. When a fully dense TiN compact was placed inside the

AST equipment, the radial temperature gradient at high temper-
tures (>1500 ◦C) was much higher compared to the gradient in
fully dense 3Y–ZrO2 compact.8 Based on these observations,

he thermal cycle controlling pyrometer was positioned more
trategically i.e. focussing on the bottom of a borehole inside

he upper punch of a graphite tool set-up (Fig. 1). In this way,
he temperature at the specimen’s centre differed less than 5 ◦C
rom the temperature measured by the central pyrometer, inde-
endent on the sample’s electrical properties. Furthermore, it

mailto:jozef.vleugels@mtm.kuleuven.be
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Fig. 1. Cross-section of the tool used during FAST cycles. The position of the
1 mm diameter boreholes ( ) used for voltage measurements or for the posi-
tioning of thermocouples: (a) upper protection plate; (b) lower protection plate.
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Fig. 2. Pressure–temperature profile used during processing of the ZrO –TiN
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he vertical and four horizontal graphite papers are highlighted. Points 1 and
are the focus points of the two pyrometers used. The white areas indicate the

osition of the boreholes.

as suggested that the radial temperature gradient in electrically
onductive samples can be reduced by reducing the radiation
eat losses from the outer die wall surface. Therefore, the die
an be surrounded by porous carbon felt insulation.

In the present work, the developed finite element method
nd ANSYS code were used to predict the thermal gradients
nside a sintering ZrO2–TiN (60/40) composite during the FAST
rocess. The simulated data were in very good agreement with
he experimentally measured temperature and resistance values.
nterrupted sintering cycles were performed in order to correlate
he shrinkage of the powder compact with its changing thermal
nd electrical properties.

. Experimental procedures

ZrO2–TiN (60/40) powder compacts were prepared by ball
illing 3Y–ZrO2 (Daiichi HSY-3U, d50 = 20 nm), TiN (H.C.
tarck, grade C, d50 = 1.4 �m) and a small amount (0.75 wt.%
ith respect to the Y–ZrO2 content) of Al2O3 (Taimicron, TM-
AR, d50 = 100 nm) in a multidirectional Turbula T2C mixer.

Experiments were performed on a FCT FAST device (Type
P D 25/1, FCT Systeme, Rauenstein, Germany). More details

bout the used FAST device can be found elsewhere.8 During the
resented experiments, a pulse-pause combination of 10–5 ms
s used throughout all the experiments. Controlling the power,
hich is done by controlling the voltage difference over the
lectrodes, generates a preset time–temperature profile. In this
ay, the current flowing through the specimen-punch-die set-up

s controlled. During the experiments, the temperature is mea-
ured by a central pyrometer with a focus point at the bottom

(
a
s
a

2

60/40) composites. In case interrupted sintering cycles were performed, the
urrent was switched off at the points indicated by the open symbols. In any
ase, the total processing time, including cooling, was less than 25 min.

f the central borehole of the graphite set-up, 2.88 mm from the
ottom of the upper punch and 5.125 mm from the centre of a
.25 mm thick sample inside the die (Fig. 1). The temperature of
he die is measured by a second two-colour pyrometer, focussed
n the outer die wall surface at the same height as the centre of
he compact (Fig. 1).

A standard temperature and pressure cycle is shown in Fig. 2
nd consists of six segments: (1) applying a constant current
ntil the central pyrometer reached a temperature of 450 ◦C,
he onset temperature of the pyrometer, (2) applying a linearly
ncreasing current resulting in a heating rate of 200 ◦C/min in
he temperature region between 450 and 1050 ◦C, (3) applying

constant current during the dwell period at 1050 ◦C (during
his dwell period the pressure was increased from 5 to 28 MPa),
4) applying a linearly increasing current resulting in a heat-
ng rate of 200 ◦C/min in the temperature region between 1050
nd 1500 ◦C, (5) applying a constant current during the dwell
eriod at 1500 ◦C (during the first minute of this dwell period
ith a total length of 6 min, the pressure is increased from 28

o 56 MPa, and (6) applying no current during cooling from
500 ◦C down to room temperature and lowering the pressure at
he same time. The interrupted sintering cycles were performed
t different temperature and pressure combinations as indicated
y the open symbols in Fig. 2.

The electrical resistivities of fully dense, hot pressed
rO2–TiN composites with a TiN content varying between 35
nd 95 vol.% TiN were measured at room temperature using a
our point contact technique.

. Results and discussion

.1. Interrupted sintering cycles using a ZrO2–TiN (60/40)
owder compact

Typical microstructures of FAST sintered ZrO2–TiN (60/40)
omposite powder compacts obtained at 1050 ◦C (a), 1200 ◦C

b), 1400 ◦C (c), 1500 ◦C for 1 min (d) and 1500 ◦C for 6 min (e)
re shown in Fig. 3. Table 1 describes the evolution of the den-
ity of the sintering compacts as a function of temperature and
pplied pressure. The major part of the densification takes place
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Fig. 3. Representative microstructures of the partially sintered powder compacts obtained at different interrupted stages of sintering, as indicated in Fig. 2: (a)
1050 ◦C to 28 MPa, (b) 1200 ◦C at 28 MPa, (c) 1400 ◦C at 28 MPa, (d) 1500 ◦C at 56 MPa for 1 min and (e) 1500 ◦C at 56 MPa for 6 min. White: ZrO2; grey: TiN;
black: Al2O3.

Table 1
Evolution of the density (% TD) of the ZrO2–TiN (60/40) powder compact as a
function of sintering temperature and pressure

Temperature (◦C) Pressure (MPa) % TD

1050 28 56
1200 28 75
1400 28 94
1500 for 1 min 56 97
1500 for 6 min 56 100

Fig. 4. Plot of the temperature profile recorded by the external pyrometer (EP) vs.
the temperature profile recorded by the central pyrometer (CP) for a ZrO2–TiN
(60/40) powder compact (thick dotted line) and a fully dense ZrO2–TiN (60/40)
compact (thick full line). The thin dotted line represents an equal temperature
reading for the external and central pyrometer.

Fig. 5. Comparison between the experimentally measured electrical conductiv-
ity and the electrical conductivity calculated by the Polder–Van Santen mixture
rule for fully dense hot pressed ZrO2–TiN composites with a varying TiN content
between 35 and 95 vol.%. All measurements were performed at room tempera-
ture.

Fig. 6. The evolution of the calculated electrical conductivity and the measured
relative density of a sintering ZrO2–TiN (60/40) powder compact, plotted as
function of the sintering temperature.
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Fig. 7. Calculated thermal conductivity (a) and specific heat

etween 1050 and 1400 ◦C. From 1200 ◦C on (Fig. 3(b)), the
iN particles start to form an interconnected particle network.
t that moment, the residual porosity in the sample is about
5% (Table 1), while the remaining 75% of the compact volume
onsists of the ZrO2 matrix (44.5%), the secondary TiN phase
29.7%) and the Al2O3 sinter additive (0.8%). During the final
well time at 1500 ◦C, the remaining porosity, predominantly
ocated close to the TiN grain boundaries (Fig. 3(e)), disappears

nd grain growth of the ZrO2 matrix grains occurs.

Additionally, two sintering experiments, both following the
omplete sintering cycle as described in the previous sec-
ion, were performed. During the first experiment, a ZrO2–TiN

ig. 8. Temperature distribution inside a sintering ZrO2–TiN (60/40) composite pow
ool at a temperature of 1050 ◦C (after applying a pressure of 28 MPa).
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n Ceramic Society 27 (2007) 979–985

f a sintering ZrO2–TiN (60/40) composite powder compact.

60/40) powder compact was placed inside the graphite die,
hile a fully dense ZrO2–TiN (60/40) composite was used
uring the second experiment. During both experiments, the
emperature at the bottom of the borehole inside the upper punch
s well as at the die wall surface at the same height as the centre of
he compact was recorded. Fig. 4 shows the temperature profile
ecorded by the pyrometer focusing on the die versus the tem-
erature profile recorded by the central pyrometer. In case of the
der compact (a), inside the tool (b) and the concomitant current densities in the

intering powder compact, the die temperature equals the tem-
erature on the bottom of the borehole in the upper punch up to
bout 1250 ◦C, while in case of a fully dense sample the die tem-
erature is always much lower than the temperature recorded by
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he central pyrometer. In case of the sintering powder compact,
he die temperature starts to differ significantly from the tem-
erature recorded by the central pyrometer at 1300 ◦C. During
he final dwell at 1500 ◦C, the temperature difference between
he two pyrometers is the same, independent on whether a pow-
er compact or a fully dense compact was placed inside the
ie. The temperature difference between both pyrometers was
stimated to be 220 ◦C, which is similar to the temperature dif-
erence between the central pyrometer and the die in case a fully
ense TiN compact is placed inside the die.8

.2. Application and validation of the rule of mixtures to
etermine the thermal and electrical properties of the
intering ZrO2–TiN (60/40) composite powder compact

The electrical conductivity as a function of temperature of
fully dense ZrO2–TiN (60/40) compact was estimated using

iterature values for the electrical conductivity of pure 3 mol%
2O3 stabilised ZrO2

13,14 and pure TiN15–16 in combination
ith the Polder–Van Santen mixture rule17 assuming (a) a homo-
eneous dispersion of the TiN particles in the ZrO2 matrix and

b) a spherical TiN powder shape. The validity of this approx-
mation was tested by comparing calculated conductivities of
rO2–TiN composites with a varying TiN content between 35
nd 95 vol.% with experimentally determined conductivities of

a
e
m
t

ig. 9. Temperature distribution inside a sintering ZrO2–TiN (60/40) composite pow
ool at a temperature of 1500 ◦C (after applying a pressure of 56 MPa).
n Ceramic Society 27 (2007) 979–985 983

ot pressed ZrO2–TiN composites. Fig. 5 confirms the excellent
greement between the calculated and the measured data.

In order to estimate the influence of densification on the
hanging electrical properties of a sintering ZrO2–TiN (60/40)
owder compact, porosity was introduced into the Polder–Van
anten mixture rule as a third, electrically insulating compo-
ent. The evolution of the calculated electrical conductivity
nd the measured relative density of the sintering ZrO2–TiN
60/40) powder compact are plotted as a function of tempera-
ure in Fig. 6. A sudden increase in electrical conductivity is
bserved between 1250 and 1300 ◦C. Therefore, it is assumed
hat the electrical behaviour of a sintering ZrO2–TiN (60/40)
omposite powder compact changes from ‘insulator-like’ at tem-
eratures below 1200 ◦C to ‘conductor-like’ at temperatures
bove 1300 ◦C. Within this 100 ◦C temperature range, an elec-
rically conductive powder particle network is formed within the
intering compact.

Besides the drastic change in electrical properties, the ther-
al properties of the sintering powder compact change as well.
he thermal conductivity of the sintering powder compact was
stimated using a mixture rule originally proposed by Argento

nd Bouvard.18 The specific heat of the sintering compact was
stimated from the specific heat of the fully dense compact by
ultiplication with its theoretical density. Both the calculated

hermal conductivity and calculated specific heat of the sinter-

der compact (a), inside the tool (b) and the concomitant current densities in the
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ng ZrO2–TiN (60/40) composite powder compact are shown in
ig. 7.

.3. Simulation of the current and temperature distribution
uring FAST sintering of a ZrO2–TiN (60/40) composite
owder compact

The calculated properties of the sintering ZrO2–TiN (60/40)
omposite powder compact were inserted in a self-developed FE
ode to simulate the thermal and electrical distributions inside
he tool and the sample during FAST processing.8 The sample
eight of the loose powder compact was about 8.5 mm, while
4.25 mm thick fully dense composite sample is obtained after

intering. The temperature distributions at 1050 ◦C, as recorded
y the central pyrometer, inside the composite powder speci-
en and the graphite tool are shown in Fig. 8(a) and (b), while

he current density in the tool is presented in Fig. 8(c). It is
orth noticing that at this temperature, the current density in

he die is much higher compared to the current density in the
pecimen, resulting in a relatively small thermal gradient in the
ample of about 30 ◦C with a slight overheating of the sam-
le edge compared to the sample centre. At the final sintering
emperature, the radial temperature gradient in the specimen
s much larger (140 ◦C). During this stage, the hottest zone is
ocated in the sample centre (Fig. 9(a)). Since the sintering com-
osite powder compact becomes electrically conductive during
he sintering cycle, the current path is changed from upper
unch ⇒ die ⇒ lower punch at low temperatures (Fig. 8(c))
owards upper punch ⇒ compact ⇒ lower punch at high temper-
tures (Fig. 9(c)). Since the amount of current flowing through
he die is limited during the final sintering stage, the die is mainly
eated through conduction from the punches and the compact.
oreover, a reasonable amount of heat is lost by radiation from

he graphite die wall at high temperatures. Both these factors,
he limited current flowing through the die and the radiation
eat losses, induce a large temperature difference between the
ie and the centre of the compact during the final sintering stage
Fig. 9(b)). This radial temperature gradient is also observed in

he sample (Fig. 9(c)).

In order to check the validity of the finite element model, the
ecorded temperature difference between the die and the central
yrometer was compared with the simulated values (Fig. 10).

ig. 10. Comparison between the experimentally determined and simulated
emperature difference between the central pyrometer (CP) and the external
yrometer (EP) in case a ZrO2–TiN (60/40) composite powder compact is placed
nside the die.
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ig. 11. Radial temperature distribution inside a ZrO2–TiN (60/40) composite
owder compact during the final stage of sintering (1500 ◦C at 56 MPa) in case
he graphite die was surrounded with porous carbon felt insulation.

ig. 10 confirms the excellent agreement between experimen-
ally measured temperatures and the temperatures predicted
sing the finite element code. In the same way, the radial tem-
erature gradient inside the ZrO2–TiN (60/40) sample was pre-
icted to be about 140 ◦C during the final stage of sintering.
n order to obtain a more homogeneous temperature field and
oncomitantly sintering behaviour, a porous carbon felt insula-
ion, minimising the radiation heat losses from the outer die wall
urface, was placed around the die. The simulated temperature
istributions, shown in Fig. 11, point out the effectiveness of
his measure, since the radial temperature gradient was reduced
rom 140 ◦C (Fig. 9(a)) to 31 ◦C (Fig. 11).

. Conclusions

When ZrO2 based, electrically conductive, ceramic com-
osites are to be processed using the field assisted sintering
echnique, one should take into account the changing electrical
nd thermal properties of the sintering powder compact. Once a
ercolating path is formed inside the sintering powder compact,
he temperature and current profile change very quickly leading
o a large radial temperature gradient inside the specimen during
he final stage of the sintering process.

In this work, the changing thermal and electrical properties
f a sintering ZrO2–TiN (60/40) composite powder compact
ere determined performing interrupted FAST sintering cycles

n combination with literature based mixture rules. Following
hese calculations, percolation should occur once the powder
ompact contains 33% electrically conductive TiN phase, corre-
ponding to a theoretical density of 83% of a ZrO2–TiN powder
ompact containing 40 vol.% of TiN. The interrupted sintering
xperiments indicate that this density is obtained between 1200
nd 1300 ◦C, which is confirmed by a drastic increase in the tem-

erature difference between a central pyrometer, focusing on the
ottom of a borehole in the upper punch, and an external pyrom-
ter, focusing on the die wall surface, in this temperature region.
ince the electrical behaviour of the sintering composite powder
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ompact changes from ‘insulator-like’ to ‘conductor-like’ when
ercolation occurs, the current density in the die is suddenly
ecreased. This sudden drop of the current flow through the die
n combination with the radiation heat losses from the graphite
ie surface, induce a radial temperature gradient in the tool and
he sintering compact. Surrounding the die with porous graphite
elt insulation proved to minimise the radiation heat losses and
ecreased the radial temperature gradient inside the sintering
ompact from about 140 to 30 ◦C.
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