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bstract

train rates during sintering of alumina at different heating rates between 0.2 and 20 K/min have been measured non-contact using a thermooptical
easuring technique. The shrinkage data were represented in a kinetic field diagram. It was shown that coarsening effects can be indirectly derived

rom the position and slope of iso-strain lines identified in the kinetic field. In addition temperature gradients which frequently lead to an erroneous
nterpretation of shrinkage kinetics were identified. Uni-axial loads up to 6 MPa were applied during sintering. The strain rates were measured
arallel and perpendicular to the load. They were processed in separate kinetic field diagrams. It was shown that creep leads to a parallel shift of
he iso-strain lines either to lower temperatures, for the strain rates parallel to the load, or to higher temperatures, for the strain rates perpendicular

o the load. The individual kinetic field diagrams for a specific load were assembled in 3d, with the load used as z-axis. They formed a master
intering diagram (MSD) where the iso-strain lines were replaced by iso-strain surfaces. The parallel shift of the iso-strain lines with load enabled
simple representation of sintering kinetics for various loads during the entire range of densification, temperatures and heating rates.
2009 Elsevier Ltd. All rights reserved.
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. Introduction

Numerous models have been proposed for a computer simu-
ation of sintering using constitutive equations.1,2 The accuracy
f the models depends critically on the quality of the experimen-
al data which are used as input for the simulation. The effect of
dditional stresses during sintering was primarily investigated
y loading dilatometry (with small loads) and sinter forging
ests (with large loads). During the heat treatment, strain rates
ere measured, when a uni-axial compressive load was applied.
ither constant3 or cyclic4 loads were used. Preferentially, strain

ates were measured parallel and perpendicular to the load direc-
ion. From the strain rates measured for different loads, the
iscous Young moduli and Poisson ratios were derived.5 These
uantities were required in the constitutive equations used for

imulating constrained sintering. They vary with temperature
nd porosity of the compacts.

∗ Corresponding author. Tel.: +49 931 4100 200.
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The mechanisms which control microstructure changes dur-
ng solid state sintering of ceramics were identified already in the

iddle of the last century.6 Sintering shrinkage is driven by the
urface energy of the porous compacts. Surface diffusion, grain
oundary diffusion and volume diffusion are the main mecha-
isms for material transfer. Only the last two lead to shrinkage
f the compacts, whereas surface diffusion increases the parti-
le contacts and decreases surface curvature, thereby eliminating
maller grains and reducing sintering activity. The strain rate can
e described by6:

dεf

dt
= 1

3ρ

dρ

dt
= C1(ρ)γD

kTGn
; D = D0 exp

(
− Q

RT

)
(1)

ith εf = true strain, ρ = density, t = time, C1 = constant
epending on microstructure, γ = solid–gas interface energy,
= diffusion coefficient, Q = activation energy for diffu-
ion mechanism leading to densification, R = gas constant,
= Boltzmann constant, T = absolute temperature, G = mean
rain diameter, n = exponent depending on mechanism (3 for
olume diffusion and 4 for grain boundary diffusion). Grain
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rowth was described by6:

m = Gm
0 + C2(T )t; C2(T ) = C0(ρ) exp

(
−QG

RT

)
(2)

ith G0 = initial grain size, m = grain growth exponent – depend-
ng on mechanism, C2 = constant depending on temperature and

icrostructure, C0 = frequency factor depending on microstruc-
ure, QG = activation energy for grain growth.

Loading at high temperatures leads to creep which was
ttributed to various mechanisms, e.g. grain boundary or vol-
me diffusion, dislocation climb or grain boundary sliding.7–9

n all cases the creep rate depends in the same way on the diffu-
ion coefficient, grain size and inverse temperature as the strain
ate in Eq. (1). For a uni-axial compressive (i.e. negative) stress
n z-direction σz the strain rate in the direction parallel to z
ecomes more negative and the strain rate in the lateral direction
ncreases5:

dεz

dt
= dεf

dt
+ 1

Ev

σz;
dεr

dt
= dεf

dt
− νv

Ev
σz (3)

ith indices z, r and f indicating strain rates parallel and perpen-
icular to the load direction and free sintering, respectively. Ev
nd νv are the uni-axial viscosity and the viscous Poisson coef-
cient, respectively. The viscous Poisson coefficient νv depends
n density. The uni-axial viscosity Ev is given by6:

−1
� = C3(ρ) exp(−Qc/RT )

GpkT
(4)

ith C3(ρ) = constant depending on microstructure,
c = activation energy for creep, G = grain size, p = grain

ize exponent depending on creep mechanism (e.g. p = 2 for
abarro–Herring creep and p = 3 for Coble creep).7,8

From Eq. (1) it was concluded that solid state sintering can be
escribed by a master sintering curve (MSC), if strain or density
re plotted versus the time integral

∫
D/T dt.10 It was shown

hat various heating cycles of one type of green compact were
escribed by the same MSC. Since constant activation energy
uring the entire sintering process is not realistic for many tech-
ical ceramics, an extension of the MSC approach was suggested
y Kiani et al. who fitted Q in several strain segments to con-
ider changes in the activation energy during densification.11 A
d extension of the MSC approach was given by An and John-
on for the description of hot pressing, where the load was used
s the z-axis.12 On the other hand, an Arrhenius type diagram
as introduced by Palmour already in 1988, to calculate the

ime temperature cycles required for rate controlled sintering
RCS).13 This diagram was called kinetic field. It showed a log-
rithmic plot of densification rates, measured during sintering
f green compacts with different constant heating rates, versus
he reciprocal absolute temperature. Points of equal density on
ifferent shrinkage curves were connected to form so-called iso-
ensity lines.13 From Eq. (1) it becomes clear that the product of
ensification rate dρ/dt and associated absolute temperatures T

epends on some microstructure parameters which vary slowly
ith temperature and on the diffusion coefficient which has

xponential temperature dependence. Analogical to the kinetic
eld approach, the logarithm of the product ln(−T dρf/dt) was

f
t
e
s
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lotted versus the inverse absolute temperature 1/T14 (compare
q. (1)):

n

(
−T

dεf

dt

)
= ln

(
C1(ρ)γD0

k

)
− n ln G − Q

R

1

T
(5)

here the symbols have the same meaning as in Eq. (1).
Instead of iso-density lines, iso-strain lines can be used.15

hey are formed by connecting points of equal strain on different
intering curves of the kinetic field diagram. (The iso-strain lines
llow considering anisotropic shrinkage during loading exper-
ments as shown below.) Usually straight lines were obtained
or the iso-density and iso-strain lines, respectively. From the
lope m of the lines, the activation energy Q for densification
as calculated for the respective density according to:

= −Q

R
. (6)

The time integral of densification rates interpolated from the
so-density lines was used to calculate the densification at arbi-
rary time temperature cycles.16 By that, model free predictions
f densification were obtained. For any time–temperature cycle
eading to a density ρ at time t and temperature T a densification
ate dρ/dt can be interpolated from the kinetic field using the
wo adjacent iso-density lines. With the heating rate β the tem-
erature and density after a short time interval �t are calculated:

(t + �t) = T (t) + β�t; ρ(t + �t) = ρ(t) + dρ

dt
�t. (7)

Subsequent iterations allow for the calculation of densifica-
ion curves for arbitrary time–temperature cycles. Vice versa,
he time–temperature cycle can be calculated which provides
rescribed densification rates. The later was used for RCS.13,16

t is pointed out that the kinetic field diagram is unique for a
pecial type of green sample. If particle size, green density or
ny other parameter affecting sintering kinetics is changed, the
orresponding shrinkage curves have to be measured again and
he diagram has to be rebuild.

Alumina is the most important technical ceramic and its
omposition is comparatively simple. Therefore its sintering
ehaviour was investigated since the early work of Coble and
ingery five decades ago. Now it is assumed that densifica-

ion is controlled by lattice diffusion of the Al3+ cations with
n activation energy Q = 580 kJ/mol.6 Coarsening is attributed
o surface diffusion with activation energies in the range of
30–280 kJ/mol.6 With this interpretation the exponents n and

(compare Eqs. (1) and (2)) are 3 and 4, respectively. Often
ensification in alumina is also attributed to a control by grain
oundary diffusion (compare e.g. Ref. [17]) which reflects
ifficulties in reproducing green samples and performing accu-
ate measurements. The activation energy for grain growth in
ense alumina is 440 kJ/mol.9,17 A similar activation energy
f 460 kJ/mol was found for plastic deformation of dense
lumina.18 In porous alumina a larger apparent activation energy

or grain growth of 690 kJ/mol was found which was attributed to
he decrease of grain boundary mobility by pore drag.9,19 Differ-
nt results were obtained for the relation between average grain
ize and density. If homogenous green samples were prepared –
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demonstrated that the accuracy of dimension measurement was
sufficient for the kinetic studies presented below.

Sintering was performed either without load with the sam-
ple placed on an alumina substrate (10 mm thick, 43 mm long
F. Raether, P. Schulze Horn / Journal of the

.g. by colloidal methods – the onset of grain growth occurred in
late stage of densification above a fractional density of 90%.14

sing customary forming processes also grain growth in the
ntermediate sintering stage was observed.20 Recently it was
hown that the loading history strongly altered viscous moduli
nd strain rates during isothermal sintering of alumina.21 Neg-
tive Poisson ratios were observed after prolonged loading and
nisotropic strain was measured in free sintering after removal
f a previously applied stress. This was explained by the forma-
ion of anisotropic microstructure during loading. For uni-axial
ompressive stresses, prolate pores oriented parallel to the load
ere formed.21

In the present paper a thermooptical measuring method was
sed which allowed the in situ measurement of axial and lat-
ral strains during the entire heating cycle. The kinetic field
ethod was extended to a 3d representation of the data at differ-

nt loads. Various effects which control sintering kinetics and
icrostructure changes during free sintering and sinter forging
ere measured with alumina green samples.

. Experimental

.1. Sample preparation

Green samples were prepared from an ultrapure (>99.99%)
lumina powder (Taimicron TM-DAR) with a particle size d50
f 0.2 �m. Cylindrical compacts (diameter 20 mm and height
0 mm) were formed by cold isostatic pressing at a pressure of
00 MPa. No additives were used. The compacts were turned
o a diameter of 6.5 and 11 mm for loaded and free sintering,
espectively. Then they were cut by a diamond saw to obtain
arallel faces with a height of 17 mm for loaded sintering and
1 mm for free sintering. (The larger aspect ratio for loading
xperiments was chosen to obtain larger axial strain rates.) Green
ensity was 58% of theoretical density. Samples used in sinter
orging experiments were preheated at 1000 ◦C for 1 h prior to
intering to increase their strength.

Partially sintered samples were used to investigate the
icrostructural changes during sintering. These samples were

repared by constant rate heating with 0.5 K/min, subsequent
uenching to ambient temperature when a predefined strain was
chieved, polishing and thermal etching for 30 min at 50 K below
he maximum temperature of the constant rate heating cycle. The

icrostructure was examined in a scanning electron microscope
SEM Zeiss Ultra, Oberkochen, Germany). The homogeneity
f the pore distribution was measured according to a variance
nalysis method described by Missiaen and Thomas.22 For that,
he SEM images were converted to binary images and the pore
raction p was determined in several quadratic sections with pre-
efined edge length ls. The variance σ2 of the pore fraction when
omparing different sections was scaled by the variance σ2

ran that
as expected for a 2d random distribution of pores according
o:

σ2

σ2
ran

= σ2l2s

pl2p
(8) F

1

ig. 1. Sketch of the thermooptical measuring device TOMMI (a); set-up with
-shaped punches used for loading dilatometry (b).

ith lp average chord length of pores determined by lineal inter-
ept analysis. The scaled variance was calculated from several
EM images for sections with different edge length and plot-

ed versus the edge length of the sections. Straight lines were
btained where the slope is a measure of the homogeneity.22

ensities of green and sintered samples were measured by the
rchimedian method.

.2. In situ measuring technique

Dimensional changes during sintering were measured, using
thermooptical measuring device (TOMMI).15,23 Its chamber

iln was operated in air and heated by MoSi2 heating elements.
mages from the sample were obtained, using the illumination
rom a halogen lamp, a diffuser, a telecentric objective and a
MOS camera (Fig. 1a). Details of the set-up are presented in
ef. [15]. Fig. 2 shows the thermal expansion of a sintered alu-
ina sample measured by TOMMI. Different from customary

ush-rod dilatometry, no correction of the data was required. The
easured data were in close agreement to literature values which
ig. 2. Scaled width L/L0 of a sintered alumina sample during heating with
0 K/min in TOMMI compared to thermal expansion data from Refs. [24,25].
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nd 10 mm wide) or with a load which was applied via vertical
unches. During loaded sintering loads varied between 1 and
80 N, corresponding to a compressive stress between 0.03 and
.4 MPa. (The minimum load of 1 N was required to maintain the
ontact between punches and sample. The 1 N runs were used
or comparing with runs using higher loads without changing
he temperature distribution of the set-up.) The punches were

ade of alumina. They had lateral extensions with a V-shaped
ross-section to allow for an accurate measurement of sample
eight even if a small tilting of the set-up occurred during the

eat treatment (Fig. 1b). Sample height in loading dilatome-
ry experiments was extracted from the vertical distance of the
dges of upper and lower punch, interpolated at the centre of the
ample. Sample width was measured by averaging the horizon-
al distance of the contour lines in the intermediate third of the
ample. Platinum alloy foils were used as an interlayer between
amples and punches to reduce caking and friction during sin-
ering. By that it was made sure that the deformation of the
ylindrical sample during sinter forging was small. Deviations
rom cylindrical geometry were measured at different heights
y the optical system. Due to friction at the punches, sample
idth near the punches was up to 5% larger than in the centre

egion. This leads to a difference up to 2% when sample volumes
ere calculated either from the entire silhouette – assuming an

xi-symmetric geometry – or from width and height – assuming
ylindrical geometry.

Samples were heated with a heating rate of 10 K/min to 890
nd 1000 ◦C for free sintering and loaded sintering, respectively.
hen, for loaded sintering experiments a holding period of 3 h
as introduced. This holding period allowed for some creep

o obtain an accurate match of the load bearing faces of the
ample to the punches. Thereafter, the samples were sintered
ith different heating rates between 0.2 and 20 K/min. Max-

mum temperature was increased with increasing heating rate
rom 1225 to 1400 ◦C to cover a large area in the kinetic field
iagrams. Holding time at maximum temperature was 2 h for
ree sintering and 3 h for loaded sintering, respectively. Tem-
erature calibration was performed by the optical measurement
f the melting of gold sheet (purity > 99.99) which was placed
n a hole drilled in an alumina sample. In addition, pyrometric
ings made of alumina (type PTCR-HTH, dmc2 electronic mate-
ials B.V., Uden, the Netherlands) were used for the temperature
alibration at higher temperatures.

The measured data, i.e. width and height of the cylindrical
amples, were corrected for thermal expansion. Thermal expan-
ion was obtained from fitting a second order polynomial to the
easured thermal expansion curve of a sintered alumina sam-

le heated in the same set-up (compare Fig. 2). Then the data
ere scaled to their respective dimension measured at 900 ◦C

k =
8.326 × 10−8 + 7.888 × 1
or free sintering and 170 min after the beginning of the hold-
ng period at 1000 ◦C for loaded sintering, respectively. By
hat, all deviations due to settling of the samples were elimi-
ated.

o
o
A
m

ean Ceramic Society 29 (2009) 2225–2234

Thermal diffusivity of alumina samples was measured by the
aser flash method. The device was described in Ref. [26]. An
lumina green sample which was heated up to 1175 ◦C with
0 K/min and quenched thereafter showed a thermal diffusivity
f 2.0 × 10−6 m2/s which is about 20% of the thermal diffusiv-
ty of dense alumina at ambient temperature. The temperature
radients during heating of the alumina samples were simulated
sing this ratio r and a polynomial fit of inverse thermal diffu-
ivity of a dense alumina sample measured in the temperature
ange between ambient temperature and 1600 ◦C:

r

T − 3.683 × 10−13T 2 + 1.548 × 10−16T 3
(9)

ith k = thermal diffusivity in m2/s, T = temperature in ◦C,
= 0.2. Emissivity was fixed at 0.954 in the simulation and the

emperature dependence of specific heat was considered accord-
ng to thermodynamic data tables.27 Radiative heat transfer
etween sample and furnace was approximated by:

dQ

dt
= 4AσεT 3�T (10)

ith dQ/dt = heat flow, A = surface area, σ = Stefan Boltz-
ann constant, ε = emissivity, T = absolute temperature,
T = temperature difference between sample and furnace. The

oefficient of heat transfer between sample and support was set
o zero. The FE program ANSYS® (ANSYS Inc., Canonsburg,
SA) was used with a cylindrical symmetry and element types
LANE55 and SURFACE151 for bulk and surface heat transfer,
espectively. Equal temperatures of all inner surfaces of the
urnace were assumed in the simulation. Furnace temperature
as increased in small steps according to the specified heating

ate. The time dependent temperature distribution of sample
nd holder was calculated subsequently.

. Results and discussion

.1. Sintering without load

Exemplarily, Fig. 3a shows the shrinkage curves of alumina
reen samples sintered without load at heating rates between
.2 and 20 K/min. From the time derivatives of the shrinkage
urves the respective true strain rates were calculated (compare
ig. 3b). Fig. 4 shows the corresponding kinetic field diagram
here ln(−Tdεf/dt) was plotted versus 1/T. The iso-strain lines

re labelled by the total shrinkage �L/L0 in Fig. 4 and all fur-
her kinetic field diagrams. Fig. 4a shows that the iso-strain
ines bend towards higher temperatures at high heating rates
10 and 20 K/min). If only higher heating rates between 2 and
0 K/min are selected, straight lines can be fitted to the iso-
train lines (Fig. 4b). The range of heating rates between 0.2
nd 2 K/min also led to straight iso-strain lines but the slope was
arger (Fig. 4c).

Fig. 5 shows the activation energies derived from the slope

f the respective iso-strain lines. An apparent activation energy
f about 1000 kJ/mol was obtained for the smaller heating rates.
similar apparent activation energy for the densification in alu-
ina of 1095 kJ/mol was reported recently, using similar heating
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Fig. 3. Sintering shrinkage 1−L/L0 (a) and true strain rates dεf/dt (b) of alumina
green samples during heating with different constant heating rates without load.

Fig. 4. Kinetic field diagram of the data from Fig. 3 with curved iso-strain lines
(a); sections with heating rates between 5 and 20 K/min (b); and 0.2 and 2 K/min
(c) showing straight iso-strain lines.
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ig. 5. Apparent activation energies during free sintering calculated from the
lope of the iso-strain lines of Fig. 4b and c according to Eq. (6).

ates.17 But the interpretation was different from ours – pre-
ented below. The apparent activation energy of 1000 kJ/mol
as distinctly larger than the value of 580 kJ/mol reported for
ensification of alumina (compare Section 1). The discrepancy
as attributed to coarsening which occurred simultaneously to

hrinkage. From Eq. (5) it can be seen that grain growth leads to
decrease of shrinkage rate. This decrease shifts the iso-strain

ines to higher temperatures, i.e. to the left in the kinetic field
iagram. Without coarsening the strain rate curves should essen-
ially follow the iso-strain lines since the first logarithm on the
ight hand side of Eq. (5) change only slightly with temperature.
At the end of sintering an additional shift of iso-strain lines
owards higher temperature was expected from the decrease of
train rate when porosity approaches zero which is reflected in
he constant C1(ρ) in Eq. (5)).

If the activation energy for the coarsening mechanism is
maller than the activation energy for densification, a clock-
ise rotation of the iso-strain lines and an increase of apparent

ctivation energy are expected. This is caused by the relatively
arger contribution of coarsening to microstructural changes at
maller heating rates, i.e. at lower temperatures, compared to
arger heating rates. Coarsening retards shrinkage and shifts the
ext iso-strain point to higher temperatures, i.e. in the left direc-
ion in the kinetic field diagram. Since this shift is larger for
maller heating rates – still presumed that the activation energy
or coarsening is smaller than for densification – the slope of
he respective iso-strain line increases. Fig. 6 shows a fit of the
arameters in Eqs. (2) and (5) to the iso-strain lines of Fig. 4c.
ith activation energies of 577 and 496 kJ/mol for sintering,

espectively, grain growth, which were constant during the entire
intering cycle, a reasonable agreement to the experimental data
as obtained. (The exponents n and m in Eqs. (1)–(3) were 3 and

he initial grain size G0 was 0.15 �m in the fit.) The fit demon-
trated that the interplay of two mechanisms – densification and
oarsening – with different activation energies led to completely
ifferent slopes. No new mechanisms as proposed in Ref. [17]

re required to explain for the large apparent activation energies.

Fig. 5 shows that the apparent activation energy increased
n the initial sintering stage. This was attributed to coarsen-
ng by surface diffusion of alumina. The activation energy of
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ig. 6. Experimental iso-strain lines (straight lines) from Fig. 4c together with
fit of Eq. (5) to these lines (solid squares).

bout 250 kJ/mol is much smaller than that for lattice diffusion
compare Section 1) and should led to a clockwise rotation of
he iso-strain lines. The constant apparent activation energy in
he intermediate sintering stage (compare Fig. 5) and the larger
ctivation energy of 496 kJ/mol for coarsening obtained from

tting the entire sintering cycle were explained by a change in

he coarsening mechanism. It was assumed that preferential sin-
ering within agglomerates led to local densification and lower
ensity in the regions surrounding the agglomerates. This inter-

m
e
l
b

Fig. 7. SEM image of partially sintered alumina samples (heating rate 0.5 K/m
ig. 8. Scaled variance σ /σran versus edge length of corresponding sections ls
or partially sintered alumina samples.

retation was supported by SEM analysis of quenched samples
hich showed an elimination of small intra-agglomerate pores

Fig. 7). Fig. 8 shows the scaled variance corresponding to the
uenched samples of Fig. 7. Straight lines were fitted to the
ndividual curves. The slope drastically increased with increas-
ng density. This clearly demonstrated that homogeneity of the

icrostructure decreased during sintering. Although agglom-

ration was not considered in Eq. (1) it was assumed that it
ed to an increase of the denominator since grain size should
e replaced by agglomerate size when the agglomerate fraction

in) with fractional densities of 0.68 (a), 0.78 (b), 0.87 (c) and 0.93 (d).
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ecame large and the shrinkage rate within the agglomerates
mall.

In the final sintering stage the accuracy of the activation
nergy data was worse because the small residual porosity led
o a large decrease of strain rates. (Since the scaling of strains
as done before the onset of shrinkage, errors may have accu-
ulated during sintering.) Therefore, the data from Fig. 4c,

eflecting heating rates between 0.2 and 2 K/min, were addi-
ionally evaluated in a different way using the measured final
ensities of the respective samples for a reverse scaling. Instead
f iso-strain lines, iso-density lines were used in the kinetic field
iagram. Fig. 9 shows the activation energies obtained from the
lope of the iso-density lines in the final sintering stage. The
ecrease of apparent activation energy was confirmed. It was
oncluded that enhanced grain growth at higher heating rates
nd holding temperatures had occurred which had a larger acti-
ation energy than 580 kJ/mol. So it led to an anticlockwise
otation of the iso-strain and iso-density lines, respectively. Pre-
ious results on the activation energy for grain growth suggest
hat it decreases from 690 to 440 kJ/mol when porosity goes
o zero (compare Section 1). This confirms that the activation
nergy for grain growth may be larger in the final sintering
tage than that for densification. If so, grain growth can be
educed by decreasing the holding temperature in this period.
he reduction of grain size at given density by applying a

wo step sintering process was demonstrated recently28 and
hows that a decrease of apparent activation energies at the
nd of sintering (compare Fig. 9) fits well to these results.
n the initial sintering stage the increase in apparent activa-
ion energy suggests a fast heating if coarsening by surface
iffusion shall be avoided. On the other hand, the subsequent
oarsening by agglomeration can be reduced by an intense neck
ormation between the alumina particles which stabilises the
icrostructure and counteracts de-sintering.29 This neck forma-

ion can be obtained by surface diffusion as well. It is enhanced

y an additional holding period before the onset of shrink-
ge which has been suggested previously.29,30 So there is a
rade-off between avoiding coarsening and agglomeration. It
as expected that different strategies are required even for a

ig. 9. Apparent activation energies in the final sintering stage for heating rates
etween 0.2 and 2 K/min derived from iso-density lines after reverse scaling
ith final densities.
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ig. 10. Simulated temperature distribution within alumina sample after heating
o 1175 ◦C at a heating rate of 20 K/min.

aterial as simple as alumina, depending on particle size dis-
ribution, impurities, dopants, green density and homogeneity
f the green compacts. Especially, agglomeration during inter-
ediate stage sintering which strongly depends on the forming

rocess is believed to account for many discrepancies reported
n the literature.

The bending of the iso-strain curves at high heating rates
compare Fig. 4a) was attributed to temperature gradients
etween furnace and sample during rapid heating. This was
hecked by an additional experiment where two pieces of gold
heet were placed in a hole drilled in the middle of the sample
nd on top of the sample, respectively. During heating with a
eating rate of 20 K/min the gold sheet at the top melted at a
urnace temperature of 1076 ◦C and the gold sheet in the centre
t 1089 ◦C, i.e. 12 K, respectively, 25 K above its melting point
f 1064 ◦C. From the FE simulation of the temperature gra-
ients a temperature difference of 8 K was obtained for these
wo positions and the difference between sample centre and
urnace was 13 K at a furnace temperature of 1175 ◦C and a
eating rate of 20 K/min (Fig. 10). This was a reasonable agree-
ent, considering the simplifications and the higher temperature

n the simulation. The bending of the curves in Fig. 4a corre-
ponded to a temperature shift of 20 K. It was concluded that
emperature gradients can fully account for the bending phe-
omenon.

An apparent activation energy of 450 kJ/mol was derived
or heating rates between 5 and 20 K/min (compare Fig. 5).
lthough this agreed well with 440 kJ/mol reported previ-
usly from constant heating rate sintering experiments on high
urity alumina green samples where the same heating rates
ere used,14 it was concluded that these results were falsi-
ed by the temperature gradients discussed above. So either
correction for temperature gradients has to be applied or

eating rates have to be restricted to a range below 5 K/min.
t was assumed that this is a general problem in studies of

intering kinetics at high heating rates. In the sinter forging
xperiments described in the next section, the later was done
nd heating rates were reduced to the range between 0.2 and
K/min.
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Note that σz was negative so that the increase of −dεz/dt and
the decrease of −dεr/dt were also confirmed by Eq. (11). C5(ρ,
G) shows only a small variation with temperature in the ini-
tial and intermediate sintering stage. Note that unlike sintering
ig. 11. Kinetic field diagrams of the axial (a) and lateral (b) strain rates mea-
ured during sinter forging with a constant load of 180 N.

.2. Sintering with uni-axial loads

When uni-axial loads were applied, two different kinetic field
iagrams were constructed for the strain rates parallel and per-
endicular to the load, respectively. As an example, Fig. 11
hows these diagrams for a load of 180 N. The iso-strain lines
or the axial strains were shifted towards lower, and the iso-
train lines for the lateral strains were shifted towards higher
emperatures. The shift was caused by creep superposed to the
intering shrinkage (compare Eq. (3)). Kinetic field diagrams

or different constant loads were assembled to a three dimen-
ional figure with the load used as the z-axis. Iso-strain surfaces
ere constructed in 3d for each strain from the iso-strain lines
f the individual kinetic field diagrams. This representation of

ig. 12. Section of the Master Sintering Diagram (MSD): contour plot of various
ateral (a) and axial (b) iso-strain surfaces at different loads. F
ean Ceramic Society 29 (2009) 2225–2234

he sintering data was called master sintering diagram (MSD).
contour plot of the iso-strain surfaces is shown in Fig. 12. It

an be seen from Fig. 12b that already at 1% axial strain a large
hift of the iso-strain lines with increasing load was obtained.
his was attributed to the large stress intensification at the small
article contacts in the initial sintering stage. Remarkably the
so-strain lines belonging to the same strain remained parallel
hen a load was applied (compare Fig. 12). The simple structure
f the MSD reflects the similar mechanisms which control creep
nd sintering. If the activation energies for densification and
reep Q and Qc are identical, Eqs. (1) and (4) can be substituted
n Eq. (3):

ln

(
−T

dεz

dt

)
= ln(C4(ρ, G) − C5(ρ, G)) − Q

R

1

T
;

ln

(
−T

dεr

dt

)
= ln(C4(ρ, G) + C5(ρ, G)νv) − Q

R

1

T
;

ith C4(ρ, G) = C1(ρ)γD0

kGn
; C5(ρ, G) = σZC3(ρ)

kGp

with C4(ρ, G) = C1(ρ)γD0

kGn
; C5(ρ, G) = σZC3(ρ)

kGp

(11)
ig. 13. Section of the MSD: cut through iso-strain surfaces at ln(−T dε/dt) = 0.
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hrinkage creep is more controlled by the grain size than by the
ize of the agglomerates. Therefore, a parallel shift of the iso-
train lines is expected from Eq. (11) when the load is varied.
he same parallel shift of iso-strain lines was recently mea-
ured for zirconia.31 For the numeric representation of the MSD,
he average slope obtained for different loads at each iso-strain
ine was used. The shift of the iso-strain lines with increasing
oad was fitted by low order polynomials to construct the iso-
train surfaces. Fig. 13 shows a vertical cut through the MSD
t ln(−Tdε/dt) = 0. The iso-strain surfaces for the lateral strain
ould be fitted by linear equations whereas the effect of load on
xial strain was larger and the corresponding iso-strain surfaces
howed a convex curvature (compare Fig. 13). Using the MSD
xial and lateral strain rates could be calculated for arbitrary
onstant heating rates and constant loads within the range of the
xperiments underlying the MSD. Presently loading history pre-
ents accurate prediction of strain rates at non-constant heating
ates and loads by the MSD. To consider these loading memory
ffects, cyclic loading experiments were performed which are
escribed in a subsequent paper.31

. Conclusions

Kinetic field diagrams can be used to identify mechanisms
nteracting indirectly with shrinkage, e.g. surface diffusion,
gglomeration and grain growth. The shift and the rotation of
he iso-strain lines in the kinetic field provide information on
he extent of coarsening and the related activation energy com-
ared to the activation energy for densification. If the activation
nergy for the coarsening mechanism is smaller than for densi-
cation, a clockwise rotation of the iso-strain lines is obtained
nd vice versa a counterclockwise rotation. So from plotting
he kinetic field diagram an immediate decision can be made
hether sintering at high or low temperatures is better to enhance
ensification versus coarsening. This allows the construction of
mproved temperature cycles.

In the present investigation a large effect of temperature gra-
ients was detected from the bending of iso-strain lines in the
inetic field. It was concluded that temperature gradients have
o be considered for a sample size above 1 cm and a heating
ate above 5 K/min. The threshold values are reduced if ceramic
ith lower thermal diffusivity than alumina (e.g. zirconia) is

nvestigated.
A master sintering diagram was composed from different

inetic field diagrams using the load as z-axis. Iso-strain surfaces
ere constructed, which are a 3d extension of the iso-strain

ine concept. The individual iso-strain lines showed a parallel
hift in the x–y plane with increasing load. This enabled a rather
imple geometry of the iso-strain surfaces representing the entire
nformation on the effects of load, temperature, heating rate and
orosity on densification.
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