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Abstract
In this work, the influence of the coarse fraction of a particle size distribution on the flowability and density of

refractory castables is investigated. A modified Andreasen model was developed to combine distribution moduli ≤ 0.30
in the fine fraction for flowability and stability with moduli adjusted between 0.28 and 1.20 in the coarse fraction for
improving density. The amount of the fine fraction was held constant. It was shown that a density-optimized batch
showed self-flowing behaviour, while the other batches needed to be vibrated. The bulk density of the unfired and fired
ceramics was measured. The castable showing the best flowability with a distribution modulus of 0.80 in the coarse
fraction also had the highest density and the smallest pore sizes with regard to the full range of pores. The pore sizes
were measured by means of mercury porosimetry, optical microscopy and a visual method owing to the large range
of pore sizes.
Keywords: Refractory castables, coarse fraction, flowability, density, pore size distribution

I. Introduction
High-performance castables have been extensively stud-

ied owing to the increasing importance of monolithic
refractories in steelmaking. The relative consumption
of shaped refractory bricks is continuously decreasing,
while the amount of monolithic refractories is increasing
as shown in Fig. 1 1, 2, 3. This relative change is mainly a
result of an increased use of monolithics in steel secondary
metallurgy, for example in steel ladle linings 1, 4.

Fig. 1 : Relative consumption of bricks and monolithic refractories
in 2003 in Japan 2

A central problem in designing an unshaped refractory
is the simultaneous optimization of the interrelated prop-
erties stability, flowability and density 5, 6, 7, 8. In this op-
timization the particle size distribution plays a key role 9.
Particle size distributions of coarse refractories consist of
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fine particle fractions < 0.1 mm, medium grain sizes be-
tween 0.1 and 1 mm and coarse grain fractions > 1 mm 10.

In general, particle size distributions can be designed to
be discrete or continuous 11. The blending of discrete par-
ticle sizes to achieve a high packing density was first de-
scribed by Furnas 12. In that packing model the finer par-
ticles fit into the interstices of the coarser particles for a
diameter ratio of about 7 11. Andreasen 13, 14 introduced
a continuous packing model as presented in Equation 1.
Densest packing of granular materials was determined for
a distribution modulus n between 1/3 and 1/2. Dinger and
Funk 14 modified the Andreasen model recognizing a fi-
nite minimum particle diameter and found on the basis of
numerical calculations that optimal dense packing of ideal
spheres was achieved for a distribution modulus of 0.37 15.
Zheng et al. 16 explained that every single size class used
for designing a particle size distribution has a specific dis-
tribution modulus which depends on the particle size ra-
tio and the interstitial pore fraction of each class. The dif-
ferences of the moduli for different size classes were ex-
plained based on differing grain properties like, for exam-
ple, grain morphology.

Aν(d) = 100 % ×
(

d
dmax

)n

(1)

with
d particle diameter in mm
AV (d) cumulative percent finer than d in %
dmax maximum particle diameter in mm
n distribution modulus

For different forming technologies, different particle size
distributions are favored owing to the interrelation of the
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particle size distribution with other properties. Table 1
shows a short overview of ceramic shaping technologies
with the assigned distribution moduli. Another important
property for slip casting and spray drying is, for exam-
ple, the dewatering ability besides the density of the par-
ticle size distribution. Batches for plastic forming should
have a good flowability under pressure 17. For dry press-
ing, density-optimized distributions are applied, theoret-
ically with a modulus of 0.37 15. However, for practical
densest packings, the value of the modulus can exceed
0.5 11. More recently, experiments on the densest distribu-
tions of dry-pressed alumina-zirconia-graphite refracto-
ries with a maximum particle size of up to 1 mm conduct-
ed by Yu et al. 18 showed distribution moduli between 0.8
and 0.9 for optimum packing. The differences between the
moduli could be explained based on different grain prop-
erties like size and morphology as supposed by Zheng et
al. 16 for different size classes. For refractory castables the
assigned distribution moduli range from values adjusted
for slip casting to values used for dry pressing. The reason
is the complex optimization of the interconnected prop-
erties flowability, stability and density. Depending on the
application and the favored properties, the modulus could
be adjusted. Therefore in the following, the properties and
interrelations of castables are described in more detail.

Table 1: Shaping technologies and assigned distribution
moduli n.

Shaping technology Dist. modulus Source

Slip casting and spray drying 0.19 – 0.21 17

Plastic forming 0.20 – 0.26 17

Refractory castables 0.2 – 0.3 7

0.22 – 0.26 8

0.26 4

0.28 – 0.30 5

0.32 – 0.42 17

0.3 – 0.7 19

Dry pressing 0.33 – 0.5 13

0.37 17

> 0.5 11

0.8 – 0.9 18

The viscosity as a characteristic of the flowability of a slip
or castable depends on the fluid, the particle size distribu-
tion, the solid content and the particle interactions 20, 21.
Sudduth 20, 22, 23 described a generalized model to predict
the apparent viscosity of solutions. The model and exper-
imental results showed high agreement. To summarize,
a density-optimized distribution shows a lower viscosi-
ty than a non-optimized one for equivalent solid contents
in the suspensions, although the particle interactions also
increase with the packing optimization. Working on the
basis of this generalized model, Amaral 21 examined how
the viscosity also decreased with an increasing width of the

particle size distribution. For bimodal particle size distri-
butions with a size ratio of large to small particles of 10
or higher, Farris 24 found that the apparent viscosity in-
creased with the solid content for constant size distribu-
tions. Anyway there is a minimum of the viscosity depend-
ing on the particle size distribution. The location of the
minimum viscosity was found for a coarse fraction of the
total filler content of ≈ 65 % for solid contents up to 75 %.
Additionally, Hoffman 25 observed that the location of the
minimum viscosity for suspensions containing submicron
particles in a bimodal size distribution tends to be shift-
ed towards particle mixtures containing a greater amount
(≥ 70 %) of large particles owing to the strong viscosity-
increasing effect of submicron particles.

Besides the apparent viscosity, the yield stress influences
the flowability. The yield stress also ensures the stability of
the coarse fraction of the castable 26. Pivinskii 26 identified
that colloidal powder additions to comparatively coarse
slips retard the settling of the coarse particles. According
to Dzuy 27, the particle interactions are the cause of the
yield stress. Consequently, the yield stress like the viscos-
ity depends on the solid content in a suspension. More-
over Rhines 28 correlated the particle contact points and
therefore the particle interactions with the apparent densi-
ty for granular materials. With an increasing apparent den-
sity as provided by densest packing, particle contacts also
increased. Thus flowability, stability and density interact.

Investigations on the behaviour of castables considering
the interactions between flowability, stability and density
were recently conducted. For example Silva 8 discovered
for stable castables that the fine fraction strongly influ-
ences the rheological properties and acts as a lubricant
for the coarse fraction. The highest flowability was ob-
served for distribution moduli between 0.22 to 0.26. In that
study, density was not taken into account. The influence
of the addition of microsilica and therefore of a decreasing
minimum particle size was researched by Myhre 7. It was
pointed out that a distribution modulus increasing from
0.2 to 0.3 caused decreasing flowability for stable casta-
bles. The flowability of a castable with a distribution mod-
ulus of 0.3 significantly increased with the addition of 5 %
microsilica. Feys et al. 6 investigated the reason for flow
or friction behaviour of stable castables when pumping
through a pipe. That study showed that the fine fraction
acted like a lubrication layer, significantly reducing fric-
tion between the pipe and the concrete. Consequently, the
best effect was achieved when also the coarse particles in
the castable were separated by the lubrication layer of the
fine fraction. Tomsu and Ulbricht 5 also described the lu-
brication effect of the fine fraction. Moreover it was found
that particle size distributions with moduli between 0.28
and 0.30 led to comparatively dense and stable castables
with a good flowability.

The previously summarized investigations focused on
the optimization of the fine fraction, ensuring a lubri-
cation layer to achieve castables with good properties.
Although flowability, stability and density criteria were
interrelated, little attention has been paid to the influence
of the coarse fraction on the properties and behaviour of
a castable. However, for refractory applications especially



June 2014 The Influence of the Coarse Fraction on the Porosity of Refractory Castables 157

the combination of the fine and coarse fraction in a parti-
cle size distribution is important owing to the influence on
the thermomechanical properties, for example, on thermal
shock resistance 19, 29, 30. The fine particle fraction caus-
es shrinkage when thermally treated and the development
and opening of cracks between the larger particles. Hence
a microcrack network is induced which significantly in-
creases the resistance to thermal shock 30.

The purpose of this study therefore is to investigate the
influence of the coarse fraction on the castable properties.
Based on the Andreasen model, it was shown that good
flowability was achieved for distribution moduli ≤ 0.30,
but densest packing for distribution moduli ≥ 0.37. An ap-
proach for a simple design for a castable particle size dis-
tribution which solved this contradiction was developed
and a simple model derived. The input for this new mod-
el is, in addition to the maximum particle size, one dis-
tribution modulus defining the fine particle fraction and
a second one describing the coarse fraction. The stability
of the aggregates is provided by a constant fines content
with a distribution modulus between 0.28 and 0.30. For
the coarse particle fraction different packings were inves-
tigated based on the use of different distribution moduli.
The best-flowing and densest castable was achieved with a
distribution modulus of 0.80 for the maximum grain size
in the coarse fraction.

II. Experimental
The current study involves analyzing the used alumina

fractions, dispersant experiments and investigating the ef-

fect of the coarse fraction on the castable properties flowa-
bility and density for stabilized vibrated castables. The in-
fluence of the coarse fraction was investigated for a con-
stant water content and a constant flowability which was
adjusted carefully based on the amplitude of a vibrating ta-
ble.

The raw materials were alumina fractions up to 3 mm, a
binder, a defoamer, a dispersant and water. Tabular alu-
minas (Tabular Alumina T60/64, Almatis GmbH, Ger-
many) and reactive alumina (CL370, Almatis GmbH, Ger-
many) were used. The particle size distributions of the ag-
gregates were measured for calculating the amounts to use
according to a new model approach. The size distribu-
tions of the fractions < 0.5 mm were measured with laser
granulometry (Beckmann Coulter LS 230) and a previ-
ous deagglomeration treatment in an ultrasonic bath for
5 minutes according to the standard DIN EN 725 – 5. The
particle size distributions of coarser fractions were sieve-
analyzed according to the standard DIN 66165 – 2. The
true densities of the fractions were investigated with a he-
lium pycnometer (Accupyc 1330, Micromeritics GmbH,
Germany) in compliance with DIN 66137 – 2. The mea-
sured values are listed in Table 2. The additives used were
a re-hydratable alumina binder (Alphabond 300, Almatis
GmbH, Germany), a non-ionic defoamer (Contraspum
K 1012, Zschimmer & Schwarz GmbH & Co. KG, Ger-
many) and a dispersant based on polyethylene glycol (Cas-
tament FS 60, BASF Construction Polymers GmbH, Ger-
many).

Table 2: Raw material properties.

Material Tabular Alumina T60 CL370 Alphabond 300

Fraction in mm 1 – 3 0.5 – 1 0 – 0.5 0 – 0.2 0 – 0.02

Sieve s in lm Retention of sieve s in wt%

0.1 0 0 0 3.96 19.40 32.40 3.75

0.4 0 0 0 3.01 14.70 40.30 4.81

1 0 0 0 5.53 22.40 27.30 24.04

4 0 0 0 7.40 16.40 0 31.50

10 0 0 0 22.90 19.00 0 35.90

40 0 0 0 21.90 1.30 0 0

90 0 0 22.82 19.50 1.30 0 0

150 0 0.20 24.49 14.80 5.45 0 0

315 0.07 15.49 48.78 1.00 0.05 0 0

630 2.76 79.22 3.91 0 0 0 0

1000 6.60 4.89 0 0 0 0 0

1250 32.89 0.2 0 0 0 0 0

2000 25.53 0 0 0 0 0 0

2500 28.84 0 0 0 0 0 0

3150 3.31 0 0 0 0 0 0

density in g/cm3 3.649 3.678 3.800 3.884 3.919 4.013 2.781
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The compositions of the castables were based on a mod-
ified Andreasen model. In contrast to the standard mod-
el 13 where the distribution modulus is constant and inde-
pendent of the particle size, the new approach applies a
modulus dependent on the particle size. Good flowability
and stability of castables is attained for distribution moduli
of the fine fraction between 0.28 and 0.30 as described by
Tomsu and Ulbricht 5 for the conventional model. By ap-
plying a variable distribution modulus like Zheng et al. 16,
it is possible to define a modulus equation. In this study
a simple linear model as shown in Equation 2 was chosen.
The modulus equation depends on the grain size d and on
two constants. The two constant parameters are the mod-
ulus at the maximum grain size nmax and the one for an
infinite small size nmin, respectively. The final modified
model is presented in Equation 3. The defined maximum
grain size of all prepared castables was dmax = 3150 lm.
The minimum distribution modulus nmin was chosen to
be 0.28 because then n(d) ranges between 0.28 and 0.30 in
the fine fraction. Therefore a good flowability and stabil-
ity should be ensured. The maximum modulus nmax was
adjusted between 0.28 and 1.20 to investigate the influence
of the coarse fraction on density and flowability. The pa-
rameters and the modified model are empirical and depend
on the maximum and minimum particle size. The evolu-
tion of the distribution modulus n(d) as a function of the
particle size d is shown in Fig. 2. For the calculation of the
compositions listed in Table 3 the differing true densities
of the materials and fractions were considered. It can be
seen that a varying nmax does not affect the amount of fine
fractions constituting the matrix ≤ 100 lm, but can be used
as the describing parameter for the different coarse frac-
tions. The total errors are also listed in Table 3. These are
the sums of the squared deviations between the ideal modi-
fied Andreasen curves and the ones of the real mixtures for
each sieve class as listed in Table 2. Values of the total error
≤ 150 appeared to be sufficient regarding the fitting of the
ideal and the real curve. This method of calculating the to-
tal error is in line with that of Klippel et al. 31, in which the
sums of the absolute values of the deviations were calcu-
lated. However, if the squared values are summed up in-
stead of the absolute ones, the total error is more sensitive
to high deviations. The defoamer was added in an amount
of 0.1 wt% as recommended by the supplier. The water ad-
dition for all experiments was 5 wt%.

n(d) = nmin + d · nmax - nmin

dmax
(2)

with
d particle diameter in mm
n(d) dist. modulus dependent on d
dmax maximum particle size in mm
nmax dist. modulus for max. particle size
nmin dist. modulus for min. particle size

AV(d) = 100 % ·
(

d
dmax

)nmin + d· nmax - nmin
dmax

(3)

Fig. 2 : Evolution of the distribution modulus n as a function of the
particle size d for nmin = 0.28.

Table 3: Castable compositions with nmin = 0.28 and vary-
ing nmax

nmax 0.28 0.40 0.60 0.80 1.00 1.20

materials Mass fraction in wt%

T60 1 – 3 25 30 35 40 45 50

T60 0.5 – 1 15 10 10 10 5 5

T60 0 – 0.5 15 15 10 5 5 0

T60 0 – 0.2 30 30 30 30 30 30

CL370 12 12 12 12 12 12

Alphabond 300 3 3 3 3 3 3

Total error 77 68 56 62 67 90

The castables were prepared with a concrete mixer (Ton-
iMIX, Toni Baustoffprüfsysteme GmbH, Germany). Pri-
or to being mixed, the fractions were carefully weighed.
The batches of 2000 g were dry-mixed for 1 min, water
was added and then the batches were wet-mixed for 5 min.
After the batches had been mixed, the casting moulds (10 x
10 cm2 base area) were filled and then vibrated for 5 min.
The amplitude of the vibrating table (JMV 800/1000x800,
JÖST GmbH & Co. KG, Germany) was adjusted between
0 mm (no vibration) and 0.55 mm depending on the exper-
iment.

The experiments to identify the optimal addition of dis-
persant were only conducted for the standard Andreasen
model with n = nmin = nmax = 0.28. With this particle size
distribution as described in Table 3 and 5 % water addi-
tion, no self-flowing castable was obtained, which is in line
with the results of Myhre 7. Instead of adding microsilica
like Myhre 7, in this study the masses were vibrated and the
minimum amplitude at which flowing started was deter-
mined as an indicator for the effect of the dispersant. The
tested amounts of the additive were 0.4, 0.5, 0.6, 0.7 and
0.8 wt%.
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For investigating the influence of the coarse fraction on
the castable properties the optimal dispersant amount of
the particle size distribution with n = nmin = nmax = 0.28
was used for all particle size distributions. The masses were
prepared the same way as the castables for the dispersant
experiments. In a first run of the experiments with the
different size distributions, the minimum necessary am-
plitudes for flowing were determined. In the second run
the amplitudes were adjusted such that all batches exhibit-
ed the same flowing behaviour. After 1.5 days the casting
moulds were removed and the bulk densities were imme-
diately measured based on weighing and measurement of
the dimensions.

Heating (Table 4) was performed carefully in the fur-
nace (AGNI FHT 175 – 500, AGNI Wärme- und Werk-
stofftechnik GmbH, Germany) owing to the strong dehy-
dration of the binder in a small temperature interval. The
cast refractories were held at the maximum temperature of
1600 °C for four hours. Cooling was performed at a de-
fined rate of 120 K/h down to 800 °C, after which a free
cooling rate was applied.

Table 4: Heating procedure.

ϑstart in °C ϑend in °C Rate in K/h

ϑroom 200 3

200 600 10

600 800 60

800 1600 120

Bulk densities, porosities and pore size distributions of
the sintered refractories were measured. From each body,
three samples with volumes of ≈ 30 cm3 were cut out to
investigate the bulk densities, open, closed and overall
porosities according to the standard DIN EN 993 – 1. For
the calculation, the true density 3.919 g/cm³of the alumina
fraction 0 – 200 lm (Table 2) was used as it is the finest tab-
ular alumina fraction and therefore it was assumed to have
no inner porosity.

The pore size distributions were measured with different
methods. With a mercury porosimeter (PASCAL 140/440,
Porotec GmbH, Germany), pores to a maximum size of
< 150 lm can be detected according to the manufacturer of
the porosimeter. Cumulative volume distributions (three-
dimensional) were derived according to the standard DIN
66133/ISO 15901 – 1. Larger pores were investigated by
means of optical microscopy and visually. With the opti-
cal microscope (VHX Digital Microscope 2000, Keyence
Microscope Europe, Belgium), the pore areas at a magni-
fication of 20x were detected and maximum and minimum
diameter of each pore measured. The results were plot-
ted as cumulative area distributions (two-dimensional) de-
pendent on the average diameter. For the visual measure-
ment the cast bodies were cut and over an area of 40 cm² the
pores with sizes ≥ 0.5 mm were counted and measured with
a ruler. Discrete classes with mid-values 0.5 mm, 1 mm,
1.5 mm, etc. were used. For this pore size measurement
the accuracy was estimated to be ± 0.25 mm. For this da-

ta set, cumulative count distributions (zero dimensional)
were generated.

III. Results and Discussion
As outlined in the introduction, the present work inves-

tigates the influence of the coarse fraction on the castable
properties flowability and density. Therefore a simple
model was developed, based on the Andreasen equation.
It was described that the maximum distribution mod-
ulus nmax as a single parameter can define the different
coarse fractions of the batches. First the optimal disper-
sant amount was investigated for the standard Andreasen
model with a distribution modulus of 0.28. Subsequently
densities and porosities of the unfired and fired ceramics
designed according to the new model approach were mea-
sured. In a next step the pore size distributions for the full
range of pore sizes were determined. Finally, the results
were confirmed with optical microscopy images.

Table 2 shows the particle size distributions and the true
densities of the used materials considered in the batch
calculations. The true densities of the grains decreased
with increasing grain size which is in line with the re-
sults published by Reed 11 for alumina and by Schafföner
et al. 32 for calcium zirconate. The standard and modified
Andreasen models are volume distributions and therefore
it is important to recognize differences in densities. In the
present work, the particle size analysis of each fraction was
transformed from the mass distributions as shown in Ta-
ble 2 to volume distributions, which were used as input for
the calculations.

Fig. 3 : Dispersant experiments.

The optimal dispersant amount was measured by deter-
mining the minimum necessary vibration amplitude for
the beginning of flow. At this point the yield stress was
overcome. The results are presented in Fig. 3. The dis-
played curve is a cubic spline, for which the standard
spline()-function of the statistics software R 33 was used.
A spline function was used because in principle the mea-
sured values are the result of attractive and repulsive in-
teractions. However, the function regarding those interac-
tions depends on physical parameters which were not de-
termined 11. Therefore a spline function which is based on
the fitting of the absolute values and the slope in the data
points appeared appropriate to interpolate the measured
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data. For the value of the minimum amplitude the optimal
dispersant amount was interpolated to be ≈ 0.57 wt%. This
amount was used for the batches of all subsequent experi-
ments because the fine fractions were constant for all casta-
bles. It was supposed that the dispersant mainly takes ef-
fect in the matrix and therefore between the fine particles.

The bulk densities of the green bodies were measured di-
rectly after demoulding to analyze the effect of the coarse
fraction. Prior to this, the masses were cast and in a first
run of the experiments the best flowing mass determined.
For a maximum distribution modulus nmax = 0.80 the on-
ly self-flowing castable was obtained. Consequently this
mass had the best density-optimized particle size distribu-
tion. Presumably friction was overcome because the resid-
ual pore volume of the mass was completely filled by the
5 % water. All other masses needed vibration to attain the
same flowability. The flowing behaviour was held con-
stant for all batches in the second run by carefully adjust-
ing the vibration amplitude. Fig. 4 shows the influence of
the coarse fraction by the distribution modulus nmax of the
maximum grain size on the measured bulk densities. For
nmax = 0.80, the highest bulk density was achieved.

Figs. 5(a) to 5(d) present the mean values and standard de-
viations obtained from the complete data sets of the den-
sity and porosity measurements after firing. The highest
mean density and lowest mean porosity with low standard
deviations were obtained for the batch with a maximum
distribution modulus nmax = 0.80. Table 5 summarizes the
analyses of variances (ANOVA) for the properties bulk

density, open, closed and overall porosity. ANOVA ex-
tends the t-test to test at least three means with regard
to their statistical significance 34. The open and closed
porosities have a p value exceeding the significance level
of 0.05, and therefore for a maximum distribution mod-
ulus varying between 0.28 to 1.20, no differences in these
properties could be proved (Table 5). On the other hand
for the bulk densities and overall porosities the adjust-
ed modulus nmax has a significant influence on the means.
For this and the following statistical analyses, the software
R 33 was used.

Fig. 4 : Bulk densities of the unfired samples.

Fig. 5: Bulk densities and porosities of the sintered samples. (a) Bulk densities (b) Open porosities (c) Porosities (d) Closed porosities
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Table 5: Analyses of variances for the densities and porosi-
ties after firing.

Property Significance F value p value

Bulk density x 10.04 0.00597

Porosity x 10.04 0.00597

Open porosity 3.334 0.0866

Closed porosity 0.253 0.622

Table 6: Multiple comparisons of the means for the bulk
density and porosity for each pair of maximum distribu-
tion moduli.

Pairs of
moduli nmax

Significance p value for
bulk density

p value for
porosity

0.28 and 0.40 0.06748 0.06748

0.28 and 0.60 0.1049 0.1049

0.28 and 0.80 x 0.004027 0.004027

0.28 and 1.00 0.06605 0.06605

0.28 and 1.20 x 0.02271 0.02271

0.40 and 0.60 0.3643 0.3643

0.40 and 0.80 x 0.01231 0.01231

0.40 and 1.00 0.2642 0.2642

0.40 and 1.20 0.1408 0.1408

0.60 and 0.80 0.5076 0.5076

0.60 and 1.00 0.9074 0.9074

0.60 and 1.20 0.8275 0.8275

0.80 and 1.00 0.5411 0.5411

0.80 and 1.20 0.4942 0.4942

1.00 and 1.20 0.9212 0.9212

To determine exactly which means are different, the re-
sults for each modulus were subject to multiple compar-
isons with the others. The variances were supposed to be
unequal owing to the big differences of the standard de-
viations in Fig. 5(a) and 5(c). Therefore, as test statistic
the two sample t-test for unequal variances (Welch test)
was used 34. The results of the multiple comparisons are
presented in Table 6. All porosities range in an interval as
small as 19 to 22 % (Fig. 5(c)). Hence also only few pairs
are significantly different.The bulk densities and porosi-
ties of the samples with nmax = 0.80 are in any case proven
to be different from the ones with nmax = 0.28 and 0.40.
However, the properties for the group of nmax = 0.60 to
1.20 show no provable differences. It could be concluded
that density-optimized packing of the coarse fraction in
a range of nmax = 0.60 to 1.20 led to higher bulk densities
and lower porosities (see also mean values in Figs. 5(a)
and 5(c)) compared to the samples with nmax = 0.28 and
0.40. Consequently, in this range (0.60 to 1.20) of the
maximum distribution modulus the amount of the coarse

fraction could be freely adjusted. On account of this, for
example, the influence of the amount of coarse fraction on
other properties such as thermal shock resistance or cold
crushing strength could be examined and optimized with-
out significantly changing the bulk densities and porosi-
ties.

Fig. 6: Pore size range ≥ 500 lm. (a) Cumulative count distribution
(b) Pore size d80 dependence on nmax

Subsequently the pore size distribution experiments
were conducted. The cumulative and the related d80
graphs for different pore size ranges are plotted in Figs.
6 to Fig. 8. The d80 pore sizes are derived from the cor-
responding cumulative distributions. The d80 describes
that 80 % of the pores are smaller than this diameter. All
three measurements led to different dimensional cumu-
lative distributions (volume, area, count). Therefore for
the complete range of pore sizes not one single curve
could be plotted. For the interpretation of the pore sizes
from the images captured with optical microscopy, the
gray values were used to distinguish between pore area
and the area of the ceramic body. The lower detection
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limit were pore sizes of around ≥ 150 lm. However, es-
pecially for large pores ≥ 0.5 mm, the pore areas could
not be detected properly owing to an inner structure
leading to all possible gray values within the pore (com-
pare Fig. 9). Additionally, for pores as big as the one
shown in Fig. 9 the area observed by means of opti-
cal microscopy is too small to result in a representative
evaluation. Thus in the cumulative area distribution de-
rived from the optical microscopy only pore sizes up to
0.5 mm were considered.

In Fig. 6, it can be seen that the bodies with maximum
distribution modulus of 0.8 have the smallest d80 with
0.75 mm in the range of the largest pore sizes above
0.5 mm. For lower or higher values of the modulus
nmax the pore sizes in this size range significantly increase.
The largest pores (d80 = 3.0 mm) were in the batch
with nmax = 1.2. The other maximum distribution moduli
led to results for the d80 varying from 1.5 to 2.1 mm.
Considering that the overall porosities and consequently
also the absolute pore volumes vary only slightly (see
Fig. 5(c)), it can be supposed that the bodies with nmax =
0.8 and 0.6 which had the smallest values of the d80 in this
large pore size range will have higher d80 in the ranges of
smaller pore sizes.

In the subsequent pore size range of 500 to 150 lm pre-
sented in Fig. 7 it can be seen that the d80 values are near-
ly equal (324.9 to 347.3 lm) over the maximum distribu-
tion modulus except for nmax = 0.6 with d80 = 441.2 lm
as expected owing to the comparable overall porosities.
However, the batch with a maximum distribution mod-
ulus of 0.8 is outstanding because in this pore size range
it also shows the lowest d80 with 324.9 lm. But therefore
it also has the highest d80 with 3.7 lm in the pore size
range < 150 lm as seen in Fig. 8. As expected, the batches
with larger pores in the pore size ranges exceeding 150 lm
show lower values for the d80 (1.9 to 2.7 lm) in the range
< 150 lm.

Fig. 7 : Pore size range 150 lm to 500 lm. (a) Cumulative area
distribution (b) Pore size d80 dependence on nmax

Fig. 8: Pore size range < 150 lm. (a) Cumulative volume distribution (b) Pore size d80 dependence on nmax
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Fig. 9 : Example of limits of optical area detection. (a) Optical microscopy image (20x) (b) Detected pores based on gray value

Fig. 10: Optical microscopy images (magnification 20x). (a) nmax = 0.28 (b) nmax = 0.40 (c) nmax = 0.60 (d) nmax = 0.80 (e) nmax = 1.00 (f)
nmax = 1.20

It was concluded that for a density-optimized particle
size distribution not only flowability and density were im-
proved but also the pore sizes were shifted towards small-
er values relative to the full range of pore sizes. The best-
optimized refractory was obtained for a maximum distri-
bution modulus of 0.8. Consequently, for lower or higher
values of nmax, the pore sizes and amounts were increas-
ingly shifted towards larger pore sizes. To prove the mea-
surements and interpretations in Figs. 10 and 11 the opti-
cal microscopy images for magnifications of 20x and 50x
are presented. The images confirm that the amount and
the size of large pores > 150 lm decreased towards a mini-
mum for the body with the maximum distribution modu-
lus of 0.8. Additionally in Fig. 11, the increasing amount
of the coarse alumina fraction 1 – 3 mm with increasing

nmax is visible as is the reduction of the medium grain sizes
between 0.1 – 1 mm. The lubrication layer of fine-grained
material between the larger particles can also be seen.

IV. Conclusions
In this work, the influence of the coarse fraction of a par-

ticle size distribution on the flowability and density of sta-
ble castables was investigated. The Andreasen model was
therefore modified such that different distribution moduli
could be adjusted for the fine and the coarse fraction. The
minimum distribution modulus was held constant at 0.28
for all batches to ensure the stability of the coarse grains.
The maximum distribution modulus nmax was used as a
single parameter to characterize the different coarse frac-
tions and was adjusted between 0.28 to 1.20.
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Fig. 11 : Optical microscopy images (magnification 50x). (a) nmax = 0.28 (b) nmax = 0.40 (c) nmax = 0.60 (d) nmax = 0.80 (e) nmax = 1.00
(f) nmax = 1.20

The coarse fraction showed an influence on the flowa-
bility as the best-flowing castable was obtained for the
densest unfired body with nmax = 0.80. Moreover, densi-
ty-optimized packing of the coarse fraction in a range of
nmax = 0.60 to 1.20 also led to higher bulk densities and
lower porosities of the fired samples compared to the bod-
ies with nmax ≤ 0.40. In the range of the maximum distri-
bution modulus from 0.60 to 1.20, however, no signifi-
cant differences were seen. On account of this, the influ-
ence of the coarse fraction on other properties as thermal
shock resistance or cold crushing strength could be ex-
amined and optimized without significantly changing the
bulk densities and porosities. Furthermore, densest pack-
ing in the coarse fraction with nmax = 0.80 led to the small-
est pore sizes relative to the full range of pores. Hence it
could be demonstrated that the application of the modified
Andreasen model with a minimum distribution modulus
< 0.30 for the fine fraction and a density-optimizing one
at around 0.80 for the coarse fraction produced a castable
with a maximum grain size of 3 mm for which stability,
flowability, density and the pore sizes were simultaneous-
ly optimized.

Future work should address the adaptability of the mod-
ified Andreasen model for other minimum and maximum
particle sizes. Therefore the optimum empirical values of
the parameters of the distribution moduli could change.
The results of the present work on the influence of the
coarse fraction on density and pore size distribution could
be extended to investigate the influence on other proper-
ties such as thermal shock or corrosion resistance. Addi-
tionally, an investigation of the relationship of the amount
of fines, its size and the stability and flowability of a
castable should be interesting as different values for the
optimal distribution modulus based on considerations for

the fine fraction are recommended in different publica-
tions (see Table 1).
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