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Abstract

This study investigated the cold isostatic pressing of coarse grained alumina refractories applying either a cyclic
pressure increase or a cycling at maximum pressure. Additionally the effects of the maximum pressure and the
particle size distribution on physical, mechanical and thermomechanical properties were analyzed. The cyclic pressure
increase resulted in a slightly higher apparent density and lower apparent porosity. A cycling at maximum pressure
decreased the median pore size to some extent. Remarkably, an optimized particle size distribution resulted in a
lower apparent porosity, lower median pore size and in a higher Young’s modulus before and after thermal shock
together with a slightly lower relative decrease of the Young’s modulus. A higher pressing pressure which decreased
the apparent porosity did not affect the Young’s modulus. Thus, apparently the optimized particle size distribution
improved the particle packing which was associated with a smaller median pore size. This smaller pore size increased
the number of pores relative to the total porosity, which then acted as points of crack initiation and crack deflection
limiting the length of propagating cracks in case of thermal shock. Thus, tailoring the pore size distribution is a

promising starting point to improve the thermomechanical properties of refractories.
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1. Introduction

Cold isostatic pressing (CIP) is one of the best-known
forming techniques to produce ceramic products with
high length to diameter ratios or complicated shapes [1—
5]. During cold isostatic pressing according to the wet
bag process, powders or granules are filled into an elas-
tic mold, which is later often vacuum sealed. The filled
elastic mold is then placed in a fluid and by applying
a high pressure on the fluid a very homogeneous com-
paction of the ceramic body can be achieved [6]. The
advantages of cold isostatic pressing compared to uni-
axial pressing are much lower density gradients and thus
a higher mechanical reliability of the ceramic products
[7,8].

Several authors studied the cyclic uniaxial and cyclic
isostatic compaction of ceramic, metal and composite
powders. Especially a cycling at maximum pressure re-
sulted in smaller density gradients and a stronger densi-
fication [9-17].
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For single phase powders a considerable higher den-
sification was observed with cyclic pressing, which was
explained by an improved particle packing accompa-
nied with a higher particle coordination number and by
the fracture of agglomerates [9, 14, 18, 19]. For com-
posites an even higher relative improvement in densi-
fication was attributed to the volumetric mismatch be-
tween the different phases during a pressure change
[11,14, 17,20, 21]

In general cyclic cold isostatic pressing was only in-
vestigated for fine grained ceramics. However, cyclic
cold isostatic pressing of coarse grained oxide ceramics
such as refractories still remains unstudied.

Thus, the purpose of this study is to describe and ex-
amine the effects and possible benefits of cyclic cold
isostatic pressing of coarse grained oxide ceramics for
refractory applications. Investigated experimental fac-
tors were the maximum pressure, the pressure ampli-
tude and the particle size distribution. Furthermore, the
difference between a cyclic and linear pressure increase
was determined.
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2. Experimental

2.1. Materials

The present study investigated the cold isostatic
pressing of coarse grained ceramics using alumina as a
common refractory raw material. All experiments were
performed using full factorial experimental designs.

In all experiments tabular alumina (T60/T64, Alma-
tis GmbH, Germany) was used because it is a widely
available raw material [22]. In order to evaluate the ef-
fect of the particle size distribution on the cold isostatic
pressing, two compositions were designed according to
a recently proposed particle size model, which is given
in equation (1) [23]:
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where CPFT is the cumulative percentage of particles

finer than a particle diameter d, dp,x is the maximum

particle diameter of the particle size distribution, npax

is the distribution modulus at d,,,x, whereas ny;, is the

distribution modulus of an infinitesimal particle size.

The particle size distribution was included as the first
factor (A) in the factorial experimental design. The
maximum particle size for all particle size distributions
was held constant at d,x = 3 mm. The particle size dis-
tribution was varied by changing the parameter ny;, ac-
cording to equation (1) on two levels. The parameter
Nmax Was held constant at 0.8. The factorial experimen-
tal design is summarized in Table 1, whereas the specific
composition for each designed particle size distribution
is summarized in Table 2.

For all experiments a wax dispersion was applied
as a binder (Zusoplast WE 52, Zschimmer & Schwarz
GmbH & Co. KG, Germany) because it was previously
successfully used to optimize a batch composition for
uniaxially die pressed alumina-mullite refractories [24].
The batches were prepared by ordered mixing using
a conventional mortar mixer (ToniMIX, Toni Technik
Baustoftpriifsysteme GmbH, Germany) [22, 24]. In this
ordered mixing procedure the coarse grained particle
fractions (> 0.5 mm) were first dry mixed for 4 min be-
fore the binder was added and stirred for another 4 min.
Finally the fine particle fractions were added and the
whole mixture was stirred twice for 4 min. Between
each step the mixing container was carefully scrapped
to ensure a homogeneous mixture. The dry mass of each
batch was 3 kg.

The binder amount was optimized for each parti-
cle size distribution similar to Schaffoner et al. [25].
For this purpose samples with three different binder

amounts were uniaxially pressed (ES 270, RUCKS
Maschinenbau GmbH, Germany) with a pressure of
120 MPa, see Table 3. The samples were then dried
at 80°C and 110°C for 6h at both temperatures be-
fore they were fired in air atmosphere with a heating
rate of 2K/min, a maximum temperature of 1650°C
and a dwell time of 4h. Subsequently, the fired sam-
ples were investigated on their apparent porosity and ap-
parent density according to the standard DIN EN 993-1
using water as the immersion fluid. The compositions
of each particle size distribution resulting in a low ap-
parent porosity together with an even surface were later
used for the cold isostatic pressing experiments.

2.2. Cyclic cold isostatic pressing

The samples were pressed in a newly developed
cold isostatic press (EPSI N.V., Belgium) with an in-
ner height of 1 m and an inner diameter of 0.25 m which
allows a pressure cycling. The used cylindrical molds
made of EPDM rubber with a Shore hardness of 40A
had an inner effective height of 63 mm after inserting a
rubber cap and an inner diameter of 62 mm. To mini-
mize the entrapped air, the filled molds were evacuated
for 10 min before pressing.

As a second factor in the factorial experimental de-
sign the maximum pressure (B) was varied between
75MPa (-1, lower level) and 120MPa (+1, higher
level).

To determine the effect of the cyclic cold isostatic
pressing, the cycling during the pressure increase (C)
and at the maximum pressure (D) were evaluated as two
different factors in the factorial experimental design.

At the lower level of the factor C the pressure was lin-
early increased to the maximum pressure with 1 MPa/s.
At the higher level, however, the pressure was cycled
during the pressure increase. For a maximum pressure
of 75MPa the pressure was cycled five times during
the pressure increase, while for a maximum pressure of
120 MPa the pressure was cycled nine times.

At the lower level of the factor D the pressure was
again held constant at the maximum pressure, whereas
at the higher level the pressure was cycled for ten times
with an amplitude of 25 MPa. The resulting pressure
procedures are given in Figs. 1 and 2.

The order of the pressing procedures was random,
whereas during each pressure cycle four samples of one
of the two compositions were prepared. The order of the
two compositions was again randomly chosen for each
run of the experimental design.



Table 1: Factors of the 2* full factorial experimental design. The thermal shock test was included as factor E in the statistical analysis where
appropriate resulting in a 2° experimental design.

Factor Identifier Lower level (-1) Higher level (+1)
Particle size distribution A Npin = 0.27 (Batch;)  ny,;, = 0.4 (Batch,)
Maximum pressure B 75 MPa 120 MPa

Pressure increase C linear cycled

Maximum pressure cycling D no (constant) yes (cycled)
Thermal shock E without with

Table 2: Compositions of the different investigated batches after optimizing the binder amount (see Table 3).

Product Name Raw Material  Grain size fraction Batch; (n,;, = 0.27) Batch, (ny;, = 0.4)
1-3mm 40 wt.% 45 wt. %
0.5 - 1 mm 5 wt.% 10 wt.%
Almatis T 60/64 AL, O3 0-0.5mm 10 wt. % 10wt. %
0-0.2mm 20 wt. % 30 wt.%
0 —0.02mm 25 wt.% 5 wt.%
Zusoplast WE 52 PVA binder mass relative to dry mass ~ 2.50 wt.% 2.50 wt.%

Table 3: Experimental design and results to optimize the binder content of each batch

Run 1 2 3 4 5 6

Factor A Distribution modulus n,;, 0.27 0.27 0.27 0.4 04 0.4
Factor B Actual binder content 1.51wt% 2.00wt.% 251wt% 1.53wt% 2.00wt.% 2.50wt.%
Apparent porosity (%) 17.66 18.01 17.81 19.13 19.24 19.03
Apparent density (g/cm?) 3.11 3.09 3.10 3.02 3.02 3.03
Sinter diameter change (%) -0.41 -0.41 -0.41 -0.30 -0.30 -0.30
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Figure 1: The plots present the set pressure together with the measured pressure values as a function of the time for the programs with a maximum
pressure of 75 MPa. For each pressing program only one of the two pressure cycles is given to improve the illustration. For all pressing programs
an excellent agreement of the set pressure function and the measured was obtained.
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Figure 2: The pressing programs with a maximum pressure of 120 MPa also showed an excellent agreement of the set and measured pressure
function.



2.3. Characterization of physical, mechanical and ther-
momechanical properties

The isostatically pressed samples were dried and fired
as the uniaxially pressed ones for the batch optimiza-
tion. After firing the samples were first examined re-
garding their apparent porosity and apparent density ac-
cording to the standard DIN EN 993-1.

Later on, the samples were again dried and a sin-
gle block with a size of about 20 mm X 20 mm X 20 mm
from each batch was cut form the center of the samples
using a diamond saw. The cutting ensured an identi-
cal sampling for each batch. The cut out blocks were
then crushed. Later on, the crushed material was used
to determine the pore size distribution using mercury
porosimetry (Autopore V 9600, Micrometrics GmbH,
Germany) according to the standard DIN 66133.

Furthermore, the thermal shock resistance was evalu-
ated using again a single cylinder of each batch (factor E
in the statistical analysis). The thermal shock resistance
was determined similar to the standard DIN EN 993-11
using pressurized air. In contrast to the standard, cylin-
ders were used instead of bars. The thermal shock resis-
tance was evaluated by comparing the dynamic Young’s
modulus before and after a single thermal shock.

The Young’s modulus was calculated according to
the standard DIN EN 843-2 measuring the velocity of
sound. For the calculation of the Young’s modulus a
Poisson ratio of 0.2 was assumed for alumina, which is
consistent with Asmani et al. [26].

2.4. Statistical analysis

To determine the significance of the investigated fac-
tors, the full factorial experimental design was evalu-
ated with analysis of variance (ANOVA) and by apply-
ing Lenth’s pseudo-standard error (PSE) [27]. ANOVA
is the extension of the Student’s t-test for more than one
variable or if a single variable has more than two levels
[25, 28, 29]. For the ANOVA the fourth-order and third-
order interactions were generally not taken into account
in order to obtain a sufficient number of degrees of free-
dom. This is necessary to estimate an error term for the
ANOVA [30, 31].

Meanwhile, the pseudo-standard error is used to con-
struct Lenth plots, which are very effective to present
the effects of factorial experiments with a single replica-
tion. Furthermore, in Lenth plots active and inactive ef-
fects can be easily identified. Thereby active means sta-
tistically significant, while inactive means statistically
insignificant [27, 32].

Both applied methods to analyze the factorial exper-
imental design assume effect hierarchy and effect spar-
sity. Effect hierarchy assumes that main and low order

interactions are more likely to be statistically significant
than higher order interactions. Effect sparsity, on the
other hand, assumes that only a small number of effects
are active, while the majority of the effects is inactive
[27, 30, 33]. Furthermore, by applying two methods to
analyze the full factorial experiment, an inappropriate
pooling of error mean squares of higher-order interac-
tions can be avoided. Thus, the negligence of possibly
active higher order interactions becomes less probable.
All statistical analyses were performed using the soft-
ware package R [34].

3. Results and discussion

In this study the cyclic cold isostatic pressing of
coarse grained ceramics for refractory applications was
investigated in a full factorial experimental design. The
present section will first describe the optimization of the
used batches and cold isostatic pressing programs. Then
follows an evaluation of the resulting physical, mechan-
ical and thermomechanical properties. All measured
properties are summarized in Table 4.

3.1. Batch optimization and cyclic cold isostatic press-
ing

To optimize the batch compositions, samples with
three different binder amounts were uniaxially pressed
for each particle size distribution. Results in Table 2
show that a higher distribution modulus np;, yielded a
composition with a much lower content of the finest par-
ticle fractions. Meanwhile, as can be seen from the re-
sults in Table 3 the samples with a lower distribution
modulus ny,;, resulted in a significantly lower apparent
porosity. As a consequence the lower apparent porosity
also resulted in a higher apparent density.

The reason for the lower apparent porosity and higher
apparent density of the batches with a lower distribution
modulus ny;, was most likely a better particle packing.
Even so, it has to be noted that the apparent density is
not only affected by the apparent porosity but also by
the batch composition because the apparent density of
tabular alumina raw materials generally decreases with
a larger particle size [23, 35].

For both compositions, the samples with the medium
amount of binder (run 2 and 5, respectively) resulted
in the highest apparent porosity. The batches with the
highest amount of binder (2.5 wt.%, run 3 and 6, re-
spectively) were chosen for further experiments because
these batches had a low apparent porosity as well as the
best surfaces after pressing. The optimized composi-
tions are henceforth referred to as Batch; and Batch,,
which are given in Table 2.



Figs. 1 and 2 present the set pressing programs to-
gether with the measured pressure values. Remarkably,
a very high agreement of the set and measured pressure
values was obtained for all pressing programs. Only
for the programs with a cycling at maximum pressure
(level +1, factor D) and to a smaller extent for the cy-
cling at increasing pressure (level +1, factor C) the min-
imum pressure during a pressure cycle was not entirely
reached. However, it should be noted that this difference
between the set and actually obtained pressure values
during cycling was very low in relative terms.

3.2. Sintering shrinkage

The linear sintering shrinkage for all batches given in
Table 4 was below 1 % and thus to some extent lower
than recently reported linear shrinkage values for tabu-
lar alumina refractories [22]. The somewhat lower sin-
tering shrinkage might be the consequence of a lower
firing temperature in the present study.

Inspection of the Lenth plot in Fig. 3 indicates that the
particle size distribution (A) and the interaction of the
pressure cycling factors (CD) were possibly significant
regarding the sintering shrinkage, which was consistent
with the ANOVA in Table 5.

The higher sintering shrinkage at a lower distribution
modulus n,,;, (factor A, level —1) can be attributed to the
higher level of the finest particle fraction. The higher
amount of finest grains then led to a higher sintering
effect, while the coarser grain size fractions antagonized
the sintering shrinkage [36, 37].

Meanwhile only the interaction CD was statistically
significant, whereas their respective main effects C and
D were not. As detailed in the interaction plot in Fig. 4,
low sintering diameter changes of —0.22 % and —0.08 %
were obtained when both factors were either at their
low or high level. A combination of a high level of C
or D and with a low level of the other factor, on the
other hand, resulted in high sintering diameter changes
of —0.44% and —0.50 %, respectively. Future stud-
ies should investigate whether this interaction is repro-
ducible because the observed effect was relatively small.

3.3. Apparent density and porosity

According to the Lenth plots in Figs. 5 and 6 in con-
junction with the results from the ANOVA in Table 5,
the particle size distribution (A) as well as the maxi-
mum pressure (B) had a significant effect on the appar-
ent porosity and apparent density, respectively. Further-
more, the ANOVA in Table 5 also indicates a significant
effect of a cycled pressure increase (C) and of the in-
teraction AB. As expected, all significant effects were
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Table 4: Results with standard deviations for properties with multiple measurements (A: particle size distribution, B: maximum pressure, C:
pressure increase (linear/cyclic), D: maximum pressure cycling (constant/cycled), Eors and Ejs: Young’s modulus before and after thermal
shock, respectively, Eits/Eors: remaining Young’s modulus after one thermal shock). The run order is given for the fabrication of the samples.
For each property measurement the samples were randomized.

Run Order Factors Apparent Apparent Sintering Median Eyrs  Eits  Eits/Eots
porosity density diameter pore
change size
A B C D % (g/cm?) (pm) (%) (GPa) (GPa) (%)
1 7 -1 -1 -1 -1 17.78+0.03 3.10+0.00 -047+0.38 3.24 48.16 2529 52.51
2 8 +1 -1 -1 -1 19.22+0.08 3.02+0.00 -0.17+£0.24 4.40 2996 14.17 47.31
3 9 -1 +1 -1 -1 16.80+0.11 3.14+0.00 -0.30+0.16 3.03 40.47 19.75 48.80
4 10 +1 +1 -1 -1 1842+0.04 3.06+0.00 0.04+0.09 3.98 31.19 1545 49.55
5 5 -1 -1 +1 -1 17.53+0.14 3.11+£0.00 -0.88+0.53 2.60 43.79 22.04 50.32
6 6 +1 -1 +1 -1 1941+£0.08 3.02+0.00 -0.29+0.16 4.19 25.57 11.88 46.45
7 15 -1 +1 +1 -1 16.68+0.09 3.15+0.00 -0.56+0.26 2.89 46.00 25.54 55.53
8 16 +1 +1 +1 -1 18.22+0.07 3.06+0.00 -0.26+0.17 4.70 27.40 13.71 50.01
9 1 -1 -1 -1 +1 17.71+£0.16 3.11+0.00 -046+0.21 241 41.99 2271 54.08
10 2 +1 -1 -1 +1 1941+0.10 3.02+0.00 -042+0.22 4.24 27.40 12.09 44.13
11 3 -1 +1 -1 +1 1692+0.11 3.14+0.00 -0.67+0.14 2.36 45.11 2244 49.74
12 4 +1 +1 -1 +1 1833+£0.09 3.06+0.00 -0.21+0.34 4.31 31.83 15.11 4748
13 13 -1 -1 +1 +1 1744+0.03 3.12+0.00 -0.17+0.20 2.67 45.12 24.12 5345
14 14 +1 -1 +1 +1 19.19+0.14 3.03 +0.01 0.00+0.14 3.84 31.07 15.25 49.07
15 11 -1 +1 +1 +1 16.82+0.19 3.14+0.01 -0.17+0.14 2.97 4595 21.14 46.00
16 12 +1 +1 +1 +1 18.21+0.14 3.06 +0.01 0.04 +0.16 3.67 30.36 15.07 49.65

Table 5: ANOVA with p-values of the factorial experimental design on the investigated responses with multiple measurements (apparent porosity
and apparent density measured by Archimedes’ method, sintering shrinkage determined by measuring the diameter of the cylinders before and
after firing). A: particle size distribution, B: maximum pressure, C: pressure increase, D: maximum pressure cycling, E: thermal shock (TS), A:B
...D:E: interaction effects, level of significance: p < 0.05, only two factor interactions were taken into account.

Effect  Sintering Apparent Apparent Median pore  Young’s modulus (E)  Ej1s/Eots

diameter porosity density diameter

change
A 9.08-107% <2.107 <2-1071 1.00 - 1079 5.69 - 1071 0.08
B 0.12 <2-1071° <2-1071° 0.84 0.64 0.97
C 0.47 123-100%  6.28-107%  0.80 0.94 0.60
D 0.10 0.95 0.82 0.18 0.62 0.60
A:B 0.62 32310 0.01 0.84 0.14 0.17
A:C 0.78 0.15 0.16 0.72 0.26 0.62
A:D 0.19 0.44 0.49 0.94 0.38 0.94
B:C 0.99 0.95 0.98 0.39 0.60 0.74
B:D 0.16 0.22 0.20 0.99 0.50 0.28
CD 3.16-107%  0.20 0.14 0.97 0.17 0.91
E - - - - 7.65-10714 -
AE - - - - 8.31-107% -
B:E - - - - 0.72 -
CE - - - - 0.84 -
D:E - - - - 0.63 -
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Figure 5: The Lenth plot of the apparent porosity shows a highly sig-
nificant effect of the particle size distribution (A) and of the pressing
pressure (B).

inverse regarding the apparent porosity and the appar-
ent density.

The effect of the factor A means that a lower distribu-
tion modulus ny,;, resulted in a lower apparent porosity.
This can be most likely linked to an improved particle
packing, which is in line with recent results of Fruhstor-
fer and Aneziris [38]. A lower apparent porosity due to
a higher pressing pressure (factor B, level +1) was also
expected due to a higher compaction [39].

Although the effect of the cycling during pressure
increase was smaller (factor C, level +1), it was still
statistically significant according to the ANOVA. Yet,
while ANOVA only indicates statistical significance, the
Lenth plots in Figs. 5 and 6 also contain the effect esti-
mates of the unreplicated factorial experimental design.
The Lenth plots also provide the margin of error (ME)
and the simultaneous margin of error (SME) at a signif-
icance level @ = 0.05 to distinguish active from inactive
effects. Consequently Lenth plots are very useful to es-
timate not only statistical significance of effects but also
the effect size, which are equally important for a mean-
ingful statistical analysis [40, 41]. Thus, there is evi-
dence from the ANOVA that the effects C and AB are
statistically significant regarding the apparent porosity
and density, yet their effect sizes are apparently quite
small.

A first possible reason for the statistically significant
albeit small effect of factor C might be an improved par-
ticle rearrangement and movement of the particles due
to a cycled pressure increase. Such rearrangement and
movement is especially pronounced at the beginning of
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Figure 6: Similar but inverse effects as for the apparent porosity were
observed for the apparent density, see Fig. 5.

the compaction [42].

However, the non-significance of the cycling at maxi-
mum pressure (factor D) regarding the apparent density
and porosity is inconsistent with previously reported re-
sults for fine grained ceramics. For example, Michaeli
et al. [10] reported a positive effect of a pressure cycling
at maximum pressure for alumina granules, while no ef-
fect was reported for a cycled pressure increase. Fur-
thermore, Matsuo et al. [18] also reported an improved
compaction due to a cycling at maximum pressure even
for only ten cycles using submicron SiC powder, while
a cycled pressure increase was not investigated.

The high density of refractories mainly derives from
an optimized particle packing, while for fine grained
ceramics sintering is much more important to obtain a
high density [37, 43]. As a case in point, in the present
study the linear sintering shrinkage and thus the linear
densification during sintering was less than 1% for all
samples. On the other hand, in a study by Yasuda et al.
[19] the relative green density for fine grained SiO; ce-
ramics was about 0.51 without cycling and 0.57 after
1000 cycles. Meanwhile, the average particle coordina-
tion number increased from about 6.5 without cycling
to 7 after 1000 cycles [19]. The results of Yasuda et al.
[19] also imply that it becomes exceedingly difficult
to achieve higher densities, the higher number of pres-
sure cycles. In the present study a very broad particle
size distribution was applied, which is associated with a
high particle coordination number and packing density
[23, 44]. Due to the higher coordination number and the
small residual porosity it can be assumed that it is diffi-
cult to achieve a higher density by cycling at maximum



pressure because the ceramic bodies are already highly
compacted and thus the friction between the particles is
too high to achieve particle rearrangement.

Moreover, Nishimura et al. [9] demonstrated that the
higher the amplitude of the pressure as a function of the
maximum pressure, the higher the achieved densifica-
tion. In case of the present study, the amplitude was
always 25 MPa and therefore relatively higher during a
cycling at an increasing pressure (factor C) than at max-
imum pressure (D). Thus, the relatively higher pressure
amplitude during the pressure increase might be a sec-
ond contributing factor for the significant albeit small
effect of the cycling during pressure increase on the ap-
parent density and porosity. In addition, during the cy-
cled pressure increase each pressure stage was higher
than the previous one, which can also contribute to par-
ticle rearrangement.

Finally, the dimensions of the samples in this study
were much larger than in all previous studies on fine
grained ceramics. During cold isostatic pressing a ra-
dial stress distribution is present resulting in a higher
pressure at the surface than in the center of the ce-
ramic body [45]. Furthermore, the cycling frequency
was quite low which is also associated with a somewhat
lower compaction [15]. Although these factors were be-
yond the scope of this study, future work should investi-
gate the influence of the pressure amplitude and cycling
frequency as a function of the maximum pressure, pres-
sure increase and particle packing.

3.4. Median pore size

With a lower particle size distribution modulus np,
and thus with a higher amount of the finest particle frac-
tion (factor A, level —1), the median pore size was sig-
nificantly smaller, as can be seen from the Lenth plot in
Fig. 7 and from the ANOVA in Table 5. Furthermore,
according to the Lenth plot in Fig. 7, the cycling at max-
imum pressure (factor D) was possibly (> ME) active
whereas the three-way interaction ACD was probably
active (> SME). The smaller median pore size with a
wider particle size distribution (lower ny,,) was most
likely associated with a better particle packing, a higher
particle coordination number as well as a higher num-
ber of microcracks. On the other hand, a wider particle
size distribution and a higher amount of fines did not
cause a coarsening of the pores, which was considered
for high-alumina castables with a higher amount of cal-
cined alumina [46].

The three-way interaction ACD on the median pore
size is illustrated in Fig. 8. According to this interac-
tion plot, the median pore size depended much on the
interaction CD (cyclic pressure increase and cycling at
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Figure 7: The Lenth plot of the median pore size indicates a high
activity of the factors A (particle size distribution modulus) and the
interaction ACD, while the factors D (pressure cycling at maximum
pressure) and the interaction BC were possibly active.

maximum pressure). Additionally this interaction was
reverse. Whereas for a low distribution modulus npy;,
the median pore size was lower when cycling occurred
either during the pressure increase or at maximum pres-
sure, the median pore size was lower at the high level
of np, if cycling was applied in the same run during
pressure increase (factor C, level +1) and at maximum
pressure (factor D, level +1). This implies that possibly
the effect of pressure cycling on the pore size distribu-
tion and thus microstructure depends to some extent on
the packing density and particle size.

3.5. Young’s modulus before and after thermal shock

As evident from Table 4 and the Lenth plot in Fig. 9,
a lower particle size distribution modulus np;, (factor A,
level —1) significantly increased the Young’s modulus,
while the higher level of the distribution modulus ny;,
acted conversely. The higher Young’s modulus can be
mainly explained by the higher sintering activity of the
particle size distribution containing a higher amount of
fine particles and by an improved particle packing as-
sociated with a higher particle coordination number as
was shown for the apparent density. These factors were
also recently related to the cold crushing strength of alu-
mina refractories as a function of the particle size distri-
bution modulus ny,;, [38]. Furthermore, Fruhstorfer and
Aneziris [38] also correlated the cold crushing strength
with the apparent density. Yet, remarkably, a higher
pressing pressure (factor B) which resulted in a higher
apparent density did not yield a statistically significantly
different Young’s modulus, see Fig. 6 and Fig. 9.
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Figure 10: The interaction effect shows that the Young’s modulus be-
fore as well as after thermal shock was higher for a low distribution
modulus npy;, (level —1, factor A). The absolute decrease due to ther-
mal shock was somewhat higher for a lower level of np;,, while no
statistical significant difference of the relative change was determined
(see Fig. 11).

Secondly, not only the particle size distribution mod-
ulus ny;, (factor A) but also the thermal shock treat-
ment (factor E) and their interaction AE had a signif-
icant effect on the Young’s modulus, cf. Fig. 9. The
lower Young’s modulus after thermal shock is a gen-
eral characteristic of ceramic materials such as refrac-
tories. Additionally the interaction AE, which is il-
lustrated in Fig. 10, also indicates that a higher abso-
lute Young’s modulus before thermal shock resulting
from an improved particle packing and stronger sinter-
ing resulted in a somewhat higher absolute drop in the
Young’s modulus after thermal shock. But the interac-
tion plot in Fig. 10 also shows that even after thermal
shock the compositions with a higher Young’s modulus
before thermal shock retained a higher Young’s modu-
lus after thermal shock, which is in good agreement with
results from Schaffoner et al. [47]. On the other hand,
the particle size distribution as well as all other inves-
tigated factor were non-significant regarding the rela-
tive drop of the Young’s modulus after thermal shock,
cf. Fig. 11. Again a similar behavior was recently ob-
served for CaZrOj; refractories by Schaffoner et al. [47].

Numerous models have been developed to corre-
late mechanical properties including the strength and
the Young’s modulus of refractories and other coarse
grained materials such as concrete with their porosity
or pore size. Table 6 lists several of these models to-
gether with their Pearson correlation coefficients for the
Young’s modulus before thermal shock. Even the early
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Figure 11: No factor was statistically active regarding the relative
change of the Young’s modulus due to thermal shock. However, the
relative change was slightly smaller for the lower level of factor A
(Npin = 0.27) indicating that an improved particle packing not only
resulted in a higher absolute Young’s modulus before and after ther-
mal shock but also in a sightly smaller drop due to thermal shock,
which should investigated in more detail in further studies.

model proposed by Hasselman [48] assuming a linear
dependency of the Young’s modulus from the appar-
ent porosity had a correlation coefficient of 0.85. Fur-
thermore, the calculated values for Ey and K are in ex-
cellent agreement with comparable values for alumina
given by Hasselman [48]. The highest correlation co-
efficient was obtained for the adapted model of Kumar
and Bhattacharjee [49]. Originally this model was pro-
posed for the compressive strength of concrete, while
in the present study it was used to correlate the Young’s
modulus. As the only reviewed model it takes the poros-
ity together with the pore size and possibly microcracks
into account. The other models assuming non-linear re-
lationships between the Young’s modulus and either the
apparent porosity or the median pore size did not result
in significantly improved correlation coefficients com-
pared to the model of Hasselman [48]. Most interesting
is also that the last model correlating the Young’s mod-
ulus with the median pore size only has a similar corre-
lation coefficient as the models assuming a correlation
with the apparent porosity. This can be attributed to the
particle size distribution and the resulting particle pack-
ing which significantly influenced the apparent porosity
as well as the median pore size.

The findings of this study regarding the Young’s mod-
ulus before and after thermal shock compare well with
previous studies. First, for comparable ceramics in-
cluding refractories the ones with a higher Young’s
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modulus generally exhibit a higher absolute drop in
Young’s modulus due to thermal shock, if crack ini-
tiation cannot be avoided [47, 54, 55]. Yet, refracto-
ries with a higher original Young’s modulus often also
have a higher Young’s modulus after thermal shock.
Thus, the relation between the Young’s modulus before
thermal shock and its relative change due to thermal
shock is often less evident than for the absolute change
[22, 47, 54], which was also the case in the present
study. Generally high mechanical properties after ther-
mal shock are most important and the aim for the de-
velopment of refractories is thus to optimize mechanical
properties before thermal shock accordingly. Therefore,
in comparison refractories with a higher Young’s mod-
ulus and strength after thermal shock should be usually
preferred to refractories with a lower relative change of
mechanical properties due to thermal shock [56].

Secondly, a lower porosity as well as a smaller pore
size are generally assumed to have an increasing effect
on the Young’s modulus and the strength [49]. If crack
initiation due to thermal shock cannot be avoided, ce-
ramics should have a high thermal shock damage resis-
tance. To achieve a high thermal shock damage resis-
tance, refractories with a high Young’s modulus and a
low strength are often most beneficial [56]. A higher
porosity has a reducing effect on the thermal shock
fracture resistance because it lowers the strain at frac-
ture [57-59]. However, while some studies revealed an
improvement of the thermal shock damage resistance
[60, 61], no effect or even a slightly worse thermal shock
damage resistance in terms of retained mechanical prop-
erties was reported by others [47, 59, 62]. By contrary,
several studies indicate an improvement of the thermal
shock damage resistance with a decreasing pore size
[53, 61]. Hasselman [48] concluded that a decreasing
pore size at a given porosity results in a higher number
of propagating cracks in case of thermal shock and in
a higher number of elastic discontinuities arresting or
deflecting cracks. Both factors contribute to a shorter
distance that cracks can propagate [56, 60].

Third, as this study shows the model proposed by
Fruhstorfer and Aneziris [23] seems to be particularly
useful to design particle size distributions for refrac-
tories with a high packing density resulting in smaller
pores as well as in a higher microcrack density [44].
Correspondingly the smaller pores are associated with a
higher Young’s modulus before and after thermal shock
and even improved its relative decrease to some ex-
tent. This result also strengthens the theory that small
pores also act as microcracks which generally improve
the thermal shock damage resistance [48, 63-65]. On
the other hand, the results also indicate that process-



Table 6: Models to correlating the Young’s modulus before thermal shock with the apparent porosity (P) and median pore radius (r,,), whereas r
is the correlation coefficient according to Pearson. Ej is the calculated Young’s modulus at zero porosity, which was much higher than the actual

Young’s modulus of pure alumina (309 GPa [50]).

Model Factor estimates r Reference

E = Ey(1-aP) Ey = 168.72GPa, a = 4.34 0.85 Hasselman [48]

E=K(1-P)/\im K=5867GPa-um® 0.88  adapted from Kumar and Bhattacharjee [49], this work
E = Ey(1 — aP)" Ey =170.10GPa,a =4.33,n=1.01 0.85 Phani and Niyogi [51]

E = Ejexp(—bP) Ey=1291.79GPa, b = 19.83 0.85  Spriggs [52]

E = K/r, K =5522GPa - um‘, ¢ = 0.79 0.86  adapted from Li et al. [53], this work

ing strategies that only result in a higher density but
are less effective to increase the Young’s modulus and
the number of pores and microcracks such as a higher
pressing pressure are much less effective to improve the
thermal shock damage resistance of refractories. More-
over, to investigate the thermal shock damage resistance
as a function of porosity, the pore size should be also
taken into account because often a higher porosity is ac-
companied with larger pores causing opposing effects
on the Young’s modulus and the thermal shock dam-
age resistance [47]. Due to the promising results of this
study, tailoring the pore size distribution of refractories
to improve thermomechanical properties by advanced
processing will be further investigated in future studies.

4. Conclusions

The present study investigated the cyclic cold iso-
static pressing of coarse grained oxide ceramics using
a 2* full factorial experimental design. The cycling of
the pressure was applied during the pressure increase as
well as at maximum pressure. Additionally the study
evaluated the effects of the maximum pressure and the
particle size distribution on the physical, mechanical
and thermomechanical properties.

In contrast to fine grained ceramics only a minor ef-
fect on the apparent density and apparent porosity was
observed during a cyclic pressure increase. Secondly, a
cycling at maximum pressure reduced the median pore
size to some extent.

The study validated the usefulness of the particle size
distribution model of Fruhstorfer and Aneziris [23] to
achieve a high packing density of refractories resulting
in a higher apparent density and apparent porosity, re-
spectively. In addition the median pore size was sig-
nificantly reduced. The lower pore size resulted in a
higher Young’s modulus before and after thermal shock
and also contributed to a slightly smaller relative drop
of the Young’s modulus due to thermal shock. This re-
sult shows that a higher particle coordination in refrac-
tories leads to smaller pores and particularly to a higher

12

number of pores. This higher number of pores then act
as points of crack initiation and crack arrest and deflec-
tion in case of thermal shock limiting the crack propa-
gation of individual cracks. Eventually that leads to im-
proved thermal shock damage resistance and is in excel-
lent agreement with the predictions of Hasselman [48].
Thus, the tailoring of the pore size distribution of refrac-
tories offers much promise to improve mechanical and
thermomechanical properties.
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