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Abstract

The effect of calendering of alumina loaded preceramic papers in a hard nip laboratory calender at various temperatures, line loads and times of
nip passes on their green and sintered properties was investigated. The main objective was to achieve a maximum densification, which resulted in
a maximum reduction of thickness of 45%, a green density of 80.5% of the theoretical density and a sintered density of 81% of the theoretical
density. The ring-on-ring flexural strength of sintered specimen could be increased from 71 + 11 MPa to 138 + 33 MPa. The surface roughness
of green samples could be diminished to a value for R, of below 2 pm compared to an R, of 13.2 pm for an uncalendered paper, whereas the R,
value of the sintered samples was much higher due to the burn-off of the cellulose fibers. Preceramic papers manufactured by the dynamic hand-
sheet-forming process exhibit a fiber-orientation which causes anisotropic effects regarding the sintering shrinkage, the surface roughness and

Young's modulus.
© 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Commonly available shaping techniques for ceramic structures
such as pressing, tape-casting, injection molding or extrusion
techniques can be used to create complex light-weight structures.
However, these techniques are costly and have a low throughput
compared to papermaking machines. Preceramic papers offer a
new view on the shaping of ceramic lightweight structures. They
exhibit the shapeability and cost-efficiency and production output
of common paper while still maintaining the ability to create
complex structures with unique properties. Preceramic papers differ
considerably from common paper products. Travitzky et al. [1]
stated that preceramic papers have to be loaded with at least
75-90 wt% of ceramic powder while common printing and writing
papers contain 20-30 wt% of inorganic fillers such as kaolin,
alumina or titania. The increased filler content of preceramic papers
ensures the successful conversion from preceramic paper to
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ceramic components, as dense particle-packing is necessary.
It has been shown that preceramic papers can be converted into
the ceramic state via adapted thermal treatment. Preceramic paper
is a fiber enhanced composite material whose properties are
significantly defined by the filler that is used. The manufacture
of preceramic paper can be performed on commonly used paper
machines. The process can be described as a three-stage-process
and involves:

a. Preparation of an aqueous suspension containing ceramic
powder and pulp at a fixed ratio.

b. Coagulation and flocculation of filler and pulp within the
suspension by means of adding organic additives which
alter surface charges and interconnect the suspended solids.

c. Formation of paper sheet by dewatering (filtration), fol-
lowed by wet pressing and drying.

Paper properties such as bending stiffness, porosity and pore
size distribution, density and smoothness are heavily influ-
enced by the filler grade, the particle size of the filler and the
type of cellulosic fibers that are used.
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Calendering is a common procedure to affect density, surface
roughness, gloss and stiffness/strength of a paper. There are
several techniques how paper and paperboard can be calendered.
The principle of each technique is that paper or paperboard is fed
through a couple of steel rolls (nip), of which one roll is
commonly coated with compressed cotton or paper to achieve
a larger nip area and better pressure distribution, while the other
(the heated thermoroll) is polished to achieve the smoothness of
the paper. Another technique, so called softcalendering, involves
a polymer coating of the unheated roll. This kind of calender has
an increased nip area and higher dwell times due to the low
elastic modulus of the polymer coating and achieves a more
homogeneous compression, whereas the thickness of the paper
cannot be controlled as accurately as in a hard nip calender. The
nip pressures generally decrease from hard nip to soft nip
calendering. The hard nip calenders used in paper fabrication
typically have a nip length of 1-5 mm, whereas soft nip systems
reach up to 20 mm. Thus dwell times are considerably higher and
the nip pressure is decreased [2,3]. When using a softcalender,
Groshek reported a nonproportional nip load to nip pressure
correlation caused by the resilient nip. An increase of nip pressure
by a factor of 2.5 when increasing the nip load by a factor of 5
(88439 N/mm) was determined [4].Calendering often involves
softening of the pulp component of the paper by temperatures
exceeding the glass transition temperature of the amorphous
content. Salmen [5] reports the temperature of softening (inter-
preted as glass-transition of the cellulose-hemicellulose—water
system) to be strongly dependent on the pulp moisture.
Blechschmidt et al. [6] mention a major contribution of the
nature of the pulp to the glass transition temperature. They also
state that the “extent of softening” becomes more emphasized
with higher moisture content. Furthermore, the glass transition of
the pulp does not occur at a single distinct temperature, but is
rather a superposition of the glass transition temperatures of its
constituents. Although Dwan [7] defines the glass transition
temperature of cellulose to be at 240 °C and the one of
hemicellulose to be at 190 °C, there is a broad softening region
of the pulp at a certain temperature range as the natural material
differs greatly in chemical composition. Haslach [8] reports
40-60% crystalline regions to be common within pulp for
papermaking. A study by Paes et al. [9] investigated the glass
transition of ball milled, thus mostly amorphous cellulose using
thermal and mechanical methods at various moistures. They
found dynamical-mechanical methods (DMA) superior to DSC
and obtained T, values from 320 to 380 K from 10% to 19%
humidity (dry weight base). Additionally they stated, that upon
wetting and heating, recrystallization of the amorphous content
commonly occurs. The corresponding recrystallization tempera-
tures are 15-20 K above T,. According to Fornu€ et al. [10],
cellulose fibers are bonded by a combination of mechanical
interlocking, intermolecular diffusion of molecular chains
between cellulosic surfaces and chemical interaction and attrac-
tion. The authors described hemicelluloses as dry agents adhering
onto the cellulose fiber by hydrogen bonds and electrostatic
interactions. Moisture contents of above 10% within the paper
cause the separation of microfibrils and the breaking of hydrogen
bonds. Browne et al. [11] modeled the calendering process by

using a nonlinear viscoelastic Burgers four element model,
describing paper behavior being composed of a direct elastic
response (spring), serially coupled with a viscous response
(dashpot) and a restrained elastic response (parallel dashpot and
spring), based on observations of calendered newsprint paper
which shows relaxation phenomena (expansion) after leaving the
nip. With increasing strain the paper becomes more rigid as the
cellulose microfibrils collapse and become increasingly incom-
pressible. Due to the variety of wall thicknesses of the fibrils,
compression resistance does not increase instantaneously. The
compression of paper while calendering was suggested to
proceed in a three stage process. First, surface defects and
porosity are eliminated whereafter buckling of the fibers occurs
due to their hollow nature. In the last step, further compression
can only be achieved by crushing of the fibers [12]. A pressure
onto a random fiber network inducing bulging at the fiber contact
points prior to further collapse was observed by Lundquist et al.
[13]. Enomae et al. [14] investigated the effect of calendering
conditions (softcalendering vs. supercalendering, temperature,
speed, line load) on wood containing and wood free paper
(thickness of 56-101 pum) under industrial conditions. Smooth-
ness and thickness reduction were investigated. They concluded
that high temperatures, high line loads and low speeds are
beneficial for densification and smoothness. A higher line load
results in a larger nip area and thus a better heat transfer, whereas
the actual pressure in the nip does not correlate linearly with the
line load. The achieved roughness values (R,) were ~ 1 pm and
softcalendering (177 °C, 2 nips) showed to be modestly superior
to supercalendering (90 °C, 10 nips), while its efficiency was
much higher. Softcalendering showed to improve smoothness and
gloss at a low bulk reduction, which is attributed to the distinct
temperature gradient between surface and bulk. This is achieved
by a combination of the very hot rolls and a good surface contact
and thus a good heat transfer [15]. A study by Steffner et al.
investigated calendering (using single hard and soft nips) of a
woodfree paper filled with 24 wt% CaCOs. They found a hard
nip to be beneficial to even out the larger defects of the paper and
achieve a narrower distribution of thickness, while softcalender-
ing could better compress the thinner spots of the paper [16].
Kluthe et al. [17] evaluated calendering parameters of
preceramic papers on density and flexural strength, while their
calendering parameters were limited to 100 °C and 250 N/mm
line load. All preceramic papers passed the hard nip (identical
calender as used in this work) once and showed a considerable
increase in sintered flexural strength, green and sintered
density. The authors showed that during calendering of
preceramic paper, the surface densification of the preceramic
paper is also more pronounced than the densification of the
core region, despite the low calendering speed of 0.5 m/min.
Kluthe and Kollenberg also investigated the surface roughness
of preceramic papers depending on the calendering parameters
and found calendering as beneficial for reducing the surface
roughness, however, no information about roughness of the
sintered ceramic and anisotropy due to the use of oriented
fibers was provided [18]. The present work takes further
insight into surface roughness and mechanical properties
at enhanced calendering conditions. Furthermore the influence
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of oriented fibers from the applied papermaking-process on
Young's modulus and surface roughness is investigated.

2. Materials and methods
2.1. Paper formation

Preceramic papers containing 85 wt% bimodal Al,O; powder
(NABALOX 625-31, Nabaltec AG, Schwandorf, Germany) with a
primary grain sizes of 0.5 and 2 um, a specific surface area of
4 m%/g, 11.72 wt% pulp (Aracruz (SR 31), Fibria (Europe) S.A.,
Nyon, Switzerland/Sao Paulo, Brazil) with an average fiber length
of 0.74 mm, a width of 122 pm and a thickness of 2.3 um,
3.28 wt% retention agent (Percol 540, BASF AG, Ludwigshafen,
Germany) and binder (Nychem 1562 x 117, Emerald Performance
Materials LLC, Cuyahoga Falls, USA) at grammages of 950 g/m’
(0.65 + 0.032 mm thickness) was prepared by using a dynamic
hand-sheet former (Valmet Fibertech AB, Sundsbruk, Sweden),
see Fig. 1. The flow rate of the hand sheet former pump was set to
1425 ml/min, while the wire speed was set to 1000 rpm, the
maximum speed of the device. Tap water (9.8 °C, pH 7.6,
2.9 mmol/l alkaline earth concentration) was used for the process
of sheet formation.

A parameter characteristic for the fiber orientation is the ratio
of the tensile stiffness along MD in relation to the tensile
stiffness along CD, described with TSI-MD/CD. This proce-
dure resulted in the manufactured paper having a TSI-MD/CD
value of 1.43, whereas typical TSI-MD/CD values of common
papers are much higher according to Lindblad and Fiirst [19]
and Loewen and Foulger [20], implying a more distinct fiber
orientation. However, low TSI-MD/CD values, compared to
typical newsprint paper (3.5-4.8), copy paper (2.0-2.5) or label
paper (1.8-2.2) are commonly associated with good dimen-
sional stability as stated by Loewen and Foulger [20].

2.2. Sample preparation, selection and nomenclature

Calendered sheets (170 x 280 mm?) were cut in half perpen-
dicularly to MD. A 10 mm wide margin of the sheet was
removed to ensure non-lacerated paper edges. The resulting sheet
was divided into 15 equally sized square samples (three rows
with five samples on each), from which circular samples were
punched out for the measurements of the vertical shrinkage and
flexural strength by the ring-on-ring test (Fig. 2). Six samples
(two rows with three samples on each) were cut out for
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Fig. 1. Schematic drawing of the dynamic hand sheet former.
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Fig. 2. Location of the cut out samples within a calendered sheet.

measurement of the lateral shrinkage, the surface roughness and
Young's modulus. The sample size was 30 x 50 mm?.

2.3. Calendering

Preceramic papers were calendered by a single nip labora-
tory calender with separately heatable hardened steel rolls
(CAS5/250-150-20, Sumet Systems GmbH, Denklingen,
Germany) of a diameter of 150 mm. Three temperature values
(100, 150 and 200 °C) and three line load values (14.7, 73.5
and 368 N/mm) were applied for calendering. Each combina-
tion was calendered once and twice. The samples had a water
content of about 1.2+ 0.13 wt% shortly before calendering
corresponding to a pulp moisture of around 8% which could be
determined with a thermobalance (MLS 50-3, Kern & Sohn
GmbH, Balingen-Frommern, Germany) applying 105 °C.
The calendering speed was kept constant at 0.5 m/min.

2.4. Surface roughness measurements

The surface roughness of the papers was determined using a
laser scanning surface tester (Laser Scanning Microscope, UBM
Messtechnik GmbH, Ettlingen, Germany). Three lines of 20 mm
in length were scanned in the middle of the sheet in cross-
machine direction (CD) and three lines of the same length were
scanned in MD; the distance between the parallel lines was
10 mm. The evaluation of the average surface roughness was
performed according to the standard DIN EN ISO 4287:2010.
The scan was performed with 1000 measurements per mm.

2.5. Sintering analysis and shrinkage determination

Flat sheets of preceramic papers were sintered using an
electrically heated furnace while being encapsulated in kiln
furniture. First, the samples were heated up 250 °C in 480 min
with a subsequent dwell time of 120 min. Next, the samples were
heated up from 250 to 500 °C in 360 min with a subsequent
dwell time of 120 min, followed by a heating-up from 500 to
1700 °C in 840 min and a dwell time of 240 min. Finally, a
sequence of cooling steps took place: from 1700 to 1400 °C in
210 min, from 1400 to 900 °C in 240 min, from 900 to 500 °C in
150 min, from 500 to 300 °C in 60 min and finally from 300 °C
to room temperature in 75 min. The lateral sintering shrinkage in
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the x—y plane was obtained optically by comparing scanned
(resolution 42 pm) green samples with sintered samples. The
vertical sintering shrinkage was determined by relating the
thicknesses of the samples, which were measured using a tapered
micrometer gauge. Measurements were performed at five different
locations of each circular shaped sample.

2.6. Young's modulus measurements

Young's modulus of sintered samples was measured on
samples A-F by ultrasonic testing using a USD 10 apparatus
(GE Sensing & Inspection Technologies GmbH, Hiirth,
Germany) according to the standard EN 843-2:2006. The
porosity dependent Poisson numbers for calculation of E were
taken from a study of Asmani et al. who also investigated
porous alumina with ultrasonic methods [21]. An attempt to
determine the Young's modulus values by the standard EN ISO
12680-1:2007, where it is calculated from the sample dimen-
sions, the sample weight and the resonance frequency, lead to
significantly higher standard deviations.

2.7. Flexural strength measurements

Flexural strength was measured by means of the ring-on-
ring method according to the standard DIN 51105:2010-08,
which requires the maximum stress to be applied to a circular
area. This requirement is crucial to measure independently
from inhomogenities of the preceramic papers on a millimeter
scale, which could be confirmed by light transmission images
(Fig. 10). The flexural strength was determined on a mechan-
ical testing machine (Instron Model 4204, Instron Deutschland
GmbH, Pfungstadt, Germany). The loading rate of the instru-
ment stage was at 5 mm/min. The ring diameters were 12 mm
(top) and 16 mm (bottom). The thickness values for 15
samples of each calender setup were determined by a tapered
micrometer gauge at five points of each sample.

2.8. Optical investigations

Sample homogeneity was analyzed using a flatbed scanner
(resolution 42 pm) revealing the light transmission distribution
within sintered samples. The fiber and surface topography was
furthermore investigated with scanning electron microscope
(Quanta 200, FEI Company, Hillsboro, USA) on green and
sintered samples.

2.9. Thermal measurements

Thermomechanical measurements (TMA) were carried out on
3 x 3 mm? pulp fiber samples pressed to a density of 0.96 g/cm®
and analyzed using a TMA-60H apparatus (Shimadzu EUROPA
GmbH, Duisburg, Germany). A force of 0.1 N was applied up to
200 °C while heating up was performed at a rate of 10 K/min.
A thermogravimetric analysis (TGA) of the uncalendered
preceramic paper was conducted via a thermal analyzer (STA
429, Netzsch Geritebau GmbH, Selb, Germany).

3. Results and discussion

The samples are referred to according to the following
nomenclature: Calendering temperature — line load — number
of passes through the nip. For example, the combination 100-
368-2 stands for a calendering temperature of 100 °C, a line
load of 368 N/mm and two passes through the nip of the
calender.

3.1. Thermal analysis

The TMA measurement of the pulp fibers reveals a soft-
ening onset at about 50 °C while the maximum compression
rate is reached at about 80 °C (Fig. 3). The flattening of the
curve above 130 °C in the TMA measurement appears due to
the fact, that the sample approaches its maximum compression
at this temperature and thus thermal expansion dominates over
yielding under the applied load.

The TGA of the preceramic paper reveals a slight loss of
paper moisture below 100 °C and decomposition of the pulp
above 200 °C (Fig. 4). Therefore, the temperature of 200 °C
was set as limit for the applied calendering temperatures.

3.2. Density measurements

Thickness reduction and densification of the preceramic
paper mainly correlate with an increasing line load, which is
observable at all of the calendering temperatures (Fig. 5).

A second pass of the nip increases the thickness reduction
regardless of the other conditions. The obtained sintered density
of the paper-derived ceramics correlates with the green density of
the preceramic paper. Thus, calendering represents an effective
way to tailor the density of paper-derived ceramics. A systema-
tical effect of temperature on the thickness reduction could only
be observed at the highest of the applied line loads. To explain
this effect, we first approximate the time necessary for heat
transfer. Therefore, the approximate nip length, describing the
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Fig. 3. TMA of the pulp component.
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contact length between the paper and two calender rolls, /, with

2
l%\/R2—<R—(dIEdZ)) (1)

can be calculated with R being the roll radius, d; denoting the
paper thickness before the nip and d, denoting the paper
thickness after the nip (1~ 4.2mm at maximum thickness
reduction vs. &~ 2.9 mm at minimum thickness reduction). For
calculating the nip length it is assumed that no relaxation of paper
takes place after calendering. Thus, the nip area, A,;,, can be
calculated as shown in Eq. (2). The quantities contained in this
equation are also shown in Fig. 6.

Am-p=2sw=2ng=2Rcos_](1—%)w )
where s is the segment of one roll in contact to the paper being
calendered, thus the contact length between one roll and the
paper, w is the width of the paper sheet and 6 is the central angle
of a segment double the size of the segment s.

The maximum temperature generated in the bulk of the
calendered preceramic paper can be calculated by applying the
transient-state conduction Eq. (3) for the heat transfer.

or _ @cpdT
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Fig. 6. A schematic cross-section view of a preceramic paper being calendered
by the two calender rolls.

Within the work of Kerekes [22] the transient-state equation
has been solved for the boundary conditions occurring at a heat
transfer from the hot calender rolls to an processed sheet of
paper. Thereby, all three physical processes of heat transfer
had been considered: conduction, convection and radiation.
In order to simplify the complicated equation system deducted
by Kerekes, the first approximation can made by only consider-
ing heat conduction, under the assumption of the paper to be in
an intimate contact with the calender rolls. Further assumptions
to be made are the occurrence of an uniform deformation of the
paper in the nip and the initial temperature of the paper being
equal to room temperature. After the application of a Taylor
series, Eq. (4) can be derived, including the exponent k.
Thereby, the last term is negligible, if the condition k- > 0.05 is
fulfilled.

T@) |, 2e* cos(VBL(1—(z/d))
Tw (2+ Biy) cos (\/Biy)
B 00 (_ 1)n+IZBisef(;;Z(nfl)ch)/Bis ((n_ 1)71'(d1 —Z)) ’

WS> (Bis’+Bis+(n—1)*7?) di
with
/11331521 . Cphsdl
ke= ——— d Bi;= 4
¢ Wdelv an fs /1p ( )

Thus, the ratio between the temperature 7(z), at the position z,
and the roll temperature, Tk, can be calculated in dependence of
several physical quantities. The specific heat capacity of the
paper, cp, the Biot number, Big, depending on the contact
resistance between the preceramic paper and each of the two
rolls, &g, and the thermal conductivity of the paper, Ap, are as
well important as the average surface density of the paper, W
(also denoted as grammage) and the calendering velocity, V.
The Biot number, the heat capacity and the heat conductivity of
the preceramic paper are depending on the single values of the
pulp and the filler, as well as on the weight ratio pulp and the
filler. As the preceramic paper was filled with 85 wt% of
alumina, these quantities can be calculated by Eqgs. (5) and (6).
Table | displays all the single values of the three quantities,
which are cited from the literature.

cp = 0.85¢p(a1,04) +0.15¢ppup) ®)
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Table 1

The Biot numbers, the heat capacities and the thermal conductivities of alumina and pulp.

Physical quantity

Alumina Pulp

Biot number, Big (dimensionless)
Heat capacity, cp (J/(kg K))
Heat conductivity, 4, (W/(m K))

0.035, Taken from [23]
765, Taken from [24]
1, Taken from [26]

0.5, Taken from [22]
1500, Taken from [25]
0.01, Taken from [27]

hs = 0.85hS(A1203) +0. 15h5(pu1p) (6)

By applying Egs. (5) and (6), the specific heat capacity of the
paper, cp, becomes 875.25 J/(kg K) and the Biot number becomes
0.105. Due to the thermal conductivity being being influenced by
the paper porosity, a value of ~1 W/(m K) at a porosity of 57.5%
(the highest measured value before calendering) [26] was used for
the alumina. The thermal conductivity of the pulp was modeled in
the work of Faessel et al. [27], whereby a network of randomly
distributed and bent cellulose fibers was considered. The resulting
heat conductivity of the cellulose fiber network varied between
0.01 and 0.07 W/(m K) and thus can be considered as negligible
for our calculations. From Eq. (4) the temperature inside the bulk
of the paper, at the position z=d,/2, was calculated to reach
~99%, corresponding to an almost complete heat transfer at
calendering parameters with the lowest nip area and the lowest
compression (200-14.7-1). Thus as an almost complete heat trans-
fer can be safely postulated in all of our experiments, considerable
yielding could be measured at the utilized temperatures (Fig. 3)
and the preceramic paper exhibits open porosity, one would rather
expect a plastic than an elastic behavior of the preceramic paper
while calendering. For the mechanical behavior of the pulp in the
vicinity of T is highly dependent on temperature and a shift from
elastic to viscous behavior takes place, the increased thickness
reduction due to temperature becomes measureable at the max-
imum line load. Furthermore, elastically stored energy can dissipate
through viscous deformation at high temperatures and thus
expansion after the nip may be reduced.

3.3. Sintering shrinkage analysis

The lateral shrinkage could be reduced from 18% to 12%, while
the vertical shrinkage (ZD) could be reduced from 27.5% to 14.4%
(Fig. 7a—c). It would have been expected, that the lateral shrinkage
in MD would significantly differ from the lateral shrinkage in CD
due to the anisotropically oriented fibers of the preceramic paper
sheets. The difference between the lateral shrinkage values,
however, is below 1%. It is likely that a more pronounced ani-
sotropy would occur at faster wire speeds, leading to more
pronounced differences between the lateral shrinkage values. It
was observed that upon increasing thickness reduction by calen-
dering the sintering shrinkage in ZD is reduced to a greater extent
than in lateral direction. As interparticle and pulp templated voids
adapt a flat shape during calendering, they are assumed to
counteract the sintering shrinkage in ZD as they strive for a
spherical/circular shape while sintering.
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Fig. 7. (a) Sintering shrinkage of samples calendered at a line load of 14.7
N/mm, (b) Sintering shrinkage of samples calendered at a line load of 73.5 N/mm
and (c) Sintering shrinkage of samples calendered at a line load of 368 N/mm.

3.4. Surface and microstructural analysis

The average surface roughness of preceramic paper and the
corresponding  sintered samples is diminished considerably by
calendering (Fig. 8a). A clear difference between the average
surface roughness in MD and the average surface roughness in CD
can be detected for all of the paper samples (Fig. 8a and b).
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Against intuitive expectation, in most of the cases the average
surface roughness of paper sheets being calendered twice is
marginally increased, instead of decreased, in comparison to the
same paper sheets being calendered for a single time. However, the

a‘|4
och =MD
12
E 10
=
c 8
@
2 6
)
©
4
2
0
S A N N N VS N A N A N AN N/
& AT AV o $ & AN A G G g g AN G ¢
é\g} KOS é\oy Q,'\"a' LS SRS Q:\v- éﬂy Qi\ﬂy b Qg? Q»"V s\\w Q&b- éﬂy Q',’SQ ng,‘b
é)'b\\ AN I S N N S S o
>
b14
ocD =MD
_ 12
£
3 10
°
gB
.EG
@
v 4
o
2
0 H
NN SIS N A N N S A NI SR N A N DS N A N
@ AN A G A S A N AR &
JEA N beb ng,% PG Qﬁ@ Q«? NSV CIN. Y
FFFFEFFFFEFEEFFyee
N

Fig. 8. (a) Average surface roughness of preceramic papers calendered at
different calendering parameters and (b) Average surface roughness of sintered
paper-derived ceramics calendered at different calendering parameters.

average surface roughness of the paper sheets mainly decrease
dependent on the applied line load, reducing the R, value below
8 um. In contrast, the uncalendered paper sheets display R, values
in the range of 9-13 pm. A similar relationship between the
average surface roughness and the applied line load during
calendering can be observed for the paper-derived ceramics
(Fig. 8b). Also, the average surface roughness of the ceramics
derived from all of the calendered paper sheets is below 8 pm.

The pulp fibers tend to orientate in parallel to the surface of
the calendered paper as well as of the uncalendered preceramic
paper (Fig. 9a and c).

This is especially beneficial for lowering the average surface
roughness of the sintered ceramic. The orientation of the pulp
fibers parallel to the paper surface is caused by their oval cross
section and their flat surface. The maximum depth of pits left
from burned off pulp fibers is the main contribution to the
average surface roughness of the sintered ceramic. Therefore,
the average surface roughness is limited by the pulp fiber
geometry (Fig. 9b and d). Surface profiles of the sintered
ceramic showed considerable surface features within the range
of 10 um which correspond to the fiber width. Furthermore,
features within the size of 1 mm are visible, which correspond
to the wavy surface generated by using the dynamic hand sheet
former at the given paper grammages (Fig. 10).

The higher values for R, in MD are most likely to be caused
by the wavy surface of the paper. This relation between
the different R, values persists also for the sintered ceramic.

Fig. 9. SEM micrographs of uncalendered preceramic paper (a) and paper calendered at 200 °C, 368 N/mm in one pass (c), as well as the ceramics derived from the
uncalendered paper (b) and the calendered paper (d). The white arrows in (c) point out areas crucial for the surface roughness, where cellulose fibers are not

surrounded with alumina particles.
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Fig. 10. Light transmission image of a sintered paper-derived ceramic (200-
368-2), where MD is along the vertical direction.

The average surface roughness of the calendered green samples is
also governed by a lack of particles circularly around the fibers
(Fig. 9¢). The roughness of the steel rolls plays a minor role for
the overall surface roughness, but is visible on SEM micrographs
(Fig. 9c, diagonal grooves). The roughening accompanied by
multiple passes of the nip may be caused by nonuniform roll-
contact, small nip area and inhomogeneous drag forces, when
precalendered paper is used. To overcome these detrimental
effects, a softcalender may be an improvement, as a larger nip
area with enhanced and more homogeneously distributed friction
in comparison to the hard nip calender can be generated. The
paper composition and the calendering conditions applied in this
work facilitate a compaction of the whole bulk (Fig. 11), whereas
Kluthe et al. observed a pronounced density gradient within their
preceramic papers at the highest line loads and temperatures
(100 °C, 250 N/mm) [17]. Due to the fact that they used tubular
pulp fibers, fiber collapses were observed in the vicinity of the
surface. The flat and compact pulp fibers used in our work are
most likely responsible for a better pressure transmission while
calendering, thus no evident density gradient in ZD was observed
after the first nip-pass at similar line loads, regardless of
temperature.

3.5. Mechanical properties

The mechanical strength of the paper-derived ceramic is
increased considerably by calendering reaching maximum
values of 138 + 33 MPa which is about the double strength
of uncalendered paper-derived-ceramic (Fig. 12). The rather
poor consistency of these values may be mainly due to the
wavy surface of the preceramic papers, which during hard nip
calendering undergo only slight compression at their depths,
from which weak spots remain. Also here a softcalender would
possibly achieve a better compression of the areas of decreased
bulk and lead to higher flexural strengths and reliabilities.

Reasonable results were obtained for Young's modulus using
both, the resonance and the ultrasonic transmission method.
However, the ultrasonic transmission method proved to be more
accurate for the kind of material examined. The results show a

100-368-1

150-368-1

200-368-1

Fig. 11. SEM micrograph of sintered samples cut perpendicularly to MD.
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Fig. 12. Flexural strength of the paper derived ceramics for various calender-
ing conditions.

clear correlation between Young's modulus and the sintered
density (Fig. 13). Due to the fiber orientation, Young's modulus
displays a dependence on the sintered density of the sample, p,,
and the direction of the ultrasound transmission. Exponential
fitted data within the investigated range resulted in

Enp = 9.69810%73 (7)
for MD and

Ecp = 9.0385¢%9205 (®)
for CD.

Models for calculating the elastic modulus based on tubular pore
geometries [28] and such involving an orientation [29] mostly
result in too high E values and are not applicable to paper-derived
ceramics. Roughly comparable values for a theoretical Young's
modulus can be obtained, when either spherical, cubic or cross
pore models [28], or a complete alignment of tubular (aspect ratio k
is considered as infinite) pores in CD is applied [29]. Generally, the
drop of elastic modulus with increasing porosity appears to be
somewhat more pronounced than expected. Compared to an
alumina ceramic with tubular porosity formed by burnout of
highly aligned carbon fibers (d=14 um, [=600 pum) [30],
Young's modulus is still expected to be significantly lower at the
given volumetric fraction of the porosity. Yet, another study by
Asmani et al. [21], who also used ultrasonic impulse transmission
to measure the elastic modulus of partly sintered and thus porous
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Fig. 13. Plot of Young's modulus vs. the sintered density. The hollow markers
and the dashed line represent measured data for MD, the filled markers and the
continuous line represent CD. Error bars for density only displayed for CD
(values are identical for MD). The dotted upper line indicates model data by
Andersson (fibers completely oriented along CD, aspect ratio of the fibers is
infinite) [29]. The alternating dashed and dotted lower line indicates the
measured values of Asmani et al. [21]. The cross at the left side represents the
highly aligned porosity ceramic by Isobe et al. [30]. Big, gradually filled
symbols represent model data by Herakovich and Baxter [28], where diamonds
represent tubular pores, squares cubic pores, circles spherical pores and crosses
cross shaped pores.

alumina of open porosity showed results comparable to CD, whilst
the MD values of the paper derived ceramics still are higher.

4. Conclusion

Calendering showed to be a simple and suitable method to adapt
and improve the properties of preceramic papers and the ceramics
derived from these papers. Density and surface roughness can be
altered within an extensive range, while the surface roughness of
sintered samples is mainly limited by the pulp fiber dimensions
and by buckling effects caused by the papermaking process.
Anisotropy caused by the papermaking-process was observed
among sintering shrinkage, green and sintered roughness as well
as among Young's modulus of the derived ceramic. The mechan-
ical strength was significantly improved by hard nip calendering,
while softcalendering might even lead to higher values of
mechanical strength and reliability, due to a more homogeneous
compression. The use of flat pulp fibers is suggested to give rise to
an improved pressure transmission, making density gradients
avoidable. Furthermore the ultrasound transmission method
showed to be a precise method to measure Young's modulus.
Young's modulus of paper derived ceramics exhibits a somewhat
unexpected correlation with porosity revealed by a pronounced
decline with increasing porosity, while a significant anisotropy
between MD and CD could be observed.
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