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Abstract

A low-viscosity, fast crosslinking preceramic polymer system was developed as a base for liquid state processing. The system consists of
a water-crosslinkable silicone polymer, a latent water source for in situ water generation, and a tin catalyst. While the silicone polymer and
the water source can be mixed in any proportion, the catalyst must be added separately to achieve crosslinking at room temperature within a
short time. By pyrolysis in inert atmosphere at 1000the system was shown to have a high ceramic yield®f wt.%. The base system
is compatible with alkanes, which makes it suitable for viscosity control when the system is filler-loaded for tailoring of properties. Due to

its low viscosity one possible use of the system is in inkjet printing.

layer manufacturing of ceramic parts.
© 2004 Elsevier Ltd. All rights reserved.
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Further since the crosslinking is rapid it can also be used in the layer by

1. Introduction

Thermal transformation of preceramic polymers to

MoSip, etc., which may react with the pyrolysis atmosphere
and/or with the solid and gaseous decomposition products
of the polymer precursor to form carbides, oxides, etc., have

ceramic materials has become a matter of intensive researctbeen successfully used to reduce the polymer-to-ceramic

during the past 20 yeafs® The poly(siloxane) resins
[RSiOy 5], with R = —CH; (methyl), —GHs (phenyl),
—CoH3 (vinyl), —CsH7 (propyl) have been converted into
various ceramic products: ceramic foafrisbulk composite
components, planar tapes and tubed, or engineering
materials with high temperature and oxidation stabflity.

conversion shrinkage and to improve the mechanical
properties of non-oxide as well as oxide based polymer-
derived ceramic$? 1?2 In addition to these “macro part”

manufacturing technologies the fabrication of micro parts by
layer-wise production by so-called rapid prototyping (RP)
technique®® and their adjustment to ceramic manufacturing

Processing of preceramic polymers into ceramic productsfor the making of small parts is of growing interest in
involves shaping of a polymer precursor, subsequent curingceramic processing technology. A promising and widely

and pyrolysis at temperatures above 8C0 Due to the

used technique for the fabrication of small parts of different

pronounced density differences between the polymer materials with specific optical, electrical, chemical, biolog-

(1-1.2 g/crd) and the ceramic phases (2—-3 gRyshrinkage
of up to 70vol.% may occur which gives rise to extensive

ical or structural functionalities into well-defined locations
is the inkjet printing technology# With this technology a

porosity or cracking in the pyrolysed ceramic residue. Man- wide field of materials systems can be processed. Examples

ufacturing of ceramic parts from precereramic polymers,
however, is facilitated when the polymer is loaded with a
filler powder.Inert filler powderssuch as AlO3, SIiC, B,C,
SizNg4, etc., as well ageactive fillerslike Ti, Cr, Mo, B,
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include specific polymers into thin-film transistor circdits
and light-emitting polymer display$, biomolecules
into biochips!’ 3D scaffolds as templates for biomedical
applicationst® conductive gold tracks on substrat@sobalt
nanoparticles for catalytic growth of carbon nanotuffes,
and for combinatorial materials researféh.Ceramic
particle-loaded inks have been developed containing Hr0
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ZrO,/Al,03%2 and PZT-powderé? The filler amount in the  catalyst was studied as a function of time from 1 to 200 min.
dispersant liquid which is used as a transportation vehicle The identification of the vibrational modes was carried out
for the inkjet printing process, however, is limited. Recently, according to Anderson and Bellarf§2”

details of the inkjet printing process with respect to the flow  Viscosity measurements of the sample mixture with
process and the operating parameters of the printhead weréyse-100 = 0.7 during crosslinking were carried out with
modeled, and alumina suspensions with a volume fraction of a rotational rheometer (Haake VT 550, Thermo Electron
up to 0.4 were used for ceramic green part manufactdfing. GmbH, Karlsruhe, Germany) at 2G with shear rates of
An alternative route to increase the solid content is the use10 and 100s! at 20°C. Further viscosity adjustment was
of a slurry consisting of a poly(carbosilane) preceramic accomplished wittn-hexane, which was added to the MSE-
polymer and a ceramic powder dispersed in a solvent as100/DMS-S12 sample in order to demonstrate the compat-
demonstrated by Mott and Evaffs. ibility of the solvent with the base system. Thehexane

The system described in this work is based on a low- volume fraction was varied from 0 to 0.26, related to the to-
viscosity poly(siloxane) preceramic polymer, a latent water tal volume fraction of the MSE-100/DMS-S12 mixture. One
source and a catalyst for fast crosslinking at room tempera-of the overall goals of this research is to formulate a low-
ture. Rheological measurements were carried out with respectiscosity, particle loaded preceramic ink for inkjet printing.
to the crosslinking behaviour at room temperature and Fourier Therefore, a compatible solvent is necessary.

Transformed Infrared Spectroscopy (FTIR) was performed  For thermal transformation and ceramic yield analysis the
in order to investigate the crosslinking mechanism. Thermal two liquid components were mixed in a test tube with a
analysis was used to investigate the polymer-to-ceramic con-weight fraction of the MSE-100Mmse = mvse/(Mvse +
version and to obtain the ceramic yield which is compared mpys), ranging from 0.37 to 1.0. The liquid was poured into
to the ceramic yield of a commercial silicone resin. Because a polyethylene mold with a diameter of 10 mm and a height of
of its low viscosity, rapid crosslinking, high ceramic yield 8 mm for crosslinking and the catalyst was added under vig-
after thermal conversion and the compatibility with organic orous stirring within 60 s. These samples were held at room
solvents for viscosity tailoring it is suitable as a basic binder temperature for 12 h and at 110 for another 12 h.

system for the use in liquid processing, especially for inkjet ~ The thermal transformation behaviour was monitored by
printing of filler-loaded preceramic polymers. thermal analysis (TGA and DTA) with a simultaneously oper-
ating thermobalance (STA 409A; Netzsch GmbH, Selb, Ger-
many). About 50 mg of the dried samples was placed in an
alumina crucible and heated to 108D in argon atmosphere
at a heating rate of 1GC/min.

A poly(methoxymethylsiloxane) (MSE-100, Wacker Sili- Pyrolysis was carried out in argon atmosphere in a tube
cone AG, Muenchen, Germany), a hydroxy-termina’[ed linear furnace with a dwell time at 100 of 2 h and at two different
poly(dimethylsiloxane) (DMS-S12, Gelest Inc., Morrisville, heating rates of 3and £C/min. From the pyrolysed samples
PA, USA) and a crosslinking catalyst operating at room the ceramic yield was calculated.
temperature ([bis(2-ethylhexanoate)tin] dissolved in 50 wt.%
poly(dimethylsiloxane); SNB-1101, GelestInc.) were used in
the formulation of the base system in this study. The amount
of catalyst such that tin ions were 1 wt.% of the system. The 3 1 Crosslinking mechanism of the
chemical compounds used in this work are listedable 1

The crosslinking reaction was studied by FTIR spec-
troscopy (Nicolet DBX-5; ThermoNicolet, Madison, WI,

2. Experimental procedure

3. Results and discussion

poly(methoxymethylsiloxane)

When the catalyst was added to the DMS-S12 only,

USA). In a first step, the single components (DMS-S12,
MSE-100, Sn-catalyst in poly(dimethlysiloxane)) were
investigated individually from 400 to 4000crh (on a
Si-wafer). In a second step, the reaction mixture MSE-
100/DMS-S12 with a weight fraction dflysg-100 = 0.7
was investigated, and finally the reaction mixture with the

Table 1
Components of the rapid crosslinking preceramic polymer system

within a few seconds a cloudy precipitate appeared. This
effect was not observed when the catalyst was added to
the MSE-100/DMS-S12 mixture, which remained clear
and colorless even after the viscosity increased. FTIR
spectra of the -catalyst-containing MSE-100/DMS-S12
mixture have shown, that the peak intensity of the stretching

Brand Chemical compound Formula

MSE-100 (Wacker AG) Poly(methoxymethylsiloxane) £3#0)1.1(OCHs)o.g

DMS-S12 (Gelest Inc.) Poly(dimethylsiloxane), hydroxyterminated (OHS)IKCH3),SiO], (with 15 <n < 30)
n-Hexane (Merck) Alkane n-CeH14

SNB-1101 (Gelest Inc.) Bis(2-ethylhexanoate) tin in 50 wt.% poly(dimethylsiloxane) 16H£04Sn
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Fig. 1. FIlR spectra (time dependent) of the —OH region from 3200 0 Fig 2 FTIR spectra (time dependent) of the fingerprint region from 700 to
3600cnT". 1200 cnt after different crosslinking times.

vibrations of the bonded and associated —OH groups of the(step Il). This crosslinking mechanism may be more com-
poly(dimethylsiloxane) which are located between 3200 plex and is still under investigation.
and 3600 cm?, decreased drastically within a few minutes
(Fig. ). This effect may be caused by condensation reactions3.2. Viscosity measurements and viscosity control
of the DMS-S12 hydroxy-terminated poly(dimethylsiloxane)
resulting in water formation. From the average molecular  Fig. 4shows the viscosity at 2@ as a function of time of
weight of 400 to 700gmof' (manufacturer's data) an aMSE-100/DMS-S12 (MSE-100 weight fractiovimse-100
average latent water content of 3.4wt.% (related to pure = 0.7) mixture after catalyst addition. As can be seen on this
DMS-S12) was calculated which was assumed to be liberatedhalf-logarithmic scale, the viscosity increased linearly over
completely by condensation reactions after catalyst addition. a period of~35 min, and than increased sharply. This effect
In the fingerprint region of the preceramic polymer com- may be caused by the formation of th&i—O-Si— bonds,
pounds, the vibrational modes at 1190, 780 and 1080'cm  which is in good agreement with the FTIR results. When the
are related to the SD-CHgz units. The region from 1000 temperature was increased to°@prior to catalyst addition,
to 1130cnt?! is associated with the asymmetric stretching the crosslinking time could be reduced~@.3 min.
modes of SiO-Si and Si-O—C bonds?%27 A set of FTIR The viscosity of the starting system with a weight frac-
spectra of the fingerprint region of the catalyst-free MSE- tion of the poly(methoxymethylsiloxan®)vse-100=0.7 was
100/DMS-S12 mixture and after catalyst addition from 1 to found to be 22.5mPas at 2G. When fillers are introduced
42 min is presented iRig. 2 in the system, the viscosity is expected to increase. In order
While after the catalyst addition the band~a®00 cntt to keep the systems’ viscosity below 30 mPas, which was
disappeared caused by the condensation of silanole groups ahown to be the upper limit for inkjet printirg, n-hexane
major change in the spectra was observed af&3—42 min was used for viscosity adjustment. Thénexane shows no
of reaction time (cf. spectrum taken after 42 miig. 2). miscibility gap when mixed with the MSE-100/DMS-S12
The vibrational mode at 780 cm decreased, and an in- system, has a viscosity of 0.31 mPas at room temperature
crease in intensity of the band at 1030c¢mwas found. and a boiling point of 69C, and thus allows rapid evap-
While the first mode is related to the-®&—CHs unit, the oration after printing. These physical properties make it a
mode at 1030 cm! represents the stretching vibrations of suitable modifier for the base system to be a preceramic ink.
the Si-O—Si bonds. Major changes after crosslinking times The resulting viscosity as a function of thehexane volume
>42 min up to 200 min, however, were not observed. Based onfraction is shown irFig. 5.
this preliminary results, we propose a tentative crosslinking  An n-hexane volume fraction of only 0.05 reduced the vis-
mechanism illustrated iRig. 3. cosity to <20 mPas, and the sample with-hexane volume
In the first step, water was generated within minutes from fraction of 0.2 showed a viscosity less than 10 mPas.
the condensation reaction of the poly(siloxane)-terminating
hydroxy groups (step I). The water, however, associated with 3.3. Weight loss and ceramic yield
the methoxy groups of the MSE-100, caused hydrolysis of
these units and the subsequent bond formation/condensation The TG curves (top) and first derivatives of the
of the afore generated siliconether-bonded silanol groupsTG curves (bottom) of MSE-100/DMS-S12 mixtures
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step I: in situ formation of water and
assoziation with the methoxy groups
CH; CH, CH;
| ‘ | Sn-Octoat
2 HO—Ti—O S‘:i—O S|i—0H HZO
CH,3 CH; CH;
n
crr rArr
+ HO—Si—O S’i—O Ti—O—‘Si—O S’i—O Si—OH
CH; CH; CH; CH,; CH; CH,
n n

step IL:

hydrolysis of the methoxy groups

and Si-O-Si bond formation (crosslinking)

CH,

Si—O0—

OCH; M

OCH;,

CH,3

+ H,0 (+ Sn-Octoat) -

-2CH;0H

CH;,

—Si—O0

n
o

—Si—O0

CH;

Fig. 3. Tentative mechanism of MSE-100 crosslinking by in situ water generation, methoxy group hydrolysis@r®8bond formation at room temperature.

with different MSE-100 weight fractions are shown in

Fig. 6.

changed with an increasing MSE weight fract

significant change was observed with the peak in the deriva-

tive of the weight loss at 43CC. It decreased significantly
The weight loss decreased with increasing weight frac- with increasing MSE-100 weight fraction while the peak at
tions of MSE-100. The thermal decomposition behaviour 400°C in this sample shifted to lower temperatures. The sig-

ion. The most

nificance of these changes are under investigation.

Starting composition 30
MSE-100 weight fraction: 0.7 N ! DMS-S12/MSE-100
catalyst amount: 1.0 w. % (calculated as Sn") Weight Fraction MSE-100: 0.7/(without n-hexane)
1000 . 25p Viscosity at 20°C:22.5 mPas
Experimental parameters
o Shear rate: 100 s
g Temperature: 20°C 4 20
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Fig. 4. Viscosity as a function of time of a MSE-100/DMS-S12-mixture

(weight fractionMyse-100 = 0.7) after catalyst adding.

Volume Fraction of n-Hexan,V_, v . /v . +V sl

Fig. 5. Viscosity as a function of thehexane volume fraction at 2C.
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Fig. 6. TG curves (top) and their first derivatives (bottom) of MSE-
100/DMS-12 mixtures of different weight fraction.

The residue after holding at 131@ and the overall ce-
ramic yield after holding at 110C and pyrolysis at 1000C
with a heating rate of 3 and 2&/min in argon atmosphere
is shown inFig. 7. Moreover, the expected overall ceramic
yield from theoretical calculations (doted line with circles)
is shown based on a linear combination of the ceramic yield
of the linear polydimethylsiloxane DMS-S12 (zero) and ce-
ramic yield of pure, crosslinked MSE-100 (52 wt.% for pure
MSE-100). The thermal decomposition behaviour of linear
poly(dimethylsiloxanes) was described by Schiavon é®al.
resulting in a total loss after pyrolysis at 600.

No significant differences in the ceramic yield after py-
rolysis at different heating rates of 3 and“X@min were ob-
served. A significant ceramic yield after pyrolysis at 1000
in the MSE-100/DMS-S12 system was measured at a MSE-
100 weight fraction 0£0.37. With an increasing MSE-100
weight fraction the ceramic yield increased and showed a
maximum of 54 wt.% aMpyse-100 = 0.7. It should be noted
that the ceramic yield is significantly higher in the MSE-100
weight fraction range from 0.45 Mysg-100 < 0.95 as com-

pared to the expected (calculated) ceramic yield in this range.
The reasons for this are under investigation. Possible mech-Forschungsgemeinschaft

179

100

Js_o_o/o——-*""/"

[=0—dried @ 110°C/12h
- —r— overall ceramic yield @1000°C / 3Kmin™

| —#— ooverall ceramic yield @1000°C/10Kmin™
= @ calculated theor. data

(=]
o

[<2]
o

-y
o

Ceramic Yield, wt %

N
o

L] L} L} L}
0.2 0.4 0.6 0.8
MSE Weight Fraction, [m__/(m

MSE

1.0

+m

MSE DS-81 2)]

Fig. 7. Yield of the MSE-100/DMS-S12 samples with different MSE-100
weight fractions after drying at 10, overall ceramic yield after drying
and pyrolysis at 1000C in argon atmosphere and theoretical (calculated)
ceramic yield.

anisms included, are the degree of crosslinking (expected
to be higher around a MSE-100 weight fraction of 0.7); or
copolymerisation leading to a less volatile structure. For com-
parison: A commonly used, pure poly(methylsilsesquioxane)
(MK, Wacker Siltronic AG, Muenchen, Germany) which is
often used in preceramic polymer proceséifig3° resulted

in an overall ceramic yield of80 wt.% (which translates to

56 wt.% at a weight fraction of 0.7).

4. Conclusions

A high-yield low-viscosity base system based on a
poly(methoxymethylsiloxane) as a preceramic polymer and
a hydroxy-terminated poly(dimethylsiloxane) as a latent wa-
ter source for crosslinking was developed. The crosslink-
ing reaction of the preceramic polymer was initiated by
the water formation by condensation reactions of the
poly(dimethylsiloxane) after catalyst addition and the reac-
tion of the water with the methoxy groups of the preceramic
polymer. The crosslinking reaction occurred at room temper-
ature after~35 min. The system was shown to be compatible
with alkanes for a further viscosity adjustment. After py-
rolysis at 1000C in argon atmosphere a ceramic yield of
~54wt.% was measured. The low viscosity-e22.5 mPas
at room temperature, the compatibility with alkanes for vis-
cosity adjustment (which is necessary for a filler-loaded sys-
tem) and the short crosslinking time make this preceramic
polymer system a suitable candidate for inkjet printing and
layer-by-layer processing of 3D parts.
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