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Abstract: Ceramic matrix composites (CMCs) are refractory ceramic materials with damage-tolerant
behavior. Coming from the space industry, this class of materials is increasingly being used in other
applications, such as automotive construction for high-performance brake discs, furnace technology,
heat coatings for pipe systems and landing flaps on reusable rocket sections. In order to produce
CMC faster and more cost-efficiently for the increasing demand, a new additive manufacturing
process is being tested, which in the future should also be able to realize material joints and higher
component wall thicknesses than conventional processes. The main features of the process are as
follows. A ceramic fiber bundle is de-sized and infiltrated with ceramic suspension. The bundle
infiltrated with matrix material is dried and then applied to a body form. During application, the
matrix material is melted by laser radiation without damaging the fiber material. For the initial
validation of the material system, samples are pressed and analyzed for their absorption properties
using integrating sphere measurement. With the results, a suitable processing laser is selected, and
initial melting tests of the matrix system are carried out. After the first validation of the process, a
test system is set up, and the first test specimens are produced to determine the material parameters.

Keywords: ceramic matrix composite; additive manufacturing; laser technology; wavelength depen-
dent absorption rate; integrating sphere measurement

1. Introduction

The conventional production of fiber-reinforced ceramic components mainly takes
place via polymer infiltration pyrolysis (PIP), melt infiltration process (MI), chemical
vapor infiltration (CVI) or sintering processes [1-9]. Another method that is still being
researched on a small laboratory scale is electrophoresis deposition [10]. In the following,
these methods will be briefly described, and their advantages and disadvantages will
be mentioned.

In the case of the PIP, a fiber preform is produced as the starting framework, e.g., made
of carbon fibers. This is infiltrated with a matrix polymer in a temperature range between
150 and 300 °C, followed by the chemical crosslinking of the polymer. The resulting green
body is referred to as carbon fiber-reinforced polymer (CFRP). By means of pyrolysis under
inert conditions from 700 up to 1600 °C, a ceramic matrix composite (CMC) arises from the
CFRP. Due to the volume shrinkage, which occurs during pyrolysis, the matrix is being
pervaded by pores and cracks. By the repetition of the process, steps of pure filtration,
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crosslinking and pyrolysis several times, the resulting porosity can be reduced iteratively
to a minimum. In the end, however, a low remaining porosity must be tolerated. The
advantages and disadvantages of the PIP and other methods are summarized in Table 1.

Table 1. Advantages and disadvantages of different production methods for fiber-reinforced ceramic components [1-11].

Method Advantages Disadvantages
=
2 similarity in design and high cost of ceramic precursors
s manufacturing with conventional very long process time
= CFRP standards and low tooling multiple repetitions of the
»E * costs leads to cost-efficiency infiltration, crosslinking and
:C: 2 possibility of in situ joining of pyrolysis
>0 pre-hardened parts in the high residual porosity and low
L autoclaving process interlamellar shear strength

Melt Infiltration

processing time under 5 days
dense parts (porosity under 2%)
low cost

complex and near-net shapes may
be fabricated

high electrical conductivity

residual metal limits the application
temperature

high process temperatures during
infiltration

possible attack of fibers by metal

Chemical
Vapor Infiltration

high flexibility in the variety of
shapes

in large ovens, many parts of
different shapes can be infiltrated
simultaneously

only one infiltration step

very long process time

only small wall thicknesses (3-5
mm) processable

closed residual porosity with pore
diameters up to 0.5 mm

Sintering

use of conventional sintering
technology

inexpensive

low processing temperatures at
1000 to 1200 °C

only for oxide matrix materials
porosity values around 20%

low operating temperatures around
1600 °C

Electrophoresis

cold process
without fiber damage

complex powder preparation and
dispersion

limitation to thin component
thicknesses

complex process technology

porosity

9

5 simple processing
oy high flexibility in the variety of strength level unknown yet
ER= shapes sensitive fiber bundle during
'g ’% no size limitations processing
L2 implementation of functional elaborate fiber processing
é) § materials or components possible

The MI process is similar to the PIP process but enables the production of CMCs with
a higher density. In this case, the PIP process is interrupted after the first pyrolysis. Instead
of repeating the previous process steps, the remaining void is infiltrated with metal instead
(for example, liquid silicon infiltration (LSI)). This process adaption enables the reduction
of porosity. The infiltrated metal closes the pores. In order to avoid the damage of the fibers
by metal, the infiltration process must be carried out as quickly as possible.

The third conventional method is the CVI. Again, the basis is a fiber braid stabilized
near the final contour. The fiber preform is heated in an oven and then flushed by the
process gas. The process gas reacts, and some of the reaction products deposit on the fibers
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and form the matrix of the CMC. The remaining reaction products are filtered out of the
process chamber.

Another variant for the production of oxidic CMC is sintering for matrix genera-
tion. Here, the matrix material is produced from starting materials by high-temperature
treatment. These matrix precursor materials have lower melting temperatures (1000 to
1200 °C) than the final matrix (about 1600 °C). This allows processing without damaging
the oxidic fibers by too high temperatures during processing. The matrix material is milled
to powders in the nanometer particle size range and then processed into suspensions. The
slurries are introduced between the fibers and sintered at the sintering temperature with
high volume shrinkage.

Another method for matrix generation of CMC that is not yet conventionally used
is electrophoresis. This involves dispersing electrically charged ceramic matrix particles
in a liquid. The matrix particles are then deposited on oppositely charged fiber surfaces
and between the fibers (electrodes) in a direct current electric field. The spaces between
the fibers are filled with matrix material until the capillaries between the fibers are closed
so far that the charged particles can no longer infiltrate. Here too, pore space remains
open. In the experiments presented below, a CMC is to be produced for the first time using
laser technology (Coherent Diamond J-3 10.6 400 W OEM laser, Coherent, Palo Alto, CA,
USA) and a computer-controlled laydown mechanism (Axial Ingenieurgesellschaft GmbH,
Dresden, Germany). For this purpose, samples of the powder materials SiO, and Y,03
are first pressed and then melted by the laser. The SiC fiber material mixed into these
samples as particles are given special consideration in the subsequent ceramography. It
should not melt under the determined process parameters in order to avoid mixing with
the matrix material and thus guarantee the typical CMC properties. The Y-5i-O matrix
system was selected because it forms yttrium silicates in thermodynamic equilibrium,
which have sufficient mechanical stability and excellent corrosion stability at both room
and high temperatures [11-13]. Likewise, the coefficient of thermal expansion is close to
that of SiC fibers, and there are no chemical interactions between the components [14,15].

2. Materials and Methods

A new process based on additive manufacturing methods, as published in the patent
specification DE102015205595B3 [16], gives the opportunity to overcome long processing
times and the dependency on furnace technology. A ceramic fiber bundle is to be con-
tinuously de-sized after unwinding from the fiber supply roll and then infiltrated with a
ceramic slurry. Followed by a drying process, the infiltrated fiber bundle is positioned by a
CNC-controlled depositing mechanism, and at the same time, the matrix material around
the fibers is consolidated by means of laser treatment.

Compared to conventional methods, the new additive process offers various advan-
tages (see Table 1). One of them is shaping. This is to take place via a quasi-continuous
process step. As described in the patent, a fiber bundle is to be infiltrated with matrix
material and then deposited. The aim is to melt the matrix powder during the depositing
process and to compact it around the fibers without damaging them. Since the require-
ments for the matrix starting materials are lower than for sintering, they are currently
cheaper to procure. The new method should make it possible to integrate metallic fastening
elements and sensor technology during the process through shorter, local energy input in
the manufacturing process. Joining is addressed as a further possible application of the
process. The process can theoretically be scaled well, as the machining area of the unit is
regarded as the limit and can be adapted to the necessary conditions.

The fiber material, SiC, was defined as the base point for the material system. The
following conditions for the matrix system and the beam source to be used are derived
from this:

e  Comparatively high beam absorption of the matrix compared to the fiber material [17]
e  Meltability of the matrix material
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e  Physical and chemical compatibility with SiC (coefficient of linear thermal expansion,
chemical interactions, oxidation).

As can be seen from sources [13,14], yttrium disilicate (Y,5ipOy) seems to be suitable
as a matrix material. However, the absorption values are not described. Based on other
oxides [17], however, it seems reasonable to expect that equally high absorption values
can be achieved here for CO; lasers (A = 10.6 um). The higher absorption of the matrix
materials should ensure that they melt before the fiber material with the lower absorption
value is affected.

To confirm the assumption, the absorption values of the mentioned oxidic base mate-
rials (Y203, Grade C, Hogands AB, Hogands, Sweden; SiO, Zandosil 30, Heraeus, Hanau,
Germany) were analyzed by integrating sphere measurements and compared with the
literature values of SiC. The Varian Cary 5000 UV-VIS-NIR spectrometer (Agilent Tech-
nologies Inc., Santa Clara, CA, USA) was used to measure the absorbance values over a
wavelength range of 0.3 to 15 um. To analyze the absorption values, samples of powdery
matrix material with different compositions were pressed. The method was as follows:

Attrition milling in isopropyl alcohol for 4 h
Uniaxial Pressing to 16 x 16 x 4 mm?;

Cold isostatic pressing at 250 MPa
Debinding at 600 °C for 1 h in air.

Table 2 gives an overview of the sample compositions tested.

Table 2. Composition of the pressed samples.

Sample Si0; (%) Y,03 (%)
1 100 0
2 0 100
3 66.6 333

Based on the analyzed oxidic materials, a matrix system will be selected. The corre-
sponding phase diagram for the matrix material system consisting of SiO, and Y,O3 can
be found in source [18]. Following the material and laser selection, initial parameter tests
are carried out for melting the pressed samples under variation of the laser power (Pr)
between 10 and 100 W, laser feed rate (v) between 200 and 16,000 mm /min and laser spot
diameter (d) of 1 mm. The energy density (E) was considered as a comparative value. The
samples were evaluated by means of ceramographic cross-sections, electron microscope
and X-ray diffraction. The best parameter sets form the starting point for the first tests with
the new additive manufacturing process described in Figure 1.

laser

fiber on roll

de-sizing and
drying oven
CNC fiber

impregnation
guiding system

with powder
slurry

Figure 1. CAD model of the machine for additive manufacturing of CMC using laser technology.
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3. Results

Using the pressed samples prepared as described in Section 2, the integrating sphere
measurement was carried out to determine the absorption values of different compositions
of SiO; and Y,03. The results are shown in Figure 2.

0.3 ym-2 ym: 2 pm-15 pm:

Varian Cary 5000 Perkin Elmer Frontier
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Figure 2. Absorption rate (A) of selected ceramic materials by different wavelengths (A) using integrating sphere measurements.

From the results of the integrating sphere measurements, it can be seen that the selected
oxide ceramic matrix materials SiO, and Y,O3 show significantly higher absorption values
(about 90%) at a comparatively high laser wavelength of 10.6 um than the SiC fiber material
with 66% [17]. Due to the proven difference in absorption values, the following tests
are carried out with a mixture of SiO, and Y,0Oj3 in a stoichiometric ratio of 2:1. The
composition is derived from the eutectic produced in this ratio and the associated low
melting temperature (about 1775 °C [18].

To investigate the effect of the molten bath on the fiber material, particulate silicon
carbide (SiC; F1200, ESK-SIC GmbH, Frechen, Germany) with a volume fraction of 10%
was added as a substitute to the matrix system. The powder mixtures were then mixed
with organic binders, ground and processed into granules. This was formed into cuboids
measuring 16 mm x 16 mm X 4 mm by cold isostatic pressing (see Figure 3). The organic
material was then debound at temperatures above 500 °C.

Z2L0 (ETED (IAYD WYY

(a) (b)

Figure 3. Pressed test specimens of Y,03-5i0, with 10 vol.% SiC, (a) before and (b) after first tests.

The pressed samples were partially melted in the first experiments using a laser
(Diamond J-3 10.6 400 W OEM Laser, Coherent, Palo Alto, CA, USA) of 10.6 um wavelength.
The investigation of the single-track tests showed a different reaction of the material to the
laser parameter variation of laser power, feed rate and spot diameter. Figure 4 shows a cross-
section of the track tests with A = 10.6 um for the material composite. The sample shows a
homogeneous melt pool with a dense structure that has not solidified in thermodynamic
equilibrium due to the extremely high cooling rate.
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Figure 4. Cross-sections of Y,O3-5i0; processed with A = 10.6 pm.

A cross-section with higher enlargement of a press specimen with 10 vol.% SiC is
shown in Figure 5. According to the phase diagram [18], it was to be expected that mainly
yttrium disilicate with embedded SiC would form.

™ - Y,S105 ) .

Figure 5. Cross-section of Y503-5i0; sample with 10 vol.% SiC melted with A = 10.6 pum.

Measuring the composition by EDS (Energy dispersive spectroscopy) (Figure 6), four
different phases could be identified by the stoichiometric ratio of the elements: yttrium
disilicate, yttrium monosilicate, silica and silicon carbide. This non-equilibrium state is
not in accordance with the phase diagram but is caused by the rapid cooling of the melt.
However, the evaporation of Si-O species during processing leads to a partial reduction in
the yttrium disilicate with the formation of more yttrium monosilicate compared to the
residual amount of silica. A phase of yttrium disilicate with silicon oxide is deposited on
the edge of the yttrium disilicate crystals by segregation of the yttrium monosilicate.

The cross-sections of the surface melt tests (Figure 7) show similar laser penetration
depths of around 140 um from top to bottom, with reduced laser power, lower feed rate
and the same energy density. Viewed from the surface, the samples show no macroscopic
defects (delamination, cracking, color change), even when repeatedly processing the same
surface with the same parameters. This is essential for the planned welding process, as the
layer-by-layer structure requires repeated laser exposure of a surface.
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Figure 6. EDS (Energy dispersive spectroscopy) measured composition of melted Y,03-5iO;, sample
with 10 vol.% SiC.

H ouIes ‘A pue 1J paosnpay]

Figure 7. Cross-sections of surface melt tests from top to bottom, reduced laser power (P ) from 40
to 10 W, lower feed rate (v) from 3200 to 800 mm /min, same energy density (E) at 0.5]/ mm?.

The characterization of the microstructure formation of the melting regions in Figure 7
was carried out by means of cross-sections and their analyses in the field emission scanning
electron microscope (FESEM: NVision40 or Ultra55, Carl Zeiss AG, Oberkochen, Germany)
(Figure 8) and X-ray diffraction (XRD: D8, Bruker AXS, Karlsruhe, Germany).

Figure 8. Structural variations from left to right—Concentration of Si-O and increased formation of
yttrium disilicate (grey) due to reduced energy input and lower feed rate at the same energy density.
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Depending on the power parameters of the laser, the chemical composition of the
sample changes. Higher energy inputs lead to vaporization of Si-O and thus to a reduction
of the yttrium disilicate with the formation of yttrium monosilicate. It is a benefit for the
process to reduce the laser power and the feed rate at the same energy density. As the tests
(Figure 8) show, this resulted in a higher amount of the disilicate phase in the cross-sections.

Based on the results of the melting experiments on pressed powder tablets, the next
step was to test the CMC production by laser technology on fiber composites consisting
of Y,03-5i0; (1-2 mol) and the fiber material (Tyranno SA3, Ube Ind., Tokyo, Japan), as
can be seen in the detailed images in Figure 9, the first samples were set up with the newly
developed system.

Figure 9. Details of the test set-up from left to right: (a) fiber bundle reservoir; (b) coating of the fiber
bundle in the slurry with subsequent furnace drying; (c) fiber guide system.

Following the functional tests of the system, the first samples were processed by laser,
as can be seen in Figure 10.

Figure 10. First Y,03-5i0, sample with SiC fiber, melted with A = 10.6 um, produced using the new
system: without melting the matrix (left), with melted matrix (middle and right).

As can be seen in the cross-sections in Figure 11, it was confirmed that the fibers
were not damaged by the laser, as expected. Damage only occurred in isolated cases
where minimal matrix material was present. The transition areas between fiber and matrix
correspond to the expectations of a CMC. In the images, the fibers appear to be embedded
in the matrix. This is indicated by the grain structures of the matrix, which do not continue
in the fiber, and a step in the cross-sections between fiber and matrix.
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Figure 11. Cross-section Y,03-5i0, sample with SiC fiber, melted with A = 10.6 um, overview (a), higher magnification of

(d)

the transition (b), cross-section along the fibers (c), area with embedded fibers in matrix material (d).

4. Conclusions

In summary, it can be said that in the experiments with the press specimens, the
use of the wavelength of 10.6 pm made it possible to melt the matrix systems. The tests
with SiC-fiber material showed that a homogeneous infiltration of the fiber bundles with
matrix material during the winding process is possible. However, the amount of matrix
material between the fibers of the fiber bundle still has to be increased. After the welding
process, there is still insufficient matrix between the fibers. Due to the high wavelength
of the CO; lasers (A = 10.6 um), the laser power is predominantly absorbed close to the
surface (100-200 um). Thus, the melting process takes place close to the surface. In order
to increase the penetration depth, the laser parameters are varied in further experiments
(feed rate, laser power, laser relative movement). The fiber material (Tyranno SA3, Ube
Industries, Tokyo, Japan) used was not damaged by the laser during processing. If the
laser power was too high (over 100 W), mixing with the matrix material occurred on the
fiber surface.

As an outlook for the processing technique of CMC using laser technology described
in the paper, the following can be noted. The proportion of infiltrated matrix powder must
be increased, by changing the binder system, or by increasing the penetration depth of the
laser in the melting area under controlled energy density by varying the laser power, feed
rate and scanning strategy. To prevent damage to the fibers, the laser power should be
kept under 50 W and the feed rate over 4000 mm/min. The scanning strategy should be
adapted so that the process zone is scanned several times. For example, oscillating, circular
or rectangular scanning patterns of the laser beam could be used.



Materials 2021, 14, 3248 10 of 10

Author Contributions: Conceptualization, S.P. and W.K.; methodology, S.P., W.K. and A.F; formal
analysis, B.B.; investigation, S.P. and WK,; resources, E.L., A.E, C.L. and F.B.; writing—original draft
preparation, S.P.; writing—review and editing, W.K,, B.B., A.F. and E.L.; supervision, EB. and C.L.;
project administration, E.L. and C.L.; funding acquisition, B.B., W.K and E.L. All authors have read
and agreed to the published version of the manuscript.

Funding: This research was funded by Bundesministerium fiir Bildung und Forschung (BMBF),
grant number 032Z20222C.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: All the data is available within the manuscript.

Acknowledgments: Based on these fundamental results, the project LasCer was recently funded
within the framework of Agent3D from the Bundesministerium fiir Bildung und Forschung (BMBF).
The authors would like to thank the BMBF for the funding.

Conflicts of Interest: The funders had no role in the design of the study; in the collection, analyses,
or interpretation of data; in the writing of the manuscript, or in the decision to publish the results.
The authors declare no conflict of interest.

References

1. Krenkel, W. Ceramic Matrix Composites: Fiber Reinforced Ceramics and their Applications; WIYVCH Verlag GmbH & Co. KGaA:
Weinheim, Germany, 2008.

2. Naslain, R.A,; Langlais, F. CVD-processing of ceramic-ceramic composite materials. Mater. Sci. Res. 1986, 20, 145-164.

3. Polenz, S.; Seidel, A.; Moritz, J.; Kunz, W.; Riede, M.; Lopez, E.; Briickner, E; Leyens, C. Wavelength dependent laser material
processing of ceramic materials. J. Laser Appl. 2019, 31, 022316. [CrossRef]

4. Polenz, S.; Seidel, A.; Moritz, J.; Kunz, W.; Riede, M.; Lopez, E.; Briickner, F.; Leyens, C. Wavelength Dependent Laser Processing of
Ceramic Materials for Aerospace and Space Applications. In Rapid.Tech + FabCon 3.D International Hub for Additive Manufacturing:
Exhibition + Conference + Networking; Proceedings of the 16th Rapid.Tech Conference, Erfurt, Germany, 25-27 June 2019; Carl Hanser
Verlag: Munich, Germany, 2019; pp. 418-429. ISBN 9783446462441.

5. Hillig, W.B. Making Ceramic Composites by Melt Infiltration; American Ceramic Society Bulletin: Westerville, OH, USA, 1994;
Volume 73.

6.  Wamser, T. Herstellung von Oxidkeramischen Verbundwerkstoffen Mittels Freeze-Casting; Cuvillier Verlag: Gottingen, Germany, 2016.

7. Naslain, R.R. SiC-Matrix Composites: Nonbrittle Ceramics for Thermo-Structural Application. Int. ]. Appl. Ceram. Technol. 2005,
2, 75-84. [CrossRef]

8. Naslain, R.; Langlais, F.; Vignoles, G.; Pailler, R. The CVI-Process: State of the Art and Perspective. In Mechanical Properties and
Performance of Engineering Ceramics 1I: Ceramic Engineering and Science Proceedings; John Wiley & Sons, Inc.: Hoboken, NJ, USA,
2008; pp. 373-386.

9.  Zheng, G.; Sano, H.; Uchiyama, Y.; Kobayashi, K.; Sizuki, K.; Cheng, H. Preparation and Fracture Behavior of Carbon Fiber/SiC
Composites by Multiple Impregnation and Pyrolysis of Polycarbosilane; Nippon Seramikkusu Kyokai: Tokyo, Japan, 1998; Volume 106.

10.  Fritsch, M.; Klemm, H.; Herrmann, M.; Schenk, B. Corrosion of selected ceramic materials in hot gas environment. J. Eur. Ceram.
Soc. 2006, 26, 3557-3565. [CrossRef]

11. Sun, Z.; Zhou, Y.; Wang, J.; Li, M. Thermal Properties and Thermal Shock Resistance of y-Y,Si,Oy. J. Am. Ceram. Soc. 2008, 91,
2623-2629. [CrossRef]

12.  Sun, Z.; Zhou, Y.; Wang, J.; Li, M. v-Y,Si;O7 a Machinable Silicate Ceramic: Mechanical Properties and Machinability. J. Am.
Ceram. Soc. 2007, 90, 2535-2541. [CrossRef]

13. Boakye, E.E.; Mogilevsky, P.; Parthasarathy, T.A.; Keller, K.A.; Hay, R.S.; Cinibulk, M.K. Processing and Testing of RE25i207
Fiber-Matrix Interphases for SiC-SiC Composites. J. Am. Ceram. Soc. 2015. [CrossRef]

14. Boakye, E.E.; Mogilevsky, P.; Hay, R.S.; Cinibulk, M.K. Rare-Earth Disilicates as Oxidation-Resistant Fiber Coatings for Silicon
Carbide Ceramic-Matrix Composites. |. Am. Ceram. Soc. 2011, 94, 1716-1724. [CrossRef]

15.  Boccaccini, A.R.; Kaya, C.; Krtiger, H.-G. Elektrophoretische Abscheidung zur Herstellung von faserverstirkten Keramik- und
Glasmatrix-Verbundwerkstoffen — Eine Ubersicht. Chem. Ing. Tech. 2001, 73, 443-452. [CrossRef]

16. Kunz, W.,; Steinborn, C.; Finaske, T.; Briickner, F. Verfahren zur Herstellung keramischer Faserverbundwerkstoffe. German Patent
DE102015205595 B3, 3 March 2016.

17.  Tolochko, N.; Laoui, T.; Khlopkov, Y.; Mozzharov, S.; Titov, V.; Ignatiev, M. Absorptance of powder materials suitable for laser
sintering. Rapid Prototyp. ]. 2000, 6, 155-160. [CrossRef]

18. Pan, Z,; Fabrichnaya, O.; Seifert, H.].; Neher, R.; Brandt, K.; Herrmann, M. Thermodynamic Evaluation of the S5i-C-Al-Y-O System

for LPS-SiC Application. J. Phase Equilib. Diffus. 2010, 31, 238-249. [CrossRef]


http://doi.org/10.2351/1.5096109
http://doi.org/10.1111/j.1744-7402.2005.02009.x
http://doi.org/10.1016/j.jeurceramsoc.2006.01.015
http://doi.org/10.1111/j.1551-2916.2008.02470.x
http://doi.org/10.1111/j.1551-2916.2007.01803.x
http://doi.org/10.1111/jace.13935
http://doi.org/10.1111/j.1551-2916.2010.04306.x
http://doi.org/10.1002/1522-2640(200105)73:5&lt;443::AID-CITE443&gt;3.0.CO;2-F
http://doi.org/10.1108/13552540010337029
http://doi.org/10.1007/s11669-010-9695-7

	Introduction 
	Materials and Methods 
	Results 
	Conclusions 
	References

