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ABSTRACT

The use of porous mamces to enable damage tolerance in ceramic composites has emerged as a

mew paradigm in high performance materials, This paradigm obviates the need for fiber coatings
fot the purpose of crack deflection, thereby providing opportunities for Jower cost MFG relative to
that of conventional coated-fiber systems. Thus, the C/SiC-material shows a fiber-dominated
behavior due to high fiber strength and matrix porosity. The characteristics and mechanical

) properties of this C/SiC are highlighted. The discussion deals with the particular mechanical

'chamctenstlcs of porous-matnx materials relatmg to similar materials mvest:gated hitherto.
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1. INTRODUCTION

In the field of thh temperature applications, the use

of ceramics is promising due to their constant

' strength up to high temperatures and their corrosion

resistance, However, - their brittle damage behavior

impedes  their- broad industrial - wse.. The
implementation of fiber technology overcomes the

poor damage tolerance of ceramic materials by fiber
reinforcement (Ceramic matrix composites- CMCs)
[1~3]. Due to the high thermal stability of carbon,

‘research on carbon fiber-reinforted carbon has been

conducted for aerospace apphcatzons since the 1970s,

In order to avoid. this material’s poor résistance to
oxidizing atmosphere at higher temperatutes, further -

development . to carbon-fiber-reinforced.  silicon
cabide (C/SiC) followed. Fiber ' reinforcement

- increases the fracture toughniess-of ceramic materials. -
Failure of the resulting ceramic matrix ¢omposites .

(CMC) is a process of crack propagation and crack

* branching, crack bridging by the fibets, and finally .

fiber failure in the opened.crack. In order to ufilize

the strebgth of the individual fibers and to obtain

damage-tolerant fracture behavidr, fiber~matrix

' debondmg and therefore a ﬁ‘acture of the ﬁbers one,

by one is necessary, Thus, the structure of the matrix
material, as well as-the fiber-matrix interaction,
strongly influences the mechanical properties .of
CMCs and must therefore be controlled by. the
processing technique [4-6]. Carbon-fiber-reinforced
carbon (C/C) is one of the first representatives of
CMCs, which have been under development since

' the .1960s {2, 7]. Two main processing technigues

have been established for the production of C/C
matérials. In the case of chemical vapor infiltration
(CV), a fiber fabric performi is infiltrated with a
gdseous precursor, so that carbon is subsequently

. deposited on the fibers. This process leads to a high-
. performance it expensive material as a resuit of

long processing times [2, 8). Using the liquid phase

* infiltration. (LPI) technique, the fibers are infiltrated

by an organic material, which is subsequently. cured
and converted into - carbon (é:arbonization)
Thermosetting (resing) as well as’ thermoplastic
(pitch) precursors can be used, which cause glassy
carbon' and graphitic structures to form during

" ‘thermal treatment [2]. Cracks formed, due to
‘shrinkage of the precursor, can be infiltrated again,
" followed by a further thermal treatment. This
remﬁltmtmn step causes the less demanding process
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to become wmore difficult and expensive.
Furthermore, fiber~matrix adhesion must be lowered,
using fiber coatings, in order to achieve non-brittle
failure behavior dve to fiber—matrix debonding [9].
According to the analysis of He and Hutchinson [9],
debonding (i.e. crack-deflecting interface) also
occurs in the case of strong fiber-matrix adhesion
when a matrix material of low stiffness is used. This
can be achieved, for cxample, by using a highly
porous matrix .material, which has hitherto been
shown mainly for CMCs consisting of oxide
materials [10-13]. An attractive option is the
inclusion of silicon carbide (SiC) particles in the
matrix of C/C materials in order to improve the wear
resistance and mechanical strength. In this paper, a
new material is presented, whereby SiC particles are
homogeneously inserted into the carbon matrix
material. This material is produced using a modified
LPI method, where the matrix precursor is initially
filled with fine-grained SiC particles. The resuiting
matrix material consists of homogencously
distributed glassy carbon, silicon catbide particles
and small pores. Due to the porous matrix structure
and the resulting low stiffness of the matrix material,
the use of fiber coatings to rednce fiber—matrix
bonding is not necessary. The processing method for
this C/C-SiC material is outlined. The material is
characterized according to its microstructure, pore
size distribution and mechanical properties (bending
test, as well as single-edge notch beam (SENB] test).

2. MATERJALS AND EXFERIMENTAL WORK

2.1 Processing

A carbon fiber bundle (HTA 5131, Tenax Fibers
GmbH & Co. KG), phenolic resin (K790, Bakelite
AQ), hexamethylenetetramine (Merck KGaA) as
hardener, and SiC powder with a particle size of ;=
0.2um, dsg = 0.7 pm and dgo = 1.5 pm (UF-15, H.C.
Starck) were used as raw materials, A matrix
suspension was prepared by adding SiC powder to a
solution of phenolic resin and
hexamethylenetetramine (9 wt. %) in isopropanol.
The amount of SiC was calculated so that the
resulting matrix consisted of 60 vol, % SiC and 40
vol. % C. The fiber bundle was impregnated by the
matrix suspension, as shown in Figure 1. The
resulting prepregs were cut after drying and stacked
in a mould to produce unidirectional or 0°/90°-
laminated material. Winding techniques were used
for the preparation of composites, in order to achieve
a homogencous distribution of the SiC particles in
the matrix material and around the carbon fibers. The
resin was cured under a pressure of 20 MPa at 190°C
to achieve a dense carbon-fiber-reinforced plastic
(CFRP) with 8iC particles Figure (1).

During carbonization at up to 1000°C in 2 flowing
argon atmosphere, the cured polymer was
transformed into glassy carbon. A final temperature

treatment in vacuum conditions was performed at
1450°C, similar to the reaction treatment for the
reactive silicon filler. Different furnaces were used,
so that the samples could cool down and handled in
air between the temperature treatments. A C/C with
homogeneously  distributed SiC  particles was
obtained (C/C-SiC, Figure 1. During the
transformation of the resin into carbon, a shrinkage
of more than 50% occurred, Since the composite was
dimensionally stable, due to fiber-reinforcement, it
experienced almost no shrinkage. Thus, a porosity of
approx. 20% was formed. As the SiC particles were
added at the beginning, no further infiltration steps
were necessary, Thus, the processing technique does
not limit wall thickness. For comparison, some
composites were investigated without being
subjected to the final temperature treatment. The
transformation of the resin into carbon was in
principle completed after treatment at up to 1000°C,
but a further rearrangement of the carbon structure
could occur by heating it up to 1450°C, Other
composites were prepared by adding silicon (Si)
powder instead of silicon carbide (SiC) powder of the
same particle size and quantity to the matrix
suspension as described above. During temperature
treatment at 1450°C (above the melting point of
silicon), a reaction of siticon and carbon took place
and silicon carbide was formed. The matrix material
was thus completely converted into silicon carbide
with a higher porosity {more than 30%) than was
found for the SiC filler. Pores and silicon carbide
material were homogeneously distributed.

2.2 Characterization

To investigate the microstructure and homogeneity,
polished cross sections of the C/C-SiC were
examined using an optical microscope PMG3 from
Olympus. The pore structure was analyzed by
mercury porosimetry (Pascal 140 and 440 from
Fisons Instruments), as was the adsorption of
nitrogen using BET (Sorptomatic 1990 from Thermo
Quest Italia S.p.A.). The mechanical properties were
analyzed using bending tests. A three-point bending
test was performed with a bearing distance of 100mm
to reduce shear stresses. An automated, electro-
mechanical vniversal testing machine (Zwick 1387
from Zwick, Germany) was used at a constant
crosshead speed of 0.5 mm/min. The specimens had
a width of 10mm and a thickness of approx. 3mm
(six layers). Specimens of different types of
reinforcements (unidirectional and 0°/9¢°-laminated),
as well as those treated at different temperatures
(1000 and 1450°C) were tested. At least 12
specimens were measured in each case for statistical
significance. The values of stress and strain were
derived from linear bending theory. In order to
determine the fracture toughness and fracture
behavior, single-edge notch beam (SENB) tests were
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performed. These fe'atmes‘.-'-arc -best examined -in .
* experiments with a stable crack extension: Thus, a

four-point bending test with bearing distances of 60
and 20mm was vsed, Specimens with a thickness of
approx. Smm (12 layers) and a starting notch with a
length between one-third and one-half of the

“specimen width were prepared using a diamond saw

blade. - For testing, the specimens were oriented
edgewise so that a crack spread out in the direction of
the starting notch Figure (2). This test cannot be
applied for unidirectional fiber reinforcement -
because of delaminating. Thus, 0°/90° laminates (ten

- specimens) of the C/C<SiC material were tested after
‘heat tieatment at 1450°C. The results were then

compared with thosé of C/SiC material, where the
silicon carbide matrix was formed by a reaction of
silicon and carbon, as described above. During the
test, the bridging of the crack by the fibers is the
dominant factor and the effect of reinfotcement could
then be investigated. Therefore, the fracture surfaces
and the load-displdcement curves were anafyzed. A
scanning electron microscope (Ultra35 from Zeiss)
was used to investigate the fractire surface. The load

“was normalized in terms of the formial stréss intensity
factor Ky, g = oVae Y, where 2y is the starting notch

lengthand Yisa functmn for geometrical correction.

It was shown, and verified by model calenlations,

that the fracture resistance of different materials can
be compared using this method [I4, 15]. The
maximum value is interpreted as the formhal fracture
toughness which is indépendent of the different
specimen dimensions and starting notch lengths. For
a variety of different materials, it was shown that the
formal fracture toughness, as well as the shape of the

_curve, differed significantly {15]. As the formal .
fractire toughness refers to the starting fotchi lesigth,

it gives-a lower bound for the .effective. fracture
toughness, which\is based on the actual cragk 1eng£l1‘.

't i 5 mm R
: W= 10 miln .
F&g 2 Schematlc of. four-pomt configmanon for :
: SENB test o

'3, RESULTS AND DISCUSSION

- 3.1 Microstructure.. - .
' The microstructure of the resultmg matenal (0°190° .
 laminated) is shown. it Figure (3). The different

layers can be easily distinguished. In the layers where
cross sectiofs of the fibers are visible, segmentation
cracks can be seen Figure (3a). These ¢racks resulted
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from resin shnnkage This is a typical phenomenon
in CMC materials. The fibers are straightly oriented
in each layer. They are also homogenously
distributed within each fiber bundle Figure (3b). The

" matrix materials, silticon carbide and glassy carbon,

are located homogeneously around each fiber, A few
larger pores can also be seen. In Figure (4), the pore
size distributions of the 0°/90--laininated C/C-SiC
after temperature treatment at 1000 and 1450°C arc
shown. Approx. 8% in the pore radii range of 0.02—

- 100 pm was detected with 2 broad distribution. These
pores can be attributed to the segmentation cracks,

which are of different thicknesses, as can be seen in
Fig. (3a), and also to pores inside the fiber bundles

" (see Fig. 3b) caused by small inhomogeneities.

Further pores (more than 10%) were almost of the
same size (pore radii of 0.01-0.02pum), These small

" pores were formed within the matrix material,

betwéen the glassy carbon and the SiC particles in
homogeneous distribution, The number of pores with
radii larger than 0.02 pum did not significantly
increass with an increasing heat treatment
temperature. The fotal porosity measured by mercury

- porosimeiry, which could be detected down to a pore

radius of 2 nm, increased afier temperature treatment
at 1450°C. However, the slope of the curve for
1000°C in the range of small pore radii (<0.01 pm,

' Figure 3) suggests that saturation was not reached.

Thus, a certaqin number of smaller pores presumably
remained below the detection limit, which increased
during heat treatment at 1450°C.“These were verified

by geometrical calculations;'ds ‘well as by BET

measurements (see Table’ 1) The geometncal

porosity was determined using the theoretical density

of the components, the composition and the
measured dimensions of a composite. After heat
treatiment at 1000°C, the results for porosity, as well
as for specific surface:measured by mercury, intrusion
_were significantly lower than the results measured
geometrically and by BET.. After temperature
‘freatiment . at 1450°C, the results converged.
Tc'mperamre‘treatment at 1450°C thus caused an
increasé - in- the number of the smallest pores,

especially for those with radii less than 2 nm; uptoa

value of 20 nm, and therefore led to a reduced
specific surface’ area. This can be attributed on-the
one hand té an influence of o6xygen on the sirface

" properties afier temperature treatment at 1000°C
- when the composites were removed from the furnace

at room temperature (a cracking could be heard). It is

* well known, that SiC fortns a layer of silicon oxide at

the surface. Furthermore, a large BET surface can

" result from  oxygen linked at the surface. During

reheating, a shght oxidation or removal of the oxide

.- layer can result in an incfease in the pore radii (an

additional mass Joss, of 3% was detected). On the

~ other hand, a ceftain rearrangement of the carbon
material (for example stress-induced graphitization,
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even if this process is not pronounced at temperatures
below1600°C) is assumed. Verification has to be
done by further investigations (surface chemistry,
increase in carbon density).

3.2 Mechanical Properties

The results of the three-point bending tests are
summarized in Table 2, Since the fiber volume
content was almost equal for all compared materials,
Young’s modulus and the bending strength were
directly comparable. Due to the low matrix stiffness,
Young's modulus for the composites was dominated
by the fibers. Thus, it was almost the same for both
unidirectional reinforced materials. Half the value
was reached for the 0°/90° laminated material, when
half of the fibers were positioned in the load
direction. The bending strength can also be
determined by the fibers in the load direction. Once
more, the bending strength of 0°/90°-laminated
material was half the vaiue of that for unidirectional
reinforced C/C-SiC. The bending strength of C/C-
SiC after temperature treatment at 1000°C was
directly comparable to C/C-Si determined in previous
investigations.

®;
Fig, 3 Optical micrographs of a polished cross

section of 0°/90°-laminated C/C-SiC:
(&) Overview with layers and segmentation cracks,
(b) Homogencous distribution of matrix within a
fiber bundle.

Table (1) 0%/90"-Laminated C/C-SiC: total porosity
and specific surface, comparison of Measurement

methods
Specific surface (m*/

Porosity (%
Mercury  Geometrical Mercury  BET

After 1000°C 190 21.0 18 93
After 1450°C 214 21.5 13 26

The only difference after this temperature treatment
step is the type of filler particles. Consequently, no
significant difference in the bending strength was
found (690 £100MPa for C/C-Si and 620 £50MPa
for C/C-SiC). These values are relatively high
(comparable composites without filler particles: up to
300MPa after temperature treatment at 1000°C [16]),
which allows a strengthening effect of the filler
particles, as well as an influence of the
homogeneously distributed pores to be assumed.
After heat treatment at 1450°C, the bending strength
of the C/C-8iC material increased.

3
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Fig. 4 Pore size distributions of 0°/90°-laminated

C/C-SiC, treated at 1000 and 1450°C

A further amount of pores with a radius of about 0.02
pm, within the matrix material, positively influenced
the mechanical properties. Some nearly dense areas
had disappeared for the benefit of porous areas. The
advantage of the porous matrix material to improve
the mechanical properties can be particalarly utilized,
as the porosity consists of small pores, which are
homogeneously distributed in the whole composite.
Studies on the influence of further reinfiitration steps
to reduce the matrix porosity [17, 18] show also that

inhomogeneously distributed porous and dense areas .

result in a brittle damage behavior. A crack starting
in a dense and britfle arca continues straight through
the whole cross section due to a high encrgy release
and causes premature failure of the component.
Where silicon is used as filler material, a reaction of
silicon and carbon caunse a porous (approx. 0.1 pm in
pore radii) silicon carbide matrix to form during
temperature treatment at 1450°C. The bending
strength of unidirectional reinforced material
decreases in this case to a value of 360 +45MPa
{comparison: 690 £100MPa after 1000°C). A certain
fiber attack was detected. Furthermore, the pores
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were larger (0.1 pm compared with 0.02jim} and the
filler particles were not presetved as they were in the
case of the developed C/C-SiC material (770
£50MPa after temperature treatment at 1450°C). The
fracture behavior and formal fracture toughness

© (Table 2) were determined using SENB tests. A

representative, normalized Ioad—dlsplacement curve
of the C/C-SiC material with SiC filler is shown in

Figure (5). A curve of the material with porous SiC

matrix obtained by reaction of catbon and silicon
(C/SiC) is included for comparison. The stiffness of
these materials, as well as the specimen dimensions
were nearly equal, which meant that the displacement

“could also be compared. The C/C-SiC material

showed an carly deviation from linearity before

- reaching the maximum value for the formal stress
 intensity factor (i.e. the formal fracture touglmess)

Table (2) Young's modulus, bending strength and -
formal fracture toughness of bidirectional and ~
unidirectional reinforced C/C-8iC. .
Reinforcément -

1dxrect10nal’(0°d’90§l Umdlrectmnal'
_ . . 1450°C - 1000°C 1450°C
Fiber vo]ume content V(=) 0.48 0.47 0.48
Young's.modulus, E(GPa) 54 - o8 115
Bending strength, & (MPa) 410 620 - 70
Fonnalﬁacmretoughness - 116 - -

_(MPam!®

This indicates a damage—tolerant fracture behawor

which was also verified by nticrogiaphs of the
fracture surface Figure (6). The fracture surface was
jagged. There was obvious subsequent breaking of
whole fiber bundies - (between the - segmentation
cracks). This was also detectad in the stepped curve.

These fiber bundles also had jagged surfaces with
fiber pull-out and did not break in one piane. In some
areas, long fibers that were pulléd out were observed,

which once more pointéed out the damiage tolerance of
the developed material. The mechanism of crack
bridging was ¢learly moré effestivé for the C/C-SiC
material than for material with a reaction formed

 silicon carbide matrix (C/SiC), A significantly higher

maximurn load and-displacermient was reached Figure
5, Furthermore, the fracturé surface clearly showed

- more single fiber pull-out (sée [13] for compatison).

As well as interpreting the load—dlsplacement cuives

and fracture surfaces, the formal fracture toughness -

_can also be evaluated quanititatively. The material

with a SiC filler (ClC-SlC) also had a significant! ny ‘
)

higher formal fracture toughngss (11.6+0.8MPa m!

compared to ‘thé C/SIC matétial with ‘a reactlon— ;

formed silicon carbide matrix (7.7 = 0.5MPa m'),
An ‘influence of the following thrée effects is

probable: in the matérial with SiC filler, no fiber

attack due to the teactioni’ of silicon with carbon
fibers can take place, so that the fiber strength twas
‘preserved. The pore size in the cast of thé material
with a SiC filler was smaller: (pore radms 0f0.02 pm
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N compared to 0.2 pm) which possibly influenced the
. function of the weak matrix material. The SiC filler

also led to further improvement through particle

' reinforcement. This increase in formal fracture
_toughness was remarkable, as 60-70% of the valugs

of high-performance CMC materials produced by the

liquid polymer infiltration (LPI) technique and by

chemical vapor mﬁltrahon (CVI), which are in the
order of 17-21MPa m'?, were reached [15,19]. No
optimization of the S1C content has been done

" hitherto.
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Flg 5 Plot of formal stress intensity factor vs.
displacement for 07/90 laminates with SiC filler ..
(C/C-8iC) and 8i filler (CIS1C) affer temperature
treatment at ‘1450 »C
If the amount of SiC’ parucles is too hxgh .
inhomogeneities can occur. Furthermore, the amount’
of resin decreases, _which also causes the porosity to_
decrease and results in a reduced bonding of SiC
patticles. A low amount of SiC, in contrast, reduces
the pnssibllmes of particle reinforcement. A higher.

amount of resin leads to a higher porosity, but also to i

larger pores and larger régions of pure glassy carbon b
" which ¢ould reduce the crack branching effects.

5. CONCLUSION
A rovel processing method for the production of a

- carbon fiber-reinforced carbon composite, filled with

~SiC particle$ (C[C-SlC), has been demonstrated. The

mvcshgano}__ 1§ Ted to the following conclusions:
1. A low-wcost processing technique without
limitations in wall thickness and the necessity of
- fiber coatings was developed. :
2. A laminated structure with typical segmentauon

cracks and homogeneous distribution of fibers.
and matrix iaterial inside the fibér bundies was;

" obtained, The S8iC filler particles were -
homogenedusly distributed in the single fiber:

. bundles. o

3. A porous matrix material with a low stiffness was
-attained, A narrow distribution of the pore radii
(0.02 um) within the fiber bundles was detected.
The total porosity value was approx. 20%.
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EHT* 300K Detettor nSE2  WD'= 10mm ,“'H" d

FZJ : WY 2005 £HT = 300KV Detuclar #SE2 WD 41 mm

6 Continue, SEM micrographs of a fracture
surface after SENB test of 0°/90°-laminated C/C-SiC

4. Comparable high values for bending strength and
formal fracture toughness were evaluated. This
was attributed to three effects: no fiber attack by
silicon, small pore size with homogeneous
distribution of the pores and strengthening caused
by SiC particles. The mechanism of crack
bridging by fibers worked well and a non-brittle
fracture behavior was obtained.

5. The formal fracture toughness of the developed
low-cost C/C-SiC  material of 12MPa
m'?converged towards the values for high
pelxgonnance CMC materials of 17 up to 21MPa
m
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