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ABSTRACT

Ceramic Matrix Composites (CMCs) represent a class of non-brittle refractory materials for harsh and extreme environments

in aerospace and other applications. The quasi-ductility of these structural materials depends on the quality of the interface

between the matrix and the fiber surface. In this study, a manufacture route is described where in contrast to most other pro-

cesses no additional fiber coating is used to adjust the fiber/matrix interfaces in order to obtain damage tolerance and fracture

toughness. Adapted microstructures of uncoated carbon fiber preforms were developed to permit the rapid infiltration of molten

alloys and the subsequent reaction with the carbon matrix. Furthermore, any direct reaction between the melt and fibers was

minimized. Using pure silicon as the reactive melt, C/SiC composites were manufactured with an aim of employing the resulting

composite for friction applications. This paper describes the formation of the microstructure inside the C/C preform and resulting

C/C-SiC composite, in addition to the MAX phases.
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1. Introduction

he increasing interest in CMCs is attributed their

excellent properties that include high thermal stability,

extreme corrosion resistance and a high strength-to-weight

ratio. They are currently utilised for applications in aero-

space (flaps, nozzles, TPS), ground transportation (brake

and clutch systems), mechanical engineering (bearings, zero-

expansion materials) and in future applications of power gen-

eration (heat shields, heat exchangers). In recent decades,

many processes have been developed to manufacture CMCs

that are based on the infiltration of gaseous or liquid phases

into porous fiber preforms. In general, the manufacture costs

of CMCs are still very high, not only because of expensive

fiber coating processes but also because of the long-duration

diffusion-controlled processes. Consequently, there is a

demand for simplified fiber preforms combined with fast and

robust manufacture processes that result in CMC materials

with comparable properties at lower costs.

The infiltration and slow deposition of gaseous precursors

via the Chemical Vapor Infiltration (CVI) process can be con-

ducted under different processing conditions (e.g. isothermal,

with temperature and/or pressure gradients, pulsed) and

results in composites with excellent mechanical properties.1-3)

In comparison to the CVI-process, the infiltration of liquid

ceramic precursors into the fiber preforms by the so-called

Polymer Infiltration and Pyrolysis (PIP) process is faster.

However, due to the high number of re-infiltration and re-

pyrolysis steps required to reduce the porosity to an accept-

able level, the total manufacture time is still significant

(Fig. 1).4,5)

The well-known one-shot infiltration of molten alloys into a

fiber preform is the fastest method to manufacture CMC materi-

als. Incorporating pure silicon, this process is known as Liquid

Silicon Infiltration (LSI) and results in C/SiC or C/C-SiC compos-

ites with excellent tribological properties.7,8) These CMC materi-

als already exist as commercial products, for example in

automotive brake disks and brake pads of elevators.9)

In general, to adjust the weak fiber/matrix interfaces and

inhibit any reaction of the carbon fibers with the silicon melt

during LSI a fiber coating is required, for example silicon

carbide or pyrolytic carbon (pyC) coatings: this fiber coating

process is one of the most costly and sophisticated steps in

the whole fabrication of C/SiC composites (fiber preform

manufacture, pyrolysis, siliconizing). One totally different

T

Fig. 1. Residual porosities of PIP-derived CMCs in depen-
dance on the fiber volume content of the preform
and the ceramic yield of the precursor.6)
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approach to achieve weak interfaces and to avoid high fiber

degradation during LSI is the use of specially adapted C/C

microstructures with dense segments of fiber bundles that

are inaccessible to the molten silicon. These modified C/C

preforms, based on non-coated carbon fibers embedded in an

amorphous carbon matrix, were used in the following to

investigate the matrix formation of molten alloys, which

include silicon and aluminum.   

2. Adjustment of the C/C Preforms for the 
Reactive Melt Infiltration

The Reactive Melt Infiltration (RMI) process consists of

three main steps:

1. Manufacture of a dense carbon fiber reinforced plastic

(CFRP) greenbody, comprising a thermoset resin with/with-

out reactive fillers and carbon fibers;

2. Pyrolysis of the CFRP greenbody under an inert atmo-

sphere, resulting in a porous C/C preform;

3. Infiltration of molten alloys into the C/C preform with-

out pressure.   

In the first manufacture step, a CFRP composite was made

using 2D fabrics or chopped fiber bundles that were infil-

trated with a carbonaceous precursor containing at least 40%

carbon yield. Different carbon fibers of different modifica-

tions (HT, IM or HM type) can be used with “as received” siz-

ings from different manufacturers. Commercial carbon fibers

are typically treated during their fabrication inside an oxida-

tive atmosphere, which results in reactive OH-groups on the

fiber surface. These functional groups react during the poly-

merisation with the precursor and result in high fiber/matrix

bondings in the cured polymer stage. 

During the subsequent pyrolysis at temperatures of up to

1600oC, an irreversible shrinkage of approximately 50 vol%

of the polymer occurs due to the differences in the coeffi-

cients of thermal expansion (CTE) between the fiber and

matrix; this results in high tensile stresses in the matrix and

compressive stresses in the fibers. With increasing pyrolysis

temperatures, the stresses increase to the point that microc-

racks form inside the brittle carbon matrix. Depending on

the level of the fiber/matrix (F/M) bondings in the polymer

stage two completely different microcrack patterns can be

distinguished in the C/C preform after pyrolysis:

• Strong F/M bondings result in segments of dense fiber

bundles (matrix segmentation, Fig. 2)

• Low F/M bondings result in a separation between matrix

and individual fibers (matrix separation, Fig. 3)

The level of the F/M bonding forces in the polymer stage

typically depends on the amount of functional groups on the

fiber surfaces, which can be influenced by thermal treatment

of the fibers in an inert atmosphere prior to matrix infiltra-

tion. Depending on the temperature of this pre-treatment, the

chemical bonding and reactivity between the fiber surfaces and

the matrix precursor can be varied, affecting the resulting

microstructure: this occurs during the pyrolysis step.10) 

Low fiber/matrix bondings with thermally treated carbon

fibers result in microstructures that are shown in Fig. 3. The

macroscopical dimensions of the composite remain unchanged

during pyrolysis because of the stiffness and thermal stability

of the fiber architecture, the volumetric shrinkage of the pre-

cursor leads to a spallation of the matrix from the fiber sur-

faces. This separation between the matrix and the fibers

results in highly permeable composites with total porosities

of 20 and 30%. The microcracks can be considered as an

interconnected pore system which can be easily re-infiltrated

by the original precursor in order to increase the density and

strength of the C/C composite. This type of material and

microstructure is commonly used for commercial C/C com-

posites, which is densified by several additional re-infiltra-

tion steps. However, when using reactive melts, it is apparent

that with this microstructure, a degradation of the carbon

fibers can not be avoided.

In composites with high fiber/matrix bondings, derived

Fig. 3. SEM-micrograph of a C/C preform with free-stand-
ing carbon fibers and separated matrix.6)

Fig. 2. SEM-micrograph of a C/C preform with segments of
dense carbon fiber bundles and macroscopical matrix
cracks (2D fiber reinforcement).6)
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from carbon fibers with a high amount of functional groups

(e.g. HT-fibers) the crack formation of the matrix occurs

gradually. As the tensile stresses in the matrix increases with

increasing temperature, the matrix relaxes locally by the for-

mation of translaminar cracks. The further rise of tempera-

ture results in additional microcracks as the macroscopical

shrinkage of the composite is hindered by the thermal stabil-

ity of the fibers. If the bonding forces between the matrix and

the fiber surfaces remain high enough, the volumetric

shrinkage of the matrix is localized in these distinct cracks

only. The fiber bundles (tows with filament numbers from

3 k to 50 k) are split and result in dense segments of low

porosity. As a result, the transverse tensile stresses during

the pyrolysis form an intra- and interlaminar crack pattern

of high permeability. In contrast to the first C/C microstruc-

ture described, only a few fibers at the border of the cracks

are accessible to the reactive fluids in a further infiltration

step, thus restricting the unavoidable fiber degradation to a

minimum.

These two C/C microstructures only characterize the two

border zones which are achievable by low or high F/M

bondings. Using different pre-treated fibers with higher or

lower amounts of functional groups on the surface within

the same C/C preforms, other microstructures are also pos-

sible and the infiltration behaviour as well as the resulting

properties of the CMC composite can be varied through  a

wide range.11)

3. Infiltration of Silicon into C/C Preforms 
(C/SiC-Composites)

Both C/C microstructures described above can be used for

the infiltration of molten alloys with low viscosity and high

reactivity.12) The infiltration of pure silicon or silicon alloys as

carbide formers is primarily conducted as a solid-liquid reac-

tion between the carbon and the melt. In order to reduce the

processing time, the wettability of the cracks inside the C/C

preform is improved by a first wetting with silicon vapour,

which results in an initial SiC layer. The fast infiltration

velocity of the porous C/C preforms with liquid silicon can be

reduced by porous wicks which act as a buffer material

between the preform and the melt. The highly exothermal

reaction increases the temperature in the C/C preform con-

siderably, resulting in local temperatures at the reaction

zones of up to 200oC above the adjusted furnace temperature.

The infiltration is only driven by the capillary forces of the

cracks and carried out under vacuum conditions at tempera-

tures beyond the melting point of the silicon alloy. The C/C

preforms should be positioned preferably in such a way that

the main orientation of the cracks are oriented parallel to the

infiltration direction of the liquid. As no macroscopic dimen-

sional changes occur, this melt-infiltration can be used for

the manufacture of large, complex and net-shaped CMC com-

ponents.13)

In addition to the diffusion-controlled reaction to SiC the

total siliconizing process lasts in the range of two hours. As

the resulting molar volume of silicon carbide is less than the

sum of the molar volumes of the starting materials silicon

and carbon, C/SiC composites show either a small amount of

porosity (typically less than 5%) or a certain amount of un-

reacted silicon. Therefore, the siliconizing process must be

always regarded as a compromise between dense or silicon-

free matrices: both requirements are not achievable in the

same material. As a consequence, most commercial C/SiC

composites show both, micropores and free silicon, which

limits the application temperature of this type of material to

about 1350oC.

The composition of a typical C/SiC composite therefore

comprises carbon fibers, silicon carbide, residual carbon

matrix and remaining silicon (Fig. 4). Depending on the C/C

preform microstructure, the proportion of the constituents

can differ widely. Using C/C preforms with free-standing

fibers and a separated matrix (Fig. 3) the silicon melt reacts

with the carbon matrix as well as with the carbon fibers, as

their chemical reactivity with silicon lies in the same range.

The amorphous carbon matrix converts totally to silicon car-

bide and the remaining cracks and pores are filled with sili-

con. With increasing temperature and processing time the

free-standing carbon fibers also react to SiC accompanied

with a total change of their properties. The resulting poly-

crystalline structure of high heterogeneity exhibits a very

low mechanical strength level and a very strong fiber/matrix

bonding in the interface between the fibers and the matrix.

The conversion of matrix and fibers to SiC can be con-

ducted such that the whole C/C preform reacts to form SiSiC.

Due to the strong interfaces, the mechanical behavior of this

composite is very similar to those of monolithic ceramics.

The fracture toughness is low and under loading conditions,

the fibers are not able to stop or deflect cracks. The cracks

run through the matrix as well as through the fiber bundles,

resulting in a very brittle failure behaviour (Fig. 5).

Using C/C preforms with dense segments, the silicon only

Fig. 4. Computed tomography image of a typical chopped
fiber reinforced C/SiC composite with a fiber vol-
ume content of 50%.
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infiltrates the cracks surrounding the segments and reacts

with the matrix as well as with fibers in the contact zone.

However, most of the fibers are unaffected by the silicon,

which are embedded in the dense amorphous carbon matrix

(Fig. 6). In this C/SiC microstructure, three different inter-

faces can be distinguished:

• Strong bondings between the carbon fibers and silicon

carbide (CF-SiC)

• Strong bondings between free silicon and silicon carbide

(Si-SiC)

• Weak bondings between the carbon fibers and the carbon

matrix (CF-CM)

Fig. 7 shows SEM micrographs of a segmented 2D C/SiC

composite with the three different interfaces. Under tension,

cracks occur and propagate through the segments along the

weak interfaces CF-CM. These intra-laminar cracks cannot be

stopped at the strong interfaces CF-SiC and Si-SiC, but are

deflected in the weak interfaces. For a layered 2D fiber struc-

ture, for example made by woven fabrics or tapes, this deflec-

tion results in interlaminar cracks. The integral fracture

behaviour of this type of C/SiC composite is a result of the

superposition of weak and strong bondings, which can be

described as quasi-ductile. Tensile strength levels up to

200 MPa and strain values up to 0.35 % are measured.7,8)

Using chopped carbon fibers, the segmentation into C/C

bundles is less pronounced because of the higher heterogene-

ity of the composite and the random-orientation of the short

fibers. The C/SiC microstructure after siliconizing is exem-

plarily shown in Fig. 8 and results in strength levels of up to

100 MPa and strain values of about 0.2 %.

4. Infiltration of Silicon into C/C-TiC-Al 
Preforms (MAX phase containing Composites)

In order to investigate the formation of ternary carbides

like Ti3SiC2 via the liquid silicon infiltration process, specially

adapted C/C preforms were manufactured. Ti3SiC2 belongs to

a group of ternary carbides and nitrides, called the MAX

phases. These materials can be fabricated using different

manufacturing routes like CVI,14) pulse discharge sinter-

ing,15) hot isostatic pressing,16) pressureless sintering17) and

the liquid silicon infiltration.18) The MAX phases exhibit a

hexagonal layered structure and combine metallic and

ceramic properties such as excellent damage tolerance, high

thermal shock resistance, very good machinability and high

electrical and thermal conductivity.19) Due to these excellent

properties, in particular of Ti3SiC2, MAX phases are very

interesting materials as matrices in CMCs. To develop a com-

posite with a matrix containing Ti3SiC2, Yin et al.20) infil-

trated a C/C preform with an aqueous TiC slurry, followed by

liquid silicon infiltration. In a previous work, the C/C pre-

forms were modified by mixing TiC into the matrix of the

composite, followed by the liquid silicon infiltration to gener-

ate a CMC containing Ti3SiC2.
21) In this work, the influence

of small amounts of aluminum on the formation temperature

of the MAX phase in the matrix of C/SiC composites is inves-

tigated.

4.1. Experimental

First, to investigate the reactions between Ti, Si, Al and C,

differential thermal analysis (DTA) experiments were per-

formed. Thus, Ti powder (< 75 µm, GfE, Germany), Si pow-

der (Grade AX05, H.C. Starck, Germany), Al powder

(< 45 µm, ECKA, Eckart-Werke, Germany) and carbon pow-

der (PC 40, Timcal, Norway) were mixed in a molar ratio of

Ti:Si:Al:C = 3:1:0:2 and Ti:Si:Al:C = 3:1:1:2. The samples

were heated up to 1350oC in a thermo-balance (Ther-

mowaage L81, Linseis, Germany). After a period of 10 h

dwell, the samples were cooled down. Measurements were

taken under Argon atmosphere and the heating and cooling

Fig. 5. Crack propagation in a 2D-C/SiC composite derived
from C/C preforms with separated matrix. (a) Sec-
tor of one layer of a fabric reinforcement. (b) Crack
propagation through a fiber bundle in a higher mag-
nitude.

Fig. 6. Segments of dense C/C fiber bundles covered by SiC.6)

Fig. 7. SEM micrographs of a fabric reinforced 2D C/SiC com-
posite derived from segmented C/C preforms. (a) Com-
posite with the three different interphases C

F
-SiC,

Si-SiC and C
F
-C

M
, (b) crack propagation along the

weak interfaces.
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rates were 10 K/min.

These DTA experiments show the conditions, at which the

MAX phase Ti3(Si1-xAlx)C2 is formed. Furthermore, the influ-

ence of aluminum and TiC on the formation terms of the

MAX phase was investigated in reactivity investigations. TiC

powder (2-4 µm, H.C. Starck, Germany), Si powder (Grade

AX05, H.C. Starck, Germany) and Al powder (< 45 µm,

ECKA, Eckart-Werke, Germany) were mixed in a molar ratio

of TiC:Si:Al = 3:2:0, 3:1.75:0.25 and 3:1:1. These mixtures

were pressed to tablets in a uni-axial press under a pressure

of 200 MPa. The tablets were then annealed at 1200oC for 4 h

under vacuum.

After investigating the formation conditions of the MAX

phase, C/SiC composites with a matrix containing MAX

phases were manufactured. From Fig. 9, the fabrication of

the composites was divided into two steps. In the first step,

the fiber preforms were manufactured. For the matrix phe-

nolic resin (Novolak 6109, Hexion, Germany) was mixed

with TiC powder and Al powder. The molar ratio relating to the

residual carbon of the phenolic resin was: C:TiC:Al = 5:1:0.016.

The amount of aluminum accounted for 10 mol% of the

required silicon for a complete conversion of TiC to Ti3SiC2.

The matrix mixture was laminated layer by layer with 2D

carbon fiber fabrics (Tenax HTA40 3k, Toho Tenax Europe

GmbH, Germany). After warm-pressing the CFRP green-

body was pyrolysed at 1000oC in nitrogen and the carbon

fiber reinforced carbon preforms containing TiC and Al (C/

C-TiC-Al) was formed.

In the second step, the C/C-TiC-Al preform was infiltrated

under vacuum conditions with liquid silicon at temperatures

above the melting temperature of silicon (Tm = 1420oC).

After the infiltration process an annealing step followed at

1350°C for the formation of the MAX phase in the matrix of

the CMC: this is because the infiltration temperature of liq-

uid silicon is too high for the formation of the MAX phase

Ti3(Si1-xAlx)C2. 

The crystalline phases of all samples were analysed by X-

Ray diffraction (XRD, Seifert XRD 3000 P, Germany) with a

CuKα-Cathode in a range of 2 theta from 10 to 90o. After

grinding and polishing up to 1 µm finish, the microstructures

of all samples were investigated by optical microscopy. The

fracture surfaces of the CMCs were studied in the SEM (JSM

6400, JEOL, Germany).

4.2. Reactivity investigations of Si-Ti-Al-C-tablets

The reaction mechanisms between Ti, Si, Al and C were

investigated using a differential thermal analysis (DTA,

Fig. 10). During heating there were several exothermic reac-

tions. The first exothermic peak in the sample without alu-

minum was detected at 800oC. This peak is followed by three

further peaks in the temperature range of up to 1350oC. The

last reaction was not fully complete and abruptly ended after

heating to 1350oC. The DTA measurement of sample con-

taining aluminum shows two small endothermic peaks at

600 and 660oC, in addition to four exothermic reactions dur-

ing heating between 730 to 1350oC. The maximum peak is

reached at about 1180oC. This peak is followed by the last

peak at 1350oC. 

El-Raghy et al.22) showed that the possible reaction sequence

of the MAX phase Ti3SiC2 starting from Ti, Si and C is

divided into four single reactions. This is in agreement with

the four exothermic peaks in the sample without the alumi-

num (Fig. 10). In accordance to this, the MAX phase forma-

tion starts at about 1260oC in the sample without aluminum.

At 1350oC, the forth peak is not fully distinctive, which

means the formation of the MAX phase Ti3SiC2 is not com-

plete at this temperature. The DTA measurement of the

sample containing aluminum shows the endothermic melt-

ing peak of aluminum. The first exothermic reaction starts at

730oC, which is about 70oC earlier than in the sample with-

out aluminum. The main reaction happens at 1180oC, fol-

lowed by the last peak at 1350oC. Therefore, the formation

temperature of the MAX phase Ti3(Si1-xAlx)C2 could be

reduced by 170oC from 1350oC to 1180oC. The formation of

Ti3(Si1-xAlx)C2 as a solid solution causes that the aluminum

atoms to build in the MAX phase lattice, instead of the silicon

atoms. Due to the small amount of aluminum, there is a fur-

ther peak at 1350oC, which shows the formation of pure

Ti3SiC2 without aluminum. 

Fig 8. SEM micrograph of the cross section of a C/SiC com-
posite reinforced with chopped carbon fibers of 6 mm
in length.8)

Fig. 9. Two-step manufacture of CMCs with MAX phase
containing matrix.
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To examine the formation terms of Ti3(Si1-xAlx)C2, reactivity

investigations were accomplished. Therefore, the influence of

aluminum on the temperature conditions was investigated. All

experiments were done without the application of mechanical

pressure, because the formation of the MAX phases should also

happen in the liquid silicon infiltration step to manufacture

CMCs with a MAX phase containing matrix.

The manufacture of the greenbody was conducted in air, so

TiC is used instead of titanium because of the poor oxidation

stability of titanium. Therefore, TiC is also used in the fol-

lowing experiments.

Fig. 11 shows XRD measurements of the tablets after an

annealing at 1200 °C for 4 h. In the sample without alumi-

num (Fig. 11(a)), the TiC and silicon were still detected after

the heat treatment. As a new phase formed, small amounts

of TiSi2 were measured, but no MAX phase Ti3SiC2 formed at

1200oC without the addition of aluminum. The samples with

aluminum in the starting mixture exhibited the MAX phase

Ti3(Si1-xAlx)C2 after annealing at 1200oC for 4 h (Fig. 11(b)

and (c)). Besides the MAX phase the samples also contained

non-reacted TiC. With increasing amount of aluminum – the

molar ratio of silicon and aluminum accounts 7:1 in the sam-

ple in Fig. 11(b) and 1:1 in the sample in Fig. 11(c) – the

amount of the MAX phase Ti3(Si1-xAlx)C2 increased. 

These measurements show that the formation temperature

of the MAX phase Ti3(Si1-xAlx)C2 can be lowered to 1200oC

just by adding small amounts of aluminum. Therefore a

molar ratio of Si:Al = 7:1 is enough to observe this effect

clearly. Without any application of pressure the formation of

the MAX phase Ti3SiC2 occurred via a solid state reaction at

temperatures lower than the melting temperature of silicon

(Tm = 1420oC) as the DTA measurements showed in Fig. 10.

With the addition of aluminum, the formation of the MAX

phase is no longer a pure solid state reaction. At 1200oC alu-

minum exists as a liquid phase (Tm = 660oC) and fills the

gaps in between the powders. The diffusion of the atoms is

alleviated by this liquid phase, so the MAX phase Ti3(Si1-xAlx)C2

can be formed at lower temperatures by the addition of small

amounts of aluminum. These results correspond well with

the investigations of Zou et al..23)

4.3. Manufacture of C/C-TiC-Al Preforms

The first step in the manufacturing process of CMCs was

the fabrication of a fiber preform. TiC and aluminum parti-

cles were added into the preform matrix for building new

phases like Ti3SiC2. Therefore, TiC powder, Al powder and

phenolic resin powder were mixed as a matrix compound and

laminated with 2D carbon fiber fabrics, prior to be being

warm-pressed. During warm-pressing, the phenolic resin

melted and partly infiltrated the fiber bundles. The TiC and

Al grains were too large to infiltrate them and formed a

matrix layer consisting of TiC, Al grains and phenolic resin.

In the following pyrolysis, the different thermal expansion

coefficients of the carbon fibers, phenolic resin, TiC and Al

powders, in addition to the shrinkage of the polymeric phe-

nolic resin during the conversion to carbon, caused cracks in

the fiber composite. While in C/C preforms, the micro crack-

ing segments the fiber bundles and the matrix, the micro-

structure in the C/C-TiC-Al preforms looked different

(Fig. 12). Thus, the fiber bundles became separated, because

of the different thermal expansion coefficients between car-

bon fibers and phenolic resin (Fig. 12(a)). The cracks inside

the matrix can be distinguished from the cracks inside the

fiber bundles. Due to the shrinkage of the phenolic resin, the

TiC particles peeled away from the carbon matrix and cracks

resulted between the particles and the carbon matrix. The

aluminum melted during the pyrolysis, but the amount of

aluminum was too small to fill the gaps and cracks while

simultaneous volume contraction of the resin. Between the

grains, many pores and small cracks were generated because

of the shrinkage of the phenolic resin in the matrix

(Fig. 12(b)). 

4.4. Siliconizing

After the manufacture of C/C-TiC-Al preforms, the infiltra-

tion of the preform with liquid silicon followed. Due to of the

capillary forces, the liquid silicon infiltrated the open pores of

the preform spontaneously at temperatures above the melt-

ing temperature of silicon. As already shown in the reactivity

Fig. 10. Differential thermal analysis (DTA) of Ti:Si:C =
3:1:2 and Ti:Si:Al:C = 3:1:0.5:2. 

Fig. 11. XRD diffraction pattern after annealing at 1200oC for
4 h with different compositions (a) TiC:Si:Al = 3:2:0,
(b) TiC:Si:Al = 3:1.75:0.25, and (c) TiC:Si:Al =  3:1:1.
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experiments, aluminum reduced the formation temperature

of the MAX phase Ti3(Si1-xAlx)C2 to 1200oC. Consequently, it

is necessary to divide the siliconizing step into two steps, a

first infiltration and a subsequent reaction step. After the sil-

icon infiltration, the temperature was decreased to 1350oC

for the subsequent reaction step. The solidified silicon

reacted with titanium and carbon to the MAX phase

Ti3(Si1-xAlx)C2 with the assistance of  the liquid aluminum. 

The X-Ray diffraction pattern of the CMC after the pyroly-

sis at 1000oC after siliconizing and annealing at 1350oC are

shown in Fig. 13(a) and (b), respectively. After pyrolysis, only

TiC is detected as a crystalline phase. The amount of alumi-

num is too small to be detected in the X-Ray diffraction pat-

tern. After siliconizing and annealing the main phase formed

in the CMC matrix was SiC followed by TiC, which had not

reacted yet. As further phases Ti3(Si1-xAlx)C2 and TiSi2 were

formed. 

The microstructure of these composites is shown in Fig. 14.

Silicon infiltrated the matrix of the CMC and reacted to SiC,

Ti3(Si1-xAlx)C2 and TiSi2. Some of the carbon fibers were con-

verted by the liquid silicon to SiC. Due to the different ther-

mal expansion coefficients of the single phases, several

cracks were generated during the cooling phase (Fig. 14(a)).

In Fig. 14(b), there is a closer look at the fully reacted micro-

structure of the matrix. Embedded in a SiC network, there

are Ti3(Si1-xAlx)C2 and TiSi2 phases. 

In the fracture surface, the layered structure of the MAX

phase can be clearly observed. The small MAX phase grains

were distributed in the matrix and embedded in SiC

(Fig. 15(a)). The single layers of the MAX phase were ori-

ented in different directions. The layered structure of the

MAX phase can be seen in a closer look in Fig. 15(b). The

bending strength, fracture toughness and oxidation stability

properties of these CMCs containing MAX phases are still

under investigation.

5. Conclusions

C/C preforms based on un-coated carbon fibers have been

developed that are easy and cost-efficient to manufacture

and can be used for the infiltration of different reactive

melts. The formation of carbide containing matrices results

in different interfaces with different bonding forces. High

bondings occur in the reaction zones, while weak bondings

remain within the segmented C/C fiber bundles. Strong

interfaces lead to high mechanical properties, whereas the

weak interfaces result in an increase of the fracture tough-

ness. The infiltration of silicon is a standard process that

leads to different commercial applications. New fiber com-

posites with a MAX phase containing matrix were fabricated

by adding TiC and Al powder to the matrix of the preform.

After siliconizing of the C/C-TiC-Al preform the matrix con-

tains un-reacted TiC, SiC, the MAX phase Ti3(Si1-xAlx)C2 and

TiSi2. It could be shown that aluminum in the preform

caused a decrease of the formation temperature of the MAX

phase from 1350oC to 1180oC. Future investigations will

show whether the formation of MAX-phases will improve the

mechanical performance of this type of CMCs.   

Fig. 12. Cross-sections of the pyrolysed C/C-TiC-Al preform.
Microstructure (a) of the composite and (b) of the
matrix. 

Fig. 13. X-Ray diffraction pattern of the composite with Al
after (a) the pyrolysis at 1000oC and (b) the sili-
conizing and annealing at 1350oC.

Fig. 14. Microstructure of the 2D-composite with TiC and
Al in the matrix mixture after the siliconizing and
annealing at 1350°C (a) CMC with carbon fibers
and matrix and (b) microstructure of the matrix.

Fig. 15. SEM- picture of a fracture surface of the composite
after siliconizing (a) MAX phase Ti

3
(Si

1-x
Al

x
)C

2
 em-

bedded in SiC matrix (b) layered MAX phase
Ti

3
(Si

1-x
Al

x
)C

2
 in higher magnitude.
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