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Abstract

In the present work, mechanical tests on unidirectionadle&xide ceramic matrix mini-composites
with porous matrix phase were carried out. The mini-comigssivere manufactured by slurry
infiltration and glued on mounting tabs in order to faciliéahandling, alignment and clamp-
ing during mechanical testing. The specimens were thorgughestigated by microscopy to
determine their microstructural characteristics and patiel surface defects.

A total of 90 specimens with ff#rent gauge lengths has been tested under uniaxial tensile
loading. The test results, which were evaluated taking adoount the varying fibre volume
content of the specimens, demonstrate that the resultiag te@sile strength depends on gauge
length.

1. Introduction

Ceramic Matrix Composites (CMCs), which consist of cerafiices embedded in a ceramic
matrix, are aimed at overcoming the brittleness of coneaati monolithic ceramics, while
retaining their favourable properties, such as high-teatpee stability, resistance to thermal
shock and low density. Therefore, this group of materialdeglly suited to high-temperature
environments, for example as burner nozzles or combushamber liners in industrial fur-
naces or gas turbines. For such applications, the CMC taNaHPOX®, which is an acronym
for Wound Highly Porous OXide CMC, has been developed [1, 2].

WHIPOX® typically consists of alumina or mullite fibres embedded ipatous alumina or
mullite matrix, however, in the following, only the alumjiadumina variant is considered. Com-
ponents are fabricated via an automated filament windinggasy during which the as-received
continuous fibre roving is de-sized, infiltrated with wabased ceramic slurry and wound on a
rotating mandrel. The green bodies are then removed frommémelrel, dried in air and sintered
for one hour at a temperature of 13@ As a result of the winding and sintering process, the
components exhibit a laminate-like, bi-directional fibrehatecture and high matrix porosity.
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The non-brittle, damage tolerant behaviour of WHIPDMnsile test specimens, which, de-
pending on fibre orientation, manifests in a pronounced|m@arity of the stress-strain curve
under mechanical loading, cf. Fig. 1, is the result of sdvéamage mechanisms acting si-
multaneously on dierent length scales: On the laminate level (macroscale)qtasi-ductile
behaviour is primarily caused by matrix shear failure, fikrerientation and successive rup-
ture of fibre bundles at fibre intersections. On the fibre baitellel (mesoscale), the damage
tolerant behaviour is promoted by microcrack branchingefimatrix debonding and by the
gradual load transfer from damaged to undamaged fibres B, Zhese damage mechanisms
are enabled by a high level of matrix porosity (microscal&)jch assures shiciently weak
fibre-matrix bonding.
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Figure 1. Typical stress-strain curves for tensile test specimetts different fibre orientations (after [4]).

From a mesoscopic point of view, the embedded reinforceffitaes can be regarded as mono-
lithic ceramics, which exhibit size-dependent strengthpprties, embedded in a porous matrix
of comparatively low mechanical strength. In order to sttity size dependence of strength,
unidirectional WHIPOX mini-composites with three fierent gauge lengths were manufac-
tured and tested under uniaxial tensile loading. Each ooniposite consists of a single fibre
bundle (fibre tow), which is infiltrated with the ceramic maslurry and sintered at a similar
temperature as standard WHIP®Xomponents. Therefore, the mini-composite is representa-
tive of the fibre bundles within a wound WHIP@component and ideally suited to investigate
damage phenomena.

2. Experimental
2.1. Sample preparation and mechanical testing

The ceramic matrix mini-composites were prepared accgrttinhe standard processing route
of WHIPOX® composites [1, 2]. The as-received commercial NeXt8LO fibre roving with
3000 den linear mass density, which corresponds to a noriliaalent count of 750 [6], was
passed through a furnace to burfi the organic sizing, before entering a slurry infiltration
module. After infiltration with the ceramic slurry, the rog was fed through a deflector hole
with an inside diameter of approximately 1 mm to remove exshsry and to obtain a circular
bundle cross-section. From the infiltrated roving, 15 sadiwith a length of approximately
1400 mm each were cut and placed in a drying rack to be aiddaeseveral hours. From
each bundle section, two sets of three tensile test spesimigin 50 mm, 125 mm and 250 mm
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gauge length were cut, yielding a total of 30 specimens paggdength. These specimens
were sintered in air for one hour at a temperature of X800

After sintering, the total mass and the overall length ohesmecimen were recorded. On one
specimen from each of the 15 bundle sections, density memsumts using Archimedes’ prin-
ciple were performed. The resulting density was assumed tefiresentative for all specimens
cut from the respective bundle section. With the known masslength, the volume and the
average cross-sectional area of each specimen were cainpute

For convenient handling and clamping, the specimens wereglued on 2 mm thick aluminium
mounting tabs using a two-part epoxy adhesive, as illiedrat Fig. 2. Proper alignment of the
specimens was achieved by using printed distance marks.
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Figure 2. Mounting tab geometry used for the tensile testing of upittional CMC mini-composites.

Monotonic tensile tests were then carried out according 83 standards C1275-10 and
C1557-03 [7, 8] on a dual-column Instron 5566A testing maelaquipped with a 500 N load
cell in a temperature and humidity controlled environment.

2.2. Microscopic investigations

Each tested specimen was investigated by optical micrgsicoprder to identify surface de-
fects that may have caused premature failure. Such spesjmgwell as specimens that did not
fracture within gauge length, were discarded from the syibset strength evaluation. Addition-
ally, from each of the 15 bundle sections, a polished crestiem was prepared to determine
the actual number of individual filaments within the speaisie

3. Resultsand discussion

3.1. Bundle microstructure

Exemplary microscopic images of two fibre bundle crossigestare shown in Fig. 3(a). Fibre

counts were between 633 and 748, and fibre volume contergsddmnom 128 % to 441 %.
This large variation is due to feeding the infiltrated rovihgough the deflector hole during
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preparation of the bundle sections, which caused filamesdals: However, the number of
fibres along the gauge length of each specimen can be redgaelbassumed to be constant.
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Figure3. (a) Cross-sectional images of test specimens with a fibtewelcontent of 23 % (top) and 44 % (bot-
tom), (b) multiple matrix cracks within tested fibre bundpesimen, (c) load-displacement curves of specimens
with different gauge lengths.

Due to the comparatively low strength of the porous matrixjtiple matrix cracks formed
readily at low loads [9, 10]. Positions of such cracks witbime of the tested specimens are
indicated by arrows in Fig. 3(b).

3.2. Strength distribution

The load-displacement curves of the tested fibre bundleirspes are plotted in Fig. 3(c).
The measured loads at failuFg,a; exhibit pronounced scatter, even for specimens with the
same gauge length. Due to the variation in cross-sectiopal @and fibre volume content, the
ultimate tensile strength; of each specimen was consequently determined for fileeteve
cross-sectional area of tindibres,

F
N e

whererspe denotes one half of the average fibre diameter o8t [11]. This approach is
consistent with the fact that the porous matrix fracturelwatloads, and that load is carried
entirely by the fibres at failure [12].

With the computed ultimate tensile strength the probability of failureP; of the fibre bundles
can be found from the relation

Pioi) = . @

wherei represents thih datum of the ranked tensile strengths &hd the actual number of
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tested specimens [13]. The resulting plots of cumulatiabability of failure versus tensile
strength for specimens with a gauge length of 50 mm as web@sritn are shown in Fig. 4(a).
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Figure 4. (a) Probability of failure versus tensile strength for spems with diterent gauge lengths, (b) gauge
length dependence of mean tensile strength.

In Fig. 4(b), the mean tensile strength of the tested spewsieeplotted as a function of gauge
length. The mean tensile strength tends to decrease withasing gauge length, which is
associated with an increase of the probability of findinga Bé&critical size in a larger stressed
volume.

4. Conclusions

Tensile tests on unidirectional ceramic matrix mini-comsipes with porous matrix phase and
different gauge lengths were performed. The obtained loadadsment curves show that the
specimens exhibit approximately linearly elastic behawiop to failure, indicating that the
porous matrix fractures at comparatively low loads and litead is carried evenly by the fibres
after the matrix tensile strength has been exceeded. Coasty the strength of the specimens
is governed by the size-dependent strength propertieeahtmolithic ceramic fibres.

In order to compute the ultimate tensile strength of the ispecs from the measured load at
failure, the &ective cross-sectional area of the fibres within each spatinas therefore to be
considered. The resulting mean tensile strength exhikdtspndence on gauge length, with
values decreasing from approximately 720 MPa for 50 mm ghanggth to 630 MPa for 250 mm
gauge length.
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