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This study analyzes the influence of porosity on Nextel™ 610/Al,03-ZrO, short-fiber-reinforced composites for
the first time. Its goal was the comparison of a short-fiber-reinforced all-oxide ceramic matrix composite (SF-Ox/
Ox) with a fabric-reinforced material. Since the matrix system and the processing were the same for both ma-
terials, differences can be related to the use of short-fibers instead of fabrics. Zirconium-n-butoxide was infil-
trated to decrease the porosity from 46 % to 32 %, which increased the bending strength and the Young’s

modulus from 85 + 19 MPa to 120 + 23 MPa and 40 + 10 GPa to 82 + 12 GPa, respectively. The strain decreased
with decreasing porosity from 0.25 £ 0.05 % to 0.16 + 0.03 %. The damage-tolerant behavior was maintained
for all samples, which was never shown for SF-Ox/Ox in such a porosity range. The less anisotropic alignment of
the short-fibers is therefore advantageous for crack-deflection. This offers the possibility to obtain damage-
tolerance while having a denser matrix system.

1. Introduction

All-oxide ceramic matrix composites (Ox/0x) are well known ex-
amples for ceramic matrix composites (CMC) with a weak matrix,
classifying them as weak matrix composites (WMC). Due to their
inherent oxidation resistance, the operating temperature of up to 1200
°C and the high thermal shock resistance, the material has a high po-
tential for applications such as burner nozzles or exhaust mixers.
Therefore, the development and characterization of Ox/Ox is topic of
many recent studies [1-7]. The damage tolerant behavior of a WMC is
achieved by a fine scaled matrix porosity of around 30-40 %, enabling a
mechanical decoupling of the fibers and therefore allowing energy
dissipating effects like crack deflection or crack branching [8-11].

In many studies, fabric or continuous fiber reinforced materials were
tested. Fabric reinforcement ensures an excellent mechanical perfor-
mance, since the applied forces can be distributed throughout a
continuous fiber network. The main disadvantages of Ox/Ox are
anisotropic material properties and the high costs of fabrics. While the
former can be solved by using different fiber orientations in one sample,
the reason for the latter is the additional weaving process with the brittle
ceramic fibers. Short fiber reinforcement on the one hand saves up to
30 % in fiber costs compared to woven fabrics [12], which is highly
benefitial for cost sensitive markets, such as industrial applications. On
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the other hand, SF-Ox/Ox have an in-plane isotropic material behavior,
i.e. a similar mechanical strength independent of the load direction [13].

The short fiber reinforcement of oxide ceramics with Nextel™ 610
fibers is covered in a few studies [14-19], but the fiber length was
0.5 mm and below. However, a fiber length of at least 1.7 mm to 10 mm
is needed to achieve a damage tolerant behavior [20]. Thus, the me-
chanical properties and mechanisms are not comparable to the material
described in our previous studies [13,21], which was a fiber bundle
reinforced material with fiber lengths between 7 mm to 112 mm. Due to
the shorter fiber length, the bending strength of short fiber reinforced
Ox/0x (SF-Ox/0x) is lower than the strength of long fiber reinforced
samples in fiber orientation [21].

Since the damage tolerant behavior of SF-Ox/Ox is caused by a fine
scaled submicron porosity, the influence of the porosity is an important
part in the understanding and further development of SF-Ox/Ox. We
investigated the influence of porosity on the matrix properties and its
associated theoretical ability to deflect cracks in a previous study [22].
Fracture energies were measured for porosities between 35.6 % and
40.0 %, enabling a prediction of the crack deflection potential according
to the model of He and Hutchinson [23]. The lines in Fig. 1 indicate a
theoretical crack deflection at a given angle based on the work of He and
Hutchinson [23] and Evans et al. [24]. Therefore, the relative fracture
energy can be higher or the elastic mismatch can be lower to enable
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Fig. 1. The determination of the fracture energy in our previous work indicated
the possibility of a crack penetration at a 90° angle, which is in line with our
experiments in fabric reinforced samples [8,22,25]. For short fiber reinforced
samples, the possibility for a crack approaching the fibers at a 90° angle is
smaller due to the higher isotropy. Therefore, a higher densification of the
matrix can be achieved before the damage tolerant behavior is lost.

crack deflection at a lower cracking angle. The dots show the change in
relative fracture energy for the used system up to three infiltrations as
well as the reference value (40.0 %).

The influence of the porosity on the mechanical properties and the
damage tolerant behavior of fabric reinforced Ox/Ox were also inves-
tigated in previous studies [8,26-28]. With a lower porosity, the
bending strength and strain decrease as well. Our previous study using
Nextel™ 610 fabric reinforced Ox/Ox showed additionally, that the
damage tolerant behavior is lost with a submicron matrix porosity of
34 % for the used Al;03-ZrO, matrix [8], which was in line with the
findings in the pure matrix system. The fiber alignment in SF-Ox/Ox is
far more isotropic than in a fabric reinforced material, which led to the
hypothesis that a short fiber reinforced material will maintain the
damage tolerant behavior even at lower porosities. The results of the
present study should test this hypothesis and therefore expand the
knowledge of the damage mechanisms in Ox/Ox while adding insight to
the behavior of SF-Ox/Ox with different submicron matrix porosities. To
the best of the authors’ knowledge, this is the first study to test the
theory of He and Hutchinson [23] for short fiber-reinforced Ox/Ox,
which can lead to an optimization of the material and a basis for future
developments with other oxide matrices or fibers. Since the matrix
system of the SF-Ox/Ox is already well documented for fabric reinforced
Ox/0x as well, this enables a direct comparability between the two
materials which hasn’t been shown before [8,29-31].

The SF-Ox/Ox in the present study consists of the same fiber type as
well as the same matrix system, thereby allowing a direct comparison
between short and long fiber reinforced Ox/Ox for the first time. As
already described, there is a critical fiber length needed for SF-Ox/Ox in
order to obtain a damage tolerant fracture behavior and at least for the
investigated range up to 112 mm, the mechanical properties increase
with increasing fiber length [13]. Although this suggests that there are
differences in the behavior of short fiber and fabric reinforced Ox/Ox,
the effect of a decrease of porosity has not been studied on SF-Ox/0x, as
was already found for our fabric reinforced Ox/Ox. The aim of our study
is therefore to gain a deeper understanding of the mechanisms behind
the damage tolerant behavior in a SF-Ox/Ox and to investigate, if there
are possibilities to enhance the properties of SF-Ox/Ox by changing the
matrix porosity. To maintain the comparability of our work, the same
experiments carried out on fabric reinforced Ox/Ox were carried out to
decrease the porosity of the material gradually [8].
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2. Methods
2.1. Materials

For the manufacturing of the SF-Ox/Ox, Nextel™ 610 10,000 den
a-alumina fibers (3 M Corporation, USA) were used as a reinforcement.
The Young’s modulus of the fibers is 370 GPa and their tensile strength
is 2.8 GPa. The fibers are suitable for the continuous use at up to 1000 °C
under load [32]. For the production of the fibers, a sizing was applied by
the manufacturer, which can influence the properties of the CMC. This
sizing was also needed for processing the fibers by a fiber spraying
process, but previous investigations showed no influence on the damage
tolerant behavior compared with desized fabric reinforced Ox/Ox [20].
The matrix consisted of three powders to achieve a porous network with
a matrix porosity of around 45 %, which enables good mechanical
properties and a damage tolerant fracture behavior [11,13,21,29,30]. A
coarse, somewhat sintering-sluggish Al;O3 (purity 99.8 %, dsg = 0.7 pm,
CT 3000 SG, Almatis, Germany) was combined with a sintering-active
Al;03 (purity 99.99 %, dso = 0.23 um [33], TM-DAR, Taimei Chem-
icals, Japan) and 3 mol% Y503 stabilized ZrO, (purity >99.0 %, dsg =
0.1 um, TZ-3Y-E, Tosoh Corp., Japan). The ratio of the solid content was
set to 70/5/25 wt%. This matrix composition enables a submicron ma-
trix porosity of around 44.5 %, which was measured using mercury
intrusion porosimetry [30]. The Ox/Ox were fabricated using a fiber
spraying process [12,13,20,21], with the solid content of the
water-based slurry being 60 wt%. In addition to distilled water, 1.5 wt%
dispersant (Sokalan PA15, BASF, Germany) and 26 wt% glycerol
(99.5 % AnalaR NORMAPUR®, VWR, Germany), in relation to the solid
content, were used as the continuous phase. To enable the vacuum
bagging, 0.5 wt% of the total slurry mass of binder (PLEXTOL™ B 500,
Synthomer plc, UK) were added before spraying.

As reported previously [8,22], the porosity was lowered by infiltra-
tion with zirconium-n-butoxide in butanol (Alfa Aesar™
Zirconium-n-butoxide, 80 % (w/w) in 1-Butanol). The conversion of the
precursor results in a sufficient decrease of porosity without damaging
the fibers [8,11,22], therefore it was used in this study as well, in order
to ensure the comparability of the results. All samples were infiltrated by
the same batch of the precursor. The conversion of the precursor was
carried out at 950 °C for 2 h in air after every infiltration, except for the
last infiltration, where the samples were heat treated at 1225 °C for 2°h.
Further information about the infiltration procedure can be found in our
previous studies [8,22].

2.2. Processing

For the fabrication of the SF-Ox/Ox material, an automated fiber
spraying process, which was already described in previous publications,
was used [13,21,34]. During processing, a continuous fiber roving is
chopped to fiber bundles of 14 mm length by a cutting unit before the
chopped fiber bundles were ejected into the slurry beam. The cutting
unit as well as the spray gun were attached to an industrial 6-axis robot
(TX2-90L, Staubli International AG, Switzerland). The slurry was sup-
plied using a pressure feeding container to a high-volume, low-pressure
automatic spray gun where it was atomized. The chopped fiber bundles
were infiltrated during flight and deposited on a mold layer by layer. A
schematic illustration of the process can be seen in Fig. 2.

The used robot trajectory as well as the positioning of the toolhead
were programmed in the same way as in our previous study [13],
resulting in a movement speed of 0.32 m/s, a travel height of 400 mm
and a jet spray angle of 65°. With these parameters, six single prepreg
layers with a size of 300 x 300 mm? were sprayed and subsequently
dried in a drying cabinet (FDL 115, Binder, Germany) for 1 h at 50 °C to
activate the binder. Afterwards, the prepreg layers where conditioned
for 12 h in a climate chamber (305SB / +10 IU, Weiss, Germany) at
25 °C temperature and a humidity of 54 %rH to adjust the tack. After the
conditioning, two prepreg layers were stacked to result in a plate
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Fig. 2. Schematic illustration of the fiber spraying process, adapted from
Winkelbauer et al. [13,21].

thickness of around 2 mm. After stacking, the prepregs were pressed in a
vacuum bag for 2 h at room temperature before an additional drying at
60 °C for 12 h took place. After removing the vacuum bag, the green
body was dried at 100 °C for 12 h and then sintered. The samples were
heated to 1225 °C with a heating rate of 100 K/h and a dwell time of 2 h
in air. The corresponding microstructure of an as-fired material can be
seen in Fig. 3.

The resulting Ox/Ox were cut into bending bars with dimensions of
70 x 10 x 2 mm?® according to DIN EN ISO 17138, using a diamond wire
saw (Well 6234, Well Diamantdrahtsagen GmbH, Germany). Due to the
fabrication process, which leads to a random distribution of fibers and
matrix, short fiber reinforced Ox/Ox are more heterogeneous than fabric
reinforced Ox/Ox, as can be seen in Fig. 3. This leads to standard-
deviations for strength and Young’s modulus of around 15-20 %. In
order to increase the statistical certainty for this application, 171 sam-
ples in total (19 per batch) were fabricated. To maintain comparability
to our previous work [8,22], the porosity was lowered in an equal way
by infiltrating zirconium-n-butoxide (Alfa Aesar™
Zirconium-n-butoxide, 80 % (w/w) in 1-Butanol). The samples were
divided into nine batches with 19 samples each. One batch served for the
determination of the “as-fired” properties of the material and as an
overall reference. Another batch served as the “heat-treated” reference,
which was not infiltrated but underwent all the heat treatments to
determine their influence on the mechanical properties. The other seven
batches were infiltrated up to seven times to lower the porosity of the

Fig. 3. SEM-image of an as-fired sample. Fibers and matrix as well as macro-
pores and sintering cracks can be seen. The submicron-porosity is not visible
due to the low magnification.
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material while they underwent all seven heat treatment cycles.

The infiltration process was carried out in a desiccator in vacuum.
The samples were evacuated for 1 h, followed by the addition of the
precursor into the desiccator until it completely covered all samples.
After 2 h in the precursor bath under vacuum, atmospheric pressure was
restored and the samples were removed from the precursor bath and
then hydrolyzed in air for 12 h at ambient conditions. The following
heat treatment took place at 950 °C for 2 h to convert the precursor and
oxidize remaining organic residues. No fiber degradation was expected
since the long-term stability is guaranteed for 1000 °C according to the
manufacturer [32]. The infiltration and heat treatment procedure took
place up to seven times to gradually lower the total porosity. The last
heat treatment was carried out at 1225 °C for 2 h to ensure a full crys-
tallization of the precursor. For comparability reasons, the procedure
was the same as in our previous studies [8,22].

2.3. Characterization

The apparent porosity was measured using the Archimedes’ principle
according to DIN EN 1389. It describes the total open porosity of the
material. The skeletal density was measured by Helium pycnometry
(Accu Pyc I1 1340, Micromeritics, USA). Density measurement using He-
pycnometry was carried out as a combination of ten samples (30x10x2
mm?) as a batch. Every batch was measured ten times. Since the porosity
was completely open, the result of the test corresponded to the theo-
retical density of the bulk Ox/Ox, which can be used to determine the
expected porosity based on the density change following the precursor
infiltration.

The conversion behavior of the precursor was determined in detail in
our previous study [8]. Thermogravimetric measurements (TG) showed
that a ZrOs yield of around 27 wt% was achieved. The calculation of the
amount of infiltrated precursor, which decreases the porosity, is based
on the measurement of the skeletal density using Helium-pycnometry.
The density of the pure precursor (5.75 g/cm®) was determined using
the same method. Additionally, the open porosity of the as-fired mate-
rial determined by Archimedes principle was needed.

First, the amount of precursor-derived monoclinic zirconia (Xy,.z:02)
compared to the as-fired state was calculated using Eqs. (1) and (2).
According to the rule of mixture, the skeletal density of the infiltrated
sample (pinfiltrated) 1S the sum of the density of every component
(Pprecursor; Pas-fired) Multiplied with the corresponding volumetric content
of the single components (Eq. (1)). Eq. (2) calculates the amount of m-
ZrO, after the infiltration(s).

pcomposite = Xm-zr02 * pprecursur + (1 - xm—ZrO2) * Pmatrix @

P, composite “Pmatrix
Xm-7r02 = ( 2)
precursor Prmatrix

Xm-zro2 denotes the proportion of zirconia in regard to total bulk volume.

However, the zirconia was added to the volume of the already existing

composite. Therefore, Eq. (3) is used to calculate Xy, z7:02, which is the

proportion of volume added to the initially existing bulk composite

volume.

K-z = B 3)
(1 = Xm-zc02)

Egs. (1) to (3) were based on the skeletal density measured by He-
lium pycnometry. Therefore, the corresponding volume excluded all
open porosity and Xy, zr02 relates only to the volume expansion based on
the bulk volume consisting of fibers and matrix.

In order to calculate the volume expansion of the Ox/0Ox, its porosity,
measured by Archimedes’ principle, has to be taken into account. The
fraction of porosity Xporosity Of the as-fired samples was used to deter-
mine the bulk volume of the samples before infiltration and together
with the Xp,.zr02 of Eq. (3), the expanded bulk volume is determined. The
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result can be subtracted from 1 to give the expected porosity ®expected
after the infiltration in question (Eq. (4)).

¢expected = (1 - ((1 +Xm—ZrO2) * (1 _xPorosity) ) ) *100 % (4)

According to the increase in skeletal density from 4.2 g/cm? to 4.4 g/
cm?® and the use of Egs. (1) to (4), the remaining porosity after the in-
filtrations should be in the range of 35 % and 29 %, which corresponds
to a matrix porosity of 47-39 %. The measured decrease in porosity
aligned well with the calculated one, as can be seen in Fig. 4.

The microstructure was investigated by scanning electron micro-
scopy (SEM, Sigma 300 VP, Zeiss, Germany). Before SEM analysis, the
samples were embedded in resin and then ground and polished. To
reveal the microstructure of the Ox/Ox, the resin was burned out at
700 °C for 2 h in air.

The bending strength was measured using a three-point bending-test
according to DIN EN ISO 17138. Our universal testing machine (Z050
TEW AllroundLine, ZwickRoell, Austria) was equipped with a 5 kN force
measuring cell. Testing speed was set to 1 mm/min with a support span
of 50 mm. The displacement was measured optically with a video
extensometer. The static Young’s modulus was calculated by the slope of
the stress-strain-curve of the bending tests. For comparison, the dynamic
Young’s modulus was measured using impulse excitation technique
(IET, MK7 Advanced, GrindoSonic, Belgium) according to ASTM E
1876-01.

In order to examine the cracks leading to failure after the bending
test, the tensile side of the samples were sprinkled with graphite powder
(d50 = 4 pm) and washed with acetone. The graphite primarily depos-
ited in the cracks, creating a high contrast between the crack and the
intact sample surface and enabling the examination using an optical
microscope (DSX 1000, Olympus, Japan).

3. Results and discussion
3.1. Porosity decrease

The porosity of the samples was lowered with every infiltration and
heat treatment step. Starting with an initial matrix porosity of 52 %, the
porosity of the samples was lowered to 38 % after seven infiltrations.
After three infiltrations, it was not possible to access some of the pore
channels by the precursor anymore, resulting in a decrease of infiltration
efficiency. This behavior is comparable to our previous work [8,22].

The matrix porosity consists of the fine scaled submicron matrix
porosity caused by the powder mixture and a macroporosity, which is
caused by the manufacturing process. The mechanical properties are
mainly governed by the submicron porosity. In addition, the infiltration
cycles mainly affect the submicron porosity due to its high capillary

60 T =99 % Confidence interval
He-pycnometer
B Archimedes

50
40
20
10

0

As Heat One Two Three Four Five Six Seven
fired  treated inf. inf. inf. inf. inf. inf. inf.

Matrix porosity [%]
w
(=]

Infiltration state

Fig. 4. Decrease in matrix porosity measured by Archimedes’ principle and
calculated based on the skeletal density measurement using He-pycnometry.
The decrease of the porosity can be attributed to the increasing amount of
converted zirconia precursor within the infiltrated samples. The values corre-
spond well with the porosity measurement using Archimedes’ principle.

Journal of the European Ceramic Society 46 (2026) 118020

forces. Therefore, to achieve comparable results, the macroporosity
must be calculated and deducted from the matrix porosity to reveal the
effect of the infiltrations on the submicron matrix porosity. The formula
for this purpose was provided by Puchas et al. [30]. The study, which
used the same matrix system, showed that Ox/Ox with good properties
generally has a submicron matrix porosity (®standara) of 44.4 + 1.7 %.
The amount of macropores can be calculated using Eqs. (5) and (6).

B = (1 fp’"“ﬂ) +100% )
Pmatrix.theor.
cl)Macm = ((DMatn'x - q)standard) * (1 7FVG) (6)

The calculated percentage of macropores was 4.8 %, which corre-
sponded to the total sample volume. Since the submicron porosity is
primarily filled by the precursor, it can be assumed that the macro-
porosity stays the same for all sample sets. This assumption enabled the
calculation of the submicron matrix porosity for every sample set. The
decrease of the submicron matrix porosity from 46 % to 32 % is dis-
played in Fig. 5. A Tukey test was performed to check the statistical
significance of the results compared to the heat-treated sample. With a
p-value of below 0.001, every infiltration step up to and including the
third infiltration caused a significant porosity decrease. The decrease
aligned well with the data derived from our previous work [8].

The SEM images of the samples showed a uniform densification with
every step. Fig. 6 displays the comparison of the heat-treated samples
with a sample after seven infiltration steps. With the decrease in matrix
porosity, the fiber matrix bonding was more pronounced, which resulted
in a higher degree of plane-polishing of the sample after seven infiltra-
tion steps (Fig. 6b). The characteristic peanut-shape of the fibers is well
known for 10,000 den fiber rovings and is caused by drying high fila-
ment fiber bundles during the fabrication process. The properties of the
fibers are not influenced by its shape [35].

3.2. Influence of decreased porosity on mechanical properties

3.2.1. Influence of the heat treatment

After every infiltration, a heat treatment must be performed for 2 h at
950 °C in air to convert the precursor and oxidize any carbon residues.
Therefore, the infiltrated samples were exposed to high temperatures for
a longer period, which can cause fiber degradation, even if the heat
treatments were carried out below the temperature given for long term
stability by the manufacturer [32]. In order to exclude the influence of

50
45
< o
2 40
17
=]
8
Q35
B
g
s 30
=
o
=
.2
g
E
72} —o— short-fiber
3 —=&— fabric three-point-bending
fabric shear strength
0
0 1 2 3 4 5 6 7

Heat-treatments

Fig. 5. Submicron matrix porosity curves for short fiber reinforced samples
compared with fabric reinforced samples of our previous study [8]. The
decrease in submicron matrix porosity is comparable and independent from
long or short fiber reinforcement, since the macropores were not filled during
the infiltrations and the submicron matrix porosity was the same for both,
because the same matrix was used.
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Fig. 6. a) SEM pictures of a heat-treated and b) seven times infiltrated sample. Due to the higher porosity, the matrix around the fibers crumbled during grinding and
polishing. The densification due to infiltration led to a higher bonding to the peanut-shaped fibers. Therefore, the degree of matrix crumbling decreased in com-
parison to the heat-treated state, resulting in a surface with a higher planarity and some ground matrix grains.

the heat treatment, samples without infiltrations but with
heat-treatment were compared to as-fired samples. As it can be seen in
Fig. 7, the three-point-bending strength as well as the Young’s modulus
and fracture strain remained the same for both sample sets and were
comparable to the results of our previous studies [13,21].

According to these results, no fiber degradation took place during the
heat treatments. Thus, the changes seen in the behavior of the infiltrated
samples can solely be attributed to the change in submicron porosity.

3.2.2. Influence of the decreased porosity

The Young’s modulus was measured non-destructively by the im-
pulse excitation technique (IET) as well as mechanically using the slope
of the stress strain curve during the bending test. Thus, it was possible to
compare the results of both methods and to test the IET method for short
fiber reinforced Ox/Ox. The results displayed in Fig. 8 show the com-
parison between IET and mechanical testing, as well as the influence of
the porosity on the Young’s modulus of all sample sets. With decreasing
porosity, the mechanically tested modulus increased from 40 + 10 GPa
to 82 + 12 GPa. Starting with the second infiltration, the change of the
Young’s modulus is statistically significant (p = 0.01) compared to the
heat-treated sample. The IET values showed the exact same behavior but
displayed overall higher values, starting at 44 + 9 GPa until 88
+ 14 GPa was reached (Fig. 7). The difference between both value-sets
was also affected by the porosity. While the measurement of the heat-
treated samples differed by 3 GPa, the difference rose gradually with
every infiltration until a difference of 6 GPa for the seven times infil-
trated samples was reached. Nevertheless, both methods provided
comparable results. Thus, the IET is a valid, nondestructive alternative
for measuring the Young’s modulus of Ox/Ox CMC.

The heat-treated reference sample exhibited a bending strength of
85 + 19 MPa and a submicron matrix porosity of 46 + 2 %. With every

100
80
60

40

Bending strength [MPa]

20

as-fired
—— heat-treated

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40
Strain [%]

Fig. 7. Comparison of the mechanical behavior of an as-fired and a heat-treated
sample. Strength, Young’s modulus and fracture strain remained the same after
the heat treatments. Therefore, the heat treatments did not influence the
properties of a short fiber reinforced Ox/Ox.
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Fig. 8. The Young’s modulus increases with decreasing porosity. This can be
determined non-destructively using IET as well as destructively in a three-point-
bending test. The obtained values are comparable, but IET does provide overall
higher values.

infiltration step, the submicron matrix porosity decreased until a mini-
mum of 32 £+ 2 % was reached after seven infiltrations. With decreasing
porosity, the bending strength increased up to 120 + 23 MPa. According
to the Tukey test, the changes compared to the heat-treated sample are
statistically significant after four infiltrations and above. The fracture
strain decreased with a lower porosity, starting at 0.25 + 0.05 % and
reaching after seven infiltrations 0.16 + 0.03 % (Fig. 9). Starting with
three infiltrations, the changes in fracture strain are statistically
significant.

While the increase of the bending strength deviated significantly

150+ . 0.6
T =99 % confidence interval

1254 0.5

1004 % + 0.4
% %
751 0.3

504

Bending strength [MPa]
Fracture strain [%]

% + ? ;— 02

25 0.1

0- 0.0
47 46 45 44 43 42 41 40 39 38 37 36 35 34 33 32 31 30
Submicron matrix porosity [%]

Fig. 9. The bending strength increased with decreasing submicron matrix
porosity while the fracture strain decreased at the same time.
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compared to the decreasing bending strength described in our previous
study for fabric reinforced Ox/Ox, the decrease in strain was in line with
our previous results. This difference can be explained by the crack
propagation at the fiber-matrix interface within both samples. Evans
et al. [24] described the crack propagation behavior at fiber-matrix in-
terfaces with different aligned fibers, which is based on the work of He
and Hutchinson [23]. At a higher fiber inclination, the requirements to
achieve crack deflection in a CMC are less stringent [24]. The orienta-
tion of the fibers was determined in our previous study [21], which
showed only a negligible orientation of the spraying process in the 0°
orientation (below 1 %). Therefore, a random distribution of the fibers
in a sprayed layer can be assumed. The fracture of the fibers is vertical to
the load direction. Considering the differences in fiber alignment be-
tween short fiber and a fabric reinforced material, it is plausible that
cracks appear more often at a 90° angle in a fabric reinforced material
due to the higher alignment in load direction than in a quasi-isotropic
alignment present in a short fiber reinforced material. As it was
described in our previous work [8,22], the damage tolerant behavior is
lost between 37 % and 34 % porosity for a fabric reinforced Ox/Ox.
However, the prediction only covers the appearance of cracks at a 90°
angle. For lower angles, the crack-deflection-line is not passed (Fig. 1),
indicating the possibility of maintaining damage tolerant fracture
behavior at lower porosity. As a result, the more isotropic fiber orien-
tation of short fiber reinforced samples enabled the retention of a
damage tolerant fracture behavior at a lower porosity compared to the
fabric reinforced sample (Fig. 10).

Despite the differences in the behavior compared to the fabric rein-
forced material, the increasing strength of the SF-Ox/Ox was discussed
in literature as well. The strength of a short fiber reinforced Ox/Ox-
material manufactured with direct ink writing increased with up to
three infiltrations [36]. A further densification additionally showed a
loss in strength, which is in line with our previous publication on fabric
reinforced Ox/Ox [8]. Nevertheless, the potential of an even higher
strength for SF-Ox/Ox due to a denser matrix was shown.

3.2.3. Comparison of the behavior with fabric reinforced material

As described in the previous chapter, the increase of the bending
strength while simultaneously maintaining the damage tolerance of the
SF-Ox/0x deviated from the behavior of a fabric reinforced material
with the same matrix. The fabric reinforced material lost the crack
deflection capability at the latest with a porosity of 34 % and below
while the bending strength decreased with every infiltration step start-
ing with the first one (Fig. 11) [8].

Both materials (short fiber and fabric reinforced) exhibit the same
behavior regarding the Young’s modulus as well as the strain at break.
The Young’s modulus increased in both materials with every infiltration
step while the strain at break decreased. The differences were attributed
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Fig. 10. Comparison of the fracture behavior of short fiber reinforced samples
with different submicron porosity. The bending strength as well as the Young’s
modulus increased with decreasing porosity. The damage tolerant behavior was
still present with a submicron matrix porosity of 32 %.
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Fig. 11. Fracture behavior of fabric reinforced Ox/Ox with decreasing submi-
cron porosity according to our previous study [8]. The damage tolerant
behavior is completely lost between 37 % and 34 % submicron porosity. In
contrast to the findings of the recent study, the bending strength as well as the
fracture strain decreased with decreasing porosity. SF-Ox/Ox provide a damage
tolerant behavior even at a submicron porosity of 32 %.

to the different fiber alignment and the more isotropic nature of the
short fiber-reinforced material compared to the fabric reinforced ma-
terial. In order to better emphasize the differences between the types of
fiber reinforcements, Fig. 12 shows the crack pattern of SF-Ox/Ox as
well as fabric reinforced Ox/Ox at around 47 %, 36 % and 32 % sub-
micron matrix porosity.

The crack pattern at a porosity of 47 % corresponds to the crack
deflection behavior of the material in the heat-treated state. While the
crack of the SF-Ox/Ox can be seen clearly with many changes of the
crack direction, the fabric reinforced material shows no clearly
discernible single crack. The grey areas within the bundles indicate the
destruction of inter-bundle matrix regions while the fibers themselves
are still intact. This behavior changes drastically with the infiltrations
leading to a porosity of around 36 %. While the crack propagation in the
SF-Ox/0x only shows minor changes, the fabric reinforced material now
shows a clear, fairly straight crack pattern. With a porosity of 37 %, the
damage tolerant behavior was still detectable, but the properties
decreased due to the inferior crack deflection potential [8]. At 32 %
porosity, the crack propagation of the SF-Ox/Ox is also quite straight but
variations in the pathway are still clearly visible. The fabric reinforced
material, however, shows nearly no crack deflection, resulting in a
straight line and a brittle behavior in the bending tests, as it can be seen
in Fig. 11 [8]. Since the only difference between the materials is the type
of fiber reinforcement, the changes of the crack pattern can be related to
the use of short fibers instead of fabric. With the higher potential for
crack deflection, denser matrix systems can improve the properties of
the short fiber material by providing higher strength with the same cost
efficient use of short fibers while still maintaining a damage tolerant
fracture behavior. Additionally, a denser matrix system enables a higher
interlaminar shear strength [8], thereby improving a natural disadvan-
tage of porous Ox/Ox.

In the presented study, the matrix porosity was varied between 46 %
and 32 % to investigate the evolution of the damage tolerant behavior.
Even at 32 % submicron porosity, the short fiber reinforced Ox/Ox
exhibited damage tolerant fracture behavior. However, the decreasing
fracture strain with increasing numbers of infiltrations shows the same
tendency as for the fabric reinforced samples. The increasingly straight
crack pattern after bending also showed the decreasing ability for crack
deflection. It can be therefore concluded, that a loss of damage tolerant
fracture behavior would take place with a further decreasing porosity.
The strength increase after the infiltrations can be explained by a
stronger matrix, which can withstand higher forces and provide a better
load-transfer to the fibers. Future research should investigate the pos-
sibility of a different matrix system to enable a lower porosity directly in
the manufacturing process, since the impregnation and pyrolysis
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Fig. 12. Optical microscope images of the crack after testing the SF-Ox/Ox (upper images) as well as the fabric reinforced Ox/Ox (lower images) with the same
matrix The total pathway of the crack gets shorter with decreasing porosity, indicating less crack deflection within the sample. While the SF-Ox/Ox still showed crack
deflection at a porosity of around 32 %, the pathway of the fabric reinforced material is nearly straight, indicating the brittle behavior detected during testing.

method is too time consuming to be used for cost-sensitive industrial
applications.

4. Conclusion

This study investigated the influence of the submicron matrix
porosity on the flexural strength of a short fiber reinforced all-oxide
ceramic matrix composite (SF-Ox/0Ox) for the first time. The submi-
cron matrix porosity was decreased from 46 % to 32 % with up to seven
infiltration cycles with zirconium-n-butoxide. Heat treatments at 950 °C
after every infiltration ensured the transformation of the precursor. The
porosity dependent behavior of the short fiber reinforced Ox/Ox mate-
rial was compared with a fabric reinforced material of our previous
study [8]. Contrary to the results of the fabric reinforced material, the
bending strength increased from 85 + 19 MPa to 120 + 23 MPa with
decreasing porosity while maintaining a damage tolerant behavior. The
comparison of the crack paths clearly showed crack deflection in the
SF-Ox/0x at a submicron porosity of 32 % while the crack propagation
of a similar fabric reinforced material was linear. Microcracking and
therefore the crack propagation within the matrix is influenced by the
porosity of the system. With a denser system, less microcracking occurs
and the strong fiber matrix bonding as well as the angle of the crack
propagation towards the fibers become more important. Since the fibers
are randomly distributed, the angles of a crack propagation towards the
fibers differs widely, rendering the crack penetration into the fibers less
likely. Thus, lowering the porosity can be a suitable way to increase the
fiber dominated as well as matrix-dominated properties of SF-Ox/Ox,
leading to a wider range of applications due to the higher strengths.
Especially the potential benefits of the higher interlaminar shear
strength due to a denser matrix are of great interest for the material
system, even compared to fabric reinforced material. Additionally, the
development of a new matrix material can be tailored more effectively
towards a denser matrix with higher strength knowing the damage
tolerant behavior will remain. Our study showed clearly that the known
restrictions for crack deflection behavior seen in fabric or other
continuous fiber reinforced materials cannot be fully applied to short
fiber reinforced material. This opens up new areas of research to further
improve short fiber-reinforced all-oxide ceramic matrix composites.
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