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ABSTRACT

With the increasing interest in ceramic matrix composites for a wide range of applications,
fundamental research is needed in the area of multiple weaves and fiber volume. Understanding
how the material performs with differing weaves and fiber volume will affect the end insertion
application. With this in mind, a series of three panels were fabricated via a polymer infiltration
process: 8 harness satin (HS) balanced symmetric layup, 8 HS bias weave, and angle interlock.
From these panels, a series of characterization efforts were undertaken with the sample oriented
in both the warp and fill direction: with differing fiber volumes. These tests consisted of tensile,
interlaminar shear, interlaminar tensile, in-plane thermal expansion and through thickness
thermal conductivity. In addition, micro-structural characterization was done. The results from
this testing will be presented, trends reviewed and analysis done.

INTRODUCTION

Ceramic Matrix Composites (CMCs) are being considered for an ever wider range of
applications where designers and applications can take advantage of their low density and high
temperature capability [1,2]. With this increasing interest, the characterization needs to expand
beyond the point design approach used for some potential aerospace applications [3-5]. Based
on this, a characterization effort was undertaken to look at a variety of weaves and fiber volumes.

For this effort, three panel types were made available for testing: cross ply balanced panel,
bias panel with a ratio of 3:1 and an angle interlock panel. Depending on the orientation of the
panel during the testing, the fiber volume varied. These series of panels offered an unique
opportunity to perform a consistent set of testing in both orientations and compare weaves and
fiber volumes. The following is a report on the testing and characterization that was done.

PROCEDURE

Material

With the interest in exploring multiple weaves and fiber volumes, a polymer infiltration
pyrolysis system was chosen. This was due to the ability of the process to be easily transferred
to the different weaves with no modification to the processing or processing time eliminating that
as a variable in any subsequent analysis. The material system used for this effort was the
SIC/SINC system which a non-stochiometric SiC (CG Nicalon™) fiber in a matrix of Si, N and
C that is arrived at by multiple iterations via a polymer pyrolysis process. This material has been
previously discussed by the authors where the constituent properties were determined [6].

The baseline panel for this effort was a cross ply panel using a 22 ends per inch (epi) 8 HS
balanced cloth. The panel was a 6 ply panel with an overall fiber volume set at 40%. The
second panel was a Bias weave panel (cross ply layup at 6 plys) where the warp fibers were set
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at ~3x the fill direction fibers. The overall fiber volume was set at 40% (consistent with the
baseline panel). The Angle Interlock panel was an effort to combine a bias weave with a low
angle interlock to increase interlaminar properties. The total fiber volume was set at 35%. The
manufacturing goals for the fiber volume which shows the nature of the various weaves is found
in Table I.

Table I. Manufacturing Goals for Fiber Volume between the Three Panels

Panel Type Fiber Direction Fiber Volume (VT)
From Manufacture
(%)
Baseline Warp 20.1
Fill 20.1
Bias Warp 28.8
Fill 11.1
Angle Interlock Warp 24.5
Fill 10.5
Test Matrix

For each weave, the overall panel size was 310 mm x 310 mm. This provided a large enough
area that samples could be machined in both the warp and fill direction to not only look at the
weave but also fiber volume: warp and fill. For tensile testing, there were 6 samples from each
direction with test temperatures of 24°C, 649°C and 982 °C. This resulted in two repeats for
each condition. There were two interlaminar tests performed. The interlaminar tensile testing
was done at 24°C with 4 repeats per panel. There were 6 samples for the interlaminar shear
testing for each direction for testing at 649°C and 982°C. This resulted in three repeats for each
condition. For the in-plane thermal expansion, there were 3 repeats for each test direction with
the testing done from 24°C to 982 °C. There were only 2 through thickness thermal
conductivity tests done for each panel type. In all cases, the testing was done per ASTM
standards (as shown in Table II).

Table Il. Characterization Matrix for Panel (planned for each panel type)

Test Description Test Temp Test Test Reps
Direction (°C) | Environment | Method
Tensile Warp & Fill 24 air C1275 2
Tensile Warp & Fill 649 air C1359 2
Tensile Warp & Fill 082 air C1359 2
Interlaminar Shear Warp & Fill 649 air D2344 3
Interlaminar Shear Warp & Fill 982 air D2344 3
Interlaminar Tensile Normal 24 air D7291 4
In Plane Thermal Expansion Warp & Fill | 24-982 inert E228 2
In Plane Thermal Expansion Warp & Fill | 24-982 inert E228 2
Through Thickness Conductivity Normal 24-815 inert E1225 2
2
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Characterization:

After both fabrication or testing, characterization efforts were undertaken. Standard micro-
structural characterization was done samples from the panels looking at the microstructure in the
warp and the fill directions. In addition, image analysis was done to determine the fiber volume
and percent porosity seen in the images. Scanning electron microscopy was performed on the
failed tensile bars to look for differences that would occur due to weave or fiber volume effects.

RESULTS

Tensile Testing

The room temperature tensile results for the three panel types are shown in Figures 1-3. The
average data for all the temperatures is shown in Table I1l. For the baseline panel, the testing
does not show any significant difference between the sample directions. This is not the case for
the Bias or Angle Interlock panels. These two panel types showed that there was a significant
decrease in the strength and the proportional limit due to the decreased fiber volume present in
the fill direction (see Table I). The table and curves show that there still was significant strain to
failure capability present (as compared to the warp direction for these panels).

Interlaminar Testing

As noted in Table I, there were two interlaminar tests run on the material. The interlaminar
shear testing was performed in a 4 point short beam shear test. The test series run did not
generate the correct shear failure mode per the ASTM standard and therefore will not be
discussed further. There were also a series of 4 interlaminar tensile tests run on each panel. The
results of that testing is shown in Table I\VV. Table IV shows that there were no differences seen
between the various panels fabricated.
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Figure 1. Room Temperature Stress Strain Curved from Baseline 8 HS Cross Ply Panel
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Figure 2. Room Temperature Stress Strain Curved from Bias Panel
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Figure 3. Room Temperature Stress Strain Curved from Angle Interlock Panel
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Table I11. Average Tensile Data for Three Panel Types

Panel Test Test | Proportional | UTS Failure | Modulus
Type Direction | Temp Limit Strain
(°C) (MPa) (MPa) | (mm/mm) (GPa)
Baseline Warp 24 84.6 253.7 0.0041 114.9
Baseline Fill 24 92.8 282.3 0.0049 115.9
Baseline Warp 649 77.3 300.3 0.0052 121.4
Baseline Fill 649 89.3 298.7 0.0049 125.2
Baseline Warp 982 82.3 302.3 0.0054 120.1
Baseline Fill 982 90.6 320.9 0.0063 111.8
Bias Warp 24 109.0 350.0 0.0047 109.0
Bias Fill 24 52.1 115.4 0.0042 98.0
Bias Warp 649 na na na na
Bias Fill 649 42.8 113.2 0.0047 107.0
Bias Warp 982 101.0 335.7 0.0047 124.9
Bias Fill 982 42.2 116.5 0.0055 120.8
Angle Interlock Warp 24 89.9 204.5 0.0034 95.2
Angle Interlock Fill 24 53.6 98.0 0.0022 80.4
Angle Interlock Warp 649 90.4 216.8 0.0039 101.8
Angle Interlock Fill 649 61.2 108.3 0.0036 66.9
Angle Interlock Warp 982 88.4 227.8 0.0047 94.9
Angle Interlock Fill 982 51.9 126.7 0.0054 76.9

na = delamination present in panel reduced the samples present for testing and therefore this temperature was removed from the test matrix

Table IV. Interlaminar Tensile Average for Three Panel Types (with standard deviation)

Panel Analysis ILT Strength Failure
(MPa) Location
Baseline Average 14.1 100% Material
StDev 1.08
Bias Average 12.9 100% Material
StDev 3.90
Angle Interlock Average 14.9 100% Material
StDev 0.28
5
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Thermal Testing

A series of in-plane thermal expansion tests were done in both the warp and fill directions.
The results of this testing are shown in Figure 4. There is not a clear distinction between the test
directions with the known change in fiber volume. The results of the thermal conductivity
testing are shown in Figure 5. Here, clear differences are seen with the angle interlock sample
showing the greatest conductivity value.
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Figure 4. In-Plane Thermal Expansion Results for the Three Panel Types
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Figure 5. Through Thickness Thermal Conductivity Results

Characterization

As noted previously, micro-structural characterization was performed on the material. From
the optical work, image analysis was done to determine fiber volume on the baseline panel and
porosity analysis for all the panels. Micro-structural cross sections showing the fill direction for
the three panel types are shown in Figure 6. Figure 6 shows that the fill direction has different
fiber volumes as expected. From these images, porosity analysis was done and the summary of
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that work is shown in Table V. The porosity is essentially constant for this effort and will not be
discussed further. For this series of work, only the fiber volume for the baseline panel was
determined and it was found to be 24.7% which is higher than expected from the manufacturing
expectations shown in Table I.

a) Baseline (50x) b) Bias (50x) c) Angle Interlock (50x)
Figure 6. Optical Images of Fill Direction for the Three Panel Types

Table V. Porosity Analysis (Image) for the Three Panel Types

Panel Type Fiber Direction Porosity
(%)
Baseline Warp 8.4
Fill 11.6
Bias Warp 8.2
Fill 11.1
Angle Interlock Warp 8.8
Fill 11.2

After tensile testing, Scanning Electron Microscopy (SEM) was performed on the tensile
fracture faces to confirm the presence of fiber pullout. Images from the testing in the fill
direction are shown in Figure 7. Fiber pullout is seen consistent with the strain to failures (See
Table 111.)

\ ] NS i * - iz -.‘_ R0 e
a) Baseline b) Bias c) Angle Interlock
Figure 7. SEM Images of Tensile Samples Tested in the Fill Direction
(tested at RT)
7
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Mechanical Characterization

In addition to the optical characterization, the tensile testing was used to determine the fiber
volume in the different loading directions. This can be done by looking at the secondary slope of
the stress strain curve after the proportional limit. After the proportional limit, all the load is
being carried by the fiber and the slope is equivalent to the fiber volume times the modulus of the
fiber [7,8]. The results of this analysis are shown in Table VI. There is good agreement with the
expectations from manufacturing. The mechanical testing generates higher values in the warp
direction and lower values in the fill direction. The testing done for the baseline panel was
confirmed using optical image analysis as discussed above.

Table VI. Mechanical Analysis of Fiber Volume for the Three Panel Types

Panel Type Fiber Direction \ii \i
Manufacture Tensile Curve

(%) (%)

Baseline* Warp 20.1 24.7

Fill 20.1 24.7

Bias Warp 28.8 35.1

Fill 11.1 6.9

Angle Interlock Warp 24.5 21.0

Fill 10.5 8.4

* = optical analysis was done on the baseline panel and the determined fiber VVf was 24.7*

DISCUSSION

Three different panel types were tested in two different directions with some testing done in
the through thickness direction of the panels. The breadth of this work allows the data to be
compared against fiber volume and weave effects. This is shown in Figures 8-10 where the
modulus, proportional limit (0.005% offset) and ultimate tensile strength can be viewed against
fiber volume. (For the Elastic Modulus, past work was used for the constituent properties
allowing a Rule of Mixtures (ROM) approach to be used [6].) These series of results clearly
show that the fiber volume can have a significant impact on the properties. The elastic modulus
is consistent with the Rule of Mixtures especially when the porosity in the material was clearly
known (See Table V). The change in the fiber volume clearly influences the ultimate tensile
strength. With increasing percentage of high strength fibers, there is a clear benefit of the fiber
seen. The proportional limit increases with fiber volume and this is most likely due to a decrease
in the amount of the weak matrix present.

The interlaminar properties did not clearly differentiate between the panels and samples
tested. As noted earlier, the interlaminar shear did not have the correct failure mode so no
analysis can be done. The interlaminar tensile testing showed no difference between the panels
even with the angle interlock work done (See Table IV). The presence of porosity is not an issue
here as the panels were consistent as noted earlier.

While the angle interlock did not improve the mechanical properties in the through thickness
direction, there was a benefit seen for the thermal conductivity (See Figure 5). The presence of
fibers in the Z (through thickness) direction allowed improved thermal conductivity over the
other panels that relied on the matrix for part of the through thickness thermal conductivity. The
thermal expansion testing did not show significant changes but this is most likely due to the

8
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expansions between the two phases being the same. This needs to be confirmed with
experimental work.
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Figure 9. Proportional Limit versus Fiber VVolume
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Figure 8. Tensile Modulus versus Fiber Volume
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Figure 10. Ultimate Tensile Strength versus Fiber Volume
CONCLUSION

A series of tests were conducted on an 8HS baseline panel, a bias panel and an angle
interlock panel. Testing was done in both the warp and fill directions. Fiber volume was
determined form the testing and used to look at trends with fiber volume. This testing showed
that the mechanical properties were greatly influenced by fiber volume. The interlaminar
properties were not affected. There was some effect on thermal properties for the through
thickness thermal conductivity for the angle interlock panel due to the presence of Z direction
fibers.

This work shows the benefit of looking at a range of weaves and fiber volume as this can
impact the design space for future applications.

FUTURE WORK

As part of the effort to understand this data, additional constituent property testing should be
done. As noted above, this is clearly the case for the thermal expansion where the data versus
temperature is not fully known.
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