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Accumulative damage mechanics of short fiber reinforced ceramic matrix composite

Ceramic Matrix Composite (CMC) has been expected as a lightweight material for a hot
structure, e.g. engines of rockets and airplanes, thermal protection systems of reusable spacecraft,
brake disks and telescopes of astronomical satellites. However, CMC has been mostly reinforced
with woven fabrics, requiring long processing time to fold fibers precisely and to make dense
ceramic matrix.

One possible solution to reduce manufacturing cost is to reinforce with short fibers. A short
fiber reinforced CMC doesn’t need precise fiber alignment but randomly disperses in the hot press
process, which helps to shorten the process time. Besides, this type of CMC has a lower flexural
strength and Young’s modulus, but equaled superior wear properties and low thermal expansion
coefficient to those of the continuous fiber reinforced CMCs. These thermo mechanical properties
and the lower process cost encourage introducing short carbon fiber reinforced silicon carbide
composites for the brake disk of automobiles. Besides, the short fiber reinforced CMC has a
possibility of application for thermal protection systems of the reusable spacecraft by
comparisons of the mechanical and thermal properties, and oxidation resistance to those of the
past ceramic tiles of the space shuttle.

However, a short fiber reinforced CMC has been only applied to brake disks. The reason of this
seems to be due to its low reliability for lower safety factor application such as an aerospace
industry. The complex material structure, where fibers randomly dispersed and residual metal
phase, carbon phase and ceramic phase mix together, causes randomly distributed thermal process
cracks to initiate during cooling process, which makes crack propagation observations
complicated. This is why, previous researches only conducted observations after fracture, or
limited observing around a notch to measure fracture toughness under the mixed mode.

In order to use short fiber reinforced CMC safely and to expand its usage, a predicting life
method is expected. In the case of continuous fiber reinforced CMC, which has been already
successfully applied to jet engines, stress-strain relationships were investigated during a
loading/unloading tensile test, while damage process observations were conducted at each
maximum stress. After revealing the mechanical properties and damage process, Evans et al
constructed a damage mechanics model, which estimates stress-strain relationships from the
measured damage characteristics such as crack length and its numbers. Furthermore, Evans et al
found a close relationship between the life span and the stress-strain behavior by conducting a
fatigue test. Consequently, it seems to be also inevitable to reveal the damage process and to

construct the damage mechanics model in the case of short carbon fiber reinforced CMC for



proposing a life prediction method and increasing its reliability. In addition, these investigations
are necessary at not only tensile but compressive and shear stress condition, considering an
application to the real stress condition of structures.

This study aims to reveal an accumulative damage mechanism of short fiber reinforced CMC.
The loading/unloading tests were conducted before fracture under the compression, tension and
shear, to obtain the stress-strain relationship. In addition, the crack propagation process was
observed to reveal the damage process and damage characteristics. Furthermore, a new damage
mechanical model was proposed to estimate stress-strain relationships, by substituting the
obtained damage characteristics.

In chapter 1, the motivation of this study was explained after summarizing previous works
regarding the short fiber and continuous fiber reinforced CMC.

In chapter 2, the stress-strain relationships under loading/unloading tests were investigated.
The results showed nonlinear stress-strain relationships. The apparent modulus decreased, while
the permanent strain increased, with an increase of the maximum stress. On the other hand,
unloading modulus, which was calculated from the inclination of stress-strain relationships near
the maximum stress under unloading, did not change. To verify this reason, the composites’
Young’s modulus was estimated by changing the fiber bundle modulus of the longitudinal and
transverse direction by an application of the modulus estimation method of Fu et al. The
estimation suggests that there is no fiber fracture before the total fracture.

In chapter 3, damage process observation and visualization were conducted in the wide area of
specimen where no obstacles for observation. Damage characteristics, such as the crack angle,
number and length, were measured. The results of damage process observations showed that
cracks propagated from the existing process cracks in the transverse fiber bundle of the
through-thickness plane without fiber fracture by connecting the process cracks or other cracks.
This suggests that the damage mechanics model of continuous fiber reinforced CMC is
inapplicable to this material. In addition, cracks did not close after the unloading. This reason
seems to be due to the stack of the inside crack surfaces. Damage characteristics measurements
suggest that mode I crack propagation is a dominant under all kinds of stress conditions.

In chapter 4, a new damage mechanics model was proposed to explain the stress-strain
relationships quantitatively from the obtained damaged characteristics, by expanding that of a
brittle rock, granite, proposed by Batista et al. The model succeeded to explain the tendency of
the experimental results. The estimations also suggest that the stress-strain nonlinear
relationships are caused by the crack propagation and opening in the transverse fiber bundle of the
through-thickness plane.

In chapter 5, the summary and conclusion of this study were described.

This study succeeded to reveal the damage process, which previous researches had never
succeeded, and provided a basic insight of the theoretical damage mechanics of the short fiber
reinforced CMC under compression, tension and shear, which is quite different from that of the

continuous fiber reinforced CMC.
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