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Carbon Fiber Reinforced Plastics (CFRP) are composite materials made of carbon fibers (reinforcing material) and
thermohardening resin. They benefit from superior mechanical properties (low weight, high strength, high stiffness,
etc.) compared to other composite materials, such as Glass Fiber Reinforced Plastics. They greatly surpass industrial
materials: when comparing to steel, their specific weight is 1/4, their specific strength is 10 times higher, and their
specific elastic modulus is 7 times higher. Thus, CFRP have grown into the third structural materials, after steel and
aluminum. Currently, low energy systems and decreases in CO2 emissions are necessary, and CFRP allow the low
weight — high strength combination that could play a role in solving environmental problems. They are broadly used
for aerospace, automobile, and infrastructure. With further development decreasing CFRP costs, their application
range is expected to increase.

Composite materials using long fibers as reinforcement, such as CFRP, show excellent strength in the direction of
the fibers, but the fibers also suffer from the brittleness typical of high-strength materials. In turn, this causes variations
in strength levels, which makes it discussion about the reliability of CFRP difficult. Until now, reliability analyses have
been conducted quantitatively in terms of evolution of micro-damage to the fibers, in when the fiber strength follows
a Weibull distribution. The evolution of cumulative damage of the composite materials is modelled with probability
theory and stochastic processes, and the expected strength and the coefficient of variation of the composite material
is predicted. In other words, the damage process (cause) is used to calculate the strength (result) in an “direct
problem”. However, there are few reports on “inverse problems”, where the experimental strength data of actual
materials (result) are used to evaluate the damage and fracture process (cause).

Additionally, when CFRP are used as structural materials, they are subjected to multiaxial loads (tension,
compression, torsion), and thus the reinforcing carbon fibers are undergoing the same loads. The strength or the
failure mode change significantly under multiaxial loads, compared to uniaxial load, and the behavior under multiaxial
loads cannot be readily predicted from uniaxial data. Still, there is a scarcity of data for multiaxial loading of CFRP.

Based on the above points, this research aims at elucidating the strength and reliability of CFRP and their fracture
properties under multiaxial loads, by using unidirectional CFRP samples with few carbon fibers (micro-sized CFRP)
and subjecting them to pure tension, pure torsion, or tension-torsion loads, in order to evaluate, analyze and discuss
their strength reliability.

The five chapters of this Ph.D. dissertation are summarized below.

Chapter 1, being the introduction, explains the research background, the characteristics of CFRP and their industrial
applications, as well as the issues related to strength reliability and multiaxial properties. Related reports are reviewed

and the goals of this research are stated.
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The goal of chapter 2 is the establishment of a method to evaluate the accumulation of fiber-break points in the

CFRP in relation to strength reliability. First, micro-sized unidirectional CFRP samples with a small number of carbon
fibers were manufactured and their tensile strength data used to estimate the damage and fracture process (inverse
problem); a Markov process inverse analysis model was established. The fracture probability curve was derived from
this inverse analysis model and it was fitted to the experimental data to assess the model adequateness while
evaluating the accumulativeness of fiber damage.

In chapter 3, the multiaxial properties of single PAN-based carbon fibers were evaluated as a first step to clarify the
multiaxial properties of CFRP. Specifically, single carbon fiber was subjected to proportional tensile-torsional loading,
and its strength and fracture were evaluated to assess the effect of multiaxial loading. Additionally, a multiaxial stress
fracture criterion, so far unclear for this material, was proposed based on the experimental results, and the possibility
of its adoption was considered.

Chapter 4 is based on the previous chapter to expand the evaluation of multiaxial properties to micro-sized
unidirectional CFRP specimens. First, pure torsion tests were conducted, and the strength data as well as the fracture
modes were observed and recorded. Tension-torsion properties and fracture behavior were then evaluated
experimentally, and the effect of multiaxial load on the strength of composite material was clarified. Lastly, a fracture
criterion for this material under tension-torsion loading was proposed and discussed.

The last chapter is a summary of the results described in this dissertation, followed by future prospects.
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