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Improvement of automobile fuel efficiency is the important national problem because of the global warming
and the increase of oil prices. One of the methods to improve the fuel efficiency is the change of power train (e.g.
electric vehicles), but this requires very long time for development. Then, the improvement method realizable in
relatively short time is the reduction of body weight. For the body-weight reduction, there are two methods: the
weight reduction design and the material selection. However, the weight reduction design has already been
implemented to the maximum, and therefore, the body-weight reduction depends on the material selection.
Against this background, Fiber Reinforced Plastic (FRP) is expected to contribute the reduction. The fiber
reinforced composites are applied to aircraft structures, but in this field, their formability and cost are not taken
seriously. On the other hand, these features are important in the automotive manufacturing, therefore
discontinuous FRP is mainly used. However, the strength of discontinuous FRP is much lower (about 25 percent)
than that of continuous FRP, and therefore the application of the discontinuous FRP is extremely limited. Then, it
is important to develop the discontinuous FRP whose strength is as high as that of continuous FRP.

In conventional FRP, the target of the previous researches is limited to composites of continuous fibers and
thermosetting resin or of short fibers and thermoplastic resin. However, in the researches, these two composites
are treated separately, mainly because the composite of the medium-long fibers between continuous and short
ones is difficult to be molded, and there is no uniform theory. Then, it is significantly important in the materials
development to construct the theory dealing with all fiber length.

The purpose of this doctoral thesis is to clarify the change of strength characteristics of composites
depending on the fiber length with the analyses combining the micromechanics model and the unit cell simulation.
In addition to that, this thesis proposes the next-generation FRP for automotives basing on the results.

This thesis consists of five chapters.

The first chapter is the introduction of this thesis, describes the background and clarifies the purpose of this
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thesis through the review of previous researches about the strength prediction of FRP.

The second chapter describes our new material for compression molding of discontinuous FRP and its tensile
strength properties. As mentioned above, discontinuous FRP are used in many engineering fields due to their
excellent formability into complex shapes. Injection molding and compression molding are the general production
methods of these plastics. In particular, compression molding can produce composites that have mechanical
properties superior to those of other moldings, because it facilities a high fiber volume fraction (Vf) and in
composites. With general compression molding, glass mat thermoplastic (GMT) composed of randomly oriented
glass fibers and thermoplastics resin is used in many engineering applications. Products with complex shapes,
such as bumper beams, can be fabricated by using GMT. However, the strength of GMT is much lower than that
of continuous fiber-reinforced plastics. Therefore, GMT cannot be applied to structural components. Then, this
chapter proposes a press sheet consisting of discontinuous carbon fibers and thermoplastic resin as a new molding
material with high formability and strength characteristics. This press sheet enables carbon fibers to be dispersed
and in-plane randomly oriented in thermoplastic resin, and shows isotropic in-plane mechanical property. These
features contribute to its superior formability. A complex-shaped component, such as a rib structure, is easily
fabricated. Even in those rib structures, a small matrix-rich region and good fiber dispersion are maintained. This
indicated the components made of the sheet have superior shape stability. And the most important feature of this
sheet is the improvement of strength, which is the problem in previous discontinuous FRP, by adjusting the fiber
length. In this chapter, this feature is focused, and its effect is estimated by tensile tests for obtaining the
important information to optimize the fiber length and orientation from perspective of strength and formability. In
addition, the experimental results are verified and compared with those of micromechanics analysis to research
failure modes. This analysis predicts the strength and stiffness by introducing a fiber failure criteria determined
by the Duva-Curtin model into an inclusion model based on the Mori-Tanaka theory. The computational results
using the actual values of fiber length and orientation distribution obtained from the experiments represent a
tendency similar to the experimental ones that the strength increases and converges on a certain value with the
increase in fiber length. The computational and experimental results of strength agreed when the fiber was longer
than about 3mm, and this indicates that the composites were fractured by fiber breakage. These results are
significant because the effect of fiber length on strength has been suggested without practice so far, but is clearly
proven with the new material developed by the author et al. And these give the basic information for the future
development of material.

The third chapter discusses the failure mode of composites manufactured from the press sheet in more detail
by experiments and model analysis. The strength characteristics and the formability of discontinuous FRP are in a
trade-off relationship through the fiber length, that is, the increase of fiber length increases the strength and
decreases the formability. Therefore, for making both the formability and the strength high enough, it is necessary

to select the appropriate fiber length after judging the failure mode that affects the strength characteristics of
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composites. Then, in this chapter, the fracture mode of composites was experimentally investigated by measuring
the residual fiber length in tensile-fractured specimens. When fiber length was short, the residual fiber length
distributions were almost consistent with those in the virgin material. On the other hand, the residual fiber length
became shorter than that in the virgin material when fiber length was long. This strongly indicated that failure
mode changed from matrix fracture to fiber breakage as increasing fiber length. Moreover, the computational
model and the micromechanics model considering both fiber breakage and matrix damage is proposed to discuss
the failure mode of composites dependent on the fiber orientation and length. The validity of these analytical
methods is verified by comparing the computational results of tensile strength with the experimental ones of
strength in composites made of the press sheet. The computational model uses the layer-wise method that treats a
composite with fiber orientation distribution as a laminate of unidirectional sheets with various orientation angles.
This method can be applied to short fiber reinforced plastic with an arbitrary orientation distribution by using the
unit cell simulation of unidirectional composite that utilizes probabilistic fiber strength for fiber breakage and
continuum damage mechanics for matrix fracture. At first, we applied LWM to composites manufactured from the
press sheet and analyzed stress-strains under in-plane fiber orientation distribution by changing fiber length. As a
result, the predicted stress-strains and the fiber length at which the failure mode changes from matrix fracture to
fiber breakage are almost agreed well with those of experiments. Moreover, we applied LWM to the composites
which have in-plane localized fiber orientation in order to test the validation of LWM. The fiber orientation was
introduced into the LWM by approximating the experiment fiber orientation distribution with polynomial and
substituting it into fiber orientation ratio in LWM. Then the predicted tensile strength agreed well with the
experiment results; thus, the present model can predict composite strength even if the fiber orientation is
non-uniform. The LWM based on unit cell simulation has the advantage of precisely addressing matrix damage.
However, the LWM is not convenient because it requires too much simulation time. Then, a new micromechanics
analysis applying a stress criterion calculated from the global load sharing model for fiber breakage and using the
continuum damage mechanics for matrix fracture is proposed as a simpler and easier method. In the model, the
failure mode of composites can be judged by introducing these failure criteria into a stress analysis of an
inclusion model based on the Mori-Tanaka theory. This method can give the results almost equal to those of the
layer-wise method by adjusting parameters of matrix hardening and fracture characteristics in Mori-Tanaka’s
averaged stress field. LWM and MM can quantitatively estimate the fracture modes and strength that depend on
fiber length and orientation. This makes it possible to discuss what the best fiber length is for keeping the high
strength and increasing the formability, and can contribute to the material design for optimizing both the strength
and the formability. Finally, we compared these models with a rule of mixture utilizing the fiber orientation factor
and the failure criterion of fiber breakage proposed in previous research, and examined the limitation of the rule
of mixture. As a result, it was clarified that the rule of mixture overestimates tensile strength when fibers are short

(i.e., matrix damage is the dominant fracture mode of composite) since it considers only fiber breakage. Moreover,
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the difference in strength between rule of mixture and MM becomes larger with an increase in the amount of
fibers that are oriented along the direction vertical to the loading direction. However, the rule of mixture provides
results comparable to those of MM, which does not consider the localization of matrix damage when fiber length
is sufficiently long and the fibers are highly oriented along the loading direction. Thus, the rule of mixture with
fiber orientation factor is partially useful for qualitatively predicting composite strength with fiber orientation
distribution, although accuracy depends on fiber orientation distribution.

The fourth chapter describes the tensile fatigue fracture characteristics of composites made of the press sheet.
As mentioned in the second and third chapters, it is verified that discontinuous FRP can improve its strength to
the same level of continuous FRP by using fibers longer than a certain length. Thus, the development of
high-strength materials enables discontinuous FRP to be applied into more various structure components like
automotive parts in the future. For this use, it is essential to clarify the fatigue characteristics and the fracture
mechanisms for reliability assurance and optimum design of the components. However, there are few reports on
the fatigue characteristics of the composite with medium-long fiber length. Then, in this chapter, the effect of
fiber length on tensile fatigue characteristics of composites made of the press sheet is evaluated by experiments.
The results showed that the tensile fatigue strength of composites increases when the fiber length increases, and
that it converges on a certain value when the fiber length is longer than a certain length. The endurance ratio (=
fatigue limit / tensile strength) also showed a similar tendency, and these results verified that the increase of fiber
length essentially improves the resistance of composite to cyclic loading. In addition, observation of fracture
surface and evaluation of residual fiber length were performed to clarify the damages and the fracture mechanism
of the composites in fatigue loading. Then, the following facts were clarified: the cause of fracture of composites
is only the fatigue damage of matrix when the fiber length is short, but on the other hand, it is the accumulation of
fiber breakage caused successively in cyclic loading when the fiber length is long. As a result, it was verified that
discontinuous FRP can obtain the fatigue fracture characteristics similar to continuous FRP by increasing the fiber
length. Thus, it was shown that the composites made of the sheet have high performance against fatigue loading
enough to be applied to structural components.

The fifth chapter provides the concluding remarks.
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