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Abstract

Ultrafine-grained metals (UFGMs) whose grain size is less than 1 um have attracted interest as
high strength structural m aterials. Although the strength of FCC m etal increases significantly as
the grain s ize reduces to subm icron scale, its te nsile ductility dec reases abruptly. In addition ,
yield point drop and propagation of Liiders band that are usua lly observed in annealed BCC
metals also occur in annealed F CC UFGMs. However, m icroscopic m echanisms of thes e
peculiar m echanical behaviors of FCC UFGM ar e not yet explained enough. In this thesis, a
triple-scale disloca tion-crystal plas ticity m odel bridging th ree hier archical m aterial struc tures,
1.e., dislocation structure, grai n agg regate and m acroscopic struct ure is developed in order to
reproduce com putationally m echanical behavior s of FCC UFGM. Using the present m  aterial
model, a multiscale finite elem ent (FE) anal ysis of large deformations is conducted and
mechanisms generating the particular material properties of UFGMs are clarified.

Chapter 1 describes backgrounds of this field, current problems and aims of this study.

Chapter 2 is devoted to kinem  atics for crysta 1 pla sticity theory in which geom etrically
necessary (GN) dislocation density and GN incom patibility suitable for crystal plasticity theory
are employed so as to represent isolated dislocations and dislocation pairs, respectively.

In chap ter 3, balance laws for m echanical quantity and en ergy, and the law of in crease in
entropy are for mulated using the internal variable theory. The therm odynamic consistency of
hardening law dependent on dislocation density is investigated through the entropy inequality.

In chapter 4, am odel of dislocation annihila tion based on a geom etrical consideration is
adopted, and the total dislocation density considering dynam ic rec overy is introd uced into the
hardening law of a cry stal. Then the constitu tive equation of dislocation- crystal plasticity is
derived, that bridges between di  slocation structure and grain  aggregate. In addition, a new
critical resolved shear stress m odel considering role of grain bounda ry as a disloc ation source is
proposed so that the tem poral increase of flow stress can  be expressed due to exhaustion of
dislocation in an ultraf ine-grain (UFG). This m odel also enables to express the grain size
dependency of critical resolved shear stress.

In chapter 5, the homogenization  theory co nnecting grain aggregate with m  acroscopic
structure is applied to the dislocation-crystal plasticity model in chapter 4.

Chapter 6 shows a FE discretization and a co mputational procedu re of the triple -scale
dislocation-crystal plasticity FE analysis based on the present models.

In chapter 7, a tr iple-scale FE sim ulation is ¢ arried out for FCC polycrysta Is with different
mean grain size and different initial dislocation density. Size effects occurring in a m acroscopic
specimen consisting of UFGs are num erically reproduced. It is also shown that yield point drop
and propagation of Liiders band observed in annealed FC C UFGM can be seen in the result
calculated by this model. Moreover, the re lationship between macroscopic yielding of specimen
and m icroscopic grain yielding is investigated, and the m icroscopic m echanism decreasing
tensile ductility of FCC UFGM with decrease of grain size is clearly explained.

Chapter 8 summarizes the conclusions obtained in this study.




