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The material behavior at large strains is one of the most important properties in

sheet steel, for it undergoes severe plastic deformation in its use. We focus on the
relationship between the work hardening behavior at large strains and the evolution
of microstructure during deformation by experimental and numerical methods, with
attention to the crystal orientation. The work hardening behavior of ferritic single
crystal with different orientations has been characterized by simple shear experiments.
At the same time, TEM observations have been performed to study microstructures
after shear deformation. The work hardening behavior depends largely on the crystal
orientation. The observed microstructures may be classified into three types. The
work hardening behavior could be correlated to the type of microstructure via the
activity of slip systems. Crystal plasticity analysis revealed that the behavior in

macroscopic and microscopic scales could be attributed to the activity of slip systems

and their interaction.

1. Introduction

The application of numerical analysis based on continuum me-
chanics has been rapidly expanding at actual development sites as an
indispensable tool to predict product performance and formability.
This movement is called digital development, and is largely contrib-
uting to the shortening of development periods and the optimization
of materials/structures, etc. Steel sheet is one of the materials that
are most commonly used in the fields in which new development
techniques, like numerical analysis, are applied. The important char-
acteristic of sheet steel is that it is subject to large deformation dur-
ing the stamping process. Various types of high-strength steels have
been developed and put to practical use. However, the actual perfor-

mance of those steels depends largely on their work hardening be-
havior at large strains.

The work hardening behavior of metallic materials has been stud-
ied extensively as a major theme of materials science. Concerning
the work hardening behavior at large strains, there are interesting
reports that relate characteristic work hardening behaviors to types
of dislocation structure formed in the material.""® In addition, the
recent numerical analysis technology that takes into account more
microscopic deformation processes has reached such a level as to
allow for correlating the structural change inside the material to an
external response of the material such as work hardening behavior.
Therefore, in the present study, we investigated the work hardening
behavior of ferritic single crystals at large strains and carried out
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numerical analysis using crystal plasticity models that take into ac-
count the interaction between slip systems.

2. Work Hardening Behavior of Ferritic Single

Crystal at Large Strains

The material used in this study was a ferritic Fe-Cr alloy (mass%:
0.0017C, 16.45Cr, 0.10Ni). In order to grow grains, the material was
annealed at 1,350°C for 72 h in Ar atmosphere. The work hardening
behavior of the material was measured using a simple shear test.”®
When evaluating the mechanical properties of materials, tensile tests
are usually used. However, in tensile tests, necking or fracture of
specimens tend to occur at lower strains. Therefore, it can hardly be
employed to measure the work hardening behavior at large strains.
On the other hand, simple shear tests, whereby a flat specimen is
sheared in-plane, permit measuring the work hardening behavior at
large strains without being affected by the necking of specimens.

After using the X-ray Laue method to identify the crystal orien-
tation of each grain, we cut out single crystal planar specimens (thick-
ness: 1 mm) with plane normal of {111}, {100}, and {110} and sub-
jected those specimens to a simple shear test. In the test, for each of
specimens, the representative shear direction was selected. Here, the
test conditions are shown by a combination of plane normal { } and
shear direction < >. Table 1 shows the orientations of the single
crystal specimens under the present test conditions. (In a simple shear
test, the maximum shear stress plane is always perpendicular to both
the sheet plane normal and shear direction.)

Fig. 1 shows the shear stress-shear strain curves of single crystal
specimens with different normal and shear directions by simple shear
tests. The work hardening behavior has shown a large variety de-
pending on the test conditions, even though the specimens were cut
out from the identical material. Similar results were reported for single
crystal experiments of uniaxial tensile tests. Namely, the critical re-
solved shear stress evaluated from the uniaxial tensile tests showed
considerable dependence on the crystal orientations.” However, in
the case of simple shear tests, as long as the crystal orientation is
properly selected, it is possible to measure the work hardening be-
havior without being influenced by crystal rotations even when the
number of active slip systems is relatively small.

Looking at the behaviors of the individual specimens in detail,
the specimen with the {111} plane normal and <112> shear direc-
tion (hereafter described as {111} <112>) shows work hardening
even at large strains, although the work hardening rate is initially
low. In contrast, the {100} <001> specimen shows an initial high
work hardening rate but it saturates very quickly. The {100} <011>
and {110} <001> specimens exhibit intermediate behavior between
the two specimens. With the {100} <001> specimen whose work

Table 1 Crystal orientation in single crystal specimens used for simple
shear tests

Maximum
. Normal . .
Test conditions . . Shear direction shear stress
direction

plane
{111}<112> (111) [112] (110)
{100}<001> (001) [010] (100)
{100}<011> (001) [110] (110)
{110}<001> (110) [001] (110)
{110}<112> (110) [112] (111)
{110}<557> (110) [557] (7710)

hardening quickly saturated, even in simple shear deformation, mak-
ing it impossible to accurately measure its work hardening behavior
beyond 15%.

The {110} <112> and {110} <557> specimens show a two-stage
hardening behavior in which the slope of the stress-strain curve
changes halfway. Fig. 2 shows the relationship between the slope of
the stress-strain curve and the shear stress. It was found that while
the slope for the {111} <112> specimen decreases with increased
stress, the {110} <112> and {110} <557> specimens, which show a
slope nearly the same as that of the {111} <112> specimen in the
small-stress region during initial deformation, began increasing in
slope halfway and became similar in behavior to the {100} <011>
specimen. It was also found that with the {100} <001>, {100} <011>
and {110} <001> specimens, the slope of the stress-strain curve is
larger than that under any other test conditions.

As observed so far, the work hardening behavior of single crystal
specimens varies markedly according to the plane normal orienta-
tion and shear direction of the crystals. This is considered due to the
activities of different slip systems under various deformation condi-
tions and the interaction of those slip systems. Therefore, we carried
out deformation analysis using crystal plasticity models that permits
taking into consideration the influence of slip systems.
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Fig. 1 Shear stress vs. shear strain curves of ferritic single crystals
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Fig. 2 Slope of stress-strain curves vs. shear stress curves
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3. Crystal Plasticity Analysis of Work Hardening

Behavior at Large Strains
3.1 Outline of crystal plasticity analysis

In macroscopic analysis of deformation behavior, the
phenomenologocal (macroscopic) theory of plasticity using a yield
function is normally applied. The crystal plasticity analysis assumes
that the plastic deformation is a combination of shear (slip) deforma-
tions that occur only in the direction along the slip planes, as shown
in Fig. 3.!” The characteristics of crystal plasticity analysis are: (1)
the way the finite deformation correlates to the deformation of each
slip system, (2) the way the activity/inactivity of each slip system is
judged, and (3) the way the deformation produced in each slip sys-
tem correlates to the total stress.

Concerning (1), the total deformation is expressed as the combi-
nation of shear deformations caused by the individual slip systems
as described above. By resolving the velocity gradient tensor formed
by that combination into the symmetric part and the asymmetric part,
it is possible to obtain the plastic strain velocity and plastic spin in a
natural way. This is one of the advantageous characteristics of the
crystal plasticity analysis.'” For fcc metals, 12 slip systems of the
{111} <110> type are used. For bcc metals, 24 slip systems of the
{110} <111> and {112} <111> types or 48 slip systems (the prior 24
systems plus 24 systems of the {123} <111> type) are used.

With respect to (2), it is common practice to introduce the strain
rate sensitivity of flow stress and give the activity, which is expressed
as strain rate of each slip system, as a function of the flow stress,
although there are various other approaches. It is well known that, a
slip occurs when the shear stress acting upon a slip system exceeds a
certain stress (critical shear stress). Of the various obstacles shown
in Fig. 4, short range obstacles can be overcome by thermal activa-
tion process. Thus, the activity of each slip system can be defined as
a frequency to overcome such obstacles. Therefore, all slip systems
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Fig. 3 Shear deformation and slip system
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Fig. 4 Resolved shear stresses acting on a gliding dislocation
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Fig. 5 Hardening due to interaction between slip systems

can be thought as potentially active systems, the overcome frequency,
or the strain rate of each system, can be decided from the given flow
stress. In this manner, it becomes possible to obtain the activity of
each slip system without explicitly distinguishing between active slip
systems and inactive ones. In the present study, we used the follow-
ing equation.'”

gla) | 1/m

7@ =y,sgn(rl@) ¢(@ (D

Where 7 denotes the strain rate of slip system o ; T'“, the flow
stress acting on slip system o ; m, the strain rate sensitivity index;
and y,, the reference strain rate. g'“ prescribes the relationship be-
tween flow stress and strain rate for each slip system. As can be seen
from the fact that the strain rate becomes small when g® becomes
large, g is related to the work hardening of the material.

With respect to (3), by considering the equation for the evolution
of g, it is possible to correlate it with the total work hardening. The
general equation is given as follows.

8l = X hygly )| @)

Fig. 5 shows the interaction between slip systems. The flow stress
in a given material is the sum of the flow stresses acting on mobile
dislocations in each slip system. It can be divided into self-harden-
ing from dislocations, which belong to the same slip system and la-
tent hardening from dislocations, which in turn belong to other slip
systems. In the above equation, i p is the hardening matrix that indi-
cates the interaction between slip systems. Specifically, the matrix
indicates the contribution of slip ¥ of system f in the hardening of
system a. The diagonal components of the matrix represent self-
hardening and the nondiagonal components represent latent-harden-
ing. Forh > many different models have been proposed. In the present
study, we used the following equation.

haﬁzqh(yt)+(l _q)h(}/t) 5(1/3 3
Where 5&5 is Kronecker delta; ¢, a constant indicating the level of
latent-hardening; and % (y, ), the reference work hardening rate.

By using the above framework, it is possible to make a calcula-
tor, which gives the macroscopic stress/strain as the combination of
shear deformations of the slip systems.

3.2 Results of crystal plasticity analysis of single crystal deformed
by simple shear

In order to make numerical analysis based on the simple shear
tests of single crystal specimens shown in Fig. 1, we used one-ele-
ment model assuming plane strain condition with reduced integra-
tion element. The work hardening rate, & (y, ), in Equation (3) was
determined using experimental data obtained with the {110} <001>
specimen. Considering that the work hardening rate represents the
pure contribution of accumulated dislocations without interaction be-
tween slip systems, we selected {110} <001> specimens since they
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Fig. 6 Shear stress vs. shear strain curves of ferritic single crystals
obtained by crystal plasticity analysis

are free from crystal rotations due to deformation during the shear
test and their slip planes are in parallel with the shear direction. In
addition, to express sharp changes in the work hardening rate, we
used the following extended version of the equation of Voce et al.'?

h(y)=Cge=C17i+ Cygre =Mt
(g,=108MPa, C, =63, g, =58MPa, C,=95.0) (4

In Equation (3), which expresses the level of latent-hardening,
the value of ¢ for fcc metals is often assumed to be in the range 1.0 to
1.4. However, in the present study, we adopted 1.0 assuming that bcc
metals would be more isotropic than fcc metals. In addition, we used
24 slip systems of the {110} <111>and {112} <111> types.

The analysis results are presented in Fig. 6. The test results ob-
tained with {110} <001> specimens naturally had sufficient accu-
racy since they were used to determine the material parameters. How-
ever, it was found that the test results shown in Fig. 1 could be repro-
duced with relatively high accuracy even under other test conditions
using the same material constant but different crystal orientations. In
the experiment, the {110} <112>and {110} <557> specimens showed
a two-stage hardening behavior. In this respect, it was found that in
the crystal plasticity analysis too, the two-stage hardening phenom-
enon could be reproduced, although the amount of strain causing the
transition was not the same.

As described above, by using the crystal plasticity model, which
takes into consideration the interaction between slip systems, it was
found possible to reproduce the complicated change in work harden-
ing behavior of crystals at large strains that are dependent on crystal
orientation.

4. Results of Observation of Dislocation Structure

after Deformation

There is a good possibility that the complicated work hardening
behavior of ferritic single crystal at large strains that we have seen so
far was not only due to the activities of slip systems, which differ
according to test conditions, but also due to the interaction between
slip systems. Therefore, with the aim of understanding the interac-
tion between slip systems more directly, we observed dislocation
structures after the simple shear tests by using a transmission elec-
tron microscope (TEM).

Fig. 7 shows the observation results obtained with {111} <112>,
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Fig. 7 Dislocation structure in single crystals: (a) at 60 % strain for {111}
normal direction and <112> shear direction, (b) at 15% strain for
{100} normal direction and <001> shear direction and (c) at 60 %
strain for {100} normal direction and <011> shear direction

{100} <001>, and {100} <011> specimens. The {111} <112> speci-
men revealed one set of dislocation boundaries parallel with the (110)
plane (Fig. 7 (a)). This type of dislocation structure is often observed
in y-fibers of interstitial-free (IF) steel.*> On the other hand, the
{100} <001> specimen showed a nondirectional dislocation cell struc-
ture (Fig. 7 (b)), and the {100} <011> specimen revealed a structure
with two sets of parallel dislocation boundaries (Fig. 7 (c)). Several
studies have reported the relationship between crystal orientation and
dislocation structure. As for bece steel, it is reported that the observed
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microstructures of hot rolled IF steel after uniaxial tensile deforma-
tion might be classified into several types, which are one set of par-
allel dislocation boundaries, two sets of parallel dislocation bound-
aries and equiaxed cells and the type of microstructure has a close
relationship with the grain orientation.® The observed microstruc-
tures shown in this study can be classified similarly.

The formation of the dislocation structure is the result of interac-
tions among many dislocations. However, it can be considered, that
the above difference in the form of a dislocation structure has some-
thing to do with the fact that the slip systems that can be active under
given boundary conditions are limited. Therefore, we made an in-
depth analysis of the crystal plasticity analysis results described above
to determine the slip systems that were active under specific test
conditions. As a result, under the {111} <112> condition in which
one set of dislocation boundaries structure was formed (Fig. 7 (a)), it
was found that two slip systems are active in the early stages and that
they share one slip plane. Under the {100} <001> condition in which
an equiaxed cell structure was formed (Fig. 7 (b)), four slip systems
are active and their slip planes are different from one another.

On the other hand, under the {100} <011> condition in which
two sets of dislocation boundaries are formed (Fig. 7 (¢)), four slip
systems are active, but they belong to two slip planes. Namely, there
is correlation between the calculated number of slip systems, espe-
cially slip planes, obtained in the crystal plasticity analysis and the
type of dislocation structure shown in Fig. 7. Generally speaking,
the work hardening behavior of a material is governed by the total
sum of slip rates of the active slip systems and the mean free path of
dislocations. When the total sum of slip rates remains almost the
same, it is considered that the mean free path corresponds well to the
work hardening behavior. According to the results of the present study,
the mean free path can be reasonably estimated to be the largest in
the structure of one set of parallel dislocation boundaries, the smallest
in that of equiaxed cells and intermediate in that of two sets of parallel
dislocation boundaries.

Looking at the relationship between the actual work hardening
behavior and dislocation structure, the order in terms of work hard-
ening rate is this: cell structure > two-directional dislocation wall >
one-directional dislocation wall. This agrees well with the magni-
tude of the mean free path of dislocations estimated from the results
of observed dislocation structures. With the {100} <001> specimen,
it was impossible to give a deformation beyond 15%. The reason
this is considered is because the presence of many active slip sys-
tems, which made dynamic recovery difficult and prevented new
mobile dislocations from being introduced into the crystal, causing
the crystal to lose its work hardenability. As described above, we
found that there is a good possibility that the work hardening behav-
ior, which is dependent on the crystal orientation can be correlated to
the formation of a characteristic dislocation structure via the pres-
ence of active slip systems and the interaction between them. Con-
cerning the correlation with the microscopic change in the structure,
we shall discuss it in detail in the future.

Of the specimens that showed a two-stage hardening behavior,
the dislocation structure of {110} <112> specimen was observed.
Fig. 8 shows the results of the observation of the dislocation struc-
tures formed in that specimen at a shear strain of 15% and 60%,
respectively. It was found that when the shear strain was 15%, one-
directional dislocation boundaries parallel with the (211) plane is
being formed. This result corresponds to the result obtained with
{111} <112> specimen, which formed one-directional dislocation
boundaries before the two-stage work hardening shown in Fig. 2. On
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Fig. 8 Dislocation structure in single crystals: (a) at 15% strain for {110}
normal direction and <112> shear direction and (b) at 60% strain
for {110} normal direction and <112> shear direction

the other hand, when the shear strain was 60%, not only the disloca-
tion boundaries parallel with the (211) plane, but also dislocation
boundaries parallel with the (011) plane was observed. This is con-
sidered to suggest the presence of interactions between two or more
slip systems in the final stage of deformation. Probably because of
such an interaction between slip systems, the behavior of the {110}
<112> specimen, shown in Fig. 2, differs from that of the {111}
<112> specimen and gradually comes to resemble the work harden-
ing behavior of the {100} <011> specimen that forms two sets of
dislocation boundaries.

What then causes such a transition of slip systems? A specimen
with plane normal of {110} was subjected to crystal orientation
measurement by electron backscattering pattern (EBSP) after a simple
shear test and the rotation angle produced by the simple shear defor-
mation was evaluated. The evaluation results are shown in Fig. 9. It
was found that the {110} <557> and {110} <112> specimens that
had showed two-stage hardening behavior had a large rotation angle,
whereas the rotation angle of the {110} <001> specimen was mini-
mal. These results and the results shown in Fig. 8 suggest that under
those test conditions, the simple shear produces a large crystal rota-
tion angle from active slip systems, causing a transition of the slip
systems to occur. Namely, it is considered that since the dislocations
introduced by the predominant slip systems become latent, which
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Fig. 9 Crystal rotation angle after shear deformation

interact strongly with the dislocations introduced by new active slip
systems and then the work hardening rate increases from halfway,
showing a two-stage hardening behavior.

Fig. 9 also shows the crystal rotation angles obtained by our crystal
plasticity analysis under various conditions. It can be seen that the
analysis results agree well with the experimental results. In the crys-
tal plasticity analysis as well, a two-stage hardening behavior could
be reproduced as shown in Fig. 6. This is considered due to the fact
that as in the experiment, the slip systems in the early stages of de-
formation and the new slip systems that are activated by a crystal
rotation interact with each other as per Equation (2).

5. Conclusion

We studied the work hardening behavior of ferritic single crystal
at large strains and its relationship with the crystal orientation. As a
result, it was found that the work hardening behavior varies markedly
according to the activity of slip systems and the interaction between
them. It was also found that the dislocation structure of the material

after deformation shows several characteristic forms, which depend
on the selection of slip systems and the work hardening behavior of
crystals.

Crystal plasticity analysis is a technique, which permits analyzing
a macroscopic deformation behavior with the shear deformation of
each slip system as the elementary process and with consideration
given to the interaction between those slip systems. The present study
applied the technique to analyze the behavior of single crystals at large
strains and showed that the technique has a high degree of prediction
accuracy. Formerly, compared with the phenomenological theory of
plasticity that uses yield functions, crystal plasticity analysis had lim-
ited applications because of the huge computing load. With the re-
cent progress of computer technology, however, the problem is rap-
idly being solved.

In order to respond the expectations for advanced materials in
the future, it is necessary to further enhance the performance of the
existing technique. We intend to study the technique as an effective
tool for exploring the microscopic and macroscopic worlds, and
thereby develop new materials and new application technologies in
order to meet the increasingly sophisticated customer needs.
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