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Effect of the grain boundary on the evolution of
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The role of grain boundary constraint in strain localization and concomitant constitutive
response was examined by performing a series of uniaxial compression tests on a
tantalum bicrystal. Tantalum single crystals were diffusion bonded to form a (011) 90° twist
boundary that was compressed along the common [011] direction. The plastic deformation
resulted in the creation of deformation bands away from the highly constraining grain
boundary, resembling those bands known from single crystal plastic deformation. Near the
grain boundary, such deformation band formation could not be detected. Instead a
distinctive pattern of crystal lattice rotation was observed that filled a rather large volume
(several millimeters in size) around the bicrystal grain boundary. The internal deformation
band structure as well as the crystal lattice rotation pattern near the bicrystal grain
boundary were characterized and found to give greater rates of work hardening in the
neighborhood of the grain boundary. © 2005 Springer Science + Business Media, Inc.

1. Introduction

Grain boundaries (GB) play a role in the deformation
of polycrystalline metals beyond the well-known ef-
fects of grain size through the Hall-Petch relation. The
types of GB present in a polycrystal are now known to
influence deformation. Recent results show that, given
a constant grain size, an fcc metal with moderate stack-
ing fault energy (Cu) that has been thermomechanically
treated to increase the fraction of > 3, >°9, > 27, etc.,
GB present in the microstructure by the mechanism of
GB decomposition [1] and has randomized texture [2]
shows an increased yield and flow stress as compared
to a normally processed polycrystal [3].

The investigation of polycrystals provides much in-
formation on grain boundaries in a plastically deform-
ing metal. Complimentary information can be obtained
through the detailed characterization of a plastically de-
forming bicrystal. We have chosen a bicrystal of Ta to
study based on previous experience with single crys-
tal deformation studies [4—6]. In these studies, single
crystals of Ta were compressed along the [011] crystal
direction to various levels of strain and the deformation
microstructure was characterized through a variety of
techniques. The deformation in this direction is highly
constrained by the orientation of the available slip sys-
tems. Only two Burgers vectors are available for slip
on two sets of (110) planes each. The [011] compres-
sion axis appears to be stable in orientation; the slip
kinematics do not lead to a rotation of the macroscopic
crystal orientation with respect to the compression axis.
The two most highly stressed and active Burgers vectors
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produce material flow that causes an initially cylindri-
cal mechanical test specimen to become oval in cross
section. This behavior led then to the choice of a bicrys-
tal orientation to study. The loading axis would remain
the same [011] for the two crystals, however they would
now be joined along a grain boundary perpendicular to
the loading axis with a mutual 90° twist misorientation.
Characterizing the behavior of this grain boundary in
such a highly constrained condition was the goal of the
work.

2. Experimental

Tantalum single crystals for this investigation were
grown from high purity material at the Institute for
Solid State Physics in Chernogolovka, Russia into 18
mm diameter cylinders oriented along [013]. The single
crystal was oriented using Laue back-reflection X-ray
diffraction to cut slices with [011] longitudinal axis.
After polishing and lapping the faces flat and paral-
lel by specially developed techniques [7], the bicrystal
was assembled by parallel alignment of the [100] axes
of one crystal with the [011] axis of the other crystal
(Fig. 1). The grain boundary was chosen to be a 90°
twist boundary, thus resulting in maximal disorienta-
tion [8] for a cubic lattice. When considered within
the coincident site lattice description of grain bound-
ary structure [9], this grain boundary is found to have
an irrational ) value due to the /2 ratio of spacings
along the [100] and [011] directions that align paral-
lel in this orientation. This configuration provided for
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Figure 1 Bicrystal geometry with 90° twist boundary and the [011] com-
pression axis.

symmetrical loading and therefore an identical far-field
stress state and response to compression deformation
in both single crystals, even at large strains. Addition-
ally, it allowed for a multi-axial stress state at the grain
boundary to be solely a function of the grain boundary
geometry and the applied uniaxial loading.

The bicrystal was diffusion bonded [10] at 1500°C
under 1 MPa for 8 h in ultra-high vacaum (UHV). This
temperature is only slightly above half the melting point
of Ta, so little mass transport is expected, however it
did serve to stick the crystals together. A further an-
neal at 2400°C in UHV for 10 h was performed to re-
move residual porosity at the grain boundary, with the
added benefit of removing some of the interstitial impu-
rities [11]. The final cylinder specimen dimensions of
6 mm in diameter and 18.6 mm in height was cut from
the bicrystal using electric spark discharge machining.
The cylinder was finally turned to make the loading sur-
faces flat and parallel and a reference grid was placed in
the surface of the specimen by scratching with a sharp
needle.

An interesting feature about deformation along a
<011> axis in a BCC crystal lattice is the plain strain
condition that persists to large strains. During compres-
sion along the [011] axis, extensive plastic deformation
occurs along [100], while only small changes ensue
along [011]. Thus, for applied loads along the [011]
axis the active {110} and {112} slip planes occur in
symmetric pairs, each pair containing both [111] and
[111] slip directions, and plastic deformation is limited
to the (011) plane, as illustrated in Fig. 2.
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Figure 2 Deformation behavior of a Ta-single crystal is controlled by
the two Burgers vectors indicated in the drawing. The initial profile of the
test specimen is circular and evolves into an oval due to the kinematics
of the planar slip occurring in the (011) plane.
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The uniaxial compression deformation along [011]
was performed using a screw driven test machine, de-
forming the specimen in 10% increments to a 30% to-
tal engineering strain at a strain rate of 10~* s~!. The
overall deformation behavior was then analyzed via to-
mographic volume reconstruction that allowed deter-
mination of the effective states of stress and strain over
the cross-sectional area, measured as a function of dis-
tance from the grain boundary. The tomographic rou-
tine used was a standard filtered back-projection rou-
tine that comes with the IDL programming language.
A total of 36 images of the object acquired at equally
spaced 5° rotations about the compression axis were
used to reconstruct the volume. The grain boundary
profile was analyzed and finally post-test sectioning
of the sample allowed characterization using electron
microscopies.

Optical microscopy, scanning and transmission elec-
tron microscopies were used to examine the microstruc-
ture and the mechanisms that are active during plas-
tic deformation. Electron back-scattered diffraction
(EBSD) was used to explore variations in the local lat-
tice rotations. Individual lattice orientation measure-
ments were performed at discrete points on the sample,
which were subsequently used to construct lattice rota-
tion maps of the investigated area.

3. Results and discussion
Photographs of the deformed specimen are presented
in Fig. 3, showing the two-fold symmetry developed in
the shape of the bicrystal as the deformation increases
from 10 to 30% engineering strain. The top and bottom
crystals deform in accord with Ta-single crystal defor-
mation experiments [4—6], whereby the initially circu-
lar sample diameter evolves into an ellipse (Fig. 2). This
result is also in agreement with drawn BCC polycrys-
talline <011> textured wires that have demonstrated
that initially cylindrical specimen can adopt an ovoid
shape within the (011) plane [12].

When compressing along the [011] axis the crystals
tend to respond with deformation almost entirely in the

Figure 3 Plastically deformed Ta-bicrystal at 10, 20 and 30% strain
showing two-fold symmetry due to the constrained grain boundary. Im-
ages such as these were used for the tomographic reconstruction of the
shape of the specimen.
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(011) plane and predominantly the [100] direction by
lattice rotation about the [011] axis. However, as seen
in Fig. 3, the 90° twist GB clearly disturbs this defor-
mation behavior. Neither crystal conforms to the single
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Figure 4 The deformation dependence of the cross-sectional area (a) and
the effective states of areal strain (b) and stress (c) over the cross-sectional
area are shown. Although the grain boundary is highly constrained, the
cross section of the grain boundary shows evidence of lateral deforma-
tion and a large strain gradient. The higher strength of the grain boundary
region after deformation is attributed to the change in the stress state due
to the influence of the elastic anisotropy of the crystals across the bound-
ary that activates additional slip systems and increases the hardening rate
through forest hardening mechanisms.

crystal response to compression loading in the vicinity
of the GB. From the cross-sections presented in Fig. 4 it
becomes obvious that the GB is highly constrained; the
initially flat GB evolved into a saddle-shaped surface
in response to the constraint.

The GB can also be detected in the plots of the
effective states of stress and strain over the cross-
sectional area as a function of distance along the com-
pression axis, presented in Fig. 4a—c. The deforma-
tion dependence of the cross-sectional area (Fig. 4a)
shows how the constrained GB allows for a small degree
of lateral deformation by adjusting its absolute cross-
sectional area in response to sample deformation. The
area increases from initially 29 mm? to approximately
38.5 mm? at 30% strain. Fig. 4b shows the correspond-
ing deformation dependence of the areal strain along
the compression axis and the extensive strain gradi-
ent caused by the grain boundary. The downturn of the
curves at both ends of the compression axis in both

(b)

Figure 5 (a) TEM image of a deformation band showing that these bands
consists of two, almost parallel walls of high dislocation density, in
between which some more dislocations are accumulated. (b) Diffraction
pattern of a deformation band and its surrounding area, revealing, that
the lattice inside the deformation band is rotated by approximately 5°.

3227




ELEVENTH INTERNATIONAL CONFERENCE ON INTERGRANULAR AND INTERPHASE BOUNDARIES 2004

Figure 6 An EBSD quality map is shown of the near grain boundary
region on the center section of the mechanical test specimen. The bottom
crystal has the [011] surface normal while the top crystal has the [100]
surface normal. The deformation bands characteristic of the single crystal
behavior can be seen on either side of the boundary at some distance
from the boundary. This characteristic deformation microstructure is not
observed in the crystal regions near the boundary. This subsection of the
surface should be compared with Fig. 5 to locate it within the whole
specimen.

graphs is an end-effect that is due to the lateral fric-
tion forces acting between the sample and the testing
machine plattens. The deformation dependence of the
effective stress state along the compression axis shown
in Fig. 4c, shows how the grain boundary region is
stronger. Its constraint and the multi-axial stress state
lead to increased work hardening.

Itis instructive to compare the lattice rotation maps of
the bicrystal with observations made on single crystals.
The lattice rotation map of a Ta-single crystal exhibits a
particular pattern of alternating lattice rotation through-

Deformation
Bands

out the entire sample. This pattern, when viewed at
larger magnification, reveals a network of lattice ro-
tation bands that comprise most of the crystal lattice
rotation, while the areas in between those bands do not
show evidence of lattice rotation activity. It is important
to note, that these lattice rotation bands do not coincide
with the traces of the {110} or {112} slip planes, fur-
thermore, their orientation changes as strain progresses
[6].

TEM images of the deformation bands, seen in the
same orientation as in the lower crystal, are presented in
Fig. 5. These images show that the deformation bands
consist of two, almost parallel walls of high dislocation
density, in between which more dislocations are accu-
mulated. The analysis of a diffraction pattern of such
a deformation band and its surrounding area (Fig. 5b)
reveals that the lattice inside the deformation band is
rotated by approximately 5°. This level of rotation is
consistent with observations from EBSD maps of these
same regions.

Very similar lattice rotation bands and the alternat-
ing pattern can be observed to occur in the bicrys-
tal, although they form away from the constrained
grain boundary region, Fig. 6. The pattern forms broad
areas of gradual and continuous lattice rotation that
follows the macroscopic features and shades already
observed in the optical image, Fig. 7. Since the lat-
tice rotation in both crystals occurs about the [011]
axis, the EBSD map allows distinguishing to what de-
gree and in what direction the lattice is rotated away
from its original orientation. Thus, at the center of
the sample the lattice very near the constrained grain
boundary rotates only a few degrees. Alternatively,
when moving away from the center towards the outer
sample boundary and along the axis of compression
[011], lattice rotation increases to about 20° on both
sides of the grain boundary; forming different patterns
respectively.

[011]
[017]

[100)

Limiting boundaries
between areas with
deformation bands
and areas without

[011]

[017]

Figure 7 An overview of the entire deformed bicrystal is shown, as cross-sectioned along the [011] compression axis.
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4. Conclusions

A highly constraining 90° twist-grain boundary in a
Ta-bicrystal was found to clearly disrupt the homoge-
neous deformation behavior of both single crystals. The
overall response of the bicrystal to plastic deforma-
tion, ranging from 10 to 30% total engineering strain
did show similar features to the single crystal experi-
ment only in the non-constrained regions of the sam-
ple, away from the grain boundary, i.e., planar double-
slip deformation predominantly in the (011) plane and
an elliptical cross-sectional profile. However, close to
the grain boundary the cross-sectional profile did not
deform accordingly and remained highly constrained
exhibiting only limited lateral deformation. The grain
boundary adjusted to accommodate the deformation
of the adjacent crystals by taking on a saddle-shaped
profile.

A large strain gradient could be measured near the
grain boundary and the boundary itself presented a
stronger area of the sample. This was attributed to the
constraint and the multi-axial stress state, causing in-
creased hardening from multiple slip system activation.
We anticipate that the size of this region would scale
with the size of the bicrystal. Interpreting the behavior
observed in the bicrystal in terms of its implications for
polycrystal behavior is rather speculative at this point.
One can imagine a grain in a polycrystal, surrounded
by other grains that constrain its deformation such that
multiple slip systems are always activated, leading to
increased hardening. However, a condition in which the
neighboring grains were less constraining, such as in a
textured material where the grains are more nearly in
the same orientation, would lead to differing slip system
activity and a different rate of work hardening.

The examination using EBSD resulted in lattice ro-
tational patterns, resembling observations made in the
corresponding single crystal deformation experiments.
Here, lattice rotation of up to 5° was limited only to
the deformation bands. However, the constrained grain
boundary affected the distribution of such patterns. A
large volume, spanning several millimeters along and
across the grain boundary, with evidence of lattice rota-

tion was observed on both sides of the grain boundary.
Unlike the discrete lattice rotation limited to the de-
formation bands, the material near the grain boundary
exhibited broad areas of continuous lattice rotation.
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