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Abstract

A new process, Repetitive Corrugation and Straightening (RCS), has been developed to create
bulk, nanostructured copper. In this investigation, a high purity (99.99%). copper bar Weasu.ring
6x6x50 mm with an average grain size of 765 pm was used as the starting material. It was
repetitively corrugated and straightened for 14 times with 90° rotations along its longitudinal
axis between consecutive ‘corrugation-straightening cycles. The copper was cooled to below
room temperature before each RCS cycle. The grain size obtained after the RCS process was in
the range of twenty to a few hundred nanometers, and microhardness was increased by 100%.
Both equilibrium and non-equilibrium grain boundaries are observed. This work demonstrates
the capability of the RCS process in refining grain size of metal materials. The RCS process can
be easily adapted to large-scale industrial production and has the potential to pave the way to
large-scale structural applications of nanostructured materials.
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1. INTRODUCTION

Nanomaterials with grain sizes ranging from ten to a few hundred nanometers exhibit
remarkable physical and mechanical properties. For example, nanostructured pure Ti with a
grain size of 120 nm has a yield strength of 970 MPa, 155% higher than that of coarse-grained
Ti with a grain size of 20 ~m [1]. However, it remains a challenge to make bulk nanomaterials
large enough for structural components and in an economic way. Most R&D has so far focused
on synthesis of nanometer-sized powders and their consolidation. Although nanopowders are
currently available on the market, their consolidation has been largely unsuccessful, since the
heat and pressure applied during the consolidation cause grain growth. So far, only penny-sized
samples have been fabricated, which are too small for making structural parts. In addition, the
nanopowders are usually contaminated with hydrogen, oxygen and other impurities, and it is
also very difficult to eliminate porosity in consolidated materials. Lastly, both nanopowders and
the consolidation process are expensive.

The most promising technique for producing large, bulk nanomaterials has been severe
plastic deformation (SPD). One of the SPD variants, equal-channel angular pressing (ECAP),
has been used to refine bulk, coarse-grained metals and alloys to grain sizes ranging from <0.1
to 1 ym [2-5]. ECAP was invented in Russia in 1972 by Segal [6]. Briefly, in the ECA
technique a metal billet is pressed through a die containing two channels, equal in cross-section,
intersecting at an angle @. During the pressing, the billet undergoes severe shear deformation,
refining the grain size. The advantage of ECA- pressing is its capability of maintaining the
dimensions of the work piece while introducing large deformation. As a consequence, the
process can be repeated to obtain the desired strain and grain size. By comparison, most other
high-strain processing techniques, such as extrusion, rolling, and drawing continuously reduce
the dimensions of the work piece. This not only limits the obtainable strain, but also reduces the
work piece to a final geometry of foil/sheet or wire, limiting its structural applications.
However, the ECA technique also has some disadvantages that make its industrial application
difficult and costly. First, the length of the work piece is limited by its length/diameter ratio and
by the stroke distance of the press used for the processing. A large length/diameter ratio will
make the pressing unstable. Second, the ECA process is discontinuous, labor intensive and
slow, which make the processed nanomaterials very expensive.

Other SPD variants that have been reported in literature include Multipass-Coin-Forge
(MCF) [7] and Multi-Axis Deformation [8]. Both of them have certain advantages over the ECA
process. However, they also employ batch processing, which is not efficient for large-scale
production.

A controversial microstructural feature in nanostructured materials processed by SPD
techniques is non-equilibrium grain boundary (non-equilibrium GB) [9,10]. Ruslan et al [9]
defined it as GB that contains extrinsic dislocations that are not needed to accommodate the
disorientation across the GB. The extrinsic dislocations are usually lattice dislocations trapped
at the GB. They cause lattice distortion near the GB and increase the GB energy [11]. Although
the non-equilibrium GB has been mentioned by many researchers [5, 11-15], it has not been
directly proved experimentally and has been controversial.

In this work, we present a new processing route that can create bulk nanostructured materials
free of contamination and porosity in a manner that can be easily adapted to large-scale
industrial production. The new technique, Repetitive Corrugation and Straightening (RCS),
primarily employs bending as the deformation mode, in contrast to the shear deformation mode
in ECA pressing. Similar to the ECA pressing, it introduces large amount of plastic deformation
to the work-piece without significantly changing its geometry or cross-sectional area. This
allows the work-piece to be processed repeatedly to refine its grain size without reducing the
work-piece to the geometry of foil or wire, as do traditional deformation techniques such as
rolling, drawing or extrusion. In addition, we’ll also investigate the non-equilibrium
boundaries.

grain



2. EXPERIMENTAL PROCEDURES

A high purity (99.99 at.%) copper bar with 6 mm x 6 mm x 50 mm in dimension was used in
this study. It was annealed at 900”C for one hour to increase its grain size to about 765 ym (see

Fig. 1). The large grain size is desired to effectively demonstrate the grain refinement capability
of the RCS process. A basic RC,S cycle consists of two steps: corrugation and straightening. The
corrugation is carried out in a die set
as shown in Fig. 2. The straightening
is accomplished by pressing the
corrugated work-piece between two
flat platens. It is well known that
lower deformation temperature
impedes dynamic recovery and
consequently improves the grain
refinement efficiency [1]. Therefore,
the copper bar was immersed in
liquid nitrogen for 3 minutes before
each RCS cycle. It took about 1
minute to take the sample out of
liquid nitrogen, place it in the die
and start pressing it. The sample
temperature was unknown but is
expected to rise with time during the
RCS process. This corrugation-
straightening cycle was repeated 14
times with 90° rotations along the
longitudinal axis of the sample
between consecutive cycles.
Lubricant was used to reduce
friction between the work-piece and
the die, although some amount of
stretching was still present. The
microstructure of the deformed
sample was characterized by
transmission electron microscopy
(TEM) as well as high-resolution
TEM (HRTEM). The HRTEM was
carried out in a JEOL 3000 FEG
electron microscope operated at 300
KV. The point-to-point resolution is
about 1.8 ~. TEM and HRTEM
samples were prepared by jet
electro-polishing at room
temperature. The electrolyte consists
of 33°/0 orthophosphoric acid and
67°A water. Microhardness was
measured using a Micromet-111
microindenter with 300 g load
applied for 10 seconds. Six
measurements were made on each
sample.

Figure 1: As-annealed copper has an average
grain size of 765 ~m.

Press

‘Figure 2: Die setup for discontinuous RCS
process.
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3. EXPERIMENTAL RESULTS AND DISCUSSIONS

3.1 Microhardness

The microhardness of the as-processed Cu is 1359&9 MPa, which is 100% higher than that
of the initial, coarse-grained Cu (678*8 MPa). It is well known that the yield strength of a metal
material is about a third of its microhardness [16]. Therefore, the yield strength is expected to
also increase by a similar percentage.

3.2 Microstructure

The microstructure of the RCS-processed copper is shown in Fig. 3. It is seen that the grain
size ranges from twenty to a few hundred nanometers. Most of the crystallite are separated by
low-angle grain boundaries that consist of dislocation arrays. Boundaries separating grains with
a misorientation less than 15° are defined as low-angle grain boundaries. High-angle grain
boundaries also exist in many places, as evidenced by the sharp contrast between some grains.
Because of the large initial grain size (765 ~m), we believe the whole area shown in Fig. 3 is
from one single initial grain. In other words, the microstructure shown in Fig. 3 was produced
from a single copper crystal by the RCS process. Judging from the corresponding selected area
electron diffraction (SAED) shown in Fig. 4, the orientations of the nano-grains shown in Fig. 3
spread as wide as 55°. We believe a significant fraction of the grain boundaries are high angle

Figure 3: TEM micrograph shows nanostructures in copper processed by RCS.



grain boundaries.
grains.

Figure 3 also shows subgrain structures and dislocation cell structures in some

Grain refinement is caused by
dislocation accumulation,
interaction, tangling and spatial
rearrangement. It has been observed
in coarse-grained fcc materials such
as copper [17,18] that each grain is
divided into many volume elements
during plastic deformation and there
are differences in the number and
selections of active slip systems
among neighboring volume
elements. These volume elements
are usually subdivided into cells
with dislocations forming cell
boundaries. For this reason, the
volume elements are usually referred
as cell blocks (CBS). Dislocations
from neighboring cell-blocks meet at
their boundaries and interact to form
CB boundaries. The boundaries that
separate cell blocks are named
geometrically necessary boundary
(GNB) since they are needed to
accommodate the misorientation in

Figure 4: Selected area electron diffraction
(SAED) indicates the presence of high-angle
grain boundaries.

neighboring CBS. The dislocation cell boundaries are called incidental boundaries since they are
generated by statistical mutual tapping of glide dislocations [19].

The misorientations are very small across cell boundaries but much larger across cell-block
boundaries. With increasing strain, the misorientations between neighboring cells and cell-
blocks increase, and the size of cell-blocks become smaller due to further division. At a certain
strain, the disorientation in neighboring cells becomes so high that additional slip system may
be triggered in the cells, which converts incidental boundaries into GNBs and make the
dislocation cells act like CBS. Domains surrounded by GNBs, such as CBS and CB-like
dislocation cells are called subgrain structures, and the GNBs are also called subgrain
boundaries [19]. With further straining, large subgrains may further divide into smaller
subgrains, and the disorientation between subgrains may increase to form low-angle grain
boundaries (GBs) and high-angle GBs (>15°). The above theory has worked pretty well with
rolling-deformation of metals with a medium to high stacking fault energy such as Cu and Al
[17,18], although the formation of subgrain structure from dislocation cells has not been
experimentally observed.

During the rolling deformation, the work-piece is deformed in one direction (i.e. under
constant strain path], with increasing strain. This is different from the RCS process, in which the
work-piece was rotated between consecutive .~CS cycles, resulting in the change of strain path.
To a certain extent, the rotation of work piece makes the deformation mode of RCS process
resemble that of fatigue. However, unlike fatigue, larger plastic deformation is introduced to the
work piece during each RCS cycle. The change of strain path may have enhanced the
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effectiveness in grain refinement [20]. The unique deformation mode of RCS certainly affects
the microstructural evolution, which need to be further investigated..

3.3 Equilibrium and Noneauilibrium Grain Boundaries

Figure 5 shows an HRTEM
image of a low-angle GB, which
is delineated by periodic
dislocations and Moir6 Fringes.
The GB plane is curved and
changes from the (5 5 12) plane
to the (002) plane. The two grains
are disoriented for about 9°.
HRTEM image from the upper-
left part of the low-angle GB (see
the framed area) are shown in
Fig. 6a. Fig. 6b is a structural
model corresponding to the low-
angle GB in Fig. 6a. From this
model, it is seen that two types of
dislocations are needed to
accommodate the geometrical
misorientation. Ruslan et al [9]
referred these geometrically-
necessary dislocations as intrinsic
dislocations. It can be seen that
there are three more dislocations
in Fig. 6a than in Fig. 6b, which

Figure 5: A TEM micrograph of a low-angle GB. The
GB plane is curved from (5 5 12) to (002) plane.

Figure 6: a) and b) are an HRTEM image and a structural model of the upper-left of the low-
angle GB shown in Fig. 5 (marked by a black frame in the upper left corner). Burgers vectors
are bl=l/2[101] and b2=l/2[101].
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indicates that extrinsic dislocations exist at the GB shown in Fig. 6a. Therefore, this segment of
low-angle GB is in a high energy configuration and should be called non-equilibrium grain
boundary.

The non-equilibrium GBs are characterized by
high density of extrinsic dislocations and lattice
distortion near the boundaries [3, 11]. In other words,
there are more dislocations at and near non-
equilibrium GBs than required to geometrically
accommodate the misorientations across the
boundaries. These dislocation are not in an LEDS
configuration [17] and render the GBs higher energies.
Such boundaries are unstable and may reconfigure to
form equilibrium boundaries. Figure 6 shows all the
features of a non-equilibrium GBs, and therefore prove
their existence.

Figure 7 shows an HRTEM image from the lower-
right part of the low-angle GB (see the framed area in
Fig. 5). As shown, dislocations are periodically-
spaced. The Burgers vector was determined as
1/2[1 O1]. The dislocation spacing in a low-angle GB
can be calculated using the formula: D=b/9, where b is

the Burgers vector of the GB dislocation and 6 is the

rotation angle of the two grains. The calculated
dislocation spacing is 20 & which is reasonably in
agreement with experimentally measured values of 22
~ in Fig. 7. No extrinsic dislocation is found in Fig. 7.
This segment GB is an equilibrium GB.

3.4 Potential of the RCS Process

One important feature of the
RCS process is that it can be easily
adapted to current industrial rolling
facilities, by replacing the traditional
rollers with corrugating rollers, as
shown in Fig. 8. As such, n )

Figure 7: An HRTEM image from
the lower-right part of the low-
angle GB shown in (a).

n
nanostructured metal materials can
be processed in a continuous, cost
effective fashion. We believe that Pm
the RCS process will pave the way

.W

v

I

to large-scale structural applications
of nanostructured. materials.

Figure 8: A process cycle for continuous RCS.
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4. Conclusion

The RCS process can effectively reduce the grain size of metal materials and is a promising
new technique for producing bulk nanostructured metal materials. The change of strain path
during the RCS process generally enhances the effectiveness of grain refinement. The
microstructural features include equilibrium GBs, non-equilibrium GBs, low-angle GBs, high-
angle GBs, and dislocation cells. The grain refinement mechanisms need further investigation.
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