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ABSTRACT

We have used a two-step (low and high temperature) strain-annealing process to evolve the grain
boundary character distribution (GBCD) in fully recrystallized oxygen-free electronic (OFE) Cu bar
that was forged and rolled. Orientation imaging niicroscopy (OIM)(l-4) has been used to characterize
the GBCD after each step in the processing. The fraction of special grain boundaries, “special frac-
tion,” was -70% in the starting recrystallized material. Three different processing conditions were
employed. high, moderate, and low temperature. The high-temperature process resulted in a reduction
in the fraction of special grain boundaries while both of the lower temperature processes resulted in an
increase in special fraction up to 85Y0. Further, the lower temperature processes resulted in average
deviation angIes from exact rnisorientation, for special boundaries, that were significantly smaller
than observed from the high temperature process. Results indicate the importance of the low tempera-
ture part of the two-step strain-annealing process in preparing the microstructure for the higher tem-
perature anneal and commensurate increase in the special fraction.

INTRODUCTION

The failure of metals undergoing extreme deformation is thought to be ductile in nature, i.e., failure
proceeds by the nucleation, growth, and linking of voids. An example of such an effect is shown in
Figure 1 for the case of span in Cu.(5) Some grain boundaries are observed to serve as potent sites for”
nucleation and growth of voids. Grain boundaries also play a key role in controlling the breakup time
of explosively loaded shaped-charge jets as shown in Figure 2.(6)

Recently, a body of work has emerged which indicates that it may be possible to improve the perfor-
mance of such systems by controlling the GBCD.(7-14) It has been shown that special boundaries
have unique properties and materials with high fractions of special boundaries exhibit superior prop-
erties. For example, intergranular corrosion, grain-boundary segregation, creep, and ‘intergranular frac-
ture can all be significantly improved as the fraction of special grain boundaries increases.(7- 10, 12,
14) Perhaps the most significant observation is that it is possible to exert control over the distribution



Figure 1. Optical microgmph showing the development of a spallpkme in Cu. (5)

Figure 2. Radiographs of Cu shaped.cha~e jets. The jet at top is undoped OFE coppe~ The jet at the bottom was
pmducedjiom Cu thnt had S segregated to the grain boundaries. The effect of the S is earlier breakup of the jet and
formation of aymmeoicpardcles. (6)

of special and random grain boundaries through thermomechanical processing, which turns this from
a scientific curiosity to a potential tool for enhancing material performarrce.(1 1, 15-17)

Our approaches aimed attesting a hypothesis for the mechanism for GBCD optimization in Cu, i.e., it
is possible to optimize the GBCD in Cu by selectively removing random grain boundaries through a
strain-annealing process. We begin with a fully recrystallized material, deform it by a crucial amount,
then apply a specific heat treatment schedule. The deformation is not intended to be sufllcient to
induce full recrystallization upon heating, but is intended to localize the deformation energy at random
boundaries (since random boundaries are expected to be less efficient at transmitting dislocations than
special boundaries). Upon heating, the stored energy near these random boundaries is expected to
provide sufficient driving force to rearrange these boundaries into special types.

EXPERIMENTAL

Fully recrystallized OFE Cu bar was forged and rolled to approximately 0.95 cm thickness. Sample
coupons (1 x I x 0.9 cm3) were cut from the plate and prepared for observation by OEMusing stan-
dard metrdlographic techniques. The GBCD of the starting material was determined using OEM. After
this initial characterization, the specimens were deformed approximately 6% in compression and char-



. . ...

acterized by OIM. Finally, the Cu underwent a special two-stage heat treatment (shown in Table I), in
an attempt to optimize the GBCD, followed by OIM characterization.

“~‘I’able I. Strain-annealing treatment for the three materials studied in th~ investigation.

Sample ID

Process OFE1 0FE2 OFE-3

Strain (%) -7 -6 -6

Heat 8H/334°C 14W2WC 14H1225°C
Treatment 14H/532°C 7W375”C 6H/325°C

The temperatures and times for the first strain-annealing treatment, OFE-1, were scaled to the melting
point of Cu fi-omthe work of Thompson and Randle on Ni.(15) The temperatures of OFE-2 were
obtained by scaling the temperature of Thompson and Randle for Ni relative to the recrystallization
point of Ni and applying the scaling to Cu. The temperatures of OFE-3 were selected to probe the
effect of lower temperatures and minimize grain growth.

DATA ACQUISITION AND ANALYSIS

Samples were observed in a Hitachi S2700 scanning electron microscope with an automated OIM
attachment (TSL, Inc.) ~~ically, OIM scans were carried out in a hexagonal grid at 1.5 pm resolution
over areas -200 x 200 pm . OIM data included the Cartesian coordinate location of each orientation
corrected for the 70° tilt of the sample, the Euler angles, a measure of the image quality of the back-
scatter diffraction pattern, and a measure of the confidence in indexing of the backscatter diilkaction
pattern (confidence index).

OIM data was analyzed using software developed at Lawrence Liverrnore,National Laboratory in the
lDL (Research Systems, Inc.) interactive data language. The first step in data analysis was to treat data
points with low confidence index (cO.1). Work at TSL, Inc. has shown, Figure 3, that the uncertainty
in indexing of a backscatter diffraction pattern is nearly constant for confidence indices greater than
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Figure 3. Fraction of diffraction patterns correctly indexed as a function of reported.confidence index. (18)



0.1, whereas the uncertainty decreases precipitously for lower confidence indices. An algorithm
was developed to associate the orientation of a low confidence index point with that of the majority of
its neighbors with common orientation. For example, it is likely that a low confidence index point will
have several neighbors of common orientation. The misorientations of the six neighbors of the low
confidence index point are assessed. The largest number of common-orientation, contiguous neigh-
bors is determined. The orientation of the low confidence index point and its confidence index are
assigned from the maximum confidence index point in the list of largest number of common-otienta-
tion contiguous neighbors.

The OIM data was then corrected for points with acceptable confidence index that were likely
rnisindexed, for example, a single point in the center of a large grain. First, each data point was
surveyed to determine the number of neighbors with differing orientation from the data point
(misorientation > 150). If that number was five or six, the point was considered for correction of the
orientation. The neighbors were then surveyed to determine the largest number of contiguous neigh-
bors with common orientation. If that number was five or six, then the point in question was assigned
the average orientation of those five or six neighbors.

With this corrected data set, plots were produced of confidence index as a finction of position and
overlaid with boundaries of angle >15°. The Brandon criterion was applied to identify those
boundaries which were special in nature using tables produced by Adams et al.(20) The average angu-
lar deviation from exact disorientation was calculated for each special orientation. Data was acquired
from 2-5 areas for each heat treatment allowing for error bars corresponding to one-sigma uncertainty
to be placed on the GBCD results.

RESULTS

On the average for this investigation, roughly 5-15% of the measured orientations are of low confi-
dence index as illustrated in Figure 4a-c. Low confidence index points are often associated with grain
boundaries since two patterns can overlap at these locations. Except for one case, the fraction of
points with confidence index SO. 1 increases with deformation and decreases with annealing.

The typical recrystallized starting microstructure for the materials in Table I is shown in Figure 5. The
initial grain size was -10 pm. The starting recrystallized material had a special fraction (total number
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Figure 4. Fraction of alzta points of low confidence index as ajimction of strain annealing treatment.
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Figure 5. OIM image of the az rec~stallized structure shaded by confidence indcr with special (grey shaded) and mndom
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Figure 6. Fraction of boundaries of indica[ed type as a function of strain annealing treatment.



of boundaries 3<x9/total number of boundaries) of nearly 70%. Figure 6a, b, and c give the GBCD
results for the three strain-annealing treatments. The effect of OFE-1 was a general decrease in the
fraction of the special boundaries and a marked increase in Xl type boundaries. This annealing treat-
ment was accompanied by a significant and undesirable increase in grain size. Also, OFE- 1 exhibited
a larger statistical spread in fraction (Figure 6) and deviation angle (Figure 7) than OFE-2 and OFE-3.
Figure 7a shows that the 6% compression resulted in a decrease in the average deviation from exact
disorientation for ZI and increases for the X3,X9, and X27 boundaries. The annealing steps resulted
in further decrease in the average deviation from exact rnisorientation for Z1 and an insignificant
change for the Z3, X9, and X27. The specird fraction decreased to 55% as a result of the OFE- 1
treatments.

The OFE-2 and OFE-3 strain-annealing treatments exhibited significantly different behavior than OFE-
1. In these cases, after the final anneal, the Z1 fraction dropped (l?@re 6b and c) and the X3, X9, and
Z27 fractions all rise. In contrast to OFE-1, the deviation from exact disorientation is observed to
decrease significantly as a consequence of the final anneal (Figure 7b and c). The special fractions for
these latter experiments approached 85% compared with 55% in OFE-1. The results of this investiga-
tion are summarized in Figure 8.

One OIM scan from OFE-2 was statistically outside of the error bars. This scan revealed a smaller
special fraction than the other five scans. This indicates that the GBCD was not optimized for the
entire sample volume and additional adjustments to strain, annealing time and temperature may be
required.

DISCUSSION AND CONCLUSIONS

We have observed that the GBCD for forged, rolled, and recrystallized OFE copper can be signifi-
cantly improved using a two-step strain-annealing process. ~tially, a small compressive strain (6-
7%) is applied, we believe, to localize deformation at random grain boundaries in the recrystallized
structure. Then a low temperature (0.38-0.4 TJ, long time (14 H) anneal is performed. Although the
exact function of this anneal is not currently known, it appears necessary to prepare the structure for
the subsequent higher temperature anneal. In the higher temperature (0.44-0.48 TJ, long time (6-7 H)
anneal the special fraction increases significantly and there is an enhanced tendency for grains to have
disorientation angles closer to exact disorientation. The lowest temperature heat treatment, OFE-3,
caused an increase in X9 and X27 compared with OFB-2.
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Figure 7. Deviationfiom exact disorientation plotted as a function of boundary type for each strain annealing treatment.



1 , . . . . . ..1 . . . . . . . . .
■ Reuyslalliied

I H OFE~l

0.8
El OFE-2
c1 OFE-3

0.6

0.4

0.2

0
1 3

4-
I-

IiiF
9 27 Random All

Special

Figure 8. Fraction as a function of X summarizing the recrystallized and the three heat treatments investigated in this
study.

This work clearly indicates the importance of the two-step strain-annealing process in the optimiza-
tion of the GBCD. In OFE- 1, the special fraction decreased because the temperatures used were too
high. The increase in 21 fraction appears to be an indicator of the failure to optimize GBCD. When
the GBCD is optimized, the Z1 fraction is observed to decrease to a few percent.

In both OFE-2 and OFE-3 the special fraction increased compared with the starting recrystallized
material. The grain size also increased. Previous experiments have indicated the special fraction de-
creases as (grain size)-1n”3.(14) The observation that special fraction can increase with grain size is
similar to observations by Randle and Ralph.(21) Watanabe has reported that special fraction is pro-
portional to Z-;n. (14) We have looked into this relation for eleven data sets and find that for this
material, considering 23, 29, and Z27 only, that special fraction is proportional to Z-1”3H”3.For the
optimized structures, the exponents are closer to -1.5.
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