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Microstructural response of pure copper to cryogenic rolling
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A high-resolution electron-back-scatter-diffraction (EBSD) technique was applied to
quantify grain-structure development and texture evolution during/after cryogenic rolling
of pure copper. Microstructure evolution was found to be a complex process involving
mainly geometrical effects associated with strain and discontinuous recrystallization but
also including limited twinning and grain subdivision. Recrystallization was deduced to
be static in nature and probably occurred during static storage of the material at room
temperature after cryogenic rolling. The texture contained a pronounced {110}<112>
brass component; this observation was interpreted in terms of the suppression of cross
slip at cryogenic temperatures. In general, cryogenic rolling was found to be ineffective
for the formation of a nanocrystalline (NC) structure in pure copper.

Keywords: Cryogenic deformation; Nanocrystalline; Copper; Electron backscatter
diffraction; Microstructure; Texture

1. Introduction

There is currently great interest in the development of structural materials with
submicron or nanocrystalline (NC) grain structures. This interest is driven primarily by
marked increases in room-temperature strength and improvements in high-temperature
ductility. Severe-plastic-deformation (SPD) processes [1] have been found to be among
the most effective methods for fabricating such materials. An important limitation of such
techniques, however, is the development of an equilibrium (minimum) grain size at high
levels of strain [2-3]. Typically, this minimum grain size is of the order of several hundred
nanometers and thus lies outside the commonly-defined NC-range of 1-100 nm [2-3].
The reason for the observed grain-refinement stagnation is not completely clear. One
possible explanation focuses on the operation of dynamic recovery even at relatively low
homologous temperatures. Because recovery is a thermally-activated process, the
most-evident method to suppress it (and thus enable further decreases in grain size)
comprises deformation at lower temperatures as in the cryogenic range. This approach,
known as “cryogenic deformation”, has recently been proposed as a means of producing
bulk NC materials [4-10].

To date, the majority of research on SPD processing has focused on aluminum
and copper alloys, most likely because of the exceptional ductility of such materials. An
analysis of the literature suggests that these materials behave in a distinctly different
way under cryogenic-deformation conditions. For example, according to Huang, et al.
[4], one of the key mechanisms governing grain-structure evolution in pure aluminum at
cryogenic temperatures is the geometrical effect of strain per se. In other words, grains



change their shape in proportion to the imposed strain, and no noticeable gross grain
fragmentation/subdivision is observed. By this means, a reasonably homogeneous grain
structure, dominated by heavily elongated grains aligned with a direction of the
macroscopic material flow, is developed. Such grain structures typically contain a
significant proportion of low-angle boundaries (~30%) which have a transverse
orientation with respect to the direction of material flow. Of particular importance are the
observations that the geometrical grain compression also tends to saturate with strain
and the minimum achievable grain size lies in the submicrocrystalline range. It has been
hypothesized that this effect may be associated with a surprisingly high rate of the
thermally-activated grain boundary migration. Thus, the potential of cryogenic
deformation for the formation of an NC grain structure in pure aluminum is not clear.

In contrast to the behavior observed for aluminum, a different mode of the
microstructure evolution during cryogenic processing has been reported for copper [7-
10]. At relatively small strains, extensive twinning takes place [7, 8, 11]. The twins are
typically very narrow (~50 nm) and are frequently arranged as twin colonies which
efficiently refine the original grains [7, 8]. It is believed that the activation of twinning is
mainly associated with the suppression of dislocation cross-slip [8]. As the strain
increases, twinning tends to saturate, and shear banding begins to play a major role in
grain refinement [7, 8, 11]. The shear bands intersect the twin colonies, thus leading to
significant distortion of the original twins [7, 8, 11]. The boundaries outlining the shear
bands are found to be essentially straight, and their planes may be close to {111} slip
planes [11]. Additionally, the development of adiabatic shear bands may also take place
at high strain rates [7, 12]. The peak temperature in these bands may reach ~500K, thus
promoting local recrystallization [7, 12].

The activation of mechanical twinning/ shear banding and the grain refinement
associated with such deformation mechanisms suggest that cryogenic deformation may
be effective for the development of an NC structure in copper. Indeed, the formation of
microstructures with an average grain size of ~100 nm has been reported recently in the
literature [7, 8]. Because of the exceptionally fine-scale of the grain sizes in such
microstructures, much of the information available in the literature to date has been
based on transmission electron microscopy (TEM). Despite the excellent resolution of
TEM, however, it is unclear whether such results are statistically representative or
isolated observations. On the other hand, microstructure observations based on high-
resolution electron back-scatter diffraction (EBSD) enable quantification of
microstructural features over a much larger scale than TEM and thus provide insights
that may be more significant from a statistical viewpoint. The objective of the present
work, therefore, was to establish the mechanism(s) of microstructure evolution during
cryogenic processing of copper and the stability of such microstructures following
deformation using EBSD. To this end, copper samples were cryogenically rolled to
various reductions and examined via EBSD.

2. Material and Experimental Procedures

The program material consisted of copper of 99.9 wt. pct. purity which was
received in the form of hot-rolled bar. To increase the probability of obtaining an ultrafine
microstructure via cryogenic processing, the as-received bar was pre-conditioned by
subjecting cylindrical billets (40 mm diameterx 70 mm length) to successive height
reductions of ~40% along each of the three orthogonal axes (i.e., so-called “abc’-



deformation) in the temperature range of 500-300°C [13]. Samples obtained from this
preliminary processing are denoted throughout as the initial material.

Cryogenic rolling was conducted on specimens measuring 45x45x5 mm? that
were cut perpendicular to the final compression axis from the central, most severely
deformed part of the SPD’ed billets. The specimens were rolled to 50, 75, or 93% overall
thickness reductions (true strains of 0.7, 1.4 and 2.7) using a rolling speed of 100 mm/s
in a cluster mill with 65-mm diameter work rolls. The total thickness reductions were
achieved using multiple passes of ~10% each. In order to provide cryogenic deformation
conditions, the rolling specimen and the rolls were soaked in liquid nitrogen prior to each
rolling pass and held for 20 minutes; immediately after each pass, the workpiece was re-
inserted into liquid nitrogen. The total time for each rolling pass (i.e., the exposure time
of a specimen under ambient conditions) was only a few seconds’. After completion of
the rolling process, specimens were stored at room temperature.

To examine the grain refinement in three dimensions, the rolled specimens were
cut for EBSD observations in the plane containing the RD and ND (i.e., the longitudinal
plane) as well as the plane containing the RD and TD (i.e., the rolling plane). (In this
work, the typical flat-rolling convention is adopted with RD being the rolling direction, TD
the transverse direction, and ND the normal direction of the sheet.) Samples were
prepared for EBSD by mechanical polishing followed by electro-polishing in a solution of
70% orthophosphoric acid in water at ambient temperature with an applied potential of 5
V. All microstructural and textural observations were made at the mid-thickness of the
rolled specimens.

High-resolution EBSD analysis was conducted using a Hitachi S-4300SE field-
emission-gun scanning-electron microscope equipped with TSL OIM™ EBSD software.
Orientation mapping involving beam control was performed using a triangular scanning
grid with step sizes of 0.05-0.5 um. On each pattern, seven Kikuchi bands were used for
indexing, thus minimizing errors. EBSD maps of ~200,000-500,000 points containing
~500-15,000 grains were obtained. Pattern solution efficiency was in the range of 99-
100%. The average confidence index (Cl) for each EBSD map ranged from 0.15 to 0.66.
By comparison, experiments on various FCC materials have shown that the fraction of
correctly indexed patterns with Cl's greater than 0.1 is 95% [14]. To improve the
reliability of the EBSD data, small grains comprising 3 or fewer pixels were automatically
removed from the maps using the grain-dilation option in the TSL software. In addition,
to eliminate spurious boundaries caused by orientation noise, a lower-limit boundary-
misorientation cut-off of 2° was used. All quoted misorientation angles are relative to the
rotation axis with the minimum misorientation. A 15° criterion was used to differentiate
low-angle boundaries (LABs) and high-angle boundaries (HABs). All measurements of
grain size were made by the linear-intercept method.

Transmission electron microscopy (TEM) was performed to further delineate the
microstructures developed during and following cryogenic rolling of copper. For this
purpose, thin foils were fabricated from rolling-plane sections. Specifically, 3-mm
diameter disks were ground to a thickness of ~0.1 mm and then jet-polished in a solution

! Heat transfer calculations revealed that the warming of the rolls and specimen prior to
rolling due to free convection in air was relatively small, resulting in temperature
increases of approximately 1-4°C.



containing 7% orthophosphoric acid in water at ~20°C and a voltage of 4 V. TEM was
performed using a JEM-2000EX operating at 160 kV.

To establish the effect of cryogenic deformation on mechanical behavior, uniaxial
tension tests and microhardness measurements were performed at ambient
temperature. Dog-bone tension specimens having a reduced section 12-mm long and 3-
mm wide were machined parallel to the RD of ground-and-polished rolled sheet. Room-
temperature tension tests to failure were conducted at a constant crosshead speed
corresponding to a nominal strain rate of 10° s in an Instron 1185 Universal Testing
Machine. Vickers microhardness data were obtained by applying a load of 50g for 10s;
at least 10 measurements were made to obtain an average value.

To estimate the stress-strain response of the material during the cryogenic rolling,
compression tests were also performed at the liquid nitrogen temperature. To this end,
prismatic specimens measuring 6 x 5 x 5 mm?* were cut from the initial material and
compressed in a Schenk universal testing machine at a crosshead velocity of 1 mm/min.
During the tests, the dies and specimens were completely immersed in liquid nitrogen.

3. Results and Discussion
3.1. Material prior to cryogenic rolling

Typical microstructural features of the material after warm “abc” deformation (i.e.,
the initial condition) are summarized in Fig. 1. In the EBSD inverse-pole figure (IPF) map
for the normal direction (i.e., the final compression direction), shown in Fig. 1a% LABs
are depicted as bright lines and HABs as black lines. The IPF map indicated that the
initial microstructure was reasonably homogeneous and was dominated by low-aspect-
ratio, nearly equiaxed grains. The mean HAB intercepts in the ND and RD were 1.6 and
1.8 um, respectively. Most of the grain boundaries were high-angle in character (HAB
fraction was 59%) but some grains contained dense substructure. The misorientation
distribution (Fig. 1b) was characterized by a noticeable low-angle maximum, a weak
peak in the vicinity of 60°, and some clustering of misorientation axes near <111>. The
fraction of £3 twin boundaries was ~5%. The material had a weak nearly-cube texture
(Fig. 1c).

3.2. Broad aspects of microstructure evolution

A broad range of microstructural features were noted in the cryogenically-rolled
copper samples. These included distorted/recrystallized grains/grain boundaries, sub-
boundaries, and twins.

Selected portions of low-resolution, normal-direction IPF maps illustrating the
grain structures after 50%, 75% and 93% reduction are shown in Fig. 2; for simplicity,
only HABs are shown (as solid black lines). At the two lower reductions (Fig. 2a, b), it is
evident that extensive grain compression occurred during cryogenic rolling, thus
transforming the original low-aspect-ratio grains into a highly-elongated pancake-shape
grain structure. To quantify this effect, the mean HAB intercept in the ND was estimated
as a function of the rolling deformation by using the RD-ND samples (Fig. 3). For
comparison purposes, the theoretically-predicted geometric reduction of the grain
thickness due to the imposed rolling strain is also shown as a broken line. The
measured grain thickness closely follows the theoretically-predicted curve initially (Fig.

2 The reader is referred to on-line version of the paper to see the figures in color.



3), thus indicating that the observed reduction in the HAB spacing is largely a
geometrical effect caused by compression and extension of pre-existing boundaries in
proportion to the shape change of the sample. However, at reductions higher than 50%,
the grain intercept length deviates significantly from the prediction based on
homogeneous deformation (Fig. 3). This transition is mirrored in the microstructures
represented by the IPF maps (Figs. 2b, c¢). Fine, equiaxed grains appeared to be
generated along the original grain boundaries, thereby producing a “necklace”-type
structure reminiscent of discontinuous dynamic/static recrystallization at elevated
temperatures in metallic materials. Thus, it may be concluded that a second physical
mechanism in addition to the geometrical effect is entailed in grain-structure evolution in
cryogenically-rolled copper.

Higher-resolution EBSD maps (e.g., Fig. 4) provided deeper insight into the
process of grain structure development; in these maps, LABs are depicted as thin red
lines, and HABs as solid black lines. The EBSD maps showed that that a number of the
original grain boundaries exhibited local bulges, some of which appeared to have
transformed into fine equiaxed grains (some of which are indicated by arrows). This
effect was apparent even after relatively small deformation (Fig. 4a). It became more
pronounced with strain when the fraction of fine equiaxed grains increased noticeably,
and the “necklace” microstructure developed (Fig. 2b, c, 4c). These fine grains are
completely surrounded by HABs and typically contain almost no substructure (Fig. 4c).
Therefore, the formation of fine grains appears to fit the definition of the discontinuous
recrystallization controlled by nucleation and growth due the migration of boundaries.
Because the samples warmed following rolling and were examined under similar
ambient conditions, however, it is difficult to determine whether such recrystallization
was dynamic/metadynamic at the rolling temperature or metadynamic/static at room
temperature. This aspect is discussed further in Section 3.5.

TEM observations of the heavily-rolled material (Fig. 5) also suggested the
occurrence of discontinuous recrystallization. In some regions, the microstructure was
dominated by high dislocation density and sharp contrast variations indicative of
significant elastic strains (Fig. 5a), or features often found in severely-deformed
materials. In other areas (Fig. 5b), dislocation-free, recrystallized grains exhibiting
reasonably homogeneous TEM contrast and containing annealing twins (arrows) were
found.

Fig. 4 also reveals that sub-boundaries were also developed in cryogenically-
rolled material. In some cases, the sub-boundaries extended across the parent grains,
forming more or less regular arrays of nearly parallel bands aligned in a common
direction. Examples of such structures are given in the high-magnification inserts in Figs.
4a, b, c. The EBSD results showed that some segments of such sub-boundaries
accumulated misorientations in excess of 15°. These observations may be interpreted in
terms of a grain-subdivision process [15] or/and micro-shear banding. The boundary
planes of the sub-boundaries were usually far from {111} slip plane traces (shown by the
dotted lines in the high-magnification inserts); this observation differs from some
literature data [11]. Most of the sub-boundaries, however, were short and curved, tended
to cluster near original grain boundaries, and had relatively small misorientations (Fig.
4). The contours of the original grains were clearly seen even after large rolling
reductions (Figs. 2 and 4), thus suggesting that grain subdivision/shear banding was not
a significant contributor to grain refinement.



Another important microstructural feature noted in the cryogenically-rolled
material was twinning. Several examples of twins are circled in Fig. 4; more detailed
statistics for the twin boundaries (derived from much larger EBSD scans) are
summarized in Table 1. After 50 and 75% reduction, the shape of the twins appeared
distorted, but their initial lens shape was still recognizable (Figs. 4a-b). Thus, it may be
concluded that the twins originated during deformation in agreement with recent papers
[7, 8] reporting the activation of the mechanical twinning during cryogenic deformation of
copper. However, the present results indicate that the twin boundary fraction was
relatively low (Table 1), and the twins were observed only sporadically (Fig. 4a, b).
Hence, the contribution of twinning to the overall deformation was relatively low. The
results in Table 1 also suggest that the twin boundary fraction decreased in the
deformation range of 50 to 75% reduction. This effect can be ascribed to strain-induced
deviation from the exact twin/matrix relationship and thus a gradual transformation of the
twin boundaries into random HABs during deformation. This phenomenon has also been
already reported in the literature [e.g., Reference 16] and may be explained as being
due to the deformation-induced crystallographic rotations of the twins and matrix from
their initial orientations. After yet higher rolling reduction (i.e., 93%), on the other hand,
the twin fraction increased significantly (Table 1). The twins observed in the 93% rolled
material had a rectangular shape (e.g., circled regions in Fig. 4c) which contrasted with
the lenticular-shaped twins after 50 and 75% reduction (Fig. 4a, b). This rectangular
morphology is often associated with annealing twins and may thus be inter-related with
the above-mentioned discontinuous recrystallization that occurred after cryogenic rolling
to high reductions.

The overall statistics from the grain-size measurements along the three principal
directions of the rolled sheet are summarized in Table 2. In addition to the mean HAB
intercept length, the average boundary spacing (including all boundaries with
misorientations of at least 2°)is also shown. These results reveal that cryogenic rolling
of copper provides significant refinement but the desirable NC grain sizes are not
achieved. The present findings differ from recent literature [e.g., reference 8]. The
difference in behavior may be due to the limited contribution of twinning and shear
banding to microstructure evolution in present work. Further research is needed,
however, to confirm whether this is an inherent feature of the cryogenic rolling of copper
or a result of the fine-grained nature of the initial, rolling-preform material.

3.3. Misorientation distribution

To establish a better understanding of the grain-refinement process,
misorientation data were derived from high-resolution EBSD maps (Fig. 6, Table 3). The
misorientation-angle data shown in Fig. 6a are expressed in terms of the specific grain-
boundary length, which equals the total grain-boundary length for a given misorientation
angle (or small range of misorientation angles) divided by the area of the EBSD map.
This metric provides a direct comparison of grain-boundary characteristics for the
different rolling reductions, thus enabling more reliable deduction of the key physical
mechanisms governing microstructure evolution. It should also be noted that the
misorientation-angle data in Fig. 6a were obtained from the rolling plane. Due to
compression of the parent grains (because of the geometrical requirements of strain),
the specific grain-boundary length in the RD-TD plane should naturally decrease and



thus any evidence of the grain refinement (i.e., an increase in the HAB length) is readily
detected.

After 50-75% reduction, the specific length of LABs increased significantly (Fig.
6a). This effect is associated with the extensive development of deformation-induced
boundaries (DIBs) during cryogenic rolling, leading to a decrease in the total HAB
fraction (Table 3) as well as to a reduction of the mean LAB misorientation (Fig. 6b). On
the other hand, the specific length of HABs changed only slightly (Fig. 6a), indicating
insufficient grain refinement at this strain level. The higher resolution inset in Fig. 6a
reveals that the specific length of ~15-20° boundaries rose compared to that in the initial
material. This finding suggests that some DIBs achieved misorientations greater than
15°, thus transforming into HABs; examples of such boundaries are seen in the inserts
in Figs. 4a, b. After 50% reduction, the specific length of ~25-55° boundaries decreased.
This effect is most likely associated with the geometrical flattering of grains described in
Section 3.2.

After 75% reduction, the specific length of ~25-55° boundaries showed an
increase back to approximately the initial level. This process did not develop via the
progressive movement of the low-angle peak toward higher misorientations. Rather, the
specific length of HABs appears to have increased essentially uniformly over the entire
misorientation range of ~25-55°. Therefore, it is likely that this effect can be associated
with the bulging of original grain boundaries (several examples of which are indicated by
the arrows in Fig. 4b), thereby giving rise to a homogeneous increase of the HAB area.

A shallow peak in the vicinity of 60° for material rolled to a reduction of 50-75%
(Fig. 6a) is associated with the twin boundaries. Thus, the limited changes in this region
confirm the above conclusion regarding the minor contribution of twinning to
microstructure evolution.

After cryogenic rolling to a 93% reduction, the low-angle portion of the
misorientation distribution did start to skew toward higher misorientations (Fig. 6a) and
the mean LAB misorientation angle increased substantially (Fig. 6b). This observation
indicates the progressive accumulation of misorientation across the DIBs. In addition,
the specific length of the HABs increased significantly (Fig. 6a), thus providing evidence
of grain refinement. In the misorientation range of ~15-55°, this process appears to have
occurred reasonably homogeneously (Fig. 6a), thereby supporting the hypothesis of
discontinuous grain nucleation and boundary migration rather than a continuous LAB-to-
HAB transformation associated with so-called continuous dynamic recrystallization. The
substantial sharpening of the 60° peak after 93% reduction (Fig. 6a) together with a
doubling of the twin-boundary fraction (Table 1) are most likely attributable to the re-
appearance of annealing twins.

3.4. Texture evolution

Rolling textures in FCC metals are often described in terms of two partial <110>
fibers (the a-fibore with <110> parallel to the ND and the B-fibre with <110> tilted 60°
toward to the RD) and specific texture components (Fig. 7, Table 4). The fiber textures
typically develop after small reductions. At higher reductions, the fibers tend to
degenerate giving rise to pronounced, discrete peaks which may include the cube
{100}<100>, Goss {011}<100>, brass {011}<211>, S {123}<412> or {123}<634>, or
copper {112}<111> texture components (Table 4). The formation of the particular texture



components depends on the rolling temperature and material characteristics such as
stacking-fault energy (SFE). During cold rolling, high SFE materials (including copper)
usually exhibit the copper-type texture, whereas low SFE favors the formation of a
brass-type texture.

In order to evaluate the texture developed during cryogenic rolling, orientation
distribution functions (ODFs) were derived from the large EBSD scans containing
~15,000 grains each (Fig. 7). The development of individual texture components (within
an angular spread of 15° from the ideal orientation) as a function of strain is shown in
Fig. 8.

After 50% reduction, the texture was weak (no peaks higher than ~3 x random),
and the texture pattern could not be interpreted in terms of conventional rolling textures
(Fig. 7); the small fractions of the main texture components were comparable to those in
the initial material (Fig. 8). On the other hand, the remnants of the original cube texture
were seen in the ODF (Fig. 7). In other words, the evolved texture seems to have been
transient in nature after the 50% reduction.

In material rolled to the 75% reduction, the overall texture intensity was
strengthened, and both fiber textures became evident in the ODF; the a-fiber appeared
to be more pronounced than the B-fiber (Fig. 7). Within the o-fiber, Goss and brass
texture components were noted, whereas the copper and S components were observed
within the B-fiber (Fig. 7). The volume fractions of these components increased
somewhat with reduction; the major components were the Goss and S textures (Fig. 8).

After 93% reduction, the texture became much sharper with the strongest peak
being ~10 x random (Fig. 7). Furthermore, the fibers tended to separate into discrete
components; i.e., the brass component of the a-fiber and the S component of the pB-fiber
(Fig. 7). This trend is quantified in Fig. 8; the fractions of the brass and S-textures
increased at 93% reduction, Goss tended to saturate, and the copper component
decreased markedly. Thus, the final texture was characterized by the predominance of
the brass texture and noticeable proportions of the S and Goss components.
Nevertheless, it should be emphasized that there was still substantial smearing about
the specific ideal orientations (Fig. 7).

The present texture results contrast with those typically observed in copper after
ambient-temperature rolling for which fiber textures develop after 50% reduction, and
the main texture components are very sharp after 75-95% reduction [e.g. 19]. The
texture evolved comparatively slowly during cryogenic rolling. Furthermore, the
preferential development of the brass texture during cryogenic rolling contrasts with the
copper texture typically developed at room temperature. A related temperature
dependence has been reported recently for cryogenically-deformed aluminum [4]. In this
regard, it is commonly thought that such effects are due to either extensive twinning
and/or the suppression of cross slip [e.g. 20]. As discussed in Section 3.2, deformation
twinning has been found to be minimal during cryogenic rolling of copper. On the other
hand, cross slip, being a thermal-assisted process, may be inhibited at cryogenic
temperatures and thus be the source of the observed formation of the brass texture.
Moreover, low amounts of cross slip may also explain the limited amount of grain
subdivision which is dependent on recovery-type processes.

Another important finding concerns the significant volume fraction of the S
component in the final texture (Fig. 8). This component is frequently observed in rolled



FCC metals and is often explained in terms of the initial cube orientation of a material.
For example, Hirsch and Lucke [17] have shown that the cube orientation rotates toward
the S orientation during the development of the B-fiber texture. On the other hand, the
rate of rotation of the cube orientation toward the B-fiber has been found to be much
higher than the rate of movement along this fiber. Thus, a strong S orientation might be
expected at an intermediate level of reduction [17]. Nevertheless, the development of
stable end orientations during rolling is predicted to occur only at very high true strains (e
~5), and therefore most of the experimentally-observed textures (including those in the
present work) represent intermediate stages of texture evolution [17].

The Goss texture component is usually associated with recrystallization occurring
during hot rolling or static annealing. Therefore, it may be hypothesized that its formation
in the present work is due to discontinuous recrystallization which was discussed in
Section 3.2. To examine this hypothesis, EBSD texture-component maps were
calculated for the material rolled to 75 and 93% reduction (Fig. 9). These maps revealed
that the fine-equiaxed grains decorating elongated original grain boundaries had random
crystallographic orientations and were not associated with the Goss texture component.
Rather, the Goss texture component is exhibited by coarse elongated grains. It is likely
therefore that the Goss component is not due to recrystallization but rather an element
of the development of the a-fiber (Fig. 7).

The results in Fig. 9 also reveal that the main texture components were more or
less randomly dispersed throughout the microstructure. Grain-boundary misorientations
may significantly be influenced by such spatial texture patterns. To assess the effect of
the texture on HAB development, so-called “uncorrelated” (or texture-derived)
misorientation-angle distributions were calculated for the high-angle range and
compared with the measured HAB misorientation distributions (Fig. 10); for comparative
purposes, a random misorientation distribution is also plotted in Fig. 10. In contrast to
the real misorientation distributions displaying the misorientation data between
neighbouring pixels in the EBSD maps, the uncorrelated distributions were calculated
assuming no spatial correlation between pixels; in other words, all possible
misorientations between the sampled pixels (including noncontiguous ones) were
calculated. Fig. 10 demonstrates that the real distributions match reasonably well with
the uncorrelated ones with the exception of the twin-induced peak near 60°. The good
correlation between these distributions indicates that the development of the HAB
misorientations was indeed closely linked with the evolution of texture.

Because all texture measurements were made at the mid-thickness of the
cryogenically-rolled sheets, possible texture inhomogeneity in the thickness direction
was not quantified in the present work.

3.5. Recrystallization

Further insight into recrystallization behavior and microstructure stability was
obtained from mechanical-property measurements. The effect of rolling strain on the
strength characteristics is shown in Fig. 11a. These data revealed that the room-
temperature strength decreased after 75% reduction. This observation is in line with the
microstructure-characterization results (Figs. 2, 4 and 5) which showed evidence of
recrystallization in the heavily rolled material. It is worth noting that the mean
grain/subgrain size was noticeably refined for rolling reductions in the range of 75-93%



(Table 2). Hence, the observed softening is most likely associated with the reduction of
dislocation density in recrystallized grains (Fig. 5b).

The occurrence of recrystallization in cryogenically-deformed copper has been
reported previously and attributed to the warming of the material to the room
temperature after deformation [21-23]. It is believed that static recrystallization is
induced by a high concentration of defects (primarily vacancies) in the deformed
material which significantly enhances grain-boundary mobility and serves as the driving
force for boundary migration [21].

Microhardness measurements after various room-temperature storage-time
intervals following rolling lent further credence to the conclusion that recrystallization in
present experiments was indeed static (Fig. 11b). The microhardness decreased
significantly after six months and was then found to be relatively unchanged. This result
agrees well with literature data [21-23], thus demonstrating that recrystallization in the
present work likely occurred after cryogenic rolling. In addition, it was found that the
microhardness of the initial material (after warm “abc” deformation) also decreased
substantially with time at ambient temperature (Fig. 11b). This observation is also
suggestive of ambient-temperature-microstructural instability in severely-deformed
copper. The occurrence of recrystallization during static storage at the room temperature
has also been observed in severely-deformed high-purity aluminum [24].

True stress-true strain curves measured at cryogenic temperature (and corrected
for friction effects [25]) exhibited a nearly constant flow-hardening rate (Fig. 11c). This
observation suggests that softening associated with dynamic recovery was minimal.
Furthermore, the absence of a flow stress maximum followed by flow softening indicates
that discontinuous dynamic recrystallization also did not occur during cryogenic rolling.
Hence. these observations support the conclusion that the observed discontinuous
recrystallization was static in nature.

It is also noteworthy that the EBSD measurements discussed in this paper were
obtained ~1.5 years after cryogenic rolling and thus most likely reflect a stable
microstructure. In fact, TEM observations performed only two days after rolling revealed
the presence of recrystallized grains (i.e., Fig. 5b), thus indicating the relatively rapid
development of static recrystallization.

4. Conclusions

The EBSD technique has been employed to establish the microstructural
response of pure copper to cryogenic rolling and to evaluate the potential of this
approach for the production of NC materials. The main conclusions from this work are
as follows:

(1) Grain-structure development during/after cryogenic rolling is a complex
process including the geometrical effects of strain, static recrystallization, and limited
amounts of grain subdivision and twinning. At rolling reductions of ~50%, microstructure
evolution is driven mainly by simple grain compression in proportion to the imposed
strain. At higher strains, however, recrystallization begins to play a significant, albeit
competitive, role in grain-structure formation. Grain subdivision and twinning do not
contribute substantially to grain refinement.

(2) Recrystallization is discontinuous in nature, being mainly governed by
nucleation and grain-boundary migration to produce fine equiaxed, strain-free grains.
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Recrystallization probably takes place after cryogenic deformation during static storage
of rolled material at room temperature.

(3) The development of a {110}<112> brass-type texture instead of a copper-type
texture suggests that cross-slip is suppressed at cryogenic temperatures. This effect is
likely responsible for the limited formation of well-defined subgrains during deformation.

(4) Cryogenic deformation significantly reduces the mean grain size but a
desirable NC range is not achieved by such means. Grain-refinement is mainly
associated with recrystallization and is probably a post-deformation effect. The low
microstructural stability of cryogenically-rolled material suggests that such a processing
approach may not be a suitable for the production of an NC structure in pure copper. On
the other hand, the incorporation of second-phase particles in copper alloys may retard
recrystallization following cryogenic deformation and give rise to an NC microstructure.
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Table 1. Effect of cryogenic rolling on twin-boundary area fraction

Material Condition - Fraction (5-deg tolerance)., % .
Rolling plane Longitudinal plane
Initial 4.8
50% reduction 4.7 3.5
75% reduction 2.9 2.8
93% reduction 5.6 6.0

Table 2. Effect of cryogenic rolling on mean grain-boundary intercept length

. : Mean grain-boundary intercept length
Cl\élr?(tﬁtr;gln Mean HAB intercept length, um (including LABs and HABS), um
RD ND TD RD ND TD
Initial 1.8 1.6 - 1.2 1.1 -
50% reduction 23 0.8 1.8 0.6 04 0.6
75% reduction 20 0.6 1.7 0.5 0.3 0.4
93% reduction 0.9 0.5 0.6 0.5 0.3 0.3

Table 3. Effect of cryogenic rolling on HAB area fraction

i 0,
Material Condition : HAB fraction, %6 __
Rolling plane Longitudinal plane
Initial 59
50% reduction 21 27
75% reduction 20 33
93% reduction 42 50

Table 4. Euler angles and Miller indices of the ideal orientations in rolling
textures of FCC metals (after Zhou, et al. [18])

Orientation E(l;ler angles, deg ((I?unge conventig:) I::)?alllilneg dﬁiglcl:itri\gn
Cube 0 0 0 (001) [010]
Goss 0 45 90 (102) [010]
Brass 35.3 45 90 (101) [121]

S 56.8 29.2 63.4 (214) [121]

Ss 59.0 36.7 63.4 (213) [364]
Copper 90 35.3 45 (112) [111]
Taylor 90 27.4 45 (4411) [11:118]
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Figure Captions

Figure 1. Characterization of the copper program material prior to cryogenic rolling: (a) EBSD
inverse-pole-figure map, (b) misorientation distribution (misorientation-axis
distribution is shown in the top right corner), and (c) (100), (110) and (111) pole
figures illustrating texture.

Figure 2. Selected portions of low-resolution, inverse-pole-figure maps measured following
cryogenic rolling to a reduction of (a) 50% (longitudinal plane), (b) 75% (longitudinal
plane), or (c) 93% (rolling plane). For simplicity, only HABs are shown in the maps.

Figure 3. Dependence of the mean HAB intercept in the ND on rolling reduction. The broken line
shows a theoretically-predicted curve calculated from the geometrically required
shape change associated with the imposed strain.

Figure 4. Selected portions of high-resolution EBSD maps taken on the rolling plane of samples
cryogenically rolled to reductions of (a) 50%, (b) 75%, or (¢) 93%. The high-
magnification insert in each figure delineates the degree of grain subdivision.

Figure 5. TEM images of microstructure developed in copper cryogenically rolled to a reduction
of 75%: (a) Heavily deformed microstructure and (b) recrystallized microstructure.

Figure 6. Effect of rolling reduction on (a) the misorientation-angle distribution and (b) the mean
LAB misorientation angle. In (a), the insert shows the high-angle region of the
distribution in more detail.

Figure 7. Schematic representation of FCC rolling textures in Euler-angle space (after Hirsch
and Lucke [17]) and experimental ODFs after a reduction of 50, 75, or 93% via
cryogenic rolling.

Figure 8. The evolution of rolling-texture components (within 15° of the ideal orientations) as a
function of the rolling reduction.

Figure 9. Spatial distributions of the main texture components (within 15° of the ideal
orientations) in copper cryogenically rolled to a reduction of (a) 75% (longitudinal
plane) or (b) 93% (rolling plane).

Fig. 10. Comparison of the high-angle portions of the grain-boundary misorientation distributions
and (uncorrelated) texture-derived distributions for material cryogenically rolled to a
reduction of (a) 75% or (b) 93%.

Figure 11. Effect of cryogenic-rolling reduction and period of time following deformation on yield
strength, ultimate tensile strength, and microhardness at room temperature (a and b,
respectively) and (c) compression behavior of the material at cryogenic and ambient
temperatures. In (a), the microhardness was measured 2 days after cryogenic rolling
whereas the yield and ultimate tensile strength were measured 4 months after
cryogenic rolling.

14



Figure 1. Characterization of the copper program material prior to cryogenic rolling: (a) EBSD inverse-pole-figure
map, (b) misorientation distribution (misorientation-axis distribution is shown in the top right corner), and (c) (100),

(110) and (111) pole figures illustrating texture.
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Figure 3. Dependence of the mean HAB intercept in the ND on rolling reduction. The broken line
shows a theoretically-predicted curve calculated from the geometrically required shape change
associated with the imposed strain.
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Figure 5. TEM images of microstructure developed in copper cryogenically rolled to a reduction of

75%: (a) heavily deformed microstructure and (b) recrystallized microstructure.
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Figure 6. Effect of rolling reduction on (a) the misorientation-angle distribution and (b) the mean
LAB misorientation angle. In (a), the insert shows the high-angle region of the distribution in more
detail.
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Figure 7. Schematic representation of FCC rolling textures in Euler-angle space (after Hirsch and Lucke [17]) and
experimental ODFs after a reduction of 50, 75, or 93% via cryogenic rolling.
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