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Abstract
The effect of temperature on hardness and microstructure in
rotary bending of copper sheets was investigated. The process
was subjected to a gradient of elevated temperatures reaching
200°C. The increased temperature caused further expansions
in the grain dimensions along the bending layers. It also
reduced the hardness within the bend zone. However, the
temperature effect was decreased between 125°C and 200°C
with respect to hardness, which was reversed for grain lengths
along the tension layer. In this range, reduced dislocation
resistance caused grains within the compression layer to ram
into the tension layer, obstructing its grains from continuing
their lengthwise expansion. Although no complete
recrystallization was evident, the increase in temperature led
to grain growth through diffusion in both bending layers.
Keywords: Copper; sheet metals; microstructure; hardness;
grain; rotary bending

INTRODUCTION
Bending is one of the most popular forming processes which
cannot normally generate scrap or metal waste. Unlike most
sheet metal manufacturing processes, such as drawing and
shear spinning, bending conserves raw materials. Acceptable
accuracy and abundant deformation can be achieved by
bending with reduced energy and time requirements. Bending
processes produce a combination of tension and compression
forces within the bend zone, depending mainly on the sheet
metal thickness along with the physical, chemical, and
metallurgical properties of the bent material [1, 2].
Additionally, the tolerances of bending processes affect their
forces, mechanics, and final product surface properties.
Analytical examinations of bending processes have been
widely addressed throughout the field of metal forming [3, 4],
revealing layers of tension and compression across the
thickness of bent sheets separated by neutral axes. Bend angle
and its radius are considered the main controlling variables of
bend sharpness. Thus, they can be directly related to fracture
vulnerability and surface roughness in the bend zone. The
physical and mechanical properties of metallic materials
depend on their microstructural characteristics, which can be
quantified using image analysis software [5-7]. The initial
microstructure is assumed to control the feasibility and

limitations of forming processes that can be applied to any
sheet metal product. In 2006, Birol [8] studied the
microstructure effect while sharply bending aluminum alloyed
sheets and concluded that an extremely fine grain structure
normally yields no cracking, undulations, or roughening on
the outer tensile surface of the bent sheet. In 2002, Rhaipu [9]
also found that fine structures yielded greater elongations and
lower flow stresses when deforming rapidly heat-treated Ti6Al-4V sheets.
Grain size was also found to influence other bending qualities,
such as springback, with reference to different process
variables, such as the bending radius, sheet thickness, and
forming temperature [10, 11]. Conversely, deformation of
metals can have a counter effect on the microstructure by
altering the shapes and sizes of metal grains [12-14]. In 2005,
Bach et al. [15] extensively investigated the effects of rolling
and deep drawing of magnesium sheets on microstructure
grain shapes by using heated forming tools. Under these
conditions of forming and for deep drawing processes, grain
sizes were found to increase close to the sheet surface, where
contact with the heated tool was prolonged at the flange.
However, grains along the drawn cup wall exhibited
homogeneous elongation in the direction of the radial tensile
stress. In contrast, grain size was found to have a generally
negative relationship with the amount of deformation endured
by a metal alloy [16, 17]. The average grain size also plays an
important role in surface quality in terms of roughness, where
larger grains typically yield coarser surfaces for most
aluminum alloys [18].
Unlike heat treatments that take place prior to forming
processes, some researchers have investigated the effect of
temperature during deformation. In 2000, Walczyk and Vittal
[19] studied the effect of intensive heat while bending by
applying a laser to titanium sheets and observed
microstructure degradation, which often rendered the end
product useless. In contrast, a key experimental study by
Popovic and Verlinden in 2005 [20], which used equal
channel angular pressing of aluminum alloy (AA5182) at
200ºC, revealed a good balance between strength and work
hardening with no evidence of discontinuous crystallization.
However, performing the same process at 400ºC has yielded
lower strength and the occurrence of discontinuous
crystallization. In the same study, and as expected, processing
at room temperature enhanced the strength and reduced the
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ductility, which consequently resulted in macrocrack
development. In 1994, Chang and Chou [21] examined the
effect of increased temperature on deep drawing processes of
stainless steel sheets. By heating the forming tool, they found
that brittle fracture tended to occur more frequently when
forming at a certain temperature, approximately 150ºC. In
general, numerous alloys of steel and aluminum sheets have
been either experimentally or theoretically covered in the
literature regarding their formability and limitations [22, 23].
In line with the stressed practicality of this study, industrialgrade copper sheets were used with a composition described
in the subsequent section on materials and methods. The
commercial copper sheets examined in this study are used in
the industry mainly to manufacture products of an electrical
and thermal nature, such as electronic conductor boards and
cooling components that require bending processes. The
copper sheets were subjected to rotary bending under
controlled temperature conditions corresponding to the
research objectives, as will be discussed in a subsequent
section of this paper. A gradient of forming temperatures and
their effects on the microstructure and hardness across the
thickness of bent copper sheets were investigated in this study
with a high level of detail [24]. Simultaneously incorporating
the variables of temperature, grain proportions, and hardness
is believed to provide an integrated understanding of rotary
bending properties and its improvement limitations. A
practical and industrially feasible technique of heating by a
flame was implemented in the rotary bending process.
Based on the related literatures [25,26], copper
microstructural characteristics in relation to bending
temperature were not thoroughly examined despite their
importance in modifying the mechanical properties of sheet
metal [27], which ultimately influence surface quality and
fracture initiation within the bend zone. Therefore, the main
objective of the present study is to explore grain dimensions
with respect to their orientations across the thickness of
copper sheets in the tension and compression layers of
bending. Bending temperatures, even below recrystallization,
are hypothesized to influence grain proportions in the bending
layers. Understanding the mechanical properties of the bent
material, expressed by microhardness across the compression
and tension layers, with respect to microstructure and
temperature will further enhance our knowledge concerning
the limitations of bending processes.

MATERIALS AND METHODS
The experimental specimens were obtained from
commercially available 1.5 mm-thick C81100 copper sheets
(ASM Cu515) with the following composition: 99.7% Cu,
0.15% Fe, 0.04% P, 0.02% Al, and remnants of Cr, Sn, C, Au,
Te, and Co. The copper sheets employed are widely used in
manufacturing to produce electrical boards and heat
exchanger components. For each experimental condition,
three specimens were prepared by a shearing process to a size
of 80×70 mm.

The bending process was accomplished under elevated
temperatures generated by a propane gas flame produced by a
torch directed toward the top side of the sheet metal near the
bend line. This technique of heating during bending was
selected due to its reduced cost and practicality in actual
manufacturing settings, compared to the laser forming used by
other researchers [19]. Moreover, heat produced by a flame
spreads more consistently along the bend zone to avoid
unwanted shape distortions found in laser forming as reported
by Reeves et al. [28]. The flame in this setup continues to heat
the upper sheet surface near the bend line for 10 to 30 s until
the required temperature (±1°C) is reached, at which point
rotary bending is initiated. Temperature measurements were
taken on the lower surface of the sheet metal using infrared
temperature measurement technology. The location where the
measurement was taken was painted with heat-resistant black
paint to eliminate measurement bias caused by energy emitted
by the sheet metal reflection.
The range of temperature gradients used in this study was
assumed to be less than the re-crystallization temperature of
the sheet material employed [29]. The manufacturing
applicability and economic factors had to be considered when
determining the temperatures under which the bending
processes were performed. Accordingly, the forming
temperatures considered in this study comprised bending at
ambient temperature of 27°C and a gradient of warm
temperatures of 75, 100, 125, 150, and 200°C. These allocated
temperatures lie below the typical recrystallization
temperature of non-hardened copper, which is 200°C.
However, because copper sheets undergo extensive
deformation by rolling, their recrystallization can be reduced
significantly. Although recrystallization temperatures in most
metals are typically 1/3 to 1/2 of their absolute melting points,
copper has substantially lower recrystallization temperatures
that can drop to 120°C [30] depending on the purity and
extent of prior stain hardening. No specimen warping or prebending deformations were evident during the experimental
procedures due to the allocated forming temperatures.
Rotary bending with a 50 mm-long rotating die, not a rocker,
was performed using a desktop folding machine. An electrical
motor rapidly revolved the rotating die through a gear
mechanism delivering a constant speed of 2.5 mm/s, or
approximately 1 rpm, simulating working speeds found in
manufacturing-scale bending machines. Specimens were bent
across the sheet metal rolling direction, transversely, at an
angle of 135° with a bend radius of 0.5 mm. Compared to
other bending processes, rotary bending reduces secondary
deformations and external constraints imposed by the bending
die, especially along the outer surface of the bend line. Forces
in this process are largely limited to bending alone, where the
holding friction exists only on one side of the bent sheet
metal. Thus, rotary bending minimizes interference with
drawing and stretching deformations not directly related to the
bending process itself, which cause a reduction in the
thickness of the bend zone. The eliminated contact between
the sheet’s outer surface at the bend zone and the bending die,
as attained in rotary bending, also prevents scratch marks on
easily marred surfaces, such as copper. Another advantage of
rotary bending is the reduced force in a single rotating stroke
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to accomplish angles greater than 90°. Figure 1 illustrates the
rotary bending apparatus used in this study.

Figure 1. Experimental setup of rotary bending under
elevated temperatures: a) heating and IR temperature
measurement of the bending surface, b) bending when the
intended temperature is reached, and c) release of the
completely bent copper sheet.

To expose the cross-sectional area at the middle of the bend
lines, where temperature was measured, each bent specimen
was cut into two parts perpendicular to the bending line.
Preliminary grinding with SiC-320 grit at 300 rpm for 1 min
was initially performed. Subsequently, fine polishing was
completed using DiaPro Allegro/Largo (9 µm diamond
suspension) and DiaPro Mol (3 µm diamond suspension)
abrasive suspensions at a low speed of 150 rpm for 3 and 5
min, respectively. All prepared specimens were then cleaned
by alcohol rinsing (acetone) and blow-dried. Etching was
achieved by immersing the prepared copper specimens for 1020 s in nitric acid and distilled water. Digital image
acquisition using a metallurgical optical microscope equipped
with a CCD camera, together with metallographic analysis
software, was used to accomplish the necessary inspection and
analyses of the bent specimens. The required microstructure
features, including grain dimensions and orientations in
different locations on the cross-sectional surface of the sheet
metal, were revealed. Grain measurements followed ASTME112 standards using horizontal, vertical, and circular line
intercept methods under magnification of 100 x. Grain
dimensions on the cross-sectional plane comprised grain

lengths and widths, parallel and perpendicular to the outer
surfaces of the sheet, respectively. Figure 2 illustrates the
approximate locations of these measurements and their
directions. The grain lengths were obtained by projecting five
parallel and equally spaced lines, 1,000 µm long, on the
obtained microstructure image and measuring the distance
along each line between every two intersections with the grain
boundaries. The lines were placed as parallel as possible to the
outside and inside surfaces of the copper sheet at the bent
zone or at the flat flange of the bent specimen adjacent to the
bend zone. A similar procedure was followed to measure
grain widths except that the lines were placed perpendicular to
the outside and inside surfaces of the copper sheet.

Figure 2. Grain measurements in the tension and compression
layers of the bend zone.

Hardness is a reliable indicator of changes in mechanical
properties that occur after deformation under different
conditions. It was used in this study to explore the effect of
temperature on sheet metal behavior when subjected to rotary
bending. Microhardness testing appeared rather problematic at
the bend zone close to the outside and inside edges of the
cross-sectional plane on the compression and tension layers.
Side views of copper sheet microcracks, undulations, or
roughening appeared in these locations. However, accurate
Vickers’ indentations were possible on the specimen’s crosssectional plane within 200 µm from each edge on the tension
and compression layers. On each layer, an average of three
microhardness readings were calculated—one on the
centerline of the bending angle and the other two 10° from
either side of the centerline. Microhardness readings were
averaged over three different locations at the bend zone to
ensure a reliable and representative measurement.
Microhardness measurements were also obtained for the flat
flange of the specimen for comparison purposes. Hardness
measurement was performed under a load of 100 gf and a
dwell time of 10 s. To attain an acceptable level of accuracy,
specimens’ cross-sectional planes were prepared for the
microhardness indentation by polishing with 3 μm grain paper
on a plate device rotating at 100 rpm.
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RESULTS AND DISCUSSION
Figure 3 shows a sample of the copper sheet microstructure in
the bend zone, with stretched and compacted grains across the
tension and compression layers, respectively. These patterns
in grain orientation were maintained regardless of changes in
the forming temperature up to 200°C. Persistence in grain
orientation patterns negates the possibility of complete
recrystallization in the bent copper sheet at all observed
forming temperatures.

At ambient temperature, the intensities and directions of
deformations resulting from rotary bending varied through the
cross section of the copper sheet. Different patterns of grain
orientation and arrangement were evident in the bend zone.
Most grains within the bend angle and close to the outside
surface of the bent sheet were stretched along the direction of
the tension layer, causing expansions in the grain lengths.
However, grains adjacent to the inside bent surface were
compacted in proportion to the direction of the compression
layer. In reaction to the negative stresses in the compression
layer, grains were also squeezed perpendicularly toward the
tension layer. These negative stresses reduced the lengths and
increased the widths of grains in the compression layer.
Meanwhile, at all bending temperatures, twinning appeared
across the bend zone, especially toward the tension layer.
Shear forces along twin boundaries shift atoms beyond their
regular arrangements, causing twins. In a crystal structure,
mirror image misorientations across planes form twin
boundaries [31]. Thus, twin boundaries tend to disturb plain
slipping during deformation, strengthening copper. Moreover,
changes in grain dimensions and orientations were found to be
significantly affected by the forming temperature.

Figure 4. Average grain width in the bend zone of a copper
sheet.

Figure 3. Microstructure of C81100 copper sheet metal after
rotary bending showing grain shapes and orientation (a) on the
entire cross-sectional surface of the bend zone, (b) in the
tension layer close to the outside surface, and c) in the
compression layer close to the inside surface of the bent sheet.
Figure 5. Average grain length in the bend zone of a copper
sheet.
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Figures 4 and 5 show the average grain lengths and widths for
each bending temperature in the bend zone, near the outside
and inside bend surfaces and at the flat flange of the copper
specimen. Grains at the flat flange represent dimensions prior
to deformation caused by bending and after deformation
caused by sheet rolling. At the flat flange, neither grain
lengths nor widths exhibited a well-defined trend with respect
to the increase in temperature up to 150°C. However, both
dimensions increased by approximately 25 μm as the forming
temperature was increased from 150°C to 200°C. Grain
expansion in this temperature range cannot be attributed to
complete recrystallization because the patterns of grain
expansion and compaction still exist at the bend zone as
shown in Figure 3. If complete recrystallization occurred due
to an increase in temperature, uniform grain shapes would
appear even at the tension and compression layers. However,
even without reaching the recrystallization temperatures, grain
growth can occur when a polycrystalline material is kept at an
elevated temperature [32]. Migration of grain boundaries at
elevated temperatures initiates such growth, typically caused
by diffusion that increases with increasing temperature.
Diffusion of atoms from one side of a grain boundary to the
other creates grain boundary movement in the opposite
direction [33]. When grain growth is caused by diffusion of
atoms during elevated temperatures, small grains tend to
accumulate to form fewer large grains and reduce grain
boundary areas. Holding at a specific elevated temperature
plays an important role in this phenomenon, in which longer
exposure to the elevated temperature instigates grain growth
even without reaching the recrystallization point. Because
specimens were bent after a flame-heating episode, lasting
between 20 and 30 s, diffusion of atoms is believed to cause
some
grain
growth
without
reaching
complete
recrystallization [34].
Due to positive stresses in the tension layer, grains near the
outside surface of the bend zone significantly increased in
length with increasing bending temperature from 75°C to
125°C. The effect of temperature in reducing dislocation
resistance among boundaries and slip planes allows grain
lengths to expand more freely within the tension layer [35].
Above 125°C, this temperature effect reversed, causing the
average grain length to decrease to nearly its original value
when bending was performed without heating. This behavior
can be attributed to the counter-effect caused by the diffusion
of atoms among grains in the opposite direction to the tension
stresses, reducing grain lengths as the forming temperature
exceeds 125°C. Moreover, increasing the temperature also
enhances dislocation in the compression layer, permitting its
compacted grains to penetrate farther between grains in the
tension layer, obstructing their lengthwise expansions and
increasing the thickness of the compression layer. Conversely,
and for the same reasons, grain widths in the tension layer did
not show significant change.
Figures 4 and 5 also show changes in the grain dimensions in
the compression layer, near the inside surface of the bend
zone. The average grain width, perpendicular to the
compression layer direction, continued to increase nearly
linearly with increasing temperature from 75°C to 200°C.
Enhanced dislocations in the compression layer due to

increasing temperature caused the increase in grain widths.
The rate of compaction in the compression layer, which
squeezes grains perpendicularly, likely overwhelmed the
counter-effect of atom diffusion caused by elevated
temperatures. Unexpectedly, the average grain length in the
same layer also increased with increasing bending temperature
but at a lower rate compared with the average grain width.
However, the diffusion instigated by temperature rise and
compression deformation is believed to overcome the
reductions in grain lengths caused by negative stresses in the
compression layer. Regardless, grain lengths in the
compression layer are still lower than those at the flat flange
for all bending temperatures.
As shown in Figure 4, the trends in grain lengths for the
tension and compression layers tend to converge when the
temperature increases above 125°C. Nearly the opposite trend
occurs with regard to grain widths as shown in Figure 5.
These trends suggest notable inferences regarding the rotary
bending processes of C81100 copper sheets. First, grains in
the compression layer continue to grow in all directions as a
result of diffusion instigated by higher temperatures and
compression stresses. However, the rate of expansion in grain
widths exceeds that of grain lengths due to the squeezing of
grains toward the tension layer as a reaction to the compaction
forces within the compression layer. Second, positive stresses
in the tension layer significantly expand grain lengths as the
temperature increases to 125°C. Nonetheless, this trend
reverses at temperatures above 125°C due to accelerated
dislocations in the compression layer that cause compacted
grains to penetrate toward the tension layer, restricting its
grains from expanding. Temperature-instigated diffusion also
assists in this downturn. Third, the rate of atom diffusion
increases along the direction in which the compression forces
are exerted—i.e., parallel to the forces of the compression
layer and perpendicular to the tension layer [36]. Regardless,
the difference between the average grain width and length are
substantial in both the tension and compression layers despite
the changes in bending temperature. This result certainly
corresponds with the basics of bending mechanics.
Hardness reflects metal resistance to plastic deformation.
Thus, it indicates the degree to which sheet metal withstands
physical bends and dents. Hardness is also related to the
characteristics of the material microstructure and the stored
strain hardening. Vickers microhardness testing on the crosssectional area of the bent copper sheet, according to the
specifications stated previously in the methodology section,
revealed consistent details. The average microhardness
readings at the bend zone and the flat flange for the preset
bending temperatures are shown in Figure 6. Regardless of the
effect of temperature, the location where microhardness was
measured significantly influenced its value. At the flat flange,
microhardness ranged from approximately 90 to 100. As
expected, it increased significantly in the tension and
compression layers, close to the outside and inside surfaces of
the bend zone. Strains caused by positive and negative
stresses in the bending layers develop such hardening effects.
However, hardness in the tension layer, near the outer bent
surface, surpasses its value in the compression layer for
bending temperatures less than 125°C. Accordingly, tension
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stresses in the outer tension layer exceed compression stresses
in the inner compression layer, shifting the neutral axis
between the layers toward the inner surface of the bent
specimen.

increasing temperature to a certain limit during bending—and
forming in general—leads to better formability with lower
tonnage requirements. In addition to its economic aspects,
constraining increases in temperature within the perimeter of
the bending line through a concentrated flame improves the
process in terms of microstructural and mechanical properties
within the deformation zone only.
In the rotary bending of C81100 copper sheets, higher
temperatures allow for more expansion in grain lengths within
the tension layer and no additional compactions in grains
within the compression layer. In addition, hardness decreases
with increasing temperature to a specific limit. This is
attributed to the loosening of bonds along grain boundaries
and between slip planes resulting from increased temperature
in the bend zone. Nevertheless, the effect of temperature on
grain lengths and hardness begins to diminish at
approximately 125°C. Decreased dislocation resistance above
125°C allows compression layer grains to ram through the
tension layer, obstructing its grains from lengthwise
expansion. Correspondingly, higher temperatures lead to the
instigation of atom diffusion among grains, causing grain
growth in both the compression and tension layers of the bend
zone.

Figure 6. Vickers microhardness through copper sheet
thickness.

An increase in hardness strongly indicates an escalation in the
plastic strain [37]. However, this relation does not always hold
when heat is added. In both the tension and compression
layers, the introduction of heat during bending reduces
hardness by relieving the effect of strain hardening, which
results from deformations associated with bending.
Accordingly, increasing the temperature while bending
C81100 copper sheets loosens bonds between the grain
boundaries and slip planes, enabling grains to move and slide
with fewer restrictions. Thus, increases in temperature lead to
further changes in grain orientation [38] and aspect ratio [39].
This also confirms the negative relationships between grain
dimension change and hardness (Figures 4, 5, and 6).
However, the effect of temperature on hardness begins to fade
at temperatures above 125°C for the inner and outer bent
surfaces of C81100 copper sheets. This result supports earlier
findings concerning the diminishing change in grain lengths
within the tension layer as the bending temperature reaches
125°C, signaling the beginning of atom diffusion among
grains. Diffusion dominates after this temperature perimeter,
allowing grains to release additional stored energy typically
caused by strain hardening of bending [40]. Despite these
temperature-related changes within the bend zone, the
hardness in the tension and compression layers always
exceeds the original hardness of the flat flange at all tested
temperatures. This indicates that there was no extensive
ductility or malleability added to the bent copper sheet due to
temperature compared with its original after-rolling
properties.

Further exploration of microcracks on the outer surface of
bent C81100 copper sheets with respect to elevated forming
temperatures is required. Relating microcracks to grain
dimensions, hardness, and forming temperatures in the bend
zone would provide a better understanding of rotary bending
and a prediction of its limitations.
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