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Abstract: The evolution of microstructure, textures, and mechanical properties of thin-walled copper tube during heat
treatment was investigated using EBSD technique and tensile test. The results show that the initial deformation textures
of pre-drawn thin-walled copper tube are mainly composed of Copper and Y components, while with the increase of
temperatures, the textures are transformed into a strong Goss texture gradually. The high-resolution microstructural
characterizations indicate that the new Goss recrystallized grains nucleate and grow up within the deformed Copper
grains and Y grains in different mechanisms, respectively. The tensile strength of the thin-walled copper tube decreases
gradually with the increase of the temperature, while the elongation increases first and then decreases sharply due to the

action of grain sizes and texture components.
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1 Introduction

The thin-walled copper tube is the key
component to fabricate miniature heat pipe, which
is widely used to dissipate high heat fluxes in the
electronic devices [1,2]. The copper tube has been
pre-drawn firstly to obtain a certain strength, and
then operated at an elevate temperature (>900 °C)
according to the process requirements of heat pipes.
In our previous work, the relationship between
microstructural  parameters and the surface
roughening problem was investigated, and it was
found that the surface roughness can be influenced
both by grain size and texture components of
copper tube [3]. Generally, the pure copper tube
has a lower recrystallization temperature around
200 °C [4], while microstructure and texture at a
high temperature are still lack of investigation.
Especially for the requirements of good formability

and surface quality of the annealed tubes, it is
necessary to better understand the recrystallization
process and grain growth during the heat treatment.

The recrystallization behavior of pure copper
is quite different due to the conditions of
pre-deformation. Researchers have investigated the
recrystallization of various grades of copper by
using both in situ and post facto analyses [5,6].
Cold drawn copper wire with a 38% reduction
was observed to recrystallize above 200 °C [7],
other studies have reported the initiation of
recrystallization at 210 °C [8]. BAUDIN et al [5]
proposed that the (100) fiber increases at the
expense of the other texture components after
recrystallization. The effect of cold rolling process
on texture evolution of pure copper has been well
investigated [9—12], and the results reveal that the
Cube orientation is the main recrystallization
texture and the formation mechanisms have been
proposed as the oriented growth theory. ANAND
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et al [13] characterized the annealed pure copper
sheet after cryo-rolling process and found that the
sample shows a weakening of Brass texture with
the increase of annealing time, then exhibits almost
random texture and finally forms the strong Cube
texture. While the cold rolled Al-0.3%Cu develops
a strong Goss texture during annealing treatment
which is related to the oriented nucleation
mechanism [14]. LEE [15] proposed the strain
energy release maximization model to predict the
texture evolution of copper electrodeposits after
recrystallization. Also, HAMDANY et al [16] used
the synchrotron diffraction method to investigate
the local texture gradient through the wall thickness
of SF-Cu tubes with an average wall thickness of
10 mm. The structure consists of recrystallized
equiaxed grains with twins and the dominant texture
component is the {001 }{100) Cube component.

In summary, the origin of recrystallization
textures is usually explained through oriented
nucleation or oriented growth [17]. In the oriented
nucleation hypothesis, grains with a particular
orientation prefer to nucleate and determine the
final recrystallization texture; on the other hand,
oriented growth indicates that only grains with the
best orientation related to the deformed matrix can
grow and form the recrystallization texture.
Additionally, annealing twins are an important
microstructural feature of pure copper with a
medium stacking fault energy (SFE). The
recrystallization twinning may: (1) lead to new
orientations that do not exist in the original
deformation texture, and/or (2) contribute to the
nucleation during the early stages of
recrystallization [18].

The aim of the present investigation is to
clarify the origin, evolution of grain orientations
and their statistical appearance in the textures of
thin-walled copper tube treated at the elevate
temperatures. The results also outline the trend of
mechanical properties during heat treatment. The
study on the development of recrystallization
textures considered the unique initial deformation
texture produced by tube drawing process [19],
which is of great scientific and technological
importance.

2 Experimental

The material used in this research was the

highly purified copper (>99.99%, mass fraction)
in the form of thin-walled tubes, with a size of
6 mm in diameter and 0.3 mm in thickness. The
tubes were obtained by the float-plug drawing
process with the area reduction of about 30%. To
examine the microstructure and texture evolution
during sintering treatment, the tubes were heated in
the box-type resistance furnace from room
temperature to 900 °C with the heating rate as
follows: 1°C/s for the section below 500 °C,
0.2 °C/s for the section of 500—700 °C and 0.1 °C/s
for the section of 700—900 °C. Prior to the heat
treatment, the tube samples
encapsulated in a quartz tube to prevent oxidation
of surface. The tube samples were taken out
one by one when the temperature reached 300,
500, 700 and 900 °C, respectively, and then
water quenched immediately to maintain the
microstructure.

The microstructures of the as-drawn and

were  vacuum

annealed tubes were evaluated by using electron
backscattered diffraction (EBSD) technique. The
samples with a size of 5mm in length (drawing
direction, DD), 3 mm in width (circumferential
direction, CD) and 0.3 mm in thickness (radial
direction, RD) were cut from the tube walls, as
seen in Fig. 1. The DD-CD plane served as an
observation surface was ground slightly to obtain a
smooth plane, and then polished with diamond
paste and finished with ion milling to remove the
surface deformation layer. The EBSD tests were
carried out using an FEI Nova Nano SEM 430
field-emission  scanning electron microscope
equipped with a fully automatic HKL. Technology
EBSD attachment operated at 20 kV. The evaluation
of microstructure and the fractions of texture
components were characterized by Channel 5
software applying a 5° deviation from the closest
exact {hkl}{uvw) orientation. The orientation
distribution function (ODF) accordingly was
calculated using the Atex software. The tensile tests
were carried out using an Instron—8801 testing
machine with the maximum load of 10 kN at room
temperature and the strain rate of 3x107°s™'. The
whole tube billets (d6 mm x 0.3 mm) were used as
the specimens, the length of the gauge section was
200 mm and both ends of the tube were flattened to
facilitate clamping.
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Drawing process
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Heat treatment
at 300—900 °C

y: Circumferential direction (CD)

y x: Drawing direction (DD)

Sample cutting
for EBSD observation

z: Radial direction (RD)

Fig. 1 Schematic of processing and observation surface of samples for EBSD measurement

3 Results and discussion

3.1 Microstructure and texture evolution during
annealing

Figure 2 shows the microstructure and
deformation texture of the initial copper tube
(as-drawn). The misorientation angles with
2°<6<15° and 6>15° are referred as low angle grain
boundaries (LAGBs) and high angle grain
boundaries (HAGBs), which were marked with
gray line and black line, respectively. The
microstructure of the as-drawn copper tube clearly
shows that the grains were elongated along the
drawing direction (Fig. 2(a)) with a large number
of LAGBs within them. The initial as-drawn
tube mainly consists of three different texture
components, as shown in Fig.2(b), a quite
pronounced Copper component in dominate
(43.9%), some Y component (22.7%), and a small
Goss component (12.5%). Previous studies have
reported the texture evolution of copper tube and its
relationship with the strain during the float-plug
drawing process [19].

Figure 3 shows the evolution of the micro-
structure and textures with increasing the annealing
temperature. The textures of the copper tube
at different heating stages reveal significant
differences both quantitatively and qualitatively. It
is obvious that the initial Copper component and Y

component weaken with the increase of temperature;
on the other hand, the Goss component increases
continuously and becomes the dominant component.
Figure 4 summarizes the microstructure parameters
from the EBSD maps, e.g. grain size and the grain
boundary characters, for tube and
subsequently annealed samples. At 300 °C of heat
treatment in Figs. 3(a;, a,), the area fraction of Goss
component increases slightly; however, the
microstructure remains the deformed state as
dominant due to the shortage of holding time. A
transformation from elongated grains to the
equiaxed ones may start at this temperature on
account of the new grains generated in the local
regions of deformed bands. The recrystallization
process and subsequent grain growth were
manifested in terms of a sharp increase of grain size
and reduction in the fraction of LAGBs as seen in
Fig. 4. The pure copper has a medium SFE equal to
78 mJ/m? [17]. As is known to all, the stored energy
in deformation is the driving force for recovery and
recrystallization phenomena. The extent of recovery
is governed by SFE. The pure copper with medium
SFE, in which cross slip and climb dislocation are
difficult to be activated, shows little recovery prior
to recrystallization [20]. As a result, the fraction of
LAGBs changes little before 300 °C, as seen in
Fig. 4(b). When the temperature arises, the grains
with Goss orientation have an advantage in size
over other grains, leading to the dominant texture of

as-drawn
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{112} (111) Copper orientation: 49.3%

(c) Copper component; (d) Goss component; (¢) Y component

annealed copper tube, as seen in Figs. 3(ci, ¢2) and
(di, d2). And then these Goss-grains encounter each
other and form LAGBs, resulting in a slight
increase of LAGBs and a reduction of HAGBs after
500 °C as shown in Fig. 4(b).

It is important to notice that the twin
relationship boundaries marked as X3 boundaries
increase in the annealed tube, which shows a
similar trend of HAGBs (seen in Fig. 4(b)). It is
commonly known that the annealing twin formation
is related to the “growth accident”, namely, the
coherent twin boundaries are generated at migrating
grain boundaries due to the occurrence of stacking
errors [21]. In general, the interfacial energy of the
twin boundary is fairly low due to the coherent
feature. The previous research indicated that for the
FCC metals with low or medium SFE, annealing
twinning is the only process that creates new
orientations during recrystallization [18,22,23]. The
evolution of annealing twins in the copper tube
during recrystallization has been discussed in the
previous report [24].

In order to examine the texture evolution
in a statistically significant way, the orientation
distribution function (ODF) has been computed
from the EBSD data. Figure 5 represents ¢,=45°
section of the ODF for the as-drawn and annealed
tube samples. Figure 5(a) reveals the presence of

{110} (001) Goss orientation: 12.5%
Fig. 2 Microstructure and texture components of initial (as-drawn) copper tube: (a) IPF map; (b) Distribution of LAGBs;

{111} (112) Y orientation: 22.7%

strong Copper component, minor Y component and
weak Goss component in the as-drawn tube. During
the annealing treatment, there is a significant drop
of Copper component and a gradual decrease of Y
component; on the contrary, the Goss component
increases obviously. The overall texture intensity
also increases significantly with the increase of
temperature. It is noticed that a low fraction of
Cube component appears at the early stage of the
recrystallization; however, the Cube component
cannot compete with the Goss component during
the grain growth stage and disappears gradually.

3.2 Formation and growth of Goss-oriented

grains during recrystallization

It is clearly observed from the microstructure
at 300 °C that the recrystallization process already
takes place in the elongated grains of as-drawn state.
A large number of recrystallized grains with Goss
orientation begin to nucleate, but the proportion of
overall Goss texture does not increase much,
mainly because the new nucleated grains have not
yet begun to grow. To investigate the formation of
the new grains, the local analysis was performed by
EBSD observation. Figure 6 shows the static
recrystallization (SRX) behavior in the deformed
grains at the local position of Fig. 3(a;) (marked
in white rectangle). The HAGBs and LAGBs are
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Fig. 3 Microstructures and texture components of copper tube annealed at different temperatures: (a;, az) 300 °C;

(b1, by) 500 °C; (c1, ¢2) 700 °C; (di, d2) 900 °C

marked in black lines and white lines, respectively.
Figure 6(a) indicates some fine SRX grains with
Goss orientation (marked in white dotted circle) are
generated both along the deformed grain boundaries

and within the grains. Obviously, these new Goss
grains appear both in parent grains with Copper
orientation and Y orientation. Thus, the increase
of Goss grains is at the expense of Copper and Y
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Fig. 6 SRX behavior in deformed grains at 300 °C: (a) Recrystallized grains with Goss orientation formed along
deformed grains; (b) KAM map showing stored energy distribution

components, which is in accordance with the
change of texture components. The KAM (kernel
averaged misorientation) map shown in Fig. 6(b)
reveals the KAM value of regions with new Goss

grains is relatively low. These new grains are
produced on the base of releasing the degree of
plastic strain induced by former deformation,
which was assessed by local misorientation in
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Fig. 6(b) [25]. It is believed that the static
recrystallization is induced by the high
concentration of defects (primary vacancies) in the
deformed materials, which significantly enhance
grain boundary mobility and serve as the driving
force for boundary migration [26]. The origin of
recrystallization in the copper has been proved to be
related to grain boundary bulging [27]. The growth
of new grains can be judged by evaluating the grain
boundaries. The side of grains having a flat and
curved shape boundary is usually the probable
starting point of recrystallized nuclei on the high
angle boundary, while the other side of grains
shows different grain boundary bulges at the front
of recrystallized grain boundary. The new grains
within DG1 (DG represents deformed grain) can be
judged to nucleate along the straight boundary of
deformed grain. Other new grains can be seen to be
surrounded by heavily deformed grains which
include a low dislocation/defect density and are
divided into some subgrains, as seen in DG2.
Figure 6(b) shows that there are low misorientations
between different areas with straight boundaries
which are probably polygonised into finer subgrains
with arrangement of dislocations inside the grain.
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To analyze the orientation transformation, the
deformed grains can be divided into two types:
(1) Copper orientation such as DGl and (2) Y
orientation such as DG2. The two types of grains
endured the large deformation, that is why a high
aspect ratio formed in shape, as seen in Fig. 2(b).

Figure 7 shows the SRX behavior of the
Copper-oriented DG1. In DG1, several new grains
possessing twin boundary relationship with parent
grain were observed (as seen from white circles
marked in Fig. 6). These new recrystallized grains
(RGs) nucleated near the original boundaries of
deformed grain, and then grew up in terms of
annealing twins. Figure 7(a) shows the three-
dimensional (3D) crystallographic relationship
between recrystallized grain and the parent grain, as
well as the corresponding Euler angles. With the
Euler angles, it is calculated that the misorientation
angle between the recrystallized grain (RG1) and
the deformed grain (DG1) is confirmed to be
55.6° [111] relationship. Figure 7(b) shows the
orientation of the RG1 with respect to DGI,
corresponding to {111} pole figure. Figure 7(c)
shows the line profile of the misorientation angle
along with Arrow AB in Fig. 6(a). The line profile

. (252.1°,32.2°, 51°)

‘ (115.4°,23.1°,29.3°)

— —Point to origin

L Annealing twins 1 }
=3 _Point to point

0 1 2 3 4 S 6 7
Distance/um

Fig. 7 SRX behavior of DG1 with Copper orientation selected in Fig. 6(a): (a) 3D crystal cube with Eular angles;

(b) Corresponding crystallographic orientations in {111} pole figure; (c¢) Line profile of misorientation angle along

Arrow AB in (a)
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of point-to-origin indicates the distinct discontinuity
of orientations at the twin boundaries of the new
grains, while the misorientation of point-to-point
result indicates almost no change within RG1. The
formation of these strain-free grains within a
cold-worked material usually occurs with the
annealing process. In present research, the
recrystallized grains show the twinning relationship
with parent grain, as depicted by the 3D crystal
cube along Arrow AB, which is very close to the
ideal Goss orientation. This result has been
confirmed by previous research. Some hypotheses
were proposed in order to explain annealing
twin produced at the beginning of the
recrystallization [28—30], which is based on GB
energy, mobility, and reorientation, respectively.
Regarding these principles, annealing twin is only
controlled by the decrease in interfacial energy due
to the orientation change.

Figure 8 shows the SRX behavior within the
DQG2. It is clear to see the green region (RG2) and a
small part of red one (RG3) produced within the
blue parent DG2. Figure 8(a) also presents the 3D
crystal cube to better understand the relationship of
each part, and the Euler angles are also provided to
accurately calculate the crystal orientations. The
corresponding crystallographic orientations are
presented in {111} pole figure in order to interpret

(b) CD ©

(271.5°, 48°, 40.4°).

their relationships, as shown in Fig. 8(b). From the
Euler angles calculation results, the green region
(RG2) shows a 12.6° deviation to the ideal Goss
orientation, which conforms to the error range of
15°. The red grain has a Cube orientation with
respect to the parent grain. The line profile of
point-to-origin along the red arrow CD shows that
the misorientation angle increases gradually up
to 15° from the blue region to green region, as seen
in Fig. 8(c), indicating the continuous change
of orientation occurring in DG2. While the
point-to-point misorientation within the green
region shows a relatively low value compared to
that within the blue region, that is to say, the green
region is the origin of the recrystallized grain. It can
be determined that the orientations of two regions
were close, while the blue region clustered around
the Y component and the green region tended to be
Goss component. The result suggests the gradual
transformation of texture from Y to Goss. This can
be further confirmed by the 3D crystal cubes along
the CD direction. Thus, the green region will
continue to grow at the expense of the parent grains.
The new grains with Cube orientation may be
swallowed by the Goss grains due to their growth
advantage.

At the beginning of the recrystallization,
the new grains are favorable to form in a near Goss

(70.8°, 8°, 60.67°)
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Fig. 8 SRX behavior of DG2 with Copper orientation selected in Fig. 6(a): (a) 3D crystal cube with Eular angles;
(b) Corresponding crystallographic orientations in {111} pole figure; (c) Line profile of misorientation angle along

Arrow CD in (a)
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relationship with the deformed structure. Two
types of Goss-oriented regions were discovered
in deformed grains with {112}{111) (Copper)
orientation and {111}(112) (Y) orientation,
respectively. Previous researchers have described
that after cold rolling, Goss orientations evolved
within the shear bands in the {111}(112)
and {111}(110) deformed grains [31,32]. The
preferential nucleation of Goss grains is considered
to be related to its low stored energy [33—36]. The
KAM map (Fig. 6(b)) also indicates that the
Goss-oriented regions contain a much lower
dislocation density than the regions of the Copper
and Y components. Thus, there is a driving force
for lower-energy Goss grains to grow up in the
deformed matrix with a higher stored energy.
Moreover, the 60°(111) relationship between the
Goss grains and deformed grains has a higher
migration rate. Thus, with the increase of
temperature, the Goss grains grow up rapidly at the
expense of the surrounding deformed grains. The
rapid growth of grains results in the formation of
the strong Goss texture in the copper tube. It is
noticed that some Cube-oriented regions are formed
in the deformed Y grains. The origin of Cube
recrystallization texture in the pre-rolled copper is
well established. The possession of a near X7
misorientation between the new cube grains and a
major component of the deformation texture S
{123}(634) is responsible for the perfect Cube
texture after annealing. But in the present result, the
Cube texture at the early stage of recrystallization is
just in a small fraction, which cannot compete with
the Goss texture as seen in Fig. 5. That is to say, the
recrystallization texture is quite different from the
deformation texture.
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3.3 Evolution of mechanical properties

Figure 9(a) shows the engineering stress—
engineering strain curves for the as-drawn tube and
annealed tubes. Figure 9(b) shows the ultimate
tensile strength (UTS) and elongation extracted
from the curve varying with the area fraction of the
Goss component. It is already known that the Goss
component grows rapidly with the increasing
temperature. Figure 9(b) shows that the UTS
decreases gradually with the increase of Goss
content, while the ductility increases first and then
decreases. Two reasons may account for the
continuous decline in tensile strength. (1) At the
early stage of annealing treatment, the softening
performance was induced by the recovery which
involved the redistribution and annihilation of
dense dislocations without the formation of
boundaries. Therefore, although the grain size did
not change significantly in the initial stage
(Fig. 4(a)), the tensile strength of the copper tube
decreased obviously, and the elongation increased.
(2) In the recrystallization and grain growth period,
the decrease of tensile strength was mainly related
to the variation of grain size (Fig. 4(a)), like the
well-known Hall-Petch relation [37,38]. It is
interesting that the elongation of the tube reaches
the maximum value of about 36% at the point of
Goss fraction near 50%, and then decreases sharply
with the continuous increase of Goss fraction. The
deformation ability of the grains with different
orientations was considered by comparing the
Schmid factor under uniaxial load, as shown in
Fig. 10. The Goss grains show the highest Schmid
factor value, followed by the Copper grains, and the
Y grains have the lowest value. That is to say, the
Goss grains are the “soft” oriented components and
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tensile test along DD: (a) IPF of grains selected from Fig. 3(c); (b) Distribution of Schmid factor in grains;
(c) Comparison of Schmid factor values (1-5 in Fig. 10 represent the number of the selected grains)

can present better plasticity than the other two
components which are the “hard” oriented
components. Although the tensile deformation
behavior is complicated with such a high
elongation, we can also consider that the increase of
Goss orientations may contribute to good plasticity
of copper tube. However, the elongation curve
meets an inflection point at 500 °C and then begins
to decline. At this temperature point, the average
grain size begins to increase at a greater rate and the
Goss texture composition exceeds 50%, which
indicates that heavy growth of the Goss-oriented
grains causes a serious decrease in plasticity.

4 Conclusions

(1) The texture components of thin-walled
copper tubes change significantly, from the initial
Copper and Y components to Goss component,
during high temperature heat treatment. A slight
fraction of Cube component was produced at the
early stage of the recrystallization, and then
disappeared gradually during the grain growth
stage.

(2) The origin of Goss recrystallized grains
during recrystallization process has been proved
in two kinds of mechanisms: nucleating near
the original boundaries of deformed grain, then
growing up in terms of annealing twins; nucleating
within the deformed grains which are probably
polygonised into finer subgrains with arrangement
of dislocations inside the grain.

(3) The tensile strength of the thin-walled
copper tube decreases gradually during the
annealing temperature, while the elongation reaches

the peak value of about 36% at 500 °C and then
decreases sharply.
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