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Quantitative analysis of orange peel during tension of 6063 alloy spun tubes
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Abstract: Severe surface roughening during plastic deforming of aluminum alloy parts can produce “orange peel” defects. To
analyze “orange peel” of 6063 aluminum alloy tube quantificationally, the tensile tests of trapezoidal specimens were carried out. The
tubes with different grain sizes were obtained by spinning and subsequent annealing heat treatment. The macroscopical behavior of
surface roughening was characterized by surface roughness R, using a laser scanning confocal microscope. The corresponding
microscopic behavior was reflected by microstructures of specimens and in-situ observation using electron back-scattered diffraction
(EBSD). The obtained results show that the surface roughness increased firstly with increasing strain and then decreased slightly.
There was a critical strain for aluminum alloy tube, below which “orange peel” defect would not occur. For the tube with a mean
grain size of 80, 105, 130 and 175 um, the critical strains were 10.17%, 5.74%, 3.15% and 1.62%, respectively. Meanwhile, the
surface roughening behavior was produced by serious inhomogeneous deformation between grains as strain increased, and was

aggravated as the grain size increased due to the larger local deformation in larger grains.
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1 Introduction

Vehicle weight reduction is a particularly important
issue for the automotive industry, with the associated
improvements to fuel consumption costs, without
adversely affecting the safety performance of the vehicle
[1—4]. Aluminum alloy tubular parts have been widely
used in the automotive industry due to the desirable
lightweight and mechanical properties [5—9]. Recent
examples of aluminum tube applications in vehicles
include body structure, chassis, and exhaust system such
as the chassis frame of Volvo jeep and BMW S5-series
and the roll-over bar of a Opel car [10—12]; the weight of
the aluminum alloy rear axle was reduced by 30%
compared with an equivalent steel structure [13]. The
6063 aluminum alloy tube is mainly used in the body
structure and chassis of higher-end vehicle, for example,
the chassis frame of a Volvo jeep and the roll-over bar of
a Opel car were both manufactured using 6063
aluminum alloy tube [14]. However, surface roughening
phenomenon such as “orange peel” frequently appears on

the structural components, which is predominantly
caused by coarse grains and deformation [15,16]. Thus,
in actual production, the surface quality of structural
components can be improved through the control of
grain size and deformation degree.

Lots of research work about surface roughening
phenomenon of aluminum alloy were carried out by
uniaxial tensile testing of sheet materials [17]. The main
influence factors include internal factors (mainly grain
size) and external conditions (mainly strain) [17—19].
The researches have shown that the surface roughness is
strongly dependent on the grain size of the materials and
increases proportionally with grain size, and the
deformation-induced  surface roughness increases
linearly with increasing plastic strain or firstly increases
then remains unchanged [20—24].

However, few studies have examined the surface
roughening behavior of aluminum alloy in tubes
especially for ones which were widely used in
automobile. An identified quantitative relationship
between surface roughness and factors which include
grain size and strain of 6063 aluminum alloy tube has not
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yet been given definitely. In the current work, the tensile
experiments using trapezoidal tensile samples with
different grain sizes have been carried out. The tubes
were prepared by spinning and annealing process to
provide the microstructures with different grain sizes,
and the different strains were obtained from the trapezoid
specimens after tensile deformation. In addition, the
measurement of surface roughness and observation of
surface topography were carried out using a confocal
scanning laser microscope. Microstructural information
was acquired and analyzed by EBSD.

2 Experimental

2.1 Material and preparation

The initial material for this work was extruded
6063-T4 aluminum alloy tube with a nominal outside
diameter of 78 mm and nominal thickness of 3.5 mm.
The microstructure of tube can be manipulated by plastic
deformation and heat treatment [25]. The grain size of
tubes can be controlled by spinning with subsequent
annealing heat treatment. The tubes were spun at room
temperature with a nominal thickness reduction of
5%—10% per pass to give a total reduction of 42.85%
after six passes. The equipment used was the high-
precision, double-wheeled spinning installation, as
shown in Fig. 1(a), which had a spinning roller feed rate
of 0.8 mm/r and a mandrel speed of 250 r/min. The spun
tubes (Fig. 1(b)) were annealed at 350, 400 and 450 °C
for 1 h and furnace-cooled to obtain tubes with three
different grain sizes.

2.2 Experimental setup

To obtain a series of different and continuous strains,
the isosceles-trapezoid-shaped tensile specimen was
designed. The differences of microstructure within a
single specimen are less than those between two
individual specimens. Using trapezoid specimens that
can provide continuous strain distributions is better than

Fig. 1 Double-wheel spinning installation (a) and spun tube (b)

using several specimens, because a comparatively
complete and accurate variation tendency can be
obtained by the continuous strains. To make the strain
range as large as possible, we assume that the axial stress
at part with the minimum width b, reaches the tensile
strength (op) and the stress at part with the maximum
width b is equal to the yield strength (o) [26]. Then, the
correlation of the maximum and minimum width can be
expressed as follows:
=
(] b

The tensile strength g, of 6063-T4 aluminum alloy
tube was 179 MPa, and the yield strength o, was 79 MPa
[26]. Thus, the maximum and minimum width were
designed as 25 mm and 12.5 mm, respectively, and the
size of specimen is displayed in Fig. 2. Before stretching,
the outer surface of the specimen was mechanically
polished for measuring the surface roughness, and the
inner surface was printed with mesh grids of 2 mm X
2 mm for analyzing the strain. The tensile tests were
performed on an Instron 5569 at a crosshead velocity of
1 mm/min and testing was stopped as necking occurred.
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Fig. 2 Geometric dimensions (unit: mm) (a), inner surface (b), and outer surface (c) of trapezoidal specimens
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2.3 Measurement method

As R, is considered to be a reasonable
representation of the roughening behavior of the material
and is used frequently in industrial applications to
quantify the changes in surface morphology, R, was
selected for this work to reflect the degree of surface
roughening. For the surface roughness, as shown in
Eq. (1), R, value is defined as the mean of the absolute
value of all area values y(x), contained within a profile
area S.

R=<3 D @

S

The measurement of surface roughness R, was
finished by the laser scanning confocal microscope
(OSL3000), and was acquired from the mid-length
position of each specimen; an area of 2560 pum X
2560 um was scanned with a vertical resolution of 2 pum.
Surface topographies were obtained from the laser
scanning confocal microscope.

The strain analysis of specimen was carried out by
the ASAME strain measuring system. A pattern of square
grids (2 mm x 2 mm) was applied to the undeformed
specimen. Two views of an area on the deformed
component were photographed at different positions.
These offset views were then digitized in two dimensions
and photogrammetry principles were applied to
determine the three-dimensional map of the area. Based
on the known undeformed grid size and the
three-dimensional data for each deformed grid, the
surface strain was calculated.

Microstructural information was acquired by EBSD
with 5.5 um step size, performed on a Quanta 200 FEG
operated at 20 kV. Specimens for EBSD were prepared
by mechanical grinding and electropolishing in an
electrolyte with 20% perchloric acid in alcohol at a
temperature of about —20 °C and a voltage of 25 V for
50s.

In order to describe the microstructures evolution
during tension, in-situ tensile experiment was performed.
Before tensile testing the specimen was mechanically
polished. The tensile experiment was implemented on
the Instron 5569 at a crosshead velocity of 1 mm/min
with a small specimen, and stopped as the strain reached
2%, 6%, 10% and 14%. The microstructures at different
strains in the marked region were observed when the
stretching stopped.

3 Results and discussion
3.1 Tube obtained by spinning and heat treatment

Figures 3(a—d) display the grain size distributions of
tubes with different grain sizes. The analysis results

listed in Table 1 show that the surface of the spun tube
annealed at 350 °C had the smallest mean grain size of
80 um and the standard deviation (SD) of 28 pm.
Increasing the annealing temperature to 400 °C resulted
in a mean grain size of 105 pm (SD of 39 um), while
annealing at 450 °C produced a mean grain size of
130 pm (SD of 47 um). As a reference, the surface of the
initial tube had a mean grain size of 175 pm (SD of
70 um). The distribution frequency histograms of the
tubes with different grain sizes are shown in Fig. 3(e).

3.2 Macroscopical morphology of surface roughening

After tensile deformation, a significant roughening
phenomenon appeared on the macroscopic surface of the
specimens, as shown in Fig. 4(a). The larger the grain
size, the severer the surface roughening phenomenon.
The surface roughening of the specimen with a grain size
of 175 pm was the most serious, with only a small part of
its surface at each end not being subject to “orange peel”
defects. The area of “orange peel” was reduced with
decreasing grain size. This suggests that there is a critical
strain ¢, for aluminum alloy, below which “orange peel”
defects will not occur. The strain distributions of the
specimens with different grain sizes are shown in
Fig. 4(b). The maximum strain appeared near the
minimum width and the minimum strain near the
maximum width.

The surface roughness increased firstly with
increasing strain and then decreased slightly, as shown in
Fig. 5(a). Their roughening rate can be expressed as the
slope of the tangent line of the surface roughness—strain
curve, and the roughening rate dR,/de has exponent
relation to the strain, as shown in Fig. 5(b). When the
roughening rate was equal to zero, the surface roughness
reached the maximum value. The larger the grain size,
the smaller the strain at which the maximum surface
roughness appeared. In addition, as displayed in Fig. 5(c),
the surface roughness rose with increasing the grain size.
The surface roughness was nearly linearly raised with the
grain size when the tensile strain was smaller than 0.1,
the surface roughness increased nonlinearly when the
strain exceeded 0.1, and the increasing rate was reduced
with increasing grain size.

There is a critical strain for aluminum alloy tube,
below which “orange peel” defects will not occur. From
observations of the surface of the trapezoid specimen
with a grain size of 80 um, it was found that the surface
roughening was not serious when the surface roughness
was less than 15 pm and the strain was just less than
10.17%. But “orange peel” defects can occur when the
strain was greater than this. Using a surface roughness of
15 pm as an index for the occurrence of “orange peel”
defects, the critical strain for a grain size of 105 pm was
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Fig. 3 Grain size distributions of spun tube annealed at 350 °C (a), 400 °C (b), 450 °C (c), initial tube (d) and frequency histogram of

prepared tubes (e)

Table 1 Grain size of tubes annealed at different temperatures

Annealing Mean grain Standard
temperature/°C size/um deviation/pm
350 80 28
400 105 39
450 130 47

Initial tube 175 70

found to be 5.74% according to fitted curve. Using this
approach, the critical strain was found to be 3.15% and
1.62% for a grain size of 130 and 175 pm, respectively.

Thus, keeping the strain during the tensile deformation of
aluminum alloy structural components below these levels
should ensure that “orange peel” defects are avoided.

3.3 Microscopic behavior of surface roughening
Positions on the trapezoid specimen with strain of
7% were selected, and the surface morphologies of the
specimens with mean grain size of 130 and 175 um are
shown in Figs. 6(a) and (b), respectively. There are
obvious concave—convex characteristics on the surface
morphologies. Clear slip bands appeared in the grains,
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Fig. 4 Trapezoidal specimens with different grain sizes (a) and
strain distribution after tensile deformation (b)

and the neighboring slip lines were parallel to each other.
The distribution of slip lines showed an obvious
inhomogeneity in different areas. In the material with
large grain size, as shown in Fig. 6(b), there were more
slip lines in Grain A but few slip lines in Grain B, which
means that there were more slip systems participating in
Grain B. In the microstructure with the smaller grain size,
as shown in Fig. 6(a), obviously the distribution of slip
lines were relatively uniform, and the difference of slip
lines in different areas was receded. In other words, the
inhomogeneous deformation among grains or inside
grains resulted in the surface roughening phenomenon.

Figure 7 shows the IPF maps of samples with mean
grain sizes of 80, 105, 130 and 175 pum at positions with
12% strain. Low angle grain boundaries (LAGBEs,
2°—15°) and high angle grain boundaries (HAGBs, >15°)
are shown with black and white lines, respectively. The
different orientations of grains are shown by different
colors.
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Fig. 5 Relationship between surface roughness R, and effective
strain ¢ (a), roughening rate dR,/de and effective strain ¢ (b),
and surface roughness R, and grain size of trapezoidal tensile
specimens (c)

The standard deviation of grain size of material
increased with increasing average grain size, as listed in
Table 1, which suggests that the inhomogeneity of the
grain size distribution was more serious if the average
grain size was larger. LAGBs distributed uniformly in
the grains with mean grain size of 80 pum, as shown in
Fig. 7(a), indicating that the deformation was
homogeneously scattered in different grains. With
increasing average grain size, the fraction of LAGBs
increased and the deformation in different grains became
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Fig. 7 IPF maps of specimens with different mean grain sizes at strain of 12% after deformation: (a) 80 pum; (b) 105 pum; (c) 130 um;

(d) 175 um

relatively non-uniform, as shown in Fig. 7(b). While the
grain size increased to 130 um, the inhomogeneity of
LAGBs distribution became more serious, and fewer
LAGBs were found in the Grain C and D, but
concentrated LAGBs appeared in the Grain E and F, as
shown in Fig. 7(c). Figure 7(d) shows the microstructure
with a mean grain size of 175 pm, which exhibited the

most serious local deformation. From the microscopic
behavior of the surface roughening one can conclude that
the deformation inhomogeneity increased with increasing
the grain size. Consequently, the surface roughening
behavior was aggravated by increasing grain size.

Figure 8 shows the IPF and KAM evolution images
in process of in-situ tensile test. When the strain attained
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Fig. 8 IPF evolution images (a—d) and KAM evolution images (e—h) observed with EBSD in process of in-situ tensile test:

(a, ) e=0.02; (b, ) £=0.06; (c, g) €=0.10; (d, h) e=0.14

0.02, the formation of LAGBs was discovered in a few
grains, and the KAM value was small and the
deformation concentrated around a few grain boundaries.
With the strain attained to 0.06, the number of LAGBs
increased around the grain boundaries where the LAGBs
appeared in the last step, but there were few LAGBs in
other grains and so did the KAM value distribution. This
means that the plastic deformation only occurred in
several grains and the deformation inhomogeneity was
serious. When the strain reached 0.1, the LAGBs
appeared in more grains, and the KAM value increased
obviously and extended to the larger region, indicating
that more grains participated in the deformation,
therefore the overall deformation was enhanced and local
deformation was receded. With further increasing the
strain, almost all grains involved in the deformation.
These results were consistent with the evolution of
surface roughness which firstly increased and then
decreased with increasing strain.

4 Conclusions

1) As the strain increased, the surface roughness
initially increased and then decreased slightly, with the
roughening rate decreasing exponentially. For the same
strain, the surface roughness increased almost linearly
with grain size when the strain was less than 0.1. As the
strain was larger than 0.1, the surface roughness
displayed a nonlinear increasing.

2) There was a critical strain for the aluminum alloy
tubes, below which “orange peel” defects would not
occur. As the mean grain sizes were 80, 105, 130 and
175 pum, the critical strains were 10.17%, 5.74%, 3.15%
and 1.62%, respectively.

3) The surface roughening degree was firstly
aggravated and then receded with increasing strain. In
addition, the local deformation was enhanced with
increasing grain size, thus, the surface roughening degree
was aggravated with increasing grain size.
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