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1 | INTRODUCTION

The occurrence of preferential grain etching (PGE) during alkaline etching of alumi-
num extrusion alloys from the 6XXX series is often linked to the presence of certain
impurity elements such as zinc, causing an undesired etching appearance. In the pre-
sented work, an additional culprit in this context is identified, which has not been
investigated yet. A clear relation between PGE and the presence of a subsurface
shear layer is identified for extruded Al 6060 alloys containing 0.02 and 0.06 wt%
Zn. This shear layer can be distinguished from the bulk of the metal by its difference
in crystallographic texture as visualized by electron backscatter diffraction (EBSD).
For the Zn enriched alloy, the <111>//ND grains are etched away faster than grains
with other orientations, resulting in the grainy appearance typical for PGE. Indepen-
dent of the Zn content in the alloy, once the shear layer is removed and <111>//
ND grains are practically absent on the new surface, the depths variations caused
by preferential etching disappear. Instead, the surface of the alloy is attacked uni-

formly by the caustic etch bath.
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nowaday's, alloys are alkaline etched, the grain boundaries are typi-

cally attacked stronger than the grains because of a lower potential

The production of goods made from recycled aluminum saves about
90% of CO, emissions and 95% of energy compared with ones made
from primary aluminum. However, it comes with the disadvantage of
enrichment of alloying elements like zinc, present in the recycling
scrap. Zinc dissolves up to 2 wt% in the aluminum alloy and cannot
be easily removed; it affects functional properties such as the appear-
ance after etching and anodizing, which is crucial in certain applica-
tions such as in architecture. The etching prior to anodizing is
applied as a cleaning step and to create a uniform matt finish, minimiz-
ing visible die lines or flow lines on mill-finished extrusion products. In
the case of colored components, it can also affect the color.>?

As Dowell et al already stated in 1987, variations in the visual
appearance can arise through variations in the etching conditions, dif-

ference in metal composition, or a combination of both.! When

of the grain boundaries. This effect leads to a dull, matte appearance.
However, in some cases, the surface can also have a spangling, grainy
appearance similar to galvanized surfaces. This undesired effect is
caused by preferential grain etching (PGE).>* PGE is an etching behav-
ior where some grain orientations are etched away to a larger extent
than others and surface planes of different heights and tilts are
formed.> Consequently, the reflectivity of the surface varies locally,
and the appearance is no longer homogeneously dull. One of the main
reasons for this effect is the presence of Zn in the alloy as well as in
the alkaline etching bath.>**¢” Increased amounts of Zn are thought
to amplify the surface reactivity of certain grains with respect to other
grains. Thus, the grain orientation plays an important role on the etch-
ing depth. Gentile et al showed by Rutherford backscattering spec-

troscopy that Zn enrichment during etching depends on the grain

Surf Interface Anal. 2019;51:1251-1259.
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orientation.? Chandia et al® assumed that the {100} planes are the
most highly Zn enriched planes during etching. They reason that this
enrichment of Zn will make the {100} planes more cathodic as com-
pared with {110} and {111} planes causing a microgalvanic coupling
between the differently oriented grains. It is proposed that as well,
the Zn content in the etching solution as well as in the alloy itself
can play a crucial role.*” Holme et al® concluded from their electron
backscatter diffraction (EBSD) and secondary ion mass spectroscopy
results that the deepest <111>//ND grains have more near-surface
Zn than other grains after alkaline etching. However, their hypothesis
is based on the occurrence of Zn enrichment by selective dissolution
of the active Al component. A consensus on the origin of the PGE
and the link with the Zn content of the alloy is not yet reached.”
The amount of Zn in 6060 alloy specifications is limited to
0.15 wt%. Many companies choose to work with an even lower level
of 0.03 wt%—a limit below which PGE usually does not occur.
However, the reduction of Zn in recycled 6000 series alloys is difficult
and expensive. Industrial etching solutions contain so-called zinc
catchers to remove Zn by precipitation in the etching bath.” It is worth
mentioning, that in 7000 alloys, Zn is deliberately added at a much
higher level than in the 6000 alloys to form hardening phases together
with Mg. However, those alloys generally do not have a grainy surface
appearance after etching. Hence, why 6000 alloys are so sensitive to
PGE is not yet fully understood. The authors of this study investigated
an additional mechanism for the case of Al 6060 that can also cause
PGE in order to draw a clearer mind map of the reasons for PGE.
The objective of this study is to investigate the alkaline etching
response of two industrially extruded Al 6060 alloys, one with a low
Zn content of 0.02 wt% and one with a higher Zn content of
0.06 wt%. By EBSD, the microstructure and crystallographic texture

of both extruded profiles will be characterized, and their microstruc-

TABLE 1 Composition of alloy A and alloy B

Si, Fe, Cu, Mn, Mg, Cr, Zn,
wt%  wt% wt% wt% wt% wt% wt%

Alloy A 045 0.20
Alloy B 045 0.25

0.015
0.015

0.055
0.055

0.375 0.02 0.02
0.375 0.02 0.06

TABLE 2 Parameters for the surface pretreatment

ture will be related to the corresponding etching behavior of the

extrusion profiles.

2 | MATERIALS AND METHODS

2.1 | Materials

The 6060 alloys investigated in the present work were produced and
extruded by EMAX nv, Belgium. The compositions of alloy A and B
are very similar and given in Table 1. Alloy A has a Zn concentration
similar to a primary alloy, and alloy B is enriched in Zn to simulate a
recycled Zn rich 6060 alloy.

Before extrusion, the billets were heat treated to homogenize the
microstructure. The heat treatment involves the formation of a-
AlFeSi*®1? and the dissolution of Mg,Si particles into the matrix. This
heat treatment also assures the uniform distribution of alloying ele-
ments in the matrix. After this homogenization step, both alloy A
and alloy B were reheated to 480°C and extruded at the speed of
27.5 m/min. Samples are then cooled by forced air and artificially aged
to T5 (195°C for 5 hours).

2.2 | Alkaline etching

Samples of about 1 cm? were cut from of the extrusion profiles. The
samples were degreased, followed by alkaline etching and acid
desmutting, with intermediated water rinsing. The various steps of
the pretreatment are listed in detail in Table 2. To investigate the alka-
line etching behavior of the alloy deeper in the sample, 25 + 2 and
200 um of the outer surface were ground away with 1200 SiC paper,
thus probing either the shear layer or the bulk of the extrusion profile,
respectively.

2.3 | Electron backscatter diffraction

For the microstructural observations, EBSD was used. EBSD observa-
tions of the two Al alloys were made at identical positions in the pro-
file sample, ie, on the extrusion plane containing the normal direction
(ND) and transverse direction (TD) (Figure 1A) and on the normal
plane containing the extrusion direction (ED) and the TD (Figure 1B).

Step Treatment Medium Time Temperature
1 Degreasing Acetone Dip RT

2 Etching 50 g/L NaOH (500 ml) 13 min 60°C

3 Rinsing Deionized water 1 min RT

4 Desmutting 10 vol% HNO3 1 min RT

5 Rinsing Deionized water 1 min RT

6 Rinsing Acetone Dip RT

Abbreviation: RT: room temperature.
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Crystallographic orientation data of each measurement were used to
calculate textures by the spherical harmonic expansion with the
highest term of the harmonic series of 16 and a half width of the
Gaussian spread of 5°. The representation of the crystallographic tex-
ture is done by means of orientation distribution functions (ODFs), a
series of two-dimensional sections (P, ®) of the three-dimensional
space of the Euler angles (@4, ®, ®,). Euler angle ®, = 0° 45°, and
65° is indicated under each section. The ODF is shown as a color
intensity plot. Important orientations and fibers are marked in the
®4 = 0° to 90° ODF section. The orientation images are represented

in this study as inverse pole figure (IPF) maps, ie, the color of each

TD

(A)

ND == — u]:l 1.4 mm

L ]
89 mm
(B) TD
[l
ED

FIGURE 1 Schematic overview of the extrusion profiles of alloy A
and alloy B of A, the cross section (normal direction [ND]-transverse
direction [TD]) and B, the normal plane (extrusion direction [ED]-TD).
In red the positions of the electron backscatter diffraction (EBSD)
measurements

TD

ND

Alloy A

S
Wi LEY-}

grain represents the crystal orientation parallel to the specified direc-
tion. To obtain a suitable surface for EBSD measurements, the sam-
ples were mechanically ground and polished down to 1-um diamond
paste (Struers), followed by a finishing electropolishing step (48 V,
4 seconds) with the Lectropol-5 (Struers) in a perchloric acid electro-
lyte (A2, Struers). The EBSD system was attached to a Quanta FEl field
emission scanning electron microscope (FE-SEM) operated at 20 kV.
Measurements were carried out with a step size of 1 to 3 um depend-
ing on the sample grain size, and the orientation data were post-
processed with the commercial orientation imaging software
OIM-TSL. For texture analysis, in order to obtain a statistically reliable
texture representation, several scans were stitched together with a
minimum of 1.1 mm? per investigated area. A tolerance of 10° from
the ideal orientation is used to determine the volume fraction of the
<111>//ND grains.

The Quanta FEI FE-SEM in secondary electron (SE) image mode

was also used to visualize the surface of the profiles after alkaline

etching.
3 | RESULTS
3.1 | Microstructural investigation

Figure 2 shows the IPF maps of the cross section (extrusion plane) of
alloy A and B. Both the ND and the ED IPF maps are shown for clarity.
Although it is not pronounced in the ND IPF map, when looking at the
ED IPF map, a clear distinction in crystallographic orientation can be
made between the bulk of the extrusion profile and the surface for
both alloys. The thickness of the surface layer, based on the difference
in crystallographic orientation, is measured for both alloys on several

111 111
//ND //ED

001 101 001 101

Alloy B

FIGURE 2 Normal direction (ND) and
extrusion direction (ED) inverse pole figure

(IPF) maps of alloy A and alloy B
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scans, and a notable difference is observed. For alloy A, the thickness
of the surface layer is 75 + 11 um, and for alloy B, the thickness is
126 + 14 um (average of 35 measurements on different length posi-
tions of the extrusion profile). The grain size of the surface layer on
the ED-TD plane, determined with the linear intercept method, is
46 + 15 pum for alloy A and 57 +23 um for alloy B.

The grain orientation in the surface layer as well as in bulk was
analyzed by EBSD and compared based on the volume fraction of
<111>//ND grains. Figure 3 shows that in the surface layer, the vol-
ume fraction of <111>//ND grains is 8.2% and 6.9% in alloy A and
B, respectively. In the bulk, the volume fractions of these grains are
less than 0.1% for both alloys. Interestingly, the volume fraction varies
only slightly between alloy A and alloy B, but there is a factor 100 dif-
ference between their presence in the shear layer and the bulk grains.

To determine the texture of the surface layer, several EBSD scans
were made on the ED-TD surface (normal plane). The texture of the

bulk was extracted out of several ND-TD (extrusion plane) scans. In

Alloy A Surface 8,2
Alloy B Surface 6,9
Alloy A Bulk | 0,09
Alloy B Bulk | 0,07

Volume fraction {111}//ND grains (%)

FIGURE 3 Volume fraction of <111>//ND grains in the bulk and
surface layer of alloy A and alloy B
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FIGURE 4

Figure 4 the ODFs of alloy A and alloy B are given for both the bulk of
the material and the surface layer; no sample symmetry was imposed.

3.1.1 | Surface

Although Ihara et al stated that the surface layer of an extruded Al
alloy has an orientation distribution, which is relatively random,*? a
more textured surface microstructure is observed in our case. The
Zn lean (alloy A) and Zn rich (alloy B) alloys have a maximum intensity
of 21x random and 18x random, respectively.

Remnants of the <110>//ED-fiber and components of the y-fiber
(<111>//ND) can be identified in the measured surface texture. These
are typical texture components of face centered cubic (FCC) crystals in
shear deformation. Also, the
<110 > (part of the <110>//ED-fiber) is associated with shear defor-

mation in FCC metals. Higher intensities close to this component are

rotated cube component {001}

identified in the surface texture of alloy A and alloy B. To further
relate the measured surface texture to the texture of a FCC metal
after shear deformation, the surface texture is compared with a
modelled FCC shear texture (Figure 5). For the modelling of the shear
deformation texture, the visco-plastic self-consistent (VPSC) model is
used. The initial texture is assumed to be random, and the total equiv-
alent strain (g,n) is 0.7. However, the simulated deformation texture is
not completely similar to the measured surface texture. This is
because of the recrystallization process, which takes place during or
after extrusion and which is not considered in the crystal plasticity
simulation. During recrystallization, among all grains of the deforma-
tion microstructure, only crystals having low stored energy and a grain

Alloy B
Rot. Cube
2 ) L= S 7
= a < il
P K g O | =200
o —12.0
T = L= T ‘.F
O » o 8.0
& A ~
O Ds ©0°09 4.5
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@ 7 ) / Q
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65°
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- e 20.0
&= = \\v_') (7\ {L‘j/ 12.0
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Peaan)) e
45° 3.0
& =7 \\‘\_:r) (= —1 5
[ & 2
Y Llind B
65°

Orientation distribution function (ODF) sections (with ®, = 0°, 45°, 65°) of the surface and bulk texture of alloy A and alloy B
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FIGURE 5 Orientation distribution function
(ODF) sections (with @, = 0°, 45°, 65°) of the
calculated face centered cubic (FCC) crystals

PHI2=

under simple shear deformation

boundary of <111>40° to the deformation matrix have a chance to

nucleate and grow.

3.1.2 | Bulk

The bulk crystallographic texture is in both alloys very typical for FCC
materials with a recrystallized microstructure deformed by plane strain
compression.’® The maximum intensities are observed in the cube
component {001}<100> and goss component {011}<100> for both
alloys, with a maximum intensity for alloy A of 31x random and 37x
random for alloy B. However, for both alloys, the cube and goss com-

ponent are somewhat rotated around TD.

3.2 | Effect of alkaline etching on surface layer

The SE image on the normal plane of alloy A (with low amount of Zn)
taken after alkaline etching of the sample shows the typical surface
morphology (Figure 6A). For this alloy, the main attack is at the grain
boundary; this is typically related to the disturbed crystal structure
and elemental deficiency zones at and next to the grain boundaries.**
This surface gives the desired matt finish of the Al extrusion profile.
Comparing the ED IPF map obtained after etching (Figure 6B) with
the ED IPF map of the cross section (Figure 2 Alloy A//ED) reveals
that the outer surface after etching is still located inside the shear or
surface layer of the material.

The SE image of the surface of alloy B shows a completely differ-
ent etching morphology (Figure 7A). In this case, certain grains are sig-
nificantly more attacked than others, resulting in the grainy
morphology and nonhomogeneous visual appearance. Similar with
alloy A, the exposed surface after alkaline etching of alloy B (higher
Zn content) is also still located in the shear layer (Figure 2 Alloy B//
ED and Figure 7B).

In Figure 8, an alkaline etched zone of alloy B is displayed, with the
corresponding ND IPF map. In this orientation, the preferentially
etched grains are clearly distinguishable from the others. The white
stars mark two of those grains in the SE image and on the IPF map.
An orientation analysis of all visually attacked grains in the SE image
shows that all grains with an orientation close to <111>//ND are pref-
erentially etched.

3.3 | Effect of alkaline etching on ground surface
layer

In this experiment, the alkaline etching is performed after removal (by
grinding with 1200 SiC paper) of about 25 um of the outer surface,
exposing a surface that is still inside the shear layer. This experiment
is done to rule out that the previously observed differences are related
to possible outer surface contaminations or roughness differences. In
Figure 9, the SE image after alkaline etching of alloy A (Figure 9A)
and alloy B (Figure 9B) is shown. Similar to the etching response of
alloy A and alloy B without prior grinding (Figures 6A and 7A), alloy
A shows grain boundary attack, while alloy B shows PGE.

3.4 | Effect of alkaline etching on bulk layer

To investigate the etching response of the bulk of the material, for
both alloys more than 200 um is removed by grinding, thus removing
the identified shear or surface layer completely and exposing a surface
consisting of the bulk structure of the metal. In this case, the etching
morphologies look less pronounced and homogenous for both alloy A
(Figure 10A) and alloy B (Figure 10B). For alloy A, weak grain boundary
attack is visible. For alloy B, a more uniform attack can be observed
with hardly any visible PGE effects.
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FIGURE 6 Alloy A: A, Secondary electron (SE) image after alkaline
etching on the normal plane and B, extrusion direction (ED) inverse
pole figure (IPF) map after alkaline etching on the normal plane

4 | DISCUSSION

41 |
alloy B

Microstructure of the extruded alloy A and

Since extrusion is a nonhomogeneous deformation process, variations

of microstructure and texture over the profile cross-section can be

FIGURE 7 Alloy B: A, Secondary electron (SE) image after alkaline
etching on the normal plane and B, extrusion direction (ED) inverse
pole figure map after alkaline etching on the normal plane

expected and are observed in Figure 2 for both alloy A and alloy B. In
both alloys, a bulk structure and a surface layer were identified and
distinguished from each other by their difference in crystallographic
orientation, as can be seen in the orientation data in the ED IPF
map. The textures of the surface layer and the bulk have been charac-
terized by EBSD investigations of these specific zones. In the texture
of the recrystallized surface layer of both alloys (Figure 4), some

resemblance can be found with the modelled FCC shear texture



LUTZ T AL

FIGURE 8 A, Secondary electron (SE) image and B, corresponding
normal direction (ND) inverse pole figure map on the ND plane of
alloy B after alkaline etching

(Figure 5). In the modelled shear texture, the typical texture compo-
nents of shear deformation are observed, namely, the <110>//ED-
fiber and the y-fiber. In the measured shear texture, only remnants
of the <110>//ED-fiber and the y-fiber can be found, which this is
due to the recrystallization process that occurs during or after extru-
sion. Also, a texture component near the rotated cube {001}<110> is

observed in the measured surface texture. This rotated cube

FIGURE 9 Secondary electron (SE) image on the normal plane of A,
alloy A and B, alloy B after alkaline etching of the ground surface

component is formed during shear deformation and is retained during
recrystallization. This proves the presence of shear in the surface layer
of extruded profiles. The presence of the shear layer in the extruded
profiles can be explained as follows. During extrusion, the billet sur-
face experiences adhesive friction against the die wall, while the core
of the billet is pushed forward through the die by the advancing ram.
In this way, a shear zone forms between the core material and the
peripheral surface layer due to different local forces acting on the
material. For alloy A and alloy B, a small intensity difference is
observed in this shear layer: 21x random and 18x random,
respectively.

Another noticeable difference between both alloys is the thickness
of this shear layer (75 + 11 and 126 + 14 um, respectively). However,
this observation is not conclusive and must be verified, as the micro-
structure development of extruded profiles not only varies along the
cross section but also along the extrusion length.*®> To confirm this
observation, samples must be taken for both alloys at the same length
position of the full extrusion profile, which was not possible for the
current samples.

In the bulk of both alloy A and alloy B, a strong cube texture that is

somewhat rotated around the TD can be seen. The cube texture is the



LUTZ ET AL

FIGURE 10 Secondary electron (SE) image on the normal plane of A,
alloy A and B, alloy B after alkaline etching of the bulk of the material

typical texture component that is present in FCC metals after plane
strain compression and recrystallization. A material with a perfect
plane strain texture will have symmetrical crystallographic orientation
both in ED and TD. The rotation around TD is due to a small shear
deformation on top of the plane strain compression present in the

bulk of the material.

4.2 | Link between microstructure and alkaline
etching behavior

Three different experiments were conducted to investigate whether
the difference in alkaline etching response of low-Zn Al 6060 (alloy
A, showing grain boundary etching) and Zn enriched Al 6060 (alloy
B, showing PGE) is purely a bulk feature or if it is also related to the
surface layer.

In the first experiment, the alkaline etching procedure was exe-
cuted according to industrial practice, ie, on the bare surface. The sec-
ond experiment was conducted to verify to which extent the different
etching behaviors of the investigated alloys are related to possible dif-
ferences in roughness or top layer impurities due to the extrusion pro-

cess. For this purpose, the outer surface is removed (about 25 pm)

before applying the alkaline etching treatment. In the third experi-
ment, the shear layer is completely removed by mechanical grinding
and thereby exposing a surface inside the bulk of the alloys to the
alkaline etching solution.

The results of the first experiment (Figures 6 and 7) confirm the
observations reported in literature on the two different etching effects.
The Zn lean alloy (Figure 6) was attacked preferentially at the grain
boundaries, giving the desired surface finish before anodizing.* The Zn
rich alloy has a grainy surface appearance (Figure 7) caused by different
etching rates for different grains and subsequently giving the material a
terrace-like surface topography similar as described by Koroleva et al.*
With use of the corresponding IPF map determined by EBSD
(Figure 8), it is concluded that grains with the <111> direction parallel
to the normal of the surface etch at a higher rate than the other orien-
tations. For both alloys, it is shown that the etched surfaces are still part
of the shear layer of the material (Figures 2, 5B, and 7B). The etched
surfaces of the second experiment (Figure 9) demonstrate that remov-
ing the top surface before alkaline etching has no influence on the
resulting etching response. For alloy A, grain boundary attack is still
the main etching mechanism, whereas it is PGE for alloy B.

Finally, the third experiment reveals a different etching behavior in
the bulk compared with the etching results of the shear layer
(Figure 10). Alloy A shows a much less pronounced etching attack,
although the main etching mechanism is still grain boundary attack.
Alloy B shows practically no PGE anymore, but a generally rougher
surface than the one of alloy A. For both alloys, this weakened etching
behavior can be related with the bulk texture. Since the bulk material
is heavily textured indicating that the grains have a preferred orienta-
tion, the amount of grain boundaries with a high level of misorienta-
tion is low. Typically, the most misoriented interfaces are more

susceptible to grain boundary attack.'®

Therefore, the grain boundary
attack of alloy A during alkaline etching is gentler in the bulk. Alterna-
tively, the PGE effect of alloy B strongly depends on the presence of
<111>//ND grains who have the highest etching rate. Figure 3 shows
that almost no <111>//ND grains are present in the bulk for preferen-
tial dissolution. The absence of these grains leads to a more evenly
distributed attack.

Therefore, it can be concluded that the shear layer (and more spe-
cifically the texture of the shear layer) of the extruded profile can have
a dominant influence on the different alkaline etching behavior of the
Zn lean and the Zn rich Al 6060 alloys. When this shear layer is
removed prior to etching, for example, by grinding or by adapting
the extrusion process parameters, the difference in etching behavior
between the Zn lean and Zn rich alloys is reduced. However, to get
a better understanding on why the response of the shear layer to alka-
line etching changes from grain boundary attack to PGE, dependent

on the Zn level in the 6060 alloys, further investigations are necessary.

5 | CONCLUSION

In this work, two industrially extruded Al 6060 profiles are investi-
gated, a Zn lean alloy (alloy A) and a Zn enriched alloy (alloy B). These
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alloys have a completely different surface etching behavior although
their composition hardly varies. Alloy A gives rise to grain boundary
etching, while alloy B is prone to PGE. After a detailed EBSD observa-
tion of both extruded alloys in cross-section, a shear layer can be iden-
tified based on the crystallographic orientation of the grains, clearly
distinguishing it from the alloy bulk structure. The results show that
the difference in etching response is big between the Zn lean and
the Zn enriched Al 6060 alloy within the shear layers, but is negligible
in the bulk of the alloys. Removing the shear layers of the extruded
profiles thus reduces the difference between the two etching behav-
jors. Hence, it can be concluded that the reasons for the different
etching behavior of the Zn lean and Zn rich Al 6060 extrusion alloys
must also be found in the properties of the shear layer and are not
purely depending on the etching bath, the bulk structure, or composi-
tion of the alloys.
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