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Abstract

This is a study on grain-scale micromechanics of polycrystal surfaces during plastic straining. We use Al-Mg-Si
sheets (alloy AA6022) as model material. The work aims at understanding the relationship between microstrain hetero-
geneity and surface roughness in plastically strained polycrystals in terms of the surface and through-thickness micro-
structure. Experiments were conducted on polycrystals with identical composition but different processing and micro-
structures. We performed tensile and bending tests on sheet samples cut in transverse and rolling directions. We
investigated the plastic surface microstrains (photogrametry), surface topography (confocal microscopy), particle distri-
bution (metallography, SEM), microtexture (EBSD), and grain size distribution (EBSD) in the same sample regions.
We also conducted in-situ straining experiments where the microtexture, surface topography, and stress—strain behavior
were simultaneously determined. The results reveal a relationship between the heterogeneity of plastic surface
microstrains, roughness, and microstructure. In particular a correlation could be established between microstrains and
banded microtexture components (Cube, Goss, {1dg]).

0 2003 Acta Materialia Inc. Published by Elsevier Science Ltd. All rights reserved.

Keywords: Aluminium; Texture; Surface structure; Micromechanical modeling

1. Introduction microstructural surface defects. It is useful in this
context to differentiate betweenntrinsic and

1.1. Intrinsic surface defects during plastic extrinsic defects. As intrinsic ones we denote alll

straining surface changes that occur in the form of net

residual inhomogeneous surface displacement

Plastic straining of polycrystalline metals is fields as a result of microstructure dynamics during
accompanied by the gradual development of plastic straining. It is typical of such surface
defects that they occur likewise in the bulk. In
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ent in a surface defect (e.g. glide steps, shear
bands, hard and soft grains, etc.). As extrinsic sur-
face defects we denote all surface changes that
occur through the influence of the environment, be
it by mechanical contact (forming tools, friction
conditions, non-homogeneity of forces and
material flows) or by corrosion. These latter effects
are not necessarily connected to characteristic
microstructure mechanisms which appear likewise
in the bulk material. This paper is concerned
exclusively with intrinsic surface defects, more
precisely, with heterogeneous intrinsic grain-scale
surface changes during plastic straining of polycry-
stalline sheet metals.

Intrinsic surface defects occur at different spatial
scales and can have different origin, similar to the
corresponding hierarchy of heterogeneous dis-
placement fields caused by lattice defects in the
bulk during plastic straining. Figure 1 and Table 1
show some examples of surface displacements in
hierarchical order including surface defects gener-
ated by eastic distortions (a); point defects (b);
atomic dlip steps caused by single dislocations
leaving the bulk (c); larger crystalographic slip
steps created by sets of collectively gliding dislo-
cations on parallel or identical glide planes (d); sur-
face twins or atherma stress-induced transform-
ation phenomena such as martensite (€); non-
crystallographic glide traces caused by dislocation
bands which contain localized and collective dlip
activity on parallel and non-paralel glide systems
(f); surface cracks (g); orange peel phenomena
where crystals at the surface undergo individual
out-of-plane displacements (h); individual surface
deformation by hard and soft phases (e.g. hard pre-
cipitates in a soft matrix) (i); aswell asridging and
roping phenomena, which are characterized by the
collective deformation of larger sets of similarly
oriented grains typically resulting in a banded sur-
face topology (j). Orange peel and ridging
phenomena will be addressed in greater detail in
the ensuing section. Depending on material and
boundary conditions, various types of surface
defects can occur at the same time during plastic
straining. Elasticity is involved in all cases. From
a microstructural standpoint it makes sense to sort
the above listed different mechanisms and effects
into three basic groups of intrinsic surface defects
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Fig. 1. Some examples of surface defects in hierarchical spa-
tial order (see also Table 1). (a) Elastic distortion; (b) point
defects; (c) atomic surface steps caused by single dislocations;
(d) larger crystallographic slip steps created by sets of collec-
tively gliding dislocations on parallel or identical glide planes;
(e) surface twins or atherma stress-induced transformation
phenomena such as martensite; (f) non-crystallographic glide
traces caused by dislocation bands which contain localized and
collective dlip activity on paralel and non-parallel glide sys-
tems; (g) surface cracks; (h) orange peel phenomena where
crystals at the surface undergo individual out-of-plane displace-
ments; (i) individual surface deformations by hard and soft
phases (e.g. hard precipitates in a soft matrix); (j) ridging and
roping phenomena, which are characterized by the collective
deformation of larger sets of grains typically resulting in a
banded surface topology.

(f)

according to whether they are predominantly gov-
erned by point effects, disocations, or interfaces,
similar as in plastically strained bulk material.

1.2. Grain-scale surface defects during plastic
straining

Grain-scale roughening in homophase alloys can
be grouped into orange peel and banding phenom-
ena. The former are characterized by out-of-plane
displacement fields (negative or positive), which
roughly map the grain shape of the material. The
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D. Raabe et al. / Acta Materialia 51 (2003) 1539-1560 1541

Hierarchy of surface defects generated during elastic—plastic deformation

Surface phenomenon

Underlying mechanisms Local surface displacement

Elastic distortions
Point defects
Creep pores and hills

Atomic dip steps

Larger crystallographic dlip steps
Surface twins

Atherma transformation phenomena

Non-crystallographic glide traces

Cracks
orange peel

Surface co-deformation of hard and
soft phases
Ridging and roping

Local stress state and Hooke's law x So
Diffusion, mechanics o« a

Diffusion, mechanics, creep D b®
9 (ke TYd"
Dislocations penetrating the surface x b ka T)
Dislocation bands consisting of sets of « Mpbyv
collectively gliding dislocations on parallel
or identical glide planes B
Stress-induced orientation dependent twin V2
formation * HVe
Stress-induced orientation dependent phase V2
transformations (e.g. martensite) * 7\’3

Diglocation bands which contain localized = g,
and collective dlip activity on parallel and

non-parallel glide systems; often related to

macroscopic strains

Fracture mechanics —
Different crystals produce individual out-of- o« d m ey
plane grain-scale surface displacements due

to their different orientation factors and

resulting shape changes

Hard and soft matter assembled in one « R(oi—0m)
microstructure
Collective deformation of larger sets of o« Pi(M,—M,)

grains typically resulting in a banded surface
topology

b: Burgers vector; a: atomic spacing; S elastic compliance; o: stress; M: Taylor factor; p: density of mobile dislocations; v: velocity
of dislocations; D: Diffusion coefficient (for bulk or grain boundary diffusion); kg: Boltzmann constant; T: absolute temperature; d:
grain size with exponent —n, where n is 2 or 3 (bulk or grain boundary creep); v,: twinned volume of a grain; v, athermally
transformed volume of a grain; €. plastic strain; m: Schmid factor; R, P: effective elastic—plastic compliances; o;: stress in the
inclusion; oy, stress in the matrix; i: number of grainsin a banded microtexture cluster; M, Taylor factor of hard grains in a banded

microtexture cluster; My,: Taylor factor of soft grains in a banded microtexture cluster.

latter are commonly referred to asridging or roping
phenomena. They occur in the form of banded sur-
face undulations which typically extend along the
rolling direction of the material. They have atrans-
verse extension above the grain size (Fig. 2).
Grain-scale surface roughening effects have
been investigated in various studies, both with
respect to the microstructure dependence of wear
as well aswith respect to the correlation of surface
patterning and microstructure. Most recent studies
in this field focused on quantitative microstructure
experiments with high lateral resolution. Specid
attention was typically placed on understanding the
dependence of surface roughening on grain size,
total strain, and crystalographic texture. Early

studies showed that surface roughness increases
with the von Mises or respectively through-thick-
ness strain and with the grain size [1-8]. At low
strains both dependencies were often found to be
linear. Increasing deviations from a linear relation
were observed at medium and large strains. For
instance Wilson et al. [5] found anon-linear depen-
dence of surface roughness on grain size and strain
a large plastic strains. Deviations from linearity
were aso found by Mizuno and Mulki [6]. More
recent work on brass, however, revealed a linear
dependence of surface roughness on both, strain
and grain size up to large strains of 0.8
(logarithmic strain) [8].

Also, a close connection was observed between
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(b)

rolling
direction

Fig. 2. Grain-scale roughening in homophase alloys occurs in
the form of orange peel and banding phenomena. Orange peel
is characterized by out-of-plane displacement fields (negative
or positive) which roughly map the grain shape. Banding is
commonly referred to as ridging or roping. It occursin the form
of banded surface undulations which typically extend along the
rolling direction of the material and which have a transverse
extension above the grain size.

grain-scale surface roughening and crystalo-
graphic texture. More precisely, the microtexture,
the misorientation distribution, the two point corre-
lation function, the global texture, as well as indi-
vidual crystalline shear and reorientation rates
were related to grain-scale roughening [5,9-19].
Due to these studies local crystal orientation analy-
sis plays an ever-increasing role in the investi-
gation of surface micromechanics. An important
consequence of the close relationship between tex-
ture and roughening is that surface micromech-
anics must be regarded as a tensorial and not a
scalar problem [7,20], i.e. the deformation mode
has an influence on surface roughness. Vice versa
surface topology was observed to have a significant
influence on the forming limits of sheet material.
For instance Yamaguchi et a. [20] showed that an
increase in the forming limits of polycrystalline
sheet metals could be achieved by removing sur-
face roughness. The experiments were conducted
on balanced biaxia stretching of aluminum sheets
and foils. This observation also underlines the
close correlation of strain localization, strain hard-
ening, and surface roughness. Similar observations
were made by Jain et al. [7] who studied the corre-
lation of strain hardening, grain size parameters,
and surface roughening with respect to the predic-

tion of biaxial tensile limit strains of two different
auminum sheets with different strain hardening
characteristics. An essential detail of this work is
that the use of the average grain thickness as a
measure of the grain size served as an excellent
parameter to predict the surface roughness during
plastic straining.

Mahmudi and Mehdizadeh [8] investigated sur-
face roughening during plastic straining in uniaxial
and equi-biaxial stretching experiments using 70—
30 brass sheets. Their study substantiated for a
wide range of parameters a good correlation
between grain size and surface roughness. It was
found that the roughness increment was pro-
portional to the applied strain and the grain size of
the sheets. Mahmudi and Mehdizadeh observed for
al investigated materials that roughness was more
pronounced in the transverse direction (referring to
the coordinate system imposed by rolling) than in
the longitudinal direction. The authors concluded
that the non-uniformity of the grain structure,
together with the inhomogeneities present in the
material, acted as main sources of surface roughen-
ing.

Considerable progress towards a more detailed
understanding of the micromechanics of grain-
scale roughening was achieved by the study of
Becker [11] who investigated the effects of strain
localization on surface roughness of auminum
sheets employing crystal plasticity finite element
simulations. The model accounted for the grain
structure near the sheet surface with the behavior
of the grains being characterized by a constitutive
law which accounts for deformation by crystallo-
graphic dlip and for rotation of the crystal lattice
with deformation. The author found, in addition to
the earlier observed linear dependence of surface
roughening on strain and grain size, that small-
scale strain localization effects at the sheet surface
played a significant role for roughening. From this
observation he concluded that factors, which affect
strain localization, such as strain hardening, texture
and microstructure homogeneity, also affect sur-
face roughening. His simulations showed for the
first time in a detailed fashion the generation of
grain-scale surface patterns induced by the materia
inhomogeneity inherent in apolycrystal. This study
made clear that even in an otherwise homogeneous
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portion of material, inhomogeneity generally enters
through the presence of grains with different crys-
tallographic orientation.

Lee et a. [12] investigated the development of
grain scale roughening (orange pedl) in an alumi-
num 6022-T4 sheet for automotive application by
using interference microscopy and electron back
scattering diffraction (EBSD) experiments. No
clear relationship was identified between orange
peel development and the crystallographic orien-
tation of the surface grains. Brass-oriented grains,
{011}(211) (,=35°, ¢=45°, ¢,=0°), tended to be
located in the high spots or peaks of the surface
of the deformed specimen. Surface height gradients
predicted from allowing the surface grains to shear
in relaxed constraints mode were weakly correlated
with the experimental surface height gradient.
Bethke et a. [13] presented a similar detailed
microtexture study on ridging phenomena in fer-
ritic stainless steel.

Wittridge and Knutsen [14] investigated the
evolution of grain-scale surface roughness during
uniaxial tensile deformation, placing particular
attention on the development of parallel ridges and
valeys in auminum sheets. Their analysis was
based on detailed microstructural characterization
techniques including polarized light microscopy,
bulk texture determination, and microtexture
measurements. The authors interpreted the results
in terms of in-plane spatial differences in texture
at the sheet surface. They found that colonies of
the R texture component, which were embedded in
a matrix with predominant Cube orientation, pro-
duced differential straining, which eventualy
entailed strain localization through the specimen
thickness and a ribbed profile. This observation
confirmed the fact that grain-scale roughening first
produces microscopic strain localization at the
sheet surface in the incipient stages of plastic
straining and eventually macroscopic through-
thickness strain localization. In agreement with
earlier work along these lines the authors con-
cluded that ridging phenomena could be attributed
to texture inhomogeneity.

One of the most thorough recent studies in the
field was published by Baczynski et al. [15] about
roping phenomena in an aluminum 6111 automo-
tive dloy. In this work the authors investigated

roping and non-roping materials obtained from two
different processing routes. In contrast to earlier
work their study showed that both ridges and val-
leys on the upper and lower surfaces were irregu-
larly distributed in the rolling direction, i.e. they
were not in synchrony. Ribbed profiles as well as
corrugations were only rarely observed. By using
electron back scattering diffraction (EBSD) experi-
ments the authors demonstrated that the spatial dis-
tribution of Goss oriented grains were mainly
responsible for the roping behavior in the investi-
gated alloy. Furthermore, the authors found that the
work hardening rates of roping and non-roping
specimens were similar. The anisotropy of fracture
elongations in the sheet plane was found to be sig-
nificantly larger in the roping than in the non-rop-
ing material. This observation was interpreted in
terms of the strong anisotropy of the Goss texture
component in the roping material.

Huh and Engler [16] investigated the effects of
intermediate annealings on texture and ridging of
a 17%Cr ferritic stainless steel. They observed that
sheets with weaker through-thickness texture
gradients as well as enhanced recrystallization tex-
tures were less prone to show pronounced ridging.
Similar observations were made by Salsgiver et al.
[17]. Engler et al. [18,19] recently presented two
detailed reviews on the correlation of ridging and
texture in AI-Mg-Si (6xxx) sheet for autobody
applications revealing in particular a strong corre-
lation between the orientation density of the Cube
orientation and the ridging height.

1.3. Scope of the study

This study investigates correl ations between het-
erogeneous plastic microstrains, microstructure,
and both types of intrinsic grain-scale surface
effects introduced above (orange ped,
ridging/roping). We use a novel experimental
approach which is characterized by the joint
measurement of accumulated plastic surface
microstrains; surface topography; particle distri-
bution; microtexture; and grain size distribution in
the same surface areas with high latera resolution.
As model materials we use 6022 aluminum sheets
with identical chemical analysis but different
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microstructures and different surface roughening
behavior.

The goa of this study is twofold. First, we am
at an improved basic understanding of the origin
of intrinsic microstructural grain-scale roughening
effects, focusing both on individua grain and
grain-neighbor mechanics (orange peel) as well as
on banded grain-cluster mechanics (ridging).
Second, we show that the use of photogrametry
for the determination of non-homogeneous surface
microstrains can serve as an excellent experimental
tool for the correlation of microstructure and
micromechanical surface phenomena.

2. Experimental methods
2.1. Specimens and mechanical tests

We used four types of samples of a commercial
6022 aluminum sheet containing 1.2 weight% sili-
con and 0.6 weight% magnesium. The alloy com-
bines good plastic formability with moderate
strength. The sheets were warm rolled, intermedi-
ate annealed, cold rolled, and naturally aged to T4
condition using sightly varied process parameters.
The sheets had a thickness of 1 mm. As a result
al four sample types had the same chemica com-
position but different surface appearance after 7%
plastic straining (engineering plastic tensile strain),
due to differences in processing. In the following
we denote the samples A, B, C, and D, respect-
ively, according to their individual process history.
According to eyerating samples A showed the
smallest and samples D the largest surface rough-
ness after plastic straining in terms of both, the
average and absolute roughening height.

On all samples we conducted tensile and bend-
ing tests paralel to the rolling and transverse direc-
tions. The tensile samples had a dog-bone shape
with a width-to-gauge aspect ratio of 6.5. In the
bending tests samples were bent over a radius of
7 mm using 10° steps between the measurements.
For both types of mechanical tests one set of each
sample type was mechanically polished, followed
by electropolishing to a mirror finish. Another set
remained unpolished to study the transition from
inherited to intrinsic surface roughening. The sur-

face topography of each sample was recorded
before and after testing in the same surface region.
We also conducted in-situ experiments where the
microtexture, surface topography and stress—strain
curve were simultaneously determined during elas-
ticplastic tensile straining.

2.2. Measurement of microstrains, surface
topography, and microstructure

In the joint experimental investigation all
deformed samples were characterized in terms of
the accumulated plastic surface microstrains, sur-
face topography, microtexture, grain size distri-
bution, and particle distribution in the same surface
and transverse regions between all straining or
bending steps, respectively. This means that al
correlations between microstrain, microstructure,
and surface properties are spatially one-to-one and
not statistical.

The plastic surface strains were determined by
taking digital gray-scale images of the sample sur-
face after each deformation step. The in-plane and
out-of -plane 3D plastic displacement field was then
calculated taking the previous or initial state as ref-
erence using a photogrametric method. This digital
image analysis method is based on the recognition
of geometrical changes in the gray scale distri-
bution of images mapping surface patterns before
and after straining [21]. Pattern recognition is
quantitatively carried out by an image processing
method which places a virtual rectangular grid onto
the gray scale pixel image. The grid points are
characterized by 3D coordinates and by the gray
scale distribution in the area surrounding them.
After straining the pattern is recognized based on
the assumption that the gray scale distribution
around a certain coordinate remains constant dur-
ing straining. From the change in border coordi-
nates containing the correct initial gray scale distri-
bution around a grid point the displacement field
is determined for each coordinate. It serves asinput
for deriving the surface components of the local
strain tensor. After each deformation step the sur-
face pattern was acquired and the displacement
field as well as the strain distribution were calcu-
lated [21].

The 3D surface topography of the specimens
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was measured by using a white-light confocal
microscope. Confocal microscopy works by a point
distance measurement using a depth discrimination
method in reflection mode. In a first focusing step
light which is emitted from a point source is
imaged into the object focal plane of a microscope
objective. An in-focus specimen location results in
a maximum flux of the reflected light through a
detector pinhole (second focusing), whereas light
from defocused object regions is partly suppressed.
Therefore, the detector signal as limited by the pin-
hole size is reduced drastically when defocusing
the specimen. For the current study this principal
design was improved for fast 3D measurements by
use of a spinning multiple pinhole mast (Nipkow
disk) in an intermediate image plane of a micro-
scope. The Nipkow-disk consists of an array of
pinholes arranged in a spiral shape. The disk which
is operated in a spinning mode is illuminated by a
plane wave and acts as a scanning multiple point
light source which is imaged into the object focal
plane of the microscope objective. After the
reflection of light each illuminating Nipkow pin-
hole acts as its own detector pinhole. Combined
with fast CCD image processing the rotating Nip-
kow disk affects the in-plane-scan of the object
field in video-real-time. Therefore, only the
additional out-of-plane scan is required for 3D
acquisition. The Nipkow-disk expands the effect of
depth discrimination to the area of the microscope
object field, which allows optical sectioning like in
computer tomography.

Crystal orientation maps at the sample surface
were determined by orientation mapping. Thisis a
technique used to analyze loca texture and grain
boundary topology in crystalline material. Local
lattice orientations were measured on aregular grid
by automated acquisition and processing of elec-
tron backscatter diffraction patterns in the scanning
electron microscope. The step size of the measure-
ment grid (15 pm) was chosen as a compromise
between accuracy and measuring time. Large areas
were measured to identify the microtextures per-
taining to long-range surface undulations. From the
microtexture data we also extracted the grain size
distribution and mapped local grain size cluster
phenomena as well as coupled grain size and orien-
tation cluster phenomena. Since it is likely that

particularly long range! grain-scale surface defects
aretypically not a consequence of the surface grain
layer alone but have their origin in the mechanics
of the bulk grains below the surface, we aso
mapped the microtexture of the transverse sections
of all sheets. The scanning area of in the transverse
sections amounted to 1200 umx2000 pm using a
step size of 15 um. The particle density (area
percent) was determined by using a digital image
analysis method. It was applied to images provided
by scanning electron and optical microscopy.

In order to obtain a complete characterization of
a polycrystalline surface area the above described
experimental procedures were applied after each
deformation step to the same strained areas. All
sets of mappings, the orientation maps, the top-
ography maps, the surface strain maps, the grain
size maps, and the particle distributions were taken
over a surface area of about 4000 pmx4000 pm.

3. Experimental results
3.1. Flat tensile tests

3.1.1. Microstrain distribution at the surface
Figure 3 shows the distribution of the accumu-
lated plastic von Mises strain in samples A (best
eye-rating), B, C, and D (worst eye-rating) in the
surface after 7% plastic straining in the transverse
direction (flat tensile test). The in-plane strain dis-
tribution was calculated from the displacement
field which was determined by use of the photogra-
metric method explained in the preceding chapter.
Sample A reveals arather homogenous distribution
of the von Mises strain with only modest equiaxed
localizations in the sheet plane. Strain deviations
from the mean value remain small. Pronounced
banding of strain does not occur. In contrast, sam-
ple B is characterized by strain bands which are
aligned aong the former rolling direction. The hills
and valleys significantly deviate from the mean
strain. Sample C also reveals banded microstrains
in the rolling direction. However, the differences

1 Long range meaning n times the grain size, where n is
between 10 and 50.
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transverse direction

Fig. 3. Distribution of the accumulated plastic von Mises strain in samples A (best eye-rating), B, C, and D (worst eye-rating) in
the sheet surface after 7% engineering plastic straining in the transverse direction (flat tensile test). The strain distribution was
calculated from the displacement field which was determined by use of a photogrametric method [21].

between valleys and hills are less pronounced than
in sample B. The distribution of the accumulated
plastic surface strain of sample D reveals pro-
nounced banding in the rolling direction. It is
important to note that all samples reveal an align-
ment of their strain bands perpendicular to the
macroscopic tension direction (transverse direction
when expressed in sheet coordinates) which clearly
indicates a microstructural origin of strain localiz-
ation.

3.1.2. Surface topography after plastic straining

Figure 4 shows the surface topography of
samples A-D after 7% engineering plastic tensile
strain in the transverse direction. The presented
data were taken from samples which were polished
to a mirror finish before the tensile tests in order
to focus on the intrinsic origin of surface roughen-
ing. The figures were assembled using white light
confocal microscopy. The color code represents the
height of each surface point taking reference to one
common minimum a 0.0 um. The topography
maps in the first row have been corrected for undu-
lations stemming from macroscopic sample bend-
ing (form correction). The waviness maps in the
second row have been filtered for small-scale
roughness and show undulations with wavelengths
above 0.8 mm. The maps in the third row show the
short-range roughness, filtering out all wavelengths
above 0.8 mm.

Sample A shows homogeneous roughening. The
waviness (second row) is similar as for samples B
and C. Short range roughening (third row in Fig.
4) occurs in the form of equiaxed areas of about
20-30 pm in diameter. Most of these grain-shaped
roughness peaks and valleys show an absolute

roughness value between 2 and 4 um. The sample
does not reveal any particular (longitudinal or
transverse) alignment of the roughness pattern
(third row). Sample B reveals a much more pro-
nounced surface topography which is characterized
by large pesks and deep valleys having both a
width of about 1 mm. Sample B aso shows pro-
nounced grain scale roughening, however, with
larger amplitudes when compared to sample A.
Sample C shows banded grain scale roughness par-
alel to the original rolling direction. The waviness
of sample C does not revea such an orientation
dependence. Sample D reveds both, banded long
range waviness (second row in Fig. 4) as well as
strongly banded grain-scale roughening (third row
in Fig. 4). The width of the bands amounts to 200—
400 um. The length of the bands extends in part
over the entire scanned area length of 4 mm. This
applies equaly for the valleys and the peaks. This
means that sample D is the only specimen which
reveals a banded topology both at the grain scale
(third row) and at the grain-cluster scale (second
row).

3.1.3. Microtexture

Figure 5 shows the surface microtextures of the
four sample types A-D before plastic straining.
The data are given in terms of a color-code for the
crystallographic axes parallel to the normal direc-
tion (ND). The grain structure is revealed by map-
ping the misorientations among neighboring
points. Thin lines indicate orientation changes
between 5° and 15° (small angle grain boundaries).
Fat lines indicate orientation changes above 15°
(large angle grain boundaries). Samples A and B
show a very homogeneous grain morphology with
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Fig. 4. Surface topography of samples A-D after 7% engineering plastic tensile strain in the transverse direction. The data were
taken from samples which were polished to a mirror finish before the tensile tests in order to focus on the intrinsic origin of surface
roughening. The figures were assembled using white light confocal microscopy. The color code represents the height of each surface
point taking reference to one common point at 0 um. The topography maps in the first row have been corrected for undulations
stemming from macroscopic sample bending (form correction). The waviness maps in the second row have been filtered for small-
scale roughness and show undulations with wavelengths above 0.8 mm. The maps in the third row show the short-range roughness,

filtering out all wavelengths above 0.8 mm.

p——

transverse direction

Fig. 5. Surface microtextures before plastic straining. The presentation uses a color code for the crystallographic axes paralel to
normal direction (ND). The grain structure is revealed by mapping the misorientations among neighboring measuring points. Thin
lines indicate orientation changes between 5° and 15° (small angle grain boundaries). Fat lines indicate orientation changes above

15° (large angle grain boundaries).

randomly distributed texture components. Sample
B contains some Cube oriented ({001}(100),
0,=0°, $=0°, p,=0°) grain clusters. The microstruc-
tures of samples C and D are more heterogeneous
in grain morphology, grain size distribution, and

microtexture. The latter sample is characterized by
in-plane banded clusters of similar crystallographic
orientations which are aligned aong the rolling
direction.

Figure 6 shows the in-plane distribution of some



1548 D. Raabe et al. / Acta Materialia 51 (2003) 1539-1560

i

transverse direction

Fig. 6. In-plane distribution of some texture components in the undeformed surfaces. The data show the C/S (C: {112} (111), ¢,=90°,
$=30°, p,=45° S: {123}(634), ¢,=59°, $=34°, ¢,=65°; Q: {013}(231), ¢,=45°, p=15°, (,=10°; Goss ({011}(100), ¢,=0°, $p=45°,
0,=0°), and Cube orientations. The color code indicates the exact orientation in terms of the highest color intensity. Increasing
orientation deviation from the exact texture component is indicated by weaker coloring. Deviations beyond 15° are given in white
color. The Cube and the Q orientations are recrystallization texture components. The Goss and the C/S components are important

rolling texture components.

major orientations in the undeformed surfaces,
namely of the C/S (C: {112} (111), ¢,=90°, $=30°,
0,=45°; S: {123}(634), »,=59°, ¢p=34°, ¢,=65°), Q
({013}(231), @,=45°, ¢=15°, @,=10°), Goss
({011}(100), ,=0°, p=45°, ¢,=0°), and Cube tex-
ture components. The color code indicates the
exact orientation in terms of the highest color
intensity. Increasing orientation deviation from the
exact texture component is indicated by weaker
coloring. Deviations beyond 15° are given in white
color. The Cube and the Q orientations are
important recrystallization texture components.

The Goss and the C/S components are important
rolling texture components. Figure 6 substantiates
that in samples B, C, and D all texture components
are aligned in the form of in-plane orientation clus-
ters parallel to the rolling direction. This applies
in particular for the C/S, Q, and Cube orientations
among which the latter component occupies the
largest area fraction. Banding is strongest in sam-
ple D and weaker for samples C and B. Sample A
reveals practically no orientation clustering in the
rolling direction. The Goss component is (in the
surface mappings) less frequent than the other tex-
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ture components. However, some Goss oriented
grains also occur in weak topological order parallel
to the rolling direction in sample D.

Figure 7(a) gives a detailed analysis of the in-
plane distribution of the cube orientation and of the
ND rotated cube texture component for samples A
and D (ND rotated=rotated about the normal direc-
tion of the specimen). Asin Fig. 6 the color code
indicates the exact orientation in terms of the high-
est color intensity. Increasing misorientation from
the exact texture component is indicated by weaker
coloring. Deviations beyond 20° are given in white
color. The two figures on the right hand side show
the in-plane topology of the 10° ND rotated cube
texture component (¢,=0°, ¢=0°, @,=10°) for
samples A and D as compared to the arrangement
of the exact cube orientation (¢,=0°, $=0°, ¢,=0°)

()

exact cube 10° ND rotated cube

ntation spread (20° max.) orientation spread (20° max.)

COTEET ©F0 Y@/ TN
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Fig. 7. (a) Mappings of the exact cube component with 20°
orientation scatter (left row) and of the 10° ND rotated cube
component with 20° orientation scatter (right row) for samples
A and D. (b) ¢,=0°-sections taken from the orientation distri-
bution functions for samples A, B, C, and D (textures measured
at the sample surfaces by use of EBSD).

(figures on the left hand side). The texture compo-
nent maps indicate that the 10° ND rotated cube
orientation occurs as an individual texture compo-
nent and not only in the form of the spread of the
exact cube orientation [22]. This observation in the
microtexture mapping is confirmed by ¢,=0° sec-
tions taken from the orientation distribution func-
tions (Fig. 7(b)). All samples show ND rotations
of the exact cube orientation. Particularly samples
A and B with minimum ridging tendency reveal
substantial orientational deviation from the exact
cube component about the ND direction (this devi-
ation appears in the form of ¢, changes in the
0,=0° sections). Although samples C and D reveal
a much sharper cube texture when compared to
sample A, they revea |ess orientation spread about
the ND sample axis.

Figure 8 shows through-thickness (transverse)
scans of the microtexture. Although the microtex-
ture is in these mappings less clustered than in the
flat sections some correlations between grain mor-
phology and grain size can be observed. Sample A
exhibits the most homogeneous grain morphology
and grain size of all tested sheets. Sample B shows
more heterogeneous grain morphology and grain
size with large and non-equiaxed flat grains in the
sheet center and smaller grains at the surface.
Samples A and B show smaller surface grains than
samples C and D. Samples C and D reveal stronger
orientation clustering than samples A and B, parti-
cularly of the Cube, Goss, and C/S texture compo-
nents (Fig. 9).

3.1.4. Precipitations

The diameter distribution of the precipitations
was measured for al samples (Fig. 10). The data
were binned into diameter classes. Class 1 rep-
resents the group with biggest and class 13 with
the smallest precipitations. Figure 10(a) shows
large precipitations with particle diameters
between 0.159 pm to 63.096 pm. Figure 10(b)
shows smaller particles with diameters between
0.001 pm and 0.3981 pm.

Sample A clearly exhibits the highest area frac-
tion of large precipitations, particularly in the range
between 2 um and 60 pm. The maximum s at class
3, which corresponds to particle diameters between
15.85 um and 25.12 pm. The other three speci-
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Fig. 8. Through-thickness (transverse) scans of the microtexture in the undeformed samples.

cube

Fig. 9. Through-thickness (transverse) distribution of some
texture components in the undeformed samples. The orien-
tations are the same as in Fig. 6.

mens show a much lower share of large particles.
This applies in particular to samples C and D. The
distribution for the smaller precipitations (Fig.
10(b)) reveal sthe opposite tendency. Sample D has
the largest fraction of fine particles with maxima
in classes 5 to 8, which corresponds to particle
diameters between 10 nm and 60 nm.

3.2. Bending tests

3.2.1. Microstrain distribution at the surface

Figure 11 shows the von Mises strain distri-
bution as a function of the bending angle. Bending
was conducted in rolling and transverse directions
using a bending radius of 7 mm (Fig. 11 shows the
results in the transverse direction for sample D).
The data reveal a rather homogeneous distribution
of the equivalent strain along the transverse direc-
tion when expressed in sample coordinates
(corresponding to the original rolling direction).
Minor strain banding can be found parallel to the
rolling direction of the original sheet. This direc-
tion of the strain bands is the same as observed in
the tensile tests for sample D.

3.2.2. Surface topography after plastic straining
Figure 12 shows the evolution of the surface
topography during the bending of sample A in 20°
steps. The initial banded roughness inherited from
cold rolling was not removed prior to the test in
order to study the transition from external rough-
ness to intrinsic (microstructural) roughness.
Already after 20° bending the initial roughness has
ceased to dominate the roughness pattern. Instead,
a new intrinsic surface structure appears which is
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Fig. 11. Von Mises strain distribution in the surface of sample D as a function of the bending angle (bending in the transverse

direction of the sheet, bending radius. 7 mm).
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Fig. 12. Evolution of the surface topography during bending
of sample A in 20° steps. The initial banded roughness inherited
from cold rolling was not removed prior to the test in order to
study the transition from externa roughness to intrinsic
(microstructural) roughness.

characterized by a more equiaxed surface mor-
phology and only a few bands. This surface top-
ography is more similar to orange peel than to ridg-
ing. After bending the sample 40° a more
elongated roughness pattern appears. After 60° the
surface appearance is more dominated by ridging
than by equiaxed areas (orange peel). The trans-
verse spacing of the elongated hills and valleys
amounts to about 150 pum which is rather large

s

3

J
BiL -3

———> transverse direction (sample D) 300 pm

Fig. 13. Evolution of the surface topography during bending
of sample D in 20° steps. The initial banded roughness inherited
from cold rolling was not removed prior to the test in order to
study the transition from external roughness to intrinsic
(microstructural) roughness.

when related to the grain size. The differences in
height between the hills (typically around 6 pm)
and valleys (typically around 3.5 pum) are rather
small. All in al the data show gradual transition
from an orange peel type surface pattern at low
bending strains to a ridging pattern with low ampli-
tudes and large transverse wavelengths at larger
bending strains.

Figure 13 shows the evolution of the surface
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topography during bending of sample D in 20°
steps. The initial roughness was not removed prior
to testing. Already after 20° bending the roughness
is characterized by banded surface patterns. Equi-
axed valleys and hills are rare when compared to
sample A (Fig. 13). Bending the specimen 40° and
60° entails a sharpened ridging profile. The trans-
verse spacing of the hills and valleys amounts to
about 550 pum which is much smaller than
observed in sample A. This value is close to the
grain size. The differences in height between the
hills (typically around 6 um) and valleys (typically
around 1.5 um) are larger than in sample A. Altog-
ether the data show a pronounced and narrow ridg-
ing pattern with steep transitions between hills
and valleys.

Figure 14 shows for al four sample types the
initial and the final surface topography after 60°
bending (in the transverse direction). The data
reveal a gradua transition from an equiaxed pat-
tern resembling orange peel in the case of sample
A to sharp ridging in the case of sample D. An
essential detail of Fig. 14 is that al four samples
reveal similar maximum and minimum values of
the sheet normal displacements, but their in-plane

0° bending
angle
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=
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Fig. 14. Initial and final surface topography after 60° bending
(in the transverse direction) for al samples.

spatial arrangement, i.e. the pattern of roughening,
is dissimilar as stated above. Figure 15 shows the
development of the surface roughness for all
samples tested in the transverse direction expressed
in terms of the surface parameter S, as a function
of the bending angle. This parameter describes the
mean absol ute deviation from the mean normal dis-
placement,

% > ol @)

RD=1TD =1

where N and M are the number of valuesin the two
perpendicular in-plane axis directions RD (rolling
direction) and TD (transverse direction), respect-
ively, and |zzp tp| a@re the absolute values of the
residual plastic displacements perpendicular to the
plane. Figure 15 reveals that al samples show
below 30° alinear dependence between the rough-
ness parameter S, and the bending angle. While
samples A, C, and D reveal similar roughening
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Fig. 15. Development of the surface roughness for al samples
tested in the transverse direction expressed in terms of the sur-
face parameter S, as a function of the bending angle. The S,
value describes the mean absol ute deviation from the mean nor-
mal displacement (see equation (1)). The surface sections for
the development of roughness in sample B are given for 20°,
30°, and 40° bending (transition regime) using the color coding
as in Figs 12-14.
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behavior also above 30° bending, sample B exhib-
its a transition in slope at a bending angle of 30°.
This fact might at first view indicate a transition
in mechanism for sample B. However, the surface
sections given for the data points at 20°, 30°, and
40° revead that the roughness pattern remains
nearly self-similar in the transition regime (20°—
40°) except for the increase in absolute values.
This observation contradicts a change in mech-
anism.

4. Discussion

Those samples which are characterized by pro-
nounced microtexture banding at the surface (C, D)
reveal good correspondence between microstrains,
roughness, and microtexture (e.g. Figs 3-5). This
means that the observed von Mises microstrain pat-
tern depicted for instance in Fig. 3 for the tensile
tests is in part matched by the spatial arrangement
of certain texture components. Banded arrays,
particularly of Cube and near-Cube texture compo-
nents, reveal the same spatial wavelength (in the
transverse direction) as the observed strain localiz-
ation pattern. Such correlation was also reported
by Engler at al. [18,19]. The Cube and near-Cube
components spatialy coincide with areas which
reveal large out-of-plane displacements (compare
Figs 3, 5 and 6). The importance of the spatia
arrangement of the Goss texture component for the
surface mechanical behavior of the sheets, as
reported for a related aloy in an earlier work by
Baczynski et al. [15], cannot be directly concluded
from the present microtexture mappings taken
from the sheet surfaces. Although the Goss texture
component is in principle capable of playing an
important micromechanical role due to its large
Taylor factor and large crystallographic reorien-
tation rate (when strained in transverse direction
as in this investigation) its volume fraction in the
investigated surface layers is much below that of
the Cube orientation. The latter is naturaly not
anisotropic when rotated 90° about its normal
direction (exchange between rolling and transverse
direction) owing to its four-fold symmetry. The
Taylor factor of the Cube orientation amounts to
2.45 (computed by use of rate-independent Taylor—

Bishop—Hill theory) and its rigid-body reorien-
tation rate to 1.0. In comparison, the Goss orien-
tation reveals a large mechanica in-plane ani-
sotropy (nearly a factor of two) both in terms of
texture hardness (Taylor factor) and reorientation
rate. Its Taylor factor when plastically strained in
the rolling direction amounts to 2.45 and its reori-
entation rate to 0.0. When strained in the transverse
direction its Taylor factor is 4.9 and its reorien-
tation rate 2.24.

It must be recalled though that such micromech-
anical differences between the Goss and the Cube
orientation as derived above from homogenization
theory do not necessarily match the mechanical
behavior of those grains when embedded in a real
polycrystal. Tong et al. [23] have shown that the
experimentally observed individual deformation
response of a particular orientation can deviate
from that expected by a Taylor factor associated
with average deformation response.

The different kinematical properties discussed
here for the Goss and Cube texture components
can serve as a good example for a generalized
comment on the relationship between texture and
ridging. As is apparent from the present data and
will aso be shown below in terms of crystal plas-
ticity simulations any significant incompatibility in
the individual shape change or reorientation rate
occurring between abutting clusters of similar crys-
tals or between clusters of similar grains and some
average matrix around them is sufficient to initiate
acorrugated sheet surface at the scale of the cluster
size. It is, therefore, mainly the topologica clus-
tering and the spacing of crystallographically simi-
lar (clustered) regions consisting of kinematically
similar grains which entails ridging. Orange pee
on the other hand is a grain-scale phenomenon
where the overal displacement field is essentialy
formed by the shape changes of individual grains.

Irrespective of the rather decent spatia corre-
spondence of the Cube orientation (and not of the
rare  Goss orientation) with the observed
microstrain distribution in the surface one must not
forget that ridging phenomena which arise from the
collective co-deformation of similarly oriented
crystals assembled in bands depend aso on the
through-thickness distribution of such texture
component clusters (Figs 8 and 9). In other words
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it would be misleading to expect a one-to-one cor-
respondence of surface strains, surface topography,
and surface texture. In this context one should note
that particularly sample C is in the transverse tex-
ture sections (Figs 8 and 9) characterized by an
orientation density of Goss which is larger than
that of Cube. Sample D even reveas substantial
through-thickness clustering of a texture compo-
nent which is close to {111} [uvw] (see areas with
blue color in Fig. 8), i.e. which is dightly misori-
ented with respect to the C/S orientation.

Therefore, we conclude that the banded surface
topography in samples C and D is basicaly due to
the elongated arrangement of the (slightly inclined)
Cube, Goss, and ~{ 111} [uvw] oriented grain clus-
ters in samples C and D both, in the surface layer
as well as through the sheet thickness. Particularly
the 90° anisotropy of surface roughening (straining
in the transverse direction entails larger surface
undulations than straining in the rolling direction)
can be interpreted in terms of the (weak) presence
of the Goss texture component and of the dlightly
about the ND (normal direction) rotated Cube
component which both reveal a significant ani-
sotropy in Taylor factor and reorientation rate
whilst the exact Cube orientation is symmetrical
with respect to this operation.

Weaker correlation between the measured
microstrains and the in-plane surface texture is
observed for samples with less pronounced texture
banding. For instance, samples A and B revea a
microtexture with no elongated orientation arrays
and, consequently, with smooth roughening
behavior. However, the in-plane distribution of the
accumulated plastic strain at the surface is less
homogeneous than the surface microtexture sug-
gests. For instance, Fig. 3 shows pronounced
banded strain localization effects for sample B,
athough with a larger transverse spacing of the
strain maxima than in samples C and D, whilst its
corresponding surface texture appears to be homo-
geneous (Fig. 5). This discrepancy can be
explained in terms of the through-thickness distri-
bution of the Cube and particularly of the Goss
grains (Figs 8 and 9). The result also shows that
the direct determination of surface microstrains is
a more sensitive, direct, and tractable investigation

tool for surface micromechanics than texture
measurements or roughness measurements alone.

Interesting details about the correlation between
microstrains and microstructure are also in Figs 12
and 13. Sample A (Fig. 12) revedls after bending
an equiaxed orange peel-type surface roughness
pattern. The valleys and hills have diameters
between one and four times the grain size. This
pattern resembles the situation presented in Figs
1(h) and 2(a). The banded structures, which are
initially present at the surface, are rolling marks,
i.e. extrinsic surface defects inherited from rolling.
They do not have intrinsic microstructural origin.
Sample A does not seem to change its basic intrin-
sic surface behavior during straining, i.e. the mech-
anisms and the resulting surface pattern remain the
same throughout the straining history. Roughness
increases linearly as a function of strain, i.e. of the
bending angle (Figs 11 and 15).

Sample D shows a different roughening
behavior than sample A (Fig. 14). For small bend-
ing angles up to 20° sample D exhibits an orange
peel behavior similar to sample A (Fig. 12). Above
20° bending the roughness pattern changes from an
equiaxed topology into a more elongated banded
structure which rapidly becomes sharper with
increasing strain. Three important observations can
be made from these figures. First, the slope or
change in slope of the surface roughening para
meter S, as a function of strain or respectively
bending angle does not provide reliable insight into
the basic microstructural mechanism behind rough-
ening. This observation was already made when
describing the roughness maps of sample B in Fig.
15 in the preceding section. In this case (sample
B) the dope of the scalar roughness parameter S,
changed without any significant topological match
in the surface roughening pattern. In the present
case of sample D, changes in surface pattern at a
bending angle of 20° (Fig. 13) are not matched by
a corresponding change in slope of S,. Second, the
absolute value of roughening does not indicate
which mechanism prevails. In other words strong
roughness can originate from both, orange peel or
ridging. Third, eye rating of surface quality does
not necessarily reflect the value of the scalar
roughness parameter S, which characterizes a sam-
ple surface. It is more likely that eye rating of sur-
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Fig. 16. Subsequent images of grain-scale roughening from an in-situ experiment. The data were directly observed during a flat
tensile test in a white light confocal microscope. The data show the strong orientation dependence of grain scale surface roughening.
While two grains revea a positive displacement parallel to the sheet normal the small grain between them reveals the opposite
behavior (when using the displacement of the large grain as a reference).

face roughness is much more influenced by the
type of pattern which appears rather than only by
the absolute values of the sheet normal displace-
ments. In this context ridging with its elongated
sharp surface lines seems to be more critical to the
human eye than the equiaxed orange peel type sur-
face pattern.

Figures 16 and 17 give an in-situ example of the
dependence of orange peel surface roughening on
the local grain orientation. The roughness data
were directly observed during a flat tensile test in
the white light confocal microscope. The data show

e?12°k_

Fig. 17. Surface microtexture map (left hand side) together
with the roughness map after 12% engineering plastic straining
taken from the in-situ experiment. The square in the center rep-
resents the indent which was used as a marker.

the strong orientation dependence of surface
roughening at the grain scale. While two grains
reveal a positive displacement parallel to the sheet
normal the small grain between them reveals the
opposite behavior (when using the displacement of
the large grain as a reference).

Detailed theoretical studies on the shape change
of grains at the surface of polycrystal aggregates
were conducted using viscoplastic crystal plasticity
finite element simulations. Figure 18 shows some
results obtained from simulations of a plastically
stretched bamboo polycrystal which consists of
three subsequent crystals. The two outer grains
have Cube orientation. The grains in the middle
have Goss orientation (Fig. 18(a)), 90° about the
normal rotated Goss orientation (Fig. 18(b)), and
S orientation (Fig. 18c). The simulations show the
grain-scale evolution of differencesin surface top-
ology during longitudinal straining. The Goss
orientation has similar kinematic properties to the
Cube component when stretched in the longitudi-
nal direction. When rotated 90° about the normal
direction as in Fig. 18(b) (to simulate transverse
straining of the bamboo polycrystal with the Goss
component in the middle), the Goss orientation
(now 90° rotated) is much harder than the Cube
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Fig. 18. Crystal plasticity finite element simulations of a plastically stretched bamboo polycrystal which consists of three subsequent
crystals. The two outer grains have Cube orientation. The grains in the middle have Goss orientation (Fig. 18(a)), 90° about the
normal rotated Goss orientation (Fig. 18(b)), and S orientation (Fig. 18(c)). The arrows indicate strain localization. The colour code

indicates the von Mises strain.

orientation and, therefore, retains a higher surface
level than the cube orientation. The interface
between the crystals is characterized by strong
strain localization effects. Such localization
phenomena are usually regarded as starting points
for ridging [11,24]. Strain localization in the form
of shear banding (45° with respect to the sample
surface) is even initiated inside the (Cube) grains
for the co-deformation of the S and the two Cube
crystals (Fig. 18(c)). The simulations clearly show
that the displacement mismatch between two
neighboring crystals is sufficient to initiate strain
localization. The mismatch among abutting crys-
tals entails steep changes of the out-of-plane dis-
placement field across the grain boundary which in
turn leads to large local stresses, similar as for
cracks, and, therefore, to strain localization. This
kinematical effect of microtexture on the early
stages of strain localization was aso pointed out
by Becker [11]. The largest incompatibility is
observed for Cube and 90° rotated Goss
(corresponding to a grain pair consisting of Cube
and Goss when sdtrained in the transverse
direction). The second largest incompatibility
occurs for Cube and S. Cube and Goss are very
compatible when strained in the longitudinal direc-

tion, and, consequently, do not reveal strain local-
ization.

The microtexture measurements also revealed
differences in grain size and grain shape in the
sheet plane (Fig. 5) as well as through the sheet
thickness (Fig. 9). Samples A and B show smaller
surface grains and only very few clusters of similar
oriented grains. Samples C and D show a much
more heterogeneous distribution of the grain size
and shape. In particular they revea clusters of
similarly oriented crystals which are aligned along
the former rolling direction of the sheets. Thisindi-
cates that groups consisting of similarly oriented
grains might have been formed during processing
from originally uniform larger grains which were
elongated in the rolling direction for instance in
the former hot band. This process might occur by
discontinuous simultaneous nucleation of similarly
oriented new grains in one origina hot band or
cold band grain or by continuous subgrain coarsen-
ing. Figure 19 gives a closer view on this aspect.
It shows the grain boundary misorientations in a
flat section at the surface for samples A and D.
While sample A contains mainly large angle grain
boundaries with misorientations above 25° (black
lines), sample C shows larger areas where neighb-
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Fig. 19. Grain boundary misorientationsin aflat section at the
surface for samples A and D. Sample A contains mainly large
angle grain boundaries with misorientations above 25° (black
lines). Sample D shows more smal angle misorientations
between 2° and 15° (yellow lines).

oring grains have smal angle misorientations
between 2° and 15° (yellow lines). This obser-
vation suggests that the grain structure of sample
A might have been created essentially by discon-
tinuous subgrain coarsening, i.e. by classical for-
mation of large angle boundaries, and that sample
D contains areas (containing large fractions of yel-
low lines) which have essentially undergone con-
tinuous subgrain coarsening [25].

This suggestion is aso covered by Fig. 20 which
shows the misorientation distributions for the in-
plane microstructures of samples A and D. The
corresponding distributions of the rotation axes are
not given. The two figures in the left column show
the point-to-point misorientation distributions for
al pairs of neighboring microtexture measurement
points (Fig. 5). This kind of presentation is also
referred to as correlated misorientation distri-
bution. The two figures in the right column show
the statistical misorientation distributions for ran-
dom pairs of non-neighboring microtexture
measurement points. This kind of presentation is
also referred to as uncorrelated misorientation dis-
tribution. Minor in-grain misorientation scatter
below 2° is not given in the diagrams. The black
linesin all diagrams show the misorientation func-
tion for the case of a random theoretical crystallo-
graphic misorientation distribution.

Comparing the correlated (neighbor pair) mis-
orientations (left hand side of Fig. 20) of sample
A and D clearly revedls that the distribution for
sample A resembles that of a random misorien-

tation distribution. In other words the microstruc-
ture of sample A does not contain significant grain
clustering or misorientation correlations beyond
the statistical limit. In contrast to this observation
sample D reveals a much larger volume fraction
of small angle grain boundaries which exceeds the
statistical limits particularly in the regime between
2° and 25°. Large angle grain boundaries with mis-
orientations above 25° have a frequency much
below the statistical limit. Furthermore, the dia-
grams on the right hand side of Fig. 20 revea that
the characterization of grain clustering must be
conducted by using a point-to-point misorientation
analysis of actual neighbor pairs rather than an
uncorrelated misorientation analysis of statistical
pairs of orientations. This means that a reliable
grain cluster analysis requires the use of microtex-
ture data.

In the context of grain cluster analysis (Figs 19
and 20) it is aso important to consider the possi-
bility of particle-stimulated nucleation [19,22,26].
The samples which show the most random
microtextures with very rare orientation clustering
(Fig. 5) are the ones which have the largest area
fractions of large particles (Fig. 10(a, b)). These
are known to stimulate particle-stimulated
nucleation and, thereby, contribute to topological
texture randomization entailing a drop in ridging
[19,22,26]. Thisis confirmed by the strong pronun-
ciation of the 10° ND rotated Cube orientation in
samples A and B which can be taken as an indi-
cator for particle-stimulated nucleation in these
samples (Fig. 7(a,b)).

5. Conclusions

The study presented a joint experimental investi-
gation on the relationship between plastic
microstrains, surface topography, and microstruc-
ture (particles, texture, grain size) during plastic
straining of aluminum sheets of different pro-
cessing. The main conclusions are:

Changes in intrinsic surface topography during
plastic straining can in detail be understood in
terms of the distribution of the accumulated plastic
microstrains, which in turn depend on the in-plane
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Fig. 20. The two figuresin the left column show the point-to-point misorientation distributions for all pairs of neighboring microtex-
ture points (correlated misorientation distribution). The two figuresin the right column show the statistical misorientation distributions
for random pairs of non-neighboring microtexture points (uncorrelated misorientation distribution). The black linesin all four diagrams
show the misorientation function for the case of a random crystallographic texture.

and through-thickness microstructure. The deter-
mination of microstrains gives a clearer picture of
surface micromechanics than texture and grain size
measurements alone.

The in-plane and through-thickness distribution of
Cube, Goss, rotated Goss, and {111} [uvw] (close

to C/S) microtexture components can explain the
observed accumulated plastic microstrains and
resulting surface topographies.

Ridging is promoted by the presence of grain clus-
ters consisting of the above-mentioned compo-
nents. The joint occurrence of soft and hard clus-
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ters (eg. Cube and Goss or, respectively,
transverse Goss) stimulates strong heterogeneity of
surface strains and entails ridging.

Grain clustering can be viewed as a grain boundary
problem which is characterized by the occurrence
of large fractions of small angle grain boundaries,
particularly between 2° and 25°, among neighbor-
ing crystals and of small fractions of large angle
grain boundaries above 25° misorientation.
Orange peel was explained in terms of the defor-
mation behavior of individual crystals using in-situ
experiments and crystal plasticity finite element
simulations. It was found that particularly the grain
neighborhood is important for surface roughening
and early stages of strain localization. Strain local-
ization can be initiated inside grains as well as at
grain boundaries depending on the orientations of
the abutting surface crystals.

The presence of large precipitates leads to more
homogeneous microstructures and more random
microtextures. Such microstructures have a smaller
tendency to undergo pronounced ridging or orange
peel roughening.
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