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Abstract

Surface roughening of polycrystalline Al–Mg alloys during tensile deformation is investigated using white light confocal micros-

copy. Materials are tested that differ only in grain size. A height–height correlation technique is used to analyze the data. The surface

obeys self-affine scaling on length scales up to a correlation length which approximately equals the grain size and above which no

height correlation is present. The self-affine scaling exponent increases initially with strain and saturates at a value around 0.9. A

linear relation is observed between root-mean-square roughness and both strain and grain size. The observed roughness is explained

as the result of the combined effect of a self-affine roughening on a subgrain scale and a grain scale roughening caused by orientation

differences between neighboring grains.

� 2005 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Metal surfaces become rough when deformed. This

roughness influences not only the appearance of the
material but also other surface properties such as reflec-

tivity, lubricant transport, weldability and adhesion.

A rough surface may also facilitate the creation of initi-

ation sites for strain localization, which may seriously

deteriorate the material mechanical properties. As a con-

sequence, the roughening process has been the subject of

numerous investigations, including both experimental

and modeling studies. These have shown that the surface
roughness depends on strain, grain size and texture. The

relationships between roughness and strain and between

roughness and grain size are often found to be linear [1,2]

but some authors have found deviations from this linear

behavior, especially at higher strains [1,3].
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Texture was found to have a significant influence on

the roughness in several studies [4–10]. Most of these

studies are aimed at understanding the development of

a typical roping or ridging roughness that is characteris-
tic for rolled highly textured aluminum sheets. Numeri-

cal studies [4,6] show that differences in crystallographic

orientation, causing differences in hardness and shear

incompatibilities between neighboring grains, are a

cause for grain scale roughening, which is observed as

the typical �orange peel� surface topography.

This research is aimed at gaining a better understand-

ing of the nature and development of roughness of poly-
crystalline metal surfaces, which have been deformed by

uniaxial tension. In particular we have applied a height–

height correlation technique developed to analyze the

self-affine nature of grown surfaces. To our current

knowledge, a similar approach has been attempted once

before by Zaiser et al., who showed that a uniaxially

deformed polycrystalline copper sample exhibits a self-

affine roughness over a large range in length scales with
ll rights reserved.
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a roughness exponent of approximately 0.75 [11]. One of

the great advantages of this technique is that it gives a

direct insight into the typical length scales that play a

role as the roughness develops. It also makes a distinc-

tion possible between values of roughness that are pres-

ent at different length scales. In this paper, this approach
is applied to an extensive data set in order to give a

description of a rough surface, which is more powerful

in comparison to more conventional methods, which

typically provide only root-mean-square (rms) rough-

ness values or make use of pre-defined cut-off

frequencies.
Fig. 1. Orientation imaging microscopy plots of the polished surface

of the tensile specimen before deformation showing the differences in

grain size after a heat treatment of: (a) 30 min, 350 �C; (b) 30 min,

400 �C; (c) 10 min, 450 �C; and (d) 30 min, 450 �C. The insets show the

corresponding (001) pole figure.
2. Experimental method

2.1. Materials and preparation

For our experiments a material is required with a

grain size that can be altered without influencing other

microstructural features that can affect the material

deformation behavior under tension. An Al–8.5%Mg al-
loy was chosen because its grain size after a recrystalli-

zation heat treatment depends strongly on the

recrystallization temperature and time and because the

magnesium remains in solid solution over a wide range

of temperatures. After deforming the material over

80% by cold rolling, four different grain sizes were

achieved through recrystallization for 30 min at 350,

400 and 450 �C and for 10 min at 450 �C. Before each
new step in the cold rolling process, the material was ro-

tated in order to minimize the occurrence of texture after

recrystallization. The resulting grain structures were im-

aged using orientation imaging microscopy (OIM). In-

verse pole figure maps are shown in Fig. 1. The insets

show the corresponding (001) pole figures. Although

the number of grains in these scans is insufficient to con-

duct a thorough texture analysis, they still show that the
materials used in this investigation are not strongly tex-

tured and that no obvious difference in texture exists be-

tween the four different microstructures. The grain size

is determined by calculation of the area average:

�d ¼
PN

i¼1AidiPN
i¼1Ai

; ð1Þ

where Ai and di are the area and diameter of grain i. The

grain size values obtained in this way are listed in Table 1.

2.2. Experimental setup

Out of the materials described above, long flat tensile

specimens are spark cut eroded with gauge dimensions

28 · 6.3 · 1.0 mm. Before deformation the specimens

are polished to a mirror finish. After mounting the spec-

imen in a small portable tensile stage, the stage is

mounted in a white light reflection confocal microscope.
The crosshead speed of the tensile stage is set at 10 lm/s,
corresponding to a strain rate of 3.6 · 10�4 s�1. Because

of its high lateral and axial resolution, a confocal



Table 1

Grain sizes and heat treatments

Sample Heat treatment Grain size (lm)

A 30 min, 350 �C 30.8

B 30 min, 400 �C 44.9

C 10 min, 450 �C 68.1

D 30 min, 450 �C 90.1

Fig. 2. Height–height correlation function of a self-affine profile

created using the Voss-algorithm with a = 0.8, n = 30 and w = 1.
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microscope is an ideal instrument to acquire topographic

information of large surfaces. Using a 20· objective lens,

an area of 700 · 660 lm can be scanned with an axial res-

olution of 40 nm. During the experiments the tensile

stage is halted at fixed strains and confocal images are

acquired at three positions. Care is taken to ensure that

those positions are the same at every measurement in or-

der to be able to accurately study the local roughness
evolution with increasing strain.

2.3. Data analysis

To analyze the surface morphology, we have chosen

to extract roughness parameters from height–height cor-

relation functions, assuming a partially self-affine scal-

ing behavior [12]. The height–height correlation
function

gðrÞ ¼ 1

L

Z L=2

�L=2
hðxþ rÞ � hðxÞ½ �2 dx ð2Þ

applied to a matrix of digitized height values takes the

form:

gðpÞ ¼ 1

NyðNx � pÞ
XNy

l¼1

XNx�p

n¼1

hðp þ n; lÞ � hðn; lÞ½ �2; ð3Þ

where Nx and Ny are the dimensions of the height ma-

trix. The correlations are calculated in one direction
and averaged over the other.

Assuming a self-affine scaling behavior:

hðxÞ � b�ahðbxÞ; ð4Þ
where a is the scaling or Hurst exponent, provides a very

useful set of parameters to characterize the surface. The

height–height correlation function of a self-affine surface
takes the form:

gðrÞ ¼ 2w2f ðr=nÞ; ð5Þ
where w is the rms width of the height distribution and

f(x) is a function that takes the following values:

f ðxÞ ¼ x2a ð6Þ
for x � 1 and f(x) = 1, for x � 1. For the height–height

correlation function this means:

gðrÞ ¼ mr2a ð7Þ
for r � n and

gðrÞ ¼ 2w2 ð8Þ
for r� n with m = 2w2/n2a. Therefore, plotting the cor-

relation function (Eq. (3)) of a self-affine surface on a

double logarithmic scale will result in a straight line with

slope 2a, until r is of the order of n. At larger values of r,

the function will take a constant value of 2w2 see Fig. 2.

The deviations from the horizontal line towards the end
of the curve are a result of the smaller number of height

differences that are in the summation of Eq. (3) for high-

er values of p. To maintain good statistics, correlations

are calculated for points with a separation up to 75%

of the total profile length.

The heights of points at distances smaller than n are

correlated, whereas points further apart are uncorre-

lated. Hence, the parameter n is called the correlation
length. The scaling parameter a is a measure of this

correlation. If the roughness is a result of a random

walk displacement, a will be 0.5. Values of a larger

than 0.5 indicate a positive correlation, whereas a va-

lue smaller than 0.5 means that the heights are

anti-correlated. The height images generated by the

confocal microscope are flattened before the correla-

tion function is calculated. The correlation function
g(p) (the average of the correlation functions of the

individual lines) is then plotted on a double logarith-

mic scale and fitted to the self-affine approximation

(Eq. (5)). A linear fit to the first section of the correla-

tion function is used to determine the scaling exponent

a. The rms value w is calculated directly from the

height data. Finally the correlation length n is deter-

mined from the intersection of a straight line with
slope 2a through the first part of the correlation curve

and the horizontal line g(r) = 2w2. The resulting three

parameters a, n and w completely describe the statisti-

cal morphology of the surface within the experimental

limits set by the resolution of the confocal microscope.
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Within our work, we focus on the dependence of these

parameters with increasing strain and examine the

influence of the grain size.
3. Results

Fig. 3 shows the stress–strain curves obtained from

the tensile experiments. The small dips in the curves

are a result of relaxation at the strains at which the

deformation is halted to perform the confocal micros-

copy. The curves are shown to demonstrate that aside

from the grain size the microstructures of the four

samples used are identical. They show a slight decrease
in yield stress and a slightly higher strain at fracture,

but these effects can be related to the increase in grain

size.

In Fig. 4, the height–height correlation function for

sample A (�d ¼ 30.8 lm) after 12% strain is plotted. The
Fig. 3. Stress–strain curves belonging to the four uniaxial tensile

experiments.

Fig. 4. Experimental height–height correlation function of the sample

with the smallest grains after 12% strain.
resemblance with the model curve of Fig. 2 is good.

The linear first part of the curve indicates a self-affine

scaling behavior on smaller length scales. Fig. 5(a)

shows the correlation curves for all four samples

A–D after 15% straining. With increasing grain size,

the curves lie higher and the linear, self-affine regime
is longer. Fig. 5(b) shows the curves for sample B

(�d ¼ 44.9 lm) for all strain values. The top curve in

this graph corresponds to the surface at the largest

strain, whereas the bottom curve corresponds to the

surface before straining commenced.

Values determined for the scaling parameter a, as

obtained by fitting a linear function to the first points

in the log–log plots of Fig. 5, are depicted in Fig. 6.
For small strains, a is small but it increases with

increasing strain, until a constant value of 0.88 ± 0.05

is reached for sample A and of 0.92 ± 0.03 for the sam-

ples B, C and D. The error in a for sample A is higher,
Fig. 5. (a) Height–height correlation functions for all four samples

after 15% strain. (b) All correlation curves for the sample with grain

size 44.9 lm. Higher curves correspond to measurements performed

after a larger strain.



Fig. 6. Roughness parameter a as determined by fitting a straight line

to the first few points of the correlation functions.
Fig. 8. The slopes dw/de of the curves in Fig. 7 plotted against the

grain size.

Fig. 9. The correlation length n, determined from the fitted a and
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because the points in the correlation curve start to

deviate from the straight line earlier, making the linear
fit less precise.

In Fig. 7 the increase in rms width of the height dis-

tribution with increasing strain is plotted. The values for

w appear to lie on a straight line. If the slopes of these

lines are plotted against the grain size of the corre-

sponding sample material as is done in Fig. 8, it is clear

that w scales linearly with both the strain and the grain

size as

w ¼ 0.19 � e � d; ð9Þ
where e is the true strain. Finding the intersection of

the linear fit through the first section of the correlation

function and the line g(r) = 2w2 yields the correlation

length n. The values for n determined for samples

A–D are plotted in Fig. 9. Apart from the first few
Fig. 7. The rms roughness w scales linear with the strain.

calculated w-values.

Table 2

Average correlation lengths

Sample n (lm)

A 38

B 52

C 74

D 91
points they are constant. The average values for n
(excluding the first two points) are listed in Table 2.

Based on the accuracy in a and the observed spread

in the values of n, the accuracy of the values listed

in Table 2 are estimated at ±8 lm for sample A and

at ±5 lm for samples B, C and D.

In Fig. 10 roughness profiles are shown of a fixed po-

sition on the surface of sample A (Fig. 10(a)) and sample



Fig. 10. Local roughness evolution: (a) of the sample with the smallest

grains; (b) of the sample with the largest grains; (c) three profiles from

(a) rescaled.
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D (Fig. 10(b)). In Fig. 10(c) three profiles taken from

Fig. 10(a) are scaled vertically so that the shape of the

profiles can be compared.
4. Discussion

The striking resemblance between the experimental

and theoretical height–height correlation curves justifies

the use of this analysis technique. Its power lies in the

combined information about large scale roughness
(parameter w) and small scale height correlations

(roughness exponent a) as well as in the detection of typ-

ical lengths at which the roughness develops (correlation

length n).
The choice of scan size and pixel size can influence the

results of a statistical analysis on sampled data quite

dramatically. In these measurements care was taken to

ensure that the distance between individual sampling
points is at least one order of magnitude smaller than

the correlation length in order to get a reliable value

for the roughness exponent a and to avoid correlation-

induced size effects. For determination of the correlation

length, a general rule of thumb is to use a scan size,

which is at least 10 times larger than the expected value

for n. This condition is easily met in three out of our

four experiments. Due to experimental limitations, the
sample with the largest grains shows a correlation length

(n = 90 lm) which is slightly less than 10 times smaller

than the scan size (700 lm).

Figs. 7 and 8 show clearly that in these samples the

same linear relationship holds between rms roughness

and both strain and grain size as was found by other

authors. This is a clear indication that roughening is

by no means a random process caused by the arbitrary
occurrence of dislocation slip steps at the surface.

Assuming that the number of steps scales linearly with

the strain, this would result in an increase w � e1/2.
Another manifestation of this highly non-random

roughening is the high correlation between points at

a small length scale resulting in high values for the

roughness exponent a (Fig. 9). At the initial stages

of straining a high roughness at small length scales
develops as is apparent from the low a-values at low

strains. This can also be observed in the top profile

of Fig. 10(c). This roughness disappears slowly until,

after about 10% strain, the small scale roughness re-

mains constant. In effect, although there is a large

scale roughening during straining, on a smaller scale

the surface is smoothening. By acquiring both the a
and w parameters, both effects can be studied simulta-
neously. In contrast to the rms roughness the small-

scale roughness does not seem to depend strongly on

the grain size. The a-values for the sample with the

smallest grains are a little lower than for the other

three samples, but this can be explained by the greater

difficulty in determining the correct values as explained

above.

From Tables 1 and 2 it is clear that the correlation
length n can be linked to the grain size. This is reason-

able since dislocation mechanisms associated with



O. Wouters et al. / Acta Materialia 53 (2005) 4043–4050 4049
plasticity are correlated within grains. Again the rela-

tively large difference between grain size and correlation

length for sample A can be explained by the larger error

in determining a for this sample. Also the method used

to determine the grain size can be open to debate. Here

an area average (Eq. (1)), which gives more weight to the
larger grains, has been used for two reasons. First, be-

cause effectively this also happens when determining

the correlation length, and second, to make the grain

size determination insensitive to badly indexed points

in the OIM scan. These can falsely be interpreted as

grains, causing the average grain size to drop.

Combining these results, the determination of the

three parameters a, w and n leads to the conclusion
that, after a certain amount of strain, points within

one grain are highly correlated and that these relatively

smooth patches are the building blocks for the large

scale roughness w. The most striking picture of the

non-random manner in which the roughness develops,

is given in Fig. 10. When the rescaled profile after just

2% strain is compared to the height profile of the same

line after 19% strain, the resemblance is remarkably
good, apart from a smoothening on the subgrain scale.

All these observations lead to the conclusion that the

roughness w is not caused or influenced by microstruc-

tural features on a subgrain scale. Of course this holds

for roughness within the resolution of the confocal

microscope. A more dedicated high-resolution appara-

tus like an atomic force microscope should be used to

study the small-scale roughness and its statistical prop-
erties in detail.

The self-affine roughness exponent a found in our

experiments is higher than the values obtained by Zaiser

et al., who found self-affine behavior in copper alloys

with an exponent a = 0.75. This difference can be ex-

plained by the fact that their measurements were almost

completely performed with scan sizes smaller than, or of

the order of the grain size, thereby excluding the influ-
ence of the roughening mechanism that acts on the grain

size scale. This mechanism, which causes the roughness

w in our experiments, becomes apparent as large rela-

tively flat facets approximately of the same size as the

grains, which can easily be seen in Fig. 10(a) and (b).

Adding their effect to the subgrain roughness will result

in a value for a closer to 1.

In conclusion, the rms roughness appears to be dom-
inated by microstructural dissimilarities, which manifest

themselves on the scale of a grain. In this experiment,

the only difference between the grains on this scale is

their orientation, or more precisely: the orientation of

their slip planes and slip directions with respect to the

tensile axis and with respect to the orientation of the

neighboring grains. Zhao et al. [4] propose a physical

picture of what might happen in these materials. The
results of their numerical model show that softer grains

or in other words grains which are, due to their orien-
tation, more susceptible to plastic flow, deform more

than the harder grains. As a result, these grains, which

can also be characterized as having high Schmid or low

Taylor factors, stretch more than harder grains. Effec-

tively this causes an inhomogeneous thinning of the

material under tensile deformation and an accompany-
ing roughening of the surface. Since the orientation of

the grains does not change drastically during straining,

this deformation on a grain size scale is a fairly con-

stant process, explaining the linear relationship ob-

served between the roughness w and strain. In a real

polycrystalline material the grains are part of a large

three dimensional structure comprised of grains with

all different orientations. The deformation of a grain
will therefore be determined by the combined deforma-

tion of its surrounding grains, making the total defor-

mation and resulting surface roughness hard to

predict. Further study therefore has to be focused on

the relationship between roughness and the orientation

of both surface and non-surface grains.
5. Conclusions

Describing the roughness of a deformed metal surface

in terms of the statistical parameters a, n and w appears

to be a good approach to obtaining valuable informa-

tion about the nature of the roughness and the underly-

ing physical mechanisms.

From these experiments it becomes clear that the
roughness on the surface of a deformed polycrystalline

aluminum alloy is the combined result of two effects.

On a subgrain scale, there is self-affine roughening, the

cause of which is not well understood. The correlation

length for this self-affine behavior is clearly the grain size

of the material. Superimposed on this roughness is a

grain scale effect. The origin of this behavior, which

causes the rms roughness to scale linearly with both
strain and grain size, is found in differences in orienta-

tion between neighboring grains. Softer grains will de-

form more than harder grains, causing an

inhomogeneous thinning of the material during tensile

deformation and effectively also a grain scale roughness

on the surface.
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