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Abstract

Aluminium sheet metal alloys in the 5000 series exhibit a bad surface quality if
deformed at ambient temperatures. The change in surface deviation can be
attributed to the Portevin-LeChatelier (PLC) effect, which is not desirable in terms of
visual perception. This investigation shows the surface topography of an AA5182
aluminium wrought alloy after specimens were subjected to uniaxial tensile loading at
temperatures ranging from 373 to 173 K. The influence of the PLC effect is analysed
in terms of surface deviation parameters. The quality of the surface structure is
characterised using a Power Spectral Density (PSD) algorithm. It is demonstrated,
that the surface quality of an AA5182 aluminium alloy can be significantly enhanced if

the material is exposed to sub-zero temperatures.
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1. Introduction

Due to economic objectives and continuously decreasing fossil-resources the
automobile producing industry is forced to minimise the nominal weight of a car body.
A weight reduction can be achieved if the car structure is made out of light-weight
materials instead of steel [1, 2]. In addition to good corrosion resistance through high
passivation affinity, aluminium alloys of the 5000 series show high stiffness to
strength values, rigidity and recycling capabilities [3, 4]. Such properties make these
alloys eminently suitable for light weight concepts. Nevertheless, aluminium alloys
show a limited formability in contrast with, for example, deep drawing steels [5].
Considering the increasing geometric complexity of sheet metal components,
manufacturing technologies need to be adapted in order to handle the specific
material behaviour [6]. In the case of the strain-hardenable aluminium wrought alloys
in the 5000 group, which are exclusively used for inner panels and structural parts,
the elongation values are usually appropriate. A negative aspect of AA5000 alloys,
containing Mg as the main alloying element, is the formation of stretcher strain
markings and parallel bands accompanied by discontinuous plastic deformation [7].
Considering a stress-strain diagram of a strained specimen of the 5000 series (Figure
1), the stretcher strain markings appear at the Luders-plateau (A) and the parallel

bands are seen to exist in the plastic region (B).
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Figure 1. Region of stretcher strain markings (A) and parallel bands (B) of a stress-strain curve



The phenomenon of this serrated flow, also known as the Portevin-LeChatelier (PLC)
effect, appears at certain temperature ranges and strain rates as evaluated by Pink
and Grinberg [8, 9] (Figure 2).
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Figure 2. Temperature and strain rate dependence of the PLC domain [8]. A, A+B, and Caindicate

different types of serrated flow; 0 illustrates the region with no PLC effect.

Picu [10, 11] described the repeated strain localisation as a mechanism of the
negative strain rate sensitivity of the material, which again, is caused by smaller scale
phenomena accompanied with interactions between solute and dislocations, referred
to as dynamic strain ageing (DSA). This effect is undesirable because the
localisations greatly reduce the surface quality. The appearance of the stretcher
strain markings (A) and the presence of parallel bands (B) can lead to a surface
roughness depth up to 100 um and 10 um, respectively [8]. In contrast with stretcher-
strain markings, which can be suppressed by certain pre-heat treatments or pre-
stretching operations, the alleviation of parallel bands is still a subject of discussion.
The surface quality of sheet metal plays an essential aesthetic role if painting
processes are considered and it also has bearing on ftribological aspects. As a
consequence, the sheet metal processing industry resorts to expensive aluminium
alloys which do not show this effect when subject to forming operations. So, it is of

practical interest to find ways of supressing the PLC effect thus allowing cheaper



aluminium alloys such as alloys in the Al-Mg group to be considered. An option to
reduce the macroscopic effect of the DSA may be a low temperature treatment
during forming processes. In a previous study [5] it was shown that the mechanical
behaviour of commercial aluminium alloys could be significantly enhanced if the
testing temperature is decreased. Further, for the aluminium alloy AA5182 it was
demonstrated that stress oscillations, accompanied by DSA, disappeared at sub-zero
temperatures. In the present research, the interdependence of temperature and the
evolution of localisations, i.e. parallel bands, on the surface of commercial aluminium
alloy EN AW-5182-H111 is shown. The applicability of the experimental work, using

low temperature environments, for industrial applications is discussed.

2. Experimental details

2.1Surface analysis

The topographical detection of the specimen surface was accomplished by the
confocal measuring system Zeiss Axio CSM 700. Characterisation of the peaks and
valleys, accompanied by the parallel bands on the surface was conducted by
measuring along three lines (x1, x2 and xs in Figure 3), which gave the basis for
further analysis. The visual demonstration of the specimen topography was obtained

by a 2D image (x4 in Figure 3) and is illustrated in a pseudo colour image.

X4

Figure 3. Measuring position of the specimen topography

For the quantification of the surface quality the peak-to-valley parameter Py, which
expresses the maximum height of a wave profile (Eq. (1)), and the roughness
parameter rms (Eqg. (2)), which describes the micro-topographical surface structure
(geometrical error 3" and 4™ order), was used. Figure 4 illustrates the separation of

the geometrical errors which occur on a surface.
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Figure 4. Schematic illustration of geometrical errors of a real surface from 15! to 4" order [21]

Py = Zmax = Zmin (1)

rms = }% [1z2(0ldx (2)

For an overview of the surface structure a Power Spectral Density (PSD) algorithm
was used where the normalised surface amplitudes squared are plotted against
surface wavelength. Thereby, non-smooth asymmetric distribution functions are
compartmentalised into low spatial frequencies (LSFR), mid spatial frequencies
(MSFR) and high spatial frequencies (HSFR) [12, 13, 14]. In that way, the transition
of the wavelengths provides an easily identifiable assessment of the impact of the

forming operation in terms of a measured surface quality.

2.2Testing procedure

A set of experimental tests were conducted based around a tensile testing machine
using the wrought aluminium alloy EN AW-5182 in H111 condition [15]. The chemical
composition (wt %) of the alloy is Si (0.20 %), Fe (0.35 %), Cu (0.15 %), Mn (0.35 %),
Mg (4.40 %), Cr (0.10 %), Zn (0.25 %), Ti (0.10 %) and Al (balance). Flat specimens
of 1.00 mm thickness, 12.50 mm width and 50 mm gauge length (Aso) according DIN
50125 [16] were machined. Tensile testing was carried out within a temperature
range from 173 to 373 K at a crosshead velocity of v = 8.3 x 10™* m/ s (initial strain
rate ¢ = 1.67 x 1072 s1). The specimens were loaded until fracture to obtain the

maximum surface deviation at each testing temperature. Further experimental details
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concerning the tensile testing procedure and material parameters can be found in [5].
Since topographical deviations, caused by sheet rolling e.g. mill finish or electrical
discharge texture (EDT) (see Figure 5), constitute stress raisers it was perceived that
they might influence the PLC bands [17]. The initial EDT surface indicates an rms
value of 1.63 um and a Py, value of 7.96 pm. The surfaces of the specimens were
thus polished (Figure 6) and as a result, fluctuation-induced serrations and therefore
systematic errors were minimised. Through the polishing process the rms parameter

could be enhanced to 0.16 um and a Py of 4.54 um respectively.
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Figure 5. Initial EDT surface deviation Figure 6. Surface deviation after polishing

3 Results and Discussion

3.1 Temperature impact on surface topography

It should be highlighted that generally the diffusivity of the dissolved atoms is
decelerated at low temperatures. Therefore, the interaction between solute and
dislocations, resulting in strain localisations, is depressed as temperature is reduced
[5, 10]. Figure 7 shows the temperature dependency of the surface deviation
parameters P, and rms. For comparison and as a reference of the initial EDT surface
quality (delivery condition of the aluminium alloy sheet) a dotted line for P, and a
chained-dotted line for rms are employed in the graph. Additionally, for the sake of
completeness and to demonstrate the maximal achieved elongation values for the
specimens at corresponding testing temperature, the fracture elongation parameter &

is included.
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Figure 7. Temperature dependence of Py, rms and & values

It can be seen that the roughness values exceed the reference line at temperatures T
> 298 K. The increase of the roughness usually does not detract from the visual
appearance of the surface, but indicates the existence of pitting, which may influence
tribological processes during sheet metal forming due to rise of the friction coefficient
[18]. Below 298 K a certain surface roughness could be obtained which is at least as
good as the delivery condition. However, the Py value, which is in fact a localisation
indication parameter, has a greater influence on topography in terms of visual
perception. The graph shows that the wave profile height of the surface reaches a
maximum at 323 K to a value of around 12.50 uym. A reduction relative to the Py
reference value, which is almost 8um, can be achieved between testing temperatures
of 273 and 248 K. This result fits quite well with the assertion of [19], where a
mathematical formulation was developed which expresses the critical temperature

Terit of the PLC domain as dependant on the forming velocity (see Eq. (3)).

Terte [°C] = logao(¢ls™]) x 188 +13.8°C 3)

The contrast of the maximum manifestation of the PLC effect and the transition to a
smoother surface topography is shown in Figure 8 (rms = 2.59 ym; Pv = 12.50 pm)

and Figure 9 (rms = 1.33 pym; Pv = 7.34 pm). Considering the surface deviation
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parameters Py and rms a relationship with the & values has not been able to be
identified.
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Figure 8. Surface deviation at T = 323K Figure 9. Surface deviation at T = 273K

It should be emphasised that a comparison between the intensity of serrations on a
stress-strain curve and its corresponding surface quality needs to be treated with
caution. Pink and Grinberg [8] showed that the intensity of accompanied serrations
and therefore the visualisation of the PLC effect on a stress-strain curve, is
predominantly dependant on the stiffness of the tensile testing machine. By way of
illustration, Figure 10 shows two tensile tests carried out by using two tensile testing
machines, differing by way of their stiffness. The tests were conducted at room
temperature and the same testing conditions were chosen. It is evident that the
stress drops measured by the tensile testing (77) machine 1" (Ag; ~ 6 MPa) is less
pronounced than the serrations obtained by the TT machine 2" (Ag, ~ 60 MPa),
although the surface quality was judged to be identical. The specimen tested with T
machine 2 shows a reduced & value. This is due to the sensitive response of the
tactile strain gauge (leading to a dynamic test and therefore to a reduction of the

elongation value).
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Figure 10. Effect of different measuring equipment on serrations in a stress-strain diagram

3.2 Power spectral density (PSD) analysis

For characterising the changes of the specimen surfaces, a power spectral density
(PSD) analysis is applied (Figure 10). Here, the specimen showing the maximum
surface deviation (at T = 323 K) and the specimen where the PLC effect was
apparently suppressed (at T = 248 K), were taken into account. Dependent on the
surface condition or applied temperature, the spatial frequencies are shifted to higher
or lower levels. Therefore, to clarify the impact of the temperature treatment on
surface structure, a polished unstrained specimen is taken as a reference as shown
in Figure 11 (Characteristic 4). If the surface of an elongated specimen is considered
it becomes evident that the PSD characteristic in the HSFR and MSFR region
(outlining the micro-topographical surface structure [12]) is almost identical (see
Characteristic 1 to 3 in Figure 11). A pronounced difference in the PSD characteristic
can be seen for the surface of the elongated specimen in the LSFR region, where
visible surface deviations with higher wavelengths A are indicated [20]. Characteristic
1 (testing temperature T = 323 K) indicates the highest divergence. This result relates

to the P, value introduced in Figure 7. Considering the delivery condition of the
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AA5000 material surface (EDT condition) and the surface quality at a deformation

temperature of T = 248 K, there is little difference at wavelengths A 2 1 mm.
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Figure 11. Power Spectral Density (PSD) diagram of different surface conditions and testing
temperatures

4 Conclusions

A Power Spectral Density evaluation was carried out as a new approach for the
surface analysis of aluminium sheet metals tested at various temperatures and
surface conditions. With this technique the surface topography and its influences on
visual perception can be clearly demonstrated. The Portevin-LeChatelier effect and
the accompanied strain localisations can be suppressed at forming temperatures
T < 273 K, where a surface quality is achieved which is as good as the delivery
condition of the aluminium sheet material. This advantage may be used for the sheet
metal processing industry to apply aluminium alloys in the 5000 series for, by way of
example, automobile outer skin applications which previously could not be used due

to a poor surface quality.
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