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Effect of heat treatment on the hardness of micro deep
drawn cups of Al-2Sc

Einfluss der W�rmebehandlung auf die H�rte mikrotiefgezogener N�pfe
aus AlSc2

R. von Bargen1, Z. Hu2, H.-W. Zoch1, F. Vollertsen2

Continuous miniaturisation of products e. g. for the automotive or the microelectronic sector
necessitates process chains, which allow the manufacturing of microscopically small compo-
nents in high quantities. The development of required processes and technologies is the aim of
the Collaborative Research Centre (CRC) 747 ”Micro Cold Forming” of the German Research
Foundation. Besides micro cold forming another necessary step in the manufacturing process
chain is the heat treatment process that enables the adjustment of materials properties being
suitable for cold forming. Finally the application properties also have to be adjusted e. g. by pre-
cipitation hardening of aluminium alloys to increase the strength above the strain hardened
level. Within the CRC an advanced Al-Sc alloy with 2 mass-% Scandium was developed to
achieve particular properties. According to the very high Sc content dissolved a greater number
of fine and homogeneously distributed precipitates causing a significant strengthening effect
will be formed during artificial ageing. To meet the requirements of a high production rate the
ageing of the micro deep drawn cups (1 mm in diameter) was performed in very short time in a
drop-down tube furnace. Before and after ageing the cups were characterised by ultra micro
hardness measurements.

Keywords: Micro deep drawing / Limit drawing ratio / Short time artificial ageing / Al-2Sc /

In der Produktion von Mikrobauteilen nehmen die Anforderungen in Bezug auf Baugr�ße (Minia-
turisierung), St�ckzahl, St�ckpreis und Qualit�t immer mehr zu. Die dabei auftretenden Heraus-
forderungen werden, im von der Deutschen Forschungsgemeinschaft gef�rderten Sonderfor-
schungsbereich 747 “Mikrokaltumfomen”, an der Universit�t Bremen interdisziplin�r angegan-
gen. Einer der elementaren Fertigungsschritte in der Prozesskette, neben der Mikrokaltumfor-
mung, ist die W�rmebehandlung. Zum einen dient sie der Einstellung von Gef�geeigenschaften,
die eine Kaltumformung, mit m�glichst geringem Energie- und Krafteinsatz erm�glichen. Zum
anderen muss nach der Umformung in vielen F�llen das Werkst�ck noch einmal f�r den sp�teren
Bauteileinsatz w�rmebehandelt werden, um die Festigkeit �ber den kaltverfestigten Zustand
hinaus zu steigern. Innerhalb des SFB wurde eine besondere Aluminium-Scandium Legierung mit
speziellen Eigenschaften entwickelt. Aufgrund des sehr hohen zwangsgel�sten Sc-Gehalts von
bis zu 2 mas.-% ist es m�glich, w�hrend einer Warmauslagerung eine große Anzahl feiner homo-
gen verteilter festigkeitssteigernder Ausscheidungen zu bilden, die eine signifikante Verfestigung
bewirken. Aus dieser Legierung wurden mittels Mikrotiefziehen N�pfe (Durchmesser 1 mm) pro-
duziert. Um der Anforderung nach einer hohe Produktionsrate gerecht zu werden, wurden die
N�pfe anschließend in einem neu entwickelten Fallrohrofen kurzzeitwarmausgelagert. Die N�p-
fe wurden nach der Umformung und der Kurzzeitw�rmebehandlung mittels Ultramikroh�rte-
messungen charakterisiert.

Schl�sselw�rter: Mikrotiefziehen / Grenzziehverh�ltnis / Kurzzeitwarmauslagern / AlSc2 /
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1 Introduction

The trend for micro components, such as connectors in mobile
phones or fuel injectors, requires a steady decrease of size,
weight and production cost per part and an increase in function-

ality [1]. Additionally, these parts have to be produced in
extremely short times, enabling high quantities to match the esti-
mated growing demand on micro formed parts displayed in a
rise in turnover from 10 to 19 billion US $ from 2004 until 2009
[2]. At the same time a precise and reliable function over the
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entire product life cycle is required, implying a constant or even
improved quality. To fulfil all these requirements new production
technologies, including a perfect adaption of materials and pro-
cesses, are necessary because a direct downscaling of conven-
tional processes into the micro scale is rarely possible due to size
effects [3]. The most relevant difference is a significant higher
impact of the local microstructure on the material and process-
ing behaviour due to the very low ratio between for example grain
size and material thickness. To deal with the challenges of down-
scaling the production processes the German Research Founda-
tion initiated the Collaborative Research Centre (CRC) 747
“Micro Cold Forming – Processes, Characterisation, Optimisa-
tion” at the University of Bremen in 2007. Overall 40 scientists
from 8 different institutes participate in the interdisciplinary
research in 14 different sub projects.

Investigation and improvement of micro forming processes are
needed [4]. Micro deep drawing provides a great application poten-
tial for the manufacturing of micro parts with complex shapes, in
particular for mass production, as they are required in many
industrial products in the field of microtechnology [5]. In case of
downscaling the size of the workpiece to the dimensions of micro
forming, the thickness of blank materials must be scaled accord-
ing to the rule of similarity too [6]. This means, that blank materi-
als of small thicknesses in the micro range with sufficient form-
ability and strength are required for micro forming applications.

Another important process step in the production process is
the heat treatment. The heat treatment process is responsible for
the adjustment of the material properties in order to ensure cold
formability and furthermore to obtain the required mechanical
properties for later applications. By e.g. recrystallisation anneal-
ing it is possible to achieve material properties, which enable an
accurate and energy efficient cold forming process. In this con-
text it is necessary to generate a homogeneous micro structure as
far as possible regarding grain size and alloying element distri-
bution. Particularly very thin components with wall thicknesses
below 100 lm are very sensitive against inhomogeneities,
because the number of grains in the cross section is usually very
low. A higher portion of coarse grain leads to a lower number of
activatable gliding planes at external load. Hence, an inhomoge-
neous and coarse grain size as well as other imperfections like
defects or inclusions have a much greater impact on the failure
behaviour of micro components the thinner the wall thickness is
[7, 8]. The strain hardening by cold forming can lead to consider-
able material strength. However, in general a defined strength
level is required. Therefore a final heat treatment is performed.
For micro components a drop-down tube furnace as a novel
facility was developed to perform heating and annealing treat-
ments at high temperatures but short cycle times [9].

Age hardenable aluminium alloys have a beneficial combina-
tion of properties regarding their low weight combined with a
high strength, which is widely used for macro scale components.
For cold formed micro components with a thickness less than
100 lm these materials could be a very good opportunity as well.
Unfortunately it is nearly impossible to produce the needed thin
foils by conventional processes (e.g. milling, resp. rolling).
Therefore another approach is used in the CRC 747 to produce
these materials. It is based on a Magnetron Sputtering process
that is conventionally used for the deposition of wear resistant

layers on a substrate. In this special case a high adhesion
between the deposed layer and the base material is not required
because the layer is extracted and used as a foil like material [10]
to produce micro-components. By this method very special alloys
and properties can be produced that would be impossible to pro-
duce by conventional melting metallurgy.

Al-2Sc is one of the materials produced by this new method.
Scandium as an alloying element in commercially available alloys
is normally added in very low concentrations which already has a
great impact on the strengthening behaviour of the material [11,
12] and acts as a grain refiner and recrystallisation inhibitor [13].
However, Scandium is characterised by a limited solubility of
about 0.36 mass-% in Aluminium. As a result of low cooling rates
during and after solidification, conventional casting techniques
fail for this alloy, because coarse Al3Sc dispersoids would precipi-
tate. Hence, the age-hardening effect of the remaining Sc content
kept in solid solution would be negligible. In order to suppress
precipitation prior to artificial ageing and to keep the desired
high Sc content in supersaturated solid solution the alloy is pro-
duced by the Magnetron Sputtering process as thin foils at low
process temperatures (a200 8C) and fast cooling rates.

The Al-2Sc foils are used in micro deep drawing processes to
determine the limit drawing ratio (LDR). Due to the supersatu-
rated solid solution artificial ageing treatments of deep drawn
cups should be possible within very short ageing times because
of the great number of nucleation sites.

2 Experimental

2.1 Material

The material used for the artificial ageing treatments is an
Al-2Sc-alloy with a distinct columnar morphology caused by the
sputtering process and the chemical composition listed in
Table 1. The mean scandium content across the foil thickness of
l20 lm is around 1.5 mass-%.

2.2 Micro deep drawing of cups

The aluminium-scandium foils described above were used in the
micro deep drawing with a punch diameter of 1 mm. Constant
blank holder force was applied in this investigation. As lubricant
the mineral oil HBO with a viscosity of 400 mm2/s (at 408C) was
used. The geometrical parameters as well as the process condi-
tions are listed in Table 2. In order to determine the limit drawing
ratio (LDR) the experiments were performed with different draw-
ing ratios, in which the initial blank holder pressures were var-
ied. The used blanks were cut by a Nd:YAG laser with a wave
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Table 1. Chemical composition of the micro sheet, determined by
optical glow discharge spectroscopy (GDOS)

Tabelle 1. Chemische Zusammensetzung des Mikrohalbzeuges, be-
stimmt mittels optischer Glimmentladungsspektroskopie (GDOS)

Element Al Sc Zr

Mass-% balance 1.54 0.045
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length of 1064 nm. The results in previous work show that the
cutting edge is very smooth and thus should not affect the fric-
tion between the blank and forming tool in micro deep drawing
[14].

2.3 Artificial ageing in the drop-down tube furnace

At first the micro deep drawn cups are embedded into a cold
bonding potting compound to preserve the oversaturated solid
solution. The metallographic specimens are polished and eval-
uated by ultra micro hardness measurements to identify the ini-
tial state. On each sample seven indentations were done and the
mean value as well as the standard deviation was calculated.

For the artificial ageing treatment the cups are fed into the
drop-down tube furnace by a component feed especially con-
structed for this furnace [3], Figure 1. Measurement of the drop

time is performed by a contact switch at the top and an areal laser
light measuring system at the bottom of the furnace [9].

Evaluated heat treatment temperatures are 500 8C, 600 8C and
700 8C. After ageing the cups were embedded and ultra micro
hardness measurements were performed as described above.
Some specimens were additionally analyzed by a microprobe sys-
tem to identify the formed precipitates.

3 Results

3.1 Micro deep drawing of cups

A limit drawing ratio of 1.7 was determined based on experi-
ments carried out on aluminium-scandium foils within micro
deep drawing with the punch diameter of 1 mm in this investiga-
tion. Different drawing ratios were applied in experiments. Up
drawing ratio of 1.8, no sound parts could be obtained by micro
deep drawing, although the blank holder force was varied. The
process ended always with fractures of the drawn cups. Sound
parts could be drawn at drawing ratios between 1.5 and 1.7. As
an example a sample with drawing ratio of 1.7 is shown in Figure
2, whereby a constant blank holder force with an initial blank
holder pressure of 1.5 N/mm2 was applied. Drawing ratios
smaller than 1.5 were not applied in the micro deep drawing in
this work.
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Figure 1. Drop-down tube furnace for heat treatment during falling.

Bild 1. Rohrofen zur W�rmebehandlung im Fall.

Figure 2. SEM image of micro deep drawn cup made of Al-2Sc with a
diameter of 1 mm and a drawing ratio of 1.7.

Bild 2. REM Aufnahme eines mikrotiefgezogenen Napfes aus AlSc2
mit einem Durchmesser von 1 mm bei einem Ziehverh�ltnis von 1,7.

Table 2. Geometrical parameters and the forming conditions for
micro deep drawing

Tabelle 2. Geometrie des Umformwerkzeuges und Prozessparameter
beim Mikrotiefziehen

Punch diameter [mm] 1
Punch radius [mm] 0.1
Drawing radius [mm] 0.12
Drawing clearance [mm] 0.03
Blank thickness [mm] 0.02
Forming tool material Tool steel DIN 1.2379

(German standard)
Punch velocity [mm/s] 1
Lubricant HBO 947/11
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For each case, the experiments were repeated at least six times.
The correspondingly measured punch force vs. stroke curves
vary within a certain range. For example, the maximum punch
force for micro deep drawing using drawing ratio of 1.7 ranges
from 10.3 to 14.3 N, which corresponds to a deviation of 34.37%,
Figure 3.

3.2 Artificial ageing in the drop-down tube furnace

The results of the ultra micro hardness measurements are illus-
trated in Figure 4. After the micro deep drawing process, the ini-
tial hardness of the cups is 1057 l 80.5 HM 0.005/10.0/10.0 [N/
mm2]. After short time ageing at 500 8C for 5.8 s the Martens
hardness increases up to 1457 l 96 HM 0.005/10.0/10.0 [N/
mm2]. At 600 8C three cups were evaluated and the Martens hard-
ness ranges between 1017 l 43 (drop-down time 3.3 s) and
1146 l 33 HM 0.005/10.0/10.0 [N/mm2] (drop-down time 6 s).
The cups aged at 700 8C show a significant decrease in Martens
hardness. Martens hardness values are 561 l 65 at a drop-down
time of 5.7 s down to 453 l 14 HM 0.005/10.0/10.0 [N/mm2] at
drop-down time of 6.4 s. Examination of the metallographic
specimen by light microscopy shows some kind of distortion,
Figure 5. Further analysis in a microprobe facility reveals large

scandium containing precipitates all over the sheet thickness of
the cup, Figure 6.

4 Discussion

Compared to the usual deviation of punch force described in [15],
the deviation of the punch force in this investigation is much
larger. This could be caused by the property of the used blank
material, i. e. the tiffany structure, Figure 7. The longitudinal
direction of this tiffany structure corresponds to the direction of
foil thickness. As is known, the tiffany structure has usually a
larger forming capability in the longitudinal direction than in
other directions. Under a tension stress along the foil surface
(perpendicular to the longitudinal direction of the tiffany struc-
ture), the strain of this kind of structure will be very unstable and
non-uniform. This can lead to a large deviation of the forming
force, e.g. the punch force in deep drawing process, Figure 3.
That is also the reason for the non-uniform thickness distribu-
tion of the drawn cup, Figure 5.

The results of the ultra micro hardness measurements show a
typical overageing behaviour of age hardenable aluminium
alloys. At 500 8C a maximum in hardness is reached, but at
600 8C the hardness already decreases down to the level of the ini-
tial state after micro deep drawing. At higher ageing tempera-
tures the effect is even amplified and the hardness of the age
hardened cups is below the initial state. Besides this the cross
section reveals a significant distortion of the cups which is per-
haps caused by significant local softening or even melting of the
cup. Although the liquidus temperature of an alloy with 1.5
mass-% should be above 700 8C. The SEM image combined with
the microprobe analysis of the Sc distribution reveals coarse
Al3Sc precipitates which cause the significant decrease in hard-
ness for the cups aged at 700 8C.
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Figure 3. Punch force during deep drawing of Al-2Sc for seven
repeated experiments.

Bild 3. Stempelkraft w�hrend des Tiefziehens von AlSc2 f�r sieben
Wiederholversuche.

Figure 4. Results of the ultra micro hardness measurements of the
micro deep drawn cups made of Al-2Sc (Ø 1 mm), short-time artifi-
cially aged in drop-down tube furnace at different temperatures.

Bild 4. Ergebnisse der Ultramikroh�rte-Messung mikrotiefgezogener
N�pfe (Ø 1 mm) aus AlSc2 nach Kurzzeitwarmauslagerung im Fall-
rohrofen bei verschiedenen Temperaturen.

Figure 5. Light microscopic image of the metallographic cross section
of the cup aged at 700 8C for 5.7 s.

Bild 5. Lichtmikroskopische Aufnahme am metallographischen Schliff
des Napfes ausgelagert bei 700 8C f�r 5,7 s.
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5 Conclusions

The Al-2Sc foils in thickness of ca. 20 lm produced using a Phys-
ical Vapour Deposition (PVD) Magnetron Sputtering process
were successfully applied in micro deep drawing with a punch
diameter of 1 mm.

A limit drawing ratio of 1.7 was acquired. The Martens hard-
ness of the cups after deep drawing is 1057 HM 0.005/10.0/10.0
[N/mm2].

The produced micro cups were artificially aged for very short
time, approximately 6 s, in a drop-down tube furnace.

Results of hardness measurements were related to the furnace
temperature.

At 500 8C furnace temperature a peak Martens hardness of
1457 HM 0.005/10.0/10.0 [N/mm2] can be reached. Higher fur-
nace temperatures results in overageing effects and coarse Al3Sc
precipitates are detectable by SEM and microprobe analysis.
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Figure 6. Microprobe analysis of the cup aged at 700 8C for 5.7 s, a)
SEM image, b) Scandium distribution in this area (white dots equiva-
lent to high Sc concentration).

Bild 6. Mikrosondenanalyse des Napfes ausgelagert bei 700 8C f�r
5,7 s, a) REM Aufnahme, b) Scandium Verteilung in diesem Bereich
(weiße Punkte bedeuten hohe Sc Konzentration).

Figure 7. Original microstructure of the used blank material.

Bild 7. Mikrostruktur des Probenmaterials im Ausgangszustand.


