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Drawability of thin magnetron sputtered Al—Zr foils in micro deep drawing
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Abstract: Deep drawing provides a great application potential for the manufacturing of parts with complex shapes, even when it is
scaled to the micro range. Two different foils out of the Al-Zr alloy with a thickness of about 15 pm were manufactured using a
magnetron-sputtering process by applying substrate temperatures of 310 K and 433 K, respectively. These foils were used as blank
material in micro deep drawing with a punch diameter of 0.75 mm to investigate the formability. Even though the materials show
small ultimate strains in tensile tests, deep drawing was carried out successfully. Limit drawing ratios of 1.8 and at least 1.7 were
reached for the material produced with a substrate temperature of 310 K and 433 K, respectively. These are even better results than
those realized with Al—Sc alloys in former investigations. Comparison with deep drawing results of pure aluminum produced by
conventional rolling shows the same achievable limit drawing ratio. This illustrates the good suitability of magnetron sputtering as a

foil manufacturing process for micro sheet forming operations.
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1 Introduction

Deep drawing is a well-established process for three
dimensional sheet metal parts fabrication. Due to the
ongoing trend of miniaturization, there is a growing
demand on micro formed parts [1]. These can be
components of micro system technologies or micro
electro-mechanical systems [2]. Deep drawing provides
great application potential in manufacturing of these
complex micro parts, but the smaller the dimension of
the part, the more difficult the manufacturing [3]. Thus,
improvement and investigation of the micro deep
drawing process is needed [4]. Downscaling of the
process is directly linked to the necessity of scaling the

blank thickness according to the rule of similarity, too [5].

Usually, rolling is the common process to generate thin
sheets. Since the investigated foil material is a high
strength aluminium alloy of 15 um maximum thickness
only, this technique is not applicable. Physical vapour
deposition (PVD) is a possible attractive alternative in
this case. Unlike classical alloys produced by melting
metallurgy, this manufacturing method allows for
production of alloys with different chemical compositions
and highly enhanced content of alloying elements. In

former investigations the manufacturing of high strength
aluminium—scandium (Al-Sc) alloys using magnetron
sputtering was successfully presented [6]. The added
alloying element scandium acted as a grain refiner and
recrystallization inhibitor. In this investigation, a
substitution of scandium by the cheaper alloying element
zirconium is intended while simultaneously keeping the
good mechanical properties.

The fabricated foils were used in micro deep
drawing to determine the limit drawing ratio. This ratio is
defined as the maximum blank diameter that can be
successfully drawn into a cup without residual flange to
the punch diameter. Higher values of the limit drawing
ratio indicate improved formability of the material and a
better applicability in industry. Therefore, the achieved
deep drawing results of this study are also compared to
former deep drawing results using PVD-AI-Sc foils to
evaluate the suitability for industrial application of Al-Zr
alloys.

2 Experimental
2.1 Fabrication of Al-Zr foils by physical vapour

deposition
Al—Zr films were deposited in a magnetron sputtering
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unit with DC power supply. A rectangular target
(dimensions: 488 mm x 88 mm * 10 mm) of aluminum
containing 4% (mass fraction) zirconium was employed
and unalloyed steel sheets of 100 um thickness were
used as substrate. During the deposition process, the
target power was kept constant at 1 kW and argon was
used as sputtering gas (pressure: 0.7 Pa). In order to
reach a thickness of 15 pm the process ran for 105 min.
The substrate holder was located at a distance of 50 mm
from the target and allowed a temperature regulation in
the range of 310—573 K. In this way two Al-Zr films
were produced with substrate temperatures of 310 and
433 K (37 and 160 °C). After deposition, the coated
substrates were immersed in a 65% nitric acid solution to
dissolve the steel substrate resulting in freestanding
Al-Zr films. Glow discharge microscopy measurements
revealed a zirconium content of 3.18% and 3.02% (mass
fraction) in the foils produced at 310 K and 433 K,
respectively. Scanning electron microscopy was used to
examine the sheets and mechanical properties were
investigated using tensile tests.

2.2 Micro deep drawing

The fabricated Al-Zr films were cut by a Nd:YAG
laser with a wave length of 1064 nm to produce the
necessary circular blanks for micro deep drawing. The
geometrical parameters as well as the process conditions
of the deep drawing experiments are shown in Table 1. In
order to study the drawability of the foil material
different blank diameters were used. They were varied in
steps from 1.125 mm to 1.425 mm to investigate the
drawing ratios of 1.5 to 1.9. To verify the achieved
diameters from laser-cutting and for surface roughness
measurement, a Keyence VK9700 confocal microscope
was used. The deep drawing experiments were carried
out on a single-axis micro forming press with 500 N
maximum punch force and 30 mm/s maximum punch
velocity driven by a servomotor controlled by a
MADIS4000 positioning system. The press is equipped

Table 1 Specifications of deep drawing setup

Parameter Value
Punch diameter/mm 0.750
Punch radius/mm 0.075
Drawing radius/mm 0.090
Drawing clearance/mm 0.040
Blank thickness/mm 0.015

Tool material Tool steel 1.2379

Punch velocity/(mm-s ') 10
Initial blankholder pressure/(N-mm ) 1
Lubricant HBO 947/11

with an aerostatic bearing to reduce frictional loss and
to guarantee precise adjustment of the blankholder force.
For force measurement a system with 0.01 N accuracy
was used. The detection of the punch stroke was realized
using a resistive travel sensor with a repeat accuracy of
0.002 mm. In order to ensure uniform deep drawing
conditions the smooth side of the foil was positioned on
the die for all experiments. For every experimental
variant at least six specimens were tested and the punch
force versus stroke curves were detected.

3 Results

3.1 Properties of Al-Zr foils

Figure 1 features SEM pictures presenting the
typical aspect of Al-Zr sheets. It can be seen that the
sheets present two different surfaces. The free surface of
the sheets has a relatively rough relief due to the tapered
shape of the top of columnar crystallites growing during
the deposition process. In comparison, the surface that
was in contact with the substrate presents a smoother
relief characterized by long streaks which is mirroring
the surface of the cold rolled steel sheet used as
substrate.

Fig. 1 SEM micrographs of free surface (a) and contact surface
(b) of AI-Zr film

Surface roughness measurements of the foil
material revealed a very similar surface roughness for the
smooth foil surfaces, independent of the material (see
Fig. 2 and Table 2). In contrast, there are significant
differences in surface roughness compared with the
rough surfaces of both materials. The average roughness
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R, of the 310 K material is larger by the factor of 1.75
than the 433 K material.

of

310 K material (a) and 433 K material (b)

Table 2 Surface roughness measurement with indication of
standard deviation for both materials and foil surfaces

Smooth surface Rough surface

Material
R,/um R,/um R,/um R,/um
Al-Zr,
091+£0.27 0.09+0.02 3.36+0.45 0.24+0.02
310K
Al~Zr,
0.93+0.07 0.09+0.02 1.91+0.16 0.16 +0.02
433 K

To reveal the grain structure of the cross section of
the sheets, optical microscopy observations were carried
out and compared to an Al-Sc sheet produced under
similar conditions (1 kW, 310 K). As shown in Fig. 3, the
structure of sputtered Al—Zr sheets consists of fine grains
oriented in the direction of film growth (i.e.,
perpendicular to the sheet’s plane). In comparison to the
Al—Sc sheet, the Al-Zr foils seem to have a finer grain
structure.

The mechanical properties of the Al-Zr foils
produced were investigated with tensile tests. Figure 4
exhibits exemplary stress—strain curves of Al—Zr sheets
produced with substrate temperatures of 310 K and 433
K as well as exemplary stress—strain curves of two
Al-Sc sheets investigated in Ref. [6] and produced under
similar conditions.

Fig. 3 Optical micrographs of cross sections of two Al-Zr
sheets produced at 310 K and 433 K respectively and of Al—Sc
sheet produced with substrate temperature of 310 K
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Fig. 4 Exemplary stress—strain curves of magnetron sputtered
Al—Zr sheets and Al-Sc sheets produced with target power of
1 kW and substrate temperatures of 310 and 433 K

Al-Zr sheets have significantly higher tensile
strength than Al—Sc sheets. However, Al—Zr sheets tend
to show smaller elongations to fracture. The tensile
strength of Al—Zr sheets was evaluated to (578+9) MPa
for a substrate temperature of 310 K and to (572+22)
MPa for a substrate temperature of 433 K, whereas the
Al-Sc sheets exhibit tensile strengths of (292+7) MPa
and (33248) MPa at 310 and 433 K, respectively. In
addition, it is noticeable that an increase of the substrate
temperature increases the tensile strength of Al-Sc foils
slightly, whereas the Al-Zr foils show comparable
tensile strengths.

3.2 Determination of limit drawing ratio
The micro deep drawing tests revealed a limit
drawing ratio of p=1.8 for material fabricated with a
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substrate temperature of 310 K. For Al-Zr sheets
sputtered at an elevated substrate temperature of 433 K,
the biggest drawing ratio providing reproducible sound
parts was found to be f=1.7. A drawing ratio of f=1.8
always led to wrinkling of the cup walls using this
material variant (see Fig. 5(f)). For all drawing ratios
smaller than these, starting with f=1.5, sound parts could
be achieved using both materials in all experiments.
Figure 5 gives an overview of the most important
experimental variants and the resulting cup geometries.
For the material produced at 310 K, exceeding of the
limit drawing ratio of f=1.8 results in defective drawn
parts with wrinkling of the cup walls and bottom
fractures (see Fig. 6). For comparison purposes, the cup
geometries and achieved limit drawing ratios using
Al-Sc PVD foils from former investigation [6] are
shown in Fig. 7. The limit drawing ratio of both
investigated materials was limited to f=1.6.

3.3 Determination of maximum punch force
In Fig. 8 punch forces versus stroke curves of the most
important experimental variants are shown exemplarily.

Fig. 5 Sound parts produced by micro deep drawing of two
different Al—Zr foils with different drawing ratios ((a)—(e)) and
failure part with wrinkling (f) (Punch diameter: 0.75 mm;
Drawing radius: 0.09 mm; Drawing clearance: 0.04 mm; Punch
velocity: 10 mm/s; Tool material: 1.2379; Blank thickness:
0.015 mm; Blank material: Al-Zr-foils; Lubricant: HBO 947/11;
Initial blankholder pressure: 1 N/mm?)

Fig. 6 Failure parts caused by exceeding of limit drawing
ratio. Both from the same experimental variant: (a) Wrinkling;
(b) Bottom fracture (Punch diameter: 0.75 mm; Drawing radius:
0.09 mm; Drawing clearance: 0.04 mm; Punch velocity: 10
mm/s; Tool material: 1.2379; Blank thickness: 0.015 mm;
Blank material: Al-Zr-foils; Lubricant: HBO 947/11; Drawing
ratio: =1.9; Initial blank holder pressure: 1 N/mm?)

Fig. 7 Sound parts from Al—Sc foils with limit drawing ratio of
p=1.6 [6] (Punch diameter: 0.75 mm; Drawing radius: 0.09 mm;
Drawing clearance: 0.04 mm; Punch velocity: 10 mm/s; Tool
material: 1.2379; Blank thickness: 0.015 mm; Blank material:
Al-Sc-foils; Lubricant: HBO 947/11; Initial blank holder
pressure: 1 N/mm?)
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Fig. 8 Exemplary punch force versus stroke curves from micro
deep drawing of Al-Zr foils (Punch diameter: 0.75 mm;
Drawing radius: 0.09 mm; Drawing clearance: 0.04 mm;
Punch velocity: 10 mm/s; Tool material: 1.2379; Blank
thickness: 0.015 mm; Blank material: Al-Zr-foils; Lubricant:
HBO 947/11; Initial blank holder pressure: 1 N/mm?)
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The curve shows an increase and decrease in force
typical during the forming process. After a specific
punch stroke, which increases with increasing drawing
ratio, the forming is finished and the force is stabilizing
at a constant force of about 1 N until the whole punch
stroke is finished and the punch is removed from the
specimen. This plateau marks that stage of the process
where the cup is already drawn into the die completely
but is still moved down inside the die hole which results
in a constant friction and therefore a constant force for
the rest of the punch movement.

Since the most significant parameter describing the
deep drawing process is the maximum punch force, it is
sufficient to focus on this parameter and its scattering.
Figure 9 gives a summary of the average maximum
punch forces for all experimental variants and the
associated standard deviations.
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Fig. 9 Average maximum punch forces and standard deviations
for all relevant experimental variants (Punch diameter: 0.75
mm; Drawing radius: 0.09 mm; Drawing clearance: 0.04 mm;
Punch velocity: 10 mm/s; Tool material: 1.2379; Blank
thickness: 0.015 mm; Blank material: Al-Zr-foils; Lubricant:
HBO 947/11; Initial blank holder pressure: 1 N/mm?)

For both foil materials the maximum punch force
increases with increasing drawing ratio, but this effect
seems to be more pronounced for material produced at
substrate temperature 310 K. Although the material with
substrate temperature 433 K starts at higher forces
compared to the material sputtered at lower temperature,
the maximum forces constantly fall below the values of
the 310 K material at higher drawing ratios. The standard
deviation of all experiments varies between 1% and 4%.

4 Discussion

4.1 Properties of Al-Zr foils

The fine columnar structure shown in Al-Zr foils is
a standard feature of films produced by physical vapor
deposition processes. The historical model describing the

structure of thin films produced by sputtering is called
structure zone model and takes in account two
parameters: the ratio of the substrate temperature to the
melting point (7/7,,) of the material and the pressure [7].
This model classifies the morphology in different zones
according to the ratio of 7/T}, and the pressure. In Al-Zr
films the melting point of aluminum matrix is 660.8 °C
(933.8 K) according to MURRAY et al [8], whereas
complete fusion occurs only at temperatures above
approximately 1150 °C (1423 K). This is the case for
systems at thermodynamic equilibrium. However, films
produced by magnetron sputtering generally consist of an
out-of-equilibrium extended solid solution when
substrate temperature is low. The maximum solubility of
zirconium in aluminum at thermodynamic equilibrium is
0.28% (mass fraction) [8]. The sputtered Al-Zr alloys
contain 3.18% Zr for 310 K substrate temperature and
3.02% Zr for 433 K substrate temperature respectively.
The excess should turn into an Al;Zr phase. Nevertheless
this requires temperature close to 400 °C (673 K) and
considerable time [9], which is not the case in the
experiment. Consequently, no or few precipitations occur
and the Al—Zr films consist of an aluminum solution
containing about 3.1% Zr. Working under this
assumption the melting point of the film can be evaluated
to 933.8 K, i.e. the melting point of the solid solution.
Under these conditions, the ratio 7/7, of the films
produced at 310 K and 433 K are 0.33 and 0.46,
respectively. With a pressure of 0.7 Pa, the structure zone
model indicates morphology in the transition zone
consisting of a dense array of fibrous grains separated by
real grain boundaries, which is consistent with the
observations made (Figs. 1 and 3).

The size of the surface crystallites in Al-Zr foils
measured on the free surface of the sample is
approximately 2 pm (Fig. 1) which is smaller than 4 um
measured in Al-Sc films [6]. This shows that the Al-Zr
films have a finer grain structure, which is in accordance
with optical microscopy observations. Since the melting
point of the aluminum solution in Al—Sc alloys is also
933.8 K [10], the structure zone model described earlier,
fails to explain this difference. On the other hand, the
deposition time required to reach a thickness of 15 um
(105 min) is shorter than that of Al-Sc films [6], the
deposition rate is thus higher in Al-Zr films. As
described by PAULEAU [11], increasing the deposition
rate reduces surface diffusion and consequently films
with finer structure are produced. This finer grain
structure can explain the higher tensile strength of Al-Zr
films. Actually, as reported from RITTNER et al [12],
reducing the grain size of Al-Zr alloys results in a
considerable increase of the tensile strength, but also
contributes to favour brittle failure of the sample which



Gerrit BEHRENS, et al/Trans. Nonferrous Met. Soc. China 22(2012) s268—s274 s273

can reduce ductility.

In Al-Sc films, increasing the substrate temperature
can slightly raise the tensile strength (Fig. 4). For a
temperature of 433 K, Al—Sc alloys were not reported to
show considerable precipitation hardening [13], which is
consistent with the fact that only a small increase in
tensile strength was observed. On the other hand, in
Al—Zr, precipitation was reported to be considerably
slower due to the poor diffusion of zirconium into
aluminum [14], which could be why no increase of
tensile strength was observed in the Al-Zr film produced
with a substrate temperature of 433 K.

4.2 Limit drawing ratio in micro deep drawing

As described earlier, the blankholder pressure was
kept constant for all experiments. As shown in Fig. 6, the
material with 310 K substrate temperature revealed both
wrinkling and bottom fractures at the drawing ratio of
f=1.9 and no sound parts could be achieved. This is a
clear indicator for the limit drawing ratio of f=1.8 for the
material with 310 K substrate temperature, even though
the blankholder pressure was not varied.

For the material with a substrate temperature of
433 K, the exact limit drawing ratio could not be
determined without varying the blankholder pressure. As
presented the maximum value of the drawing ratio to
produce sound parts was 1.7. A ratio of f=1.8 resulted in
wrinkling but no bottom fractures were found. Therefore,
the actual limit drawing ratio has to be f=1.7 or even
higher. For its determination, further
investigations with increased blankholder pressures will
be necessary.

The comparison of the achieved drawability of the
Al—Zr material of this study with the results of former
investigations using the Al—Sc foil material shows
significantly increased limit drawing ratios for both

reliable

Al-Zr foils. As presented in Fig. 7, the limit drawing
ratio of both investigated Al-Sc materials was limited to
f=1.6 while the Al-Zr shows a limit drawing ratio of 1.8
for the 310 K material and can be expected to be 1.7 or
higher for the 433 K material. This was not expected
since the deep drawing conditions were comparable and
Al-Sc alloys promise slightly advantageous mechanical
possible better
drawability of the Al—Zr material might be its finer grain
structure. As shown in Ref. [15], a number of grains
involved in a micro forming process affect the forming
limit of very thin foils essentially. The more the grains

properties.  One explanation for

involved in the forming are, the higher the forming limit
can be expected. However, within the framework of this
investigation, only a qualitative statement concerning the
grain size can be made. In order to be able to make

precise conclusions, further investigations on this effect
have to be made using e.g. electron backscatter
diffraction as examination method.

Comparing the functional drawing ratios of Al—Zr
material with micro deep drawing investigations on pure
aluminium, it shows the same achievable limit drawing
ratio of f=1.8 [16]. In our experiment the deep drawing
setup was even 25% smaller and therefore more sensitive
but the same limit drawing ratio could be achieved. This
illustrates the very good drawability of the investigated
Al-Zr material and additionally proves that the
alternative sheet manufacturing method of magnetron
sputtering offers just as good foil material as a rolling
process to ensure a stable micro deep drawing process.

4.3 Maximum punch force in micro deep drawing

In micro deep drawing, a frequently observed
phenomenon is an increase of scattering of the punch
force compared to macro deep drawing [17]. With
respect to the detected standard deviation, this also
applies
investigation. At the moment there is no generally valid
explanation for the increased scatter of punch force with
decreased size. But in this particular case one

for the maximum punch forces in this

explanation is the inhomogeneity of the foil thickness.
Due to the specific characteristic of the magnetron
sputtering process, the thickness of the deposited
material is much more inhomogeneous than in a rolling
process. Fluctuations of 1 pym in thickness are not
uncommon. For a desired foil thickness of 15 um this
means a change of £7% and might be therefore a very
likely influencing factor on the punch force and suited to
explain the observed standard deviations up to 4%.

5 Conclusions

1) Magnetron sputtering can be applied to fabricate
Al-Zr alloys at substrate temperatures of 310 K and
433 K.

2) These foil materials with a thickness of 15 um
were successfully applied to micro deep drawing using a
punch diameter of 0.75 mm.

3) Limit drawing ratios of f=1.8 for Al-Zr at a
substrate temperature of 310 K and at least f=1.7 for
433 K  substrate acquired
experimentally.

temperature ~ were

4) Both Al-Zr materials show a better application
potential in micro deep drawing than PVD-Al—Sc alloys
sputtered under the same conditions.

5) Deep drawing of the investigated PVD-Al-Zr
material exhibits the same limit drawing ratio as micro
deep drawing of pure aluminum manufactured by rolling.
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