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Abstract 

The effect of recovery/ recrystallization on the aluminum alloy 
EN AW-5182 in a double staged deep drawing process with an 
intermediate thermal treatment was investigated. For the de-
scription of complex stress conditions, an X-shaped cross tool 
was used. A microstructure analysis was completed to evaluate 
the influence of the recovery/ recrystallization on the increase in 
the degree of deformation of the 2nd drawing stage. 
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Kurzfassung 

Vorliegende Arbeit untersucht die Auswirkung von Erholung/ 
Rekristallisation auf die Erhöhung des Umformgrades der Alu-
miniumlegierung EN AW-5182. Die Versuchsdurchführung er-
folgte in einem zweistufigen Tiefziehprozess mit zwischengela-
gerter Wärmebehandlung. Zur Abbildung möglichst komplexer 
Spannungszustände wurde ein X-förmiges Kreuzwerkzeug ver-
wendet. Der Einfluss des erholten/ rekristallisierten Gefüges auf 
den Umformgrad wurde an Hand einer Gefügeanalyse festges-
tellt. 
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1 Introduction 

Lightweight construction is one of the major topics in the automo-
tive vehicle development, currently and in the future. The reduction 
of weight, the continuous increase of energy costs and the fulfill-
ment of legal regulations are all strong impulsive forces for further 
developments in this field. The approaches to reach these targets are 
manifold, they affect nearly every vehicle sector, and they range from 
power train applications up to the development of new alloys. 

Due to its low specific weight, its mechanical properties and its 
widespread availability, aluminum has big potential as a construction 
material in the automotive sector, in order to promote further devel-
opment of the material and its application. 

The application of aluminum in deep drawing is among those of 
greatest importance. According to the DIN 8584-3 definition, “Deep 
drawing is a sheet metal forming process by which a sheet metal 
blank is radially drawn into a forming die through the mechanical 
action of a punch.” 

Automotive body parts of aluminum are usually drawn on the same 
equipment used to draw body parts made of steel. Special considera-
tion must be given to the higher springback of aluminum sheet met-
al during mold and die production. Additionally, arrangements must 
be made to prevent the tool and die from flaking and cold bonding 
with the blank.  

The formability and the fields of application of aluminum are also 
limited by strain hardening during deformation, resulting in lower 
degrees of deformation.  

The approach of this work is to increase the formability of aluminum 
as a sheet metal through an intermediate thermal treatment in a 
double staged deep drawing process.  

Lightweight construction 

Aluminum in the automotive 
sector 

DIN 8584-3 

Tool and Die 

Strain hardening 

Increase of formability 
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2 State of the Art 

Recovery/recrystallization through thermal treatment is a common 
practice to influence the mechanical properties of a material. In the 
case of steel as a construction material, it has been verified and con-
trolled due to its long application history. In comparison, the applica-
tion of aluminum as a construction material in the automotive indus-
try is relatively new and detailed information about the softening 
processes of specific aluminum alloys are rare. 

The most important alloy groups for the automotive industry are the 
5xxx and 6xxx aluminum alloy groups. The 6xxx group is used for 
body shell part production, while the 5xxx group is applied in body 
structure parts. 

The strain hardening effect of alloys in the 5xxx group is desirable in 
order to increase the material’s strength, yet it also limits its forma-
bility and because of this, its fields of application. The limited forma-
bility affects the application of the alloy unfavorably and is the rea-
son for applications of this material that are limited to structural 
body parts. 

Previous research projects mainly covered recovery/recrystallization, 
grain growth and grain size following cold rolling in the manufactur-
ing process of the blank material. As the degree of deformation of 
nearly 30 % appears during the manufacturing process, a compari-
son with deformations appearing in the sheet metal forming of alu-
minum is not useful. (Huda 2009), (Miller, et al. 2000), (Wen and 
Morris 2004) 

The following chapter provides an overview concerning the physical 
basics and technologies used for test performance and evaluation. 

 

2.1 Properties of Aluminum 

Aluminum is the third most common element in the earth’s crust 
following oxygen and silicon. Due to its strong affinity to react with 
non-metal elements, such as oxygen, aluminum does not exist in its 
pure form naturally. The chemical combinations used as a raw ma-
terial for the production of aluminum are called bauxite and alumi-
num silicates. Bauxite is a decomposition product of lime and silicate 
stones. Aluminum silicates can be found in clay or black coal ash. 
(Ostermann 1998, 5) 

At 2.6989 kg dm-3, the specific weight of aluminum is one third that 
of steel, aluminum can be classified as a light metal. This is the main 
reason for automotive industry to pursue the idea of lightweight 
construction and begin to change from using steel to aluminum. The 
strength of the material correlates with the modification of the in-
volved elements in alloys and thermo-mechanical treatments in-
volved. Aluminum is an outstanding conductor of heat and electricity 

Source 

Periodic table 

Properties 
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and is the most commonly used material in power transmission lines. 
(Krammer 2009, 81 ff.) 

The production of aluminum is very cost-intensive, due to its high-
energy consumption. The re-melting of the recycled metal requires 
only about 5 percent of the energy as compared to the extraction of 
aluminum in the primary production process. This makes aluminum 
very attractive and profitable as a recycling material. 

 

2.2 Classification of Aluminum Alloys 

Aluminum as a construction material is divided into cast alloys and 
wrought alloys. The focus of wrought alloys lies on plastic formability 
and cast alloys focus on castability. This work tries to increase degree 
of deformation and formability of aluminum sheet metal.  

 

 

Figure 2-1: Notation of wrought aluminum alloys (Krammer 
2009, 413) 

Different properties in regards to stress, strain, corrosion and 
strength of the material can be reached by different types, quantities 
and combinations of alloying elements and/or variations in thermo- 
mechanical processing. This leads to a further classification of 
wrought aluminum alloys into heat treatable and non-heat treatable 
alloys (Figure 2-1). Heat treatable alloys use the effect of age harden-
ing to strengthen the material, whereas non-heat treatable alloys 
make use of the effects of solute hardening and cold work. Thermal 
processing can increase the mechanical properties of heat treatable 
alloys while non-heat treatable alloys lose their strength of material 
when tempered.(Krammer 2009, 143 ff) 

Production 

Classification 
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Those alloys belonging to the 2xxx, 6xxx and 7xxx series are members 
of the group of heat treatable alloys and reach their final state prop-
erties through thermal treatments following deformation. The range 
of possible temper states is wide, as every change in temperature 
and/ or duration delivers a different microstructure and a wide varie-
ty of mechanical properties. The EN AW-6xxx series plays an impor-
tant role in the field of lightweight vehicle construction. When used 
for body shell parts, the material receives its final mechanical proper-
ties during the bake hardening of the finish in the paint-
shop.(European Aluminium Association 2001-2010) 

The 1xxx, 3xxx, 4xxx and 5xxx series belong to the non-heat treatable 
alloys. The effects of hot and/or cold working mechanisms are used 
to define the mechanical properties of these alloys. Worthy of men-
tion here are EN AW-3xxx and EN AW-5xxx, as they are the most 
important wrought aluminum alloys for the automobile 
industry.(European Aluminium Association 2001-2010) 

 

2.2.1 Non heat treatable Aluminum Alloys EN AA-5xxx 

The mechanical properties of an alloy are defined by the mass frac-
tures of different alloying elements and their cooperation among 
each other. In general, each major alloying element stands for a dif-
ferent attribute of the alloy. 

Alloys of the EN AW-5xxx group are influenced by magnesium as 
their main alloying element. The addition of magnesium leads to 
solid solution hardening and strain hardening which results in a me-
dium strength material. This is because of the big difference in the 
atomic radius of aluminum and magnesium. Normally, the magne-
sium percentage varies between 0.8 and 6 percent. Both tensile 
strength and yield strength increase with the addition of magne-
sium. In general, 5xxx series alloys show a higher strength than those 
of the 3xxx series, while their formability is comparable. With a mag-
nesium level below 3 %, the material becomes susceptible for inter-
granular corrosion. On the other hand, the ultimate elongation de-
creases with a magnesium percentage above 3 %. 

Compared to all other wrought aluminum alloys, those of the 5xxx 
series have a superior resistance to corrosion and outstanding prop-
erties for applications in seawater and marine atmospheres. Even at 
low temperatures, this material shows a high resistance to brittle-
ness. Good formability, weldability (Mg > 2.7 %) and the excellent 
corrosion resistance predestine this material for building architecture 
(e.g. electro-colored facade panels), scaffolding and marine applica-
tions. The automotive industry uses aluminum of the 5xxx series for 
press-formed body structure parts and chassis components. 

Heat treatable 

Non-heat treatable 

Magnesium 
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Depending on the magnesium percentage in the alloy, n (strain har-
dening coefficient) and Z (Poisson ratio) exhibit reciprocal properties. 
Both variables are vital for the prediction of the formability behavior. 
Alloys with a mass fraction of magnesium below 1 % display a high 
lateral contraction Z, from which a good deep drawing performance 
can be derived. As a result of this, alloys with a mass fraction of 
magnesium greater than 4 % show a high strain hardening coeffi-
cient n and a good performance in stretch forming.(Krammer 2009, 
146) 

 

Alloys of the 5xxx series with added manganese tend to streak and 
strain mark formations on the material surface as a result of inho-
mogeneous forming. Stretcher strain marks lead to a higher friction 
coefficient and limited applications of the 5xxx series in chassis com-
ponents. Stretcher strain marks are visible even after painting and 
tend to crater formation in the course of natural aging. This means 
for painted chassis components, the stretcher strain marks that are 
readily identifiable after the paint shop, tend to form unaesthetic 
porosities by natural aging. Due to this,  the main areas of applica-
tion for the 5xxx alloys in the automotive industry are press formed 
body structure parts.(Krammer 2009, 150) 

Another important alloying element is chromium. The main reason 
for the addition of chromium is the ability to control grain size and 
the formation of microstructure in aluminum-magnesium alloys. 
Chromium forms a finely dispersed phase, responsible for the antici-
pation of nucleation and grain growth. With a mass fraction of 
chromium below 0.35 %, the electrical resistivity increases. At levels 
above 0.35 %, chromium builds rough compounds with other im-
purities such as iron, titanium or manganese. The fibrous structure of 
chromium in the solid solution reduces the susceptibility of stress 
corrosion cracking and increases hardness and strength. The alliance 
of chromium and manganese is specific to aluminum-magnesium 
alloys to achieve a reduction of the susceptibility of inter-granular 
corrosion as stress corrosion cracking and exfoliation.(European 
Aluminium Association 2001-2010) 

 

1.1.2 Heat-treatable Aluminum Alloys EN AA-6xxx 

The presence of the alloying elements silicon and magnesium rang-
ing between 0.3 and 1.5 percent enables a strengthening of the ma-
terial through thermo-mechanical processing and enables precipita-
tion hardening. Silicon improves the corrosion resistance and the 
fluidity of the melt. With a silicon level of more than 13 percent, the 
machinability is continuously reduced. In the group of age hardena-
ble alloys, the 6xxx series have a lower strength than the 2xxx and 
7xxx series alloys. Still, their formability and weldability are 
good.(European Aluminium Association 2001-2010) 

Manganese 

Chromium 

Heat-treatable 
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Due to the combination of strength, formability, corrosion resistance 
and weldability, alloys of the 6xxx series are used in the automotive 
sector (outer body panels), on building suites (ladders, doors, win-
dows), for marine applications (offshore structures), in the optical 
industry and in the food industry. Anodizing is possible and leads to 
an even better resistance to corrosion, a harder surface or a different 
surface color. The addition of low melting phase elements such as 
lead, bismuth and/or tin leads to a good machinability and a dedica-
tion in extrusions.(Krammer 2009, 151) 

Two minor alloying elements of the 6xxx group are lead and bis-
muth. Lead improves machinability, has a low melting point and re-
stricted solubility. In aluminum, lead forms a low-melting phase, 
benefits chip breaking and supports tool lubrication. Due to its toxic-
ity, the amount of lead in alloys is restricted to a level of 0.4 percent 
by law. Bismuth has a similar influence on the alloy as lead, but it is 
primarily added to compensate the lead shrinkage during solidifica-
tion by its own expansion. It is non-toxic and has no legal limita-
tions.(European Aluminium Association 2001-2010) 

 

2.3 Influence on Material Properties through Thermo-mechanical 
Processing 

The properties of a material are not only affected through their alloy-
ing elements. They are also dependent upon the crystal structure and 
defects, as they can also be influenced by thermo-mechanical treat-
ment. The following chapter provides an overview of crystal structure 
defects and the influence on material properties caused by thermo-
mechanical processing. 

 

2.3.1 Material Defects 

All mechanical properties can be seen as a result of deviations from a 
perfect crystal lattice structure. The defects in the crystal lattice are 
classified into point defects, linear defects and planar defects. For 
aluminum, the most important microstructure faults are dislocations 
(two dimensional defects). 

Point defects  

Point defects are zero dimensional defects in the crystal lattice and 
can appear in two different types. 

 Vacancy defects  
 Interstitial defects 

Vacancy defects are unoccupied positions in a crystal lattice. Other 
atoms can substitute these gaps. If an atom from the surrounding 
area moves into the vacancy, the vacancy defect moves in the oppo-
site direction of the atom movement.(Hirth and Lothe 1991) 

Application of 6xxx 

Lead & Bismuth 

Vacancy defect 
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Interstitial defects are caused by atoms present in the crystal lattice in 
locations where usually there are no designated atomic placements. 
In this case, the interstitial defect is created by a foreign atom; the 
crystal is called substitution crystal.(Bargel, et al. 2008, 5) 

 

 

Figure 2-2: Point defects; left: Vacancy defect; right: Interstitial 
defect; (Bargel, et al. 2008, 5) 

Linear defects 

“Dislocations are linear defects around which some of the atoms 
of the crystal lattice are misaligned.”1 

Dislocations can exist either as edge-dislocations (Figure 2-3) or 
screw-dislocations (Figure 2-4). Both lattice imperfections result in 
lattice strain. Usually, edge- and screw-dislocations do not occur 
alone; rather, they generally appear in combination. Dislocations can 
begin or end at the edge of the crystal, or form closed loops within 
the crystal. (Bargel, et al. 2008) 

 

 

Figure 2-3: Edge-dislocation (Röhr 2011) 

 

                                            
1(Hirth und Lothe 1991) 

Interstitial defect 

Dislocation 



 

 

Figure 2

A plast
take pla
formab
tions, t
among 
deform
where 
Figure 2
Si1MgM

 

Figure 2

 

 

 

 

 

2-4: Sc

tic deforma
ace throug

bility behav
their re-pro
 each othe
ation, the 
formation 
2-5 shows 
Mn-0 alloy.

2-5: Wo
(O

rew-disloca

ation and 
gh the mov
vior is influ
oduction, 

er and with
 number o
 and erasu
 the action
 

ork harden
stermann 1

ation (Röhr

work hard
vement of d
uenced by 
their mob
 other latti

of dislocatio
ure of disl
n of work h

ing behavi
1998, 49) 

r 2011) 

dening of 
dislocation
the conce
ility as we
ice defects
ons will in
ocations r
hardening 

our of AlSi

 

aluminum 
s. In alumi

entration o
ell as their
. With an i
crease to 
eturn into 
in an alum

MgMn-0 

8 

 will only 
inum, the 
f disloca-
r reaction 
ncreasing 
the point 
 balance. 

minum Al-

 

Effects of disl
ment 

location move-



 

 

Two-dim

Two-dim
entire s

 
 

A grain
orientat

Figure 2

In sub-g
to or le
dislocat

 

Figure 2

 

2.4 S

Various
propert
harden
materia

 

2.4.1 W

Work h
ductile 
tions th
dislocat
The eff
creases

mensional 

mensional 
surface. Tw

Grain boun
Sub-grain b

n boundary 
tion.  

2-6: Gr

grain boun
ess than 15
tions, inter

2-7: Su

Strengthen

s types of h
ties of alum
ing and p
al. 

Work Harde

hardening, 
 deformatio
hrough the
tions, they 
ect of wor
, while its e

 defects 

defects ar
wo-dimensio

ndaries 
boundaries

 splits area

ain bounda

ndaries, the
5 degrees. S
rupted by c

b-grain bo

ing of Alum

hardening 
minum and 
recipitation

ening 

also known
on. Plastic 
e crystal st
 obstruct th
k hardenin
elongation 

re variation
onal defect

s 

as of simila

ary (Röhr 2

e deviation 
Sub-grain b
coherent la

undaries (R

minum 

processes c
 its alloys. W
n hardenin

n as strain 
deformatio
tructure. W
heir own m

ng is that th
 drops.(Kra

ns in the id
s are: 

r crystal str

 

011) 

 of orientat
boundaries
attice areas

Röhr 2011)

can be app
Work harde
g are used

 hardening
on produce
With an inc
movement 
he strength

ammer 200

deal crysta

ructure but

tion has to
s build row
. 

 

 

plied to im
ening, solid
d to streng

, is a direct
es and shift
creasing n
in the cryst
h of the m
09, 295 f) 

9 

al over its 

t different 

o be equal 
ws of edge 

prove the 
d solution 
gthen the 

t result of 
ts disloca-
umber of 
tal lattice. 
aterial in-

Grain bounda

Sub-grain bou

Ductile deform

ary 

undary 

mation 



 

 10 

 

2.4.2 Solid Solution Hardening 

Solid solution hardening occurs through the placement of foreign 
atoms into the aluminum matrix. It must be distinguished between 
interstitial solid solution and substitution solid solution. Substitution 
solid solution takes place when a matrix lattice atom is replaced by a 
foreign atom. Conditions necessary for a replacement are a) a similar 
lattice structure and b) a difference in atomic radius less than or 
equal to 15 percent. Interstitial solid solution is caused by a transfer 
of foreign atoms to intermediate matrix lattice locations. Hydrogen, 
carbon, nitrogen and boron are the most important interstitial solid 
solution elements. Interstitial solid solution can work when the rela-
tion of matrix atom to foreign atom is not higher than 0.41. (Figure 
2-8) (Bargel, et al. 2008, 34 ff) 

 

 

Figure 2-8: Principle of solid solution hardening; left: 
Substitutional solid solution; right: Interstitial solid 
solution (Bargel, et al. 2008, 35) 

The alloy atom deforms the matrix lattice and this induces lattice 
strain over the matrix deformation. Because of the difference in 
atomic radius of the alloying element, all of the surrounding alumi-
num atoms are forced slightly out of place. This deformation hinders 
the movement of dislocations, further resulting in stronger disloca-
tion reactions within the crystal.(Ostermann 1998, 51 ff.) 

 

2.4.3 Precipitation Hardening 

In precipitation hardening, finely dispersed precipitates block the 
movement of dislocations along their gliding planes. During ductile 
deformation, the moving dislocations have to either separate or by-
pass the precipitates. Depending upon the size, type, amount and 
arrangement of the precipitates, as well as the degree of coherence 
between dispersion and aluminum matrix, the dislocation can move 
through or around the dispersion.  

 

Disturbance of the matrix 

Block of dislocation move-
ment 
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contents of the material, heating rate and the microstructure of the 
initial state. 

Recovery does not lead to any changes in the microstructure that are 
visible under a light microscope. Recovery takes place through a 
transposition of atoms and gaps in the material lattice. Another ef-
fect of recovery can be the formation of sub grain boundaries 
(2.3.1). The reduction of defects in the crystal structure of the ma-
terial through recovery is insignificant. Recovery improves the ar-
rangement of the defects and reduces the inner energy of the ma-
terial due to this. The tensile strength is not essentially changed, ul-
timate elongation is also increased by recovery. (Figure 5-5) shows a 
typical softening curve of aluminum [Al99.5]. Section 1 describes the 
area of recovery. In section 2, recrystallization occurs; heat treatment 
in the area of section 3 will lead to coarse grain formation. 

Thermal treatment above the recrystallization barrier leads to a par-
tial or total softening of the material, because of the recrystallization 
of the primary crystallization. Recrystallization usually begins by nuc-
leation of crystal lattice areas most disturbed through cold work. 
New crystals grow to the point where they reach other, still growing 
crystals. The previous cold work, the temperature, as well as the du-
ration of the thermal treatment, are the most important factors in-
fluencing the course of recrystallization and grain size of the recrys-
tallized microstructure. 

The degree of deformation is one of the strongest influences to the 
recrystallization process. By increasing the degree of deformation, 
the tendency for recrystallization increases, and the recrystallization 
barrier also sinks to lower temperatures. Material that has a high 
degree of deformation has a large density of strongly tensed up 
areas, which have, compared to less deformed areas, a much higher 
amount of nucleation. Because of this, the recrystallized microstruc-
ture is much finer in strongly deformed areas than it is in less de-
formed sections. Figure 2-10 shows the influence of the degree of 
deformation on the grain size on pure aluminum (Al 99.99).  

 

Recovery 

Recrystallization 

Degree of deformation 
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drawing process is reached when force transformation into the 
flange stops and lateral contraction begins. 

Through the separation of a deep drawing process into multiple 
drawing steps, higher depths can be reached. Deformation of the 
first stage ends once a certain amount of tension has been reached 
in the transmission zone.   

According to (Ostermann 1998, 360), load zones in the deep draw-
ing procedure can be described as follows (Figure 2-14): 

 The load introduction zone is the area under the front of the 
punch. 

 The load transmission zone is the finished formed part area 
between bottom and draw die radius outlet 

 The deformation zone contains the area between the outer 
edge of the flange and the draw die radius inlet. 

 The bending zone is the area between draw die radius entry 
and outlet. 

 

 

Figure 2-14: Load Zones 

 

2.5.1 Drawing Ratio 

The drawing ratio βmax is the ratio of the biggest blank diameter 
(Formula 2-1) in relation to the die diameter that can be drawn 
without material failures such as the formation of cup base fractures. 

 

ߚ ൌ
݀

݀௦௧
 

Formula 2-1: Drawing ratio 

Separation of a deep draw-
ing process 

Load zones 
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βmax is reached when the highest occurring drawing force cannot be 
forwarded into the deformation zone any further. The cup base frac-
ture force has reached its maximum once the first cracks appear in 
the outlet of the punch edge radius. Other influencing factors on the 
maximum drawing ratio are lubrication (3.5) as well as anisotropy 
(2.5.5). An increase of the friction coefficient μ leads to a decrease of 
the drawing ratio βmax. On the other hand, a higher strain hardening 
coefficient n leads to a higher maximum drawing ratio βmax.(Lange 
1990, 325 f) 

According to (Krammer 2009, 248) the maximum drawing ratio βmax 
of aluminum, tested under laboratory conditions, lies between 1.85 
and 2.05. In comparison, the maximum drawing ratio of steel is be-
tween 1.9 and 2.2. These numerical values depend on blank thick-
ness, tool geometry and lubrication and are not completely transfer-
able to industrial situations.  

 

2.5.2 Deep Drawing with Blank Holders 

In the normal deep drawing procedure, a deformation of the flange 
is produced by tangential compression and radial tensile force. 
Through the use of a blank holder, an additional compression force 
FN in normal direction to the flange is induced. 

 

 

Figure 2-15: Influence of blank holder force (Lange 1990, 325) 

A correct level of blank holder force is important for the production 
of useable parts. Figure 2-15 shows the influence of the blank holder 
force on the drawing ratio. If the blank holder force FN is too high, 
this leads to losses through friction, resulting in cup base fractures; 
an insufficient blank holder force FN leads to wrinkling. Both types of 
failures are operational limitations to the drawing ratio. (Lange 1990, 
325) 

 

 

Limits of deep drawing 

Level of blank holder force 
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2.5.3 Evaluation of Deep Drawing 

The evaluation of a deep drawing process can be done through 
measurement of strain and stress, thinning or other criteria, such as 
accuracy of shape or material defects. 
For an evaluation through strain measurement and thinning, a de-
fined dot matrix has to be applied to the unformed blank. The fol-
lowing optical forming analysis measures the deviation of the dots 
through deformation and compares it to a reference matrix. 
The optical forming analysis is completed using the ARGUS system, a 
metrology system from GOM “Gesellschaft für Optische Messte-
chink” situated in Braunschweig, Germany.  

ARGUS is a measuring solution to analyze the forming of sheet metal 
parts. Circular dots are electrochemically etched onto the original 
sheet metal (3.4). The regular spacing between the dots varies be-
tween 0.3 and 5 mm prior to the forming process. The dots applied 
to the blank surface follow the deformation during the forming 
process. The center of these dots can be seen as a reference for the 
determination of coordinates and a following deformation analysis. 
In the next step the deformed part is recorded with a digital camera 
from various view angles. Following a photogrammetric algorithm, 
the system determines the 3D coordinates of the deformed points 
and compares it to a previously defined dot matrix.(Friebe, Klein and 
Galanulis 2010) 

Through the program’s algorithm, a calculation of strain and stress, 
thinning and a validation of the forming process according to criteria 
of the Forming Limit Curve is possible. 

 

2.5.4 Forming Limit Curve 

The Forming Limit Curve shows the limits of sheet metal forming 
under different deformation conditions. The Forming Limit Diagram 
(FLD) is used to evaluate the properties of blanks after deformation 
through a defined dot matrix or a line network. 

The development of a FLD is similar to its application (2.5.3). Infor-
mation regarding the deformation of the dots alone does not pro-
vide any evidence when material failures such as lateral contractions 
or cracking will occur. Experiments under laboratory conditions with 
an equal material deliver the Forming Limit Curves (Nakazima test). 
The deformation analysis of the real part is compared with the FLC 
curve, developed under laboratory conditions and a conclusion to 
the resistance against material failures can be made. The simplifica-
tion of this system lies in the fact that material failures produced by 
lateral contraction, or breakage are only defined through the planar 
state of stress. Because of this, the local deformation can be meas-
ured. The distortion of the points is equal to the local deformation of 
the blank. (Ostermann 1998, 338) 

Strain and stress measure-
ment 

Measurement of a defined 
dot matrix 

Application of FLD 
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Figure 2-16 shows the principle of a forming limit diagram. Good 
parts are produced as long as the strain remains below the forming 
limit curve where lateral contraction occurs. The four dashed lines 
mark four natural strain ratios ߮ଵ: ߮ଶ with the ideal conditions of 
deformation. 

 

 

Figure 2-16: Forming Limit Curve (Ostermann 1998, 340) 

Biaxial stretch forming - the elongation in both major axes increases; 
the material is stretched in planar directions. 

߮ଵ ൌ ߮ଶ 

Formula 2-2: Biaxial stretch forming 

Plane strain - one major axis is stretched, the second major axis stays 
in the initial state. 

߮ଵ  0 

߮ଶ ൌ 0 

Formula 2-3: Plane strain 

Uniaxial tension - deep drawing in narrow sense, one major axis is 
stretched; the second major axis is compressed. 

߮ଵ ൌ െ2߮ଶ 

Formula 2-4: Uniaxial tension 
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Consistent stretch forming, pure deep drawing, one major axis is 
stretched; the second major axis is compressed. 

 

߮ଵ ൌ െ߮ଶ 

Formula 2-5: Consistent stretch forming 

 

2.5.5 Anisotropy 

An important factor for sheet metal forming is the anisotropy r. Ani-
sotropy is a synonym for the directionality of sheet metal and is de-
fined as the ratio of the logarithmical strain (grade of deformation) 
in length and width. An example for the influence of anisotropy on 
the deformation process is the earing of a radial blank during the 
drawing process. 

Anisotropy influences the maximum drawing ratio βmax possible in 
sheet metal forming, and the material flow in massive forming. Ani-
sotropy itself originates in the crystal anisotropy combined with tex-
ture and microstructure anisotropy. The texture labels the orientation 
of all crystallites in a crystalline microstructure. For sheet metals, the 
texture is influenced by the rolling process. Other factors influencing 
anisotropy are grain size and how the different grain forms are ar-
ranged together.(Lange 2002, 80 f) 

The anisotropy r is not constant and can vary across the blank. De-
pending on the location of the sample relative to the rolling direc-
tion, anisotropy can have different values. In order to be able to es-
timate the chance of earing, anisotropy r is measured in three differ-
ent directions (r0, r45 and r90). The index indicates the angle of the 
sample axis in relation to the rolling direction. Generally, r>1 indi-
cates a greater resistance to an alternation in thickness than in width 
by the application of a tensile load. Blanks with anisotropy r<1 show 
a greater resistance against deformation in width. (Klocke und König 
2006, 83) 

 

2.5.6 Strain hardening Coefficient 

The strain hardening coefficient n is a measure for the maximum 
achievable deformation based on the drawing ratio βmax. Sheet met-
als with higher strain hardening coefficients achieve higher drawing 
ratios βmax. Through uniform elongation, the affinity of the material 
for lateral contraction during stretch forming is reduced by increas-
ing the strain hardening coefficient n.  

Directionality of sheet metal 

Influences on Anisotropy 

Variation on Anisotropy 

Maximum achievable defor-
mation 
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3 Test description 

The following chapter describes a double-staged deep drawing 
process with an intermediate heat treatment. As a material, alumi-
num EN AW-5182 with the material thickness of 1.2 mm is used. A 
heat treatment is utilized in order to reach recovery/recrystallization 
following the premier deformation. This thermal treatment should 
increase the formability of the blank material for the second drawing 
stage. Compared to a conventional deep drawing process (single 
draw, lack of a thermal treatment), an increased drawing depth is 
anticipated. 

The test preparation began with an evaluation of the ideal blank 
geometry with respect to anisotropy and sheet metal thickness. Elec-
trochemical surface etching followed the development of the blank 
geometry and a number of trial runs on the press were conducted. 
Further on, the influence of a lubricant, in combination with the 
blank holder force was tested and forming parameters such as blank 
holder force, punch velocity and the amount of lubrication to be 
used were defined. 

After the maximum drawing depth was found, a series of x-shaped 
cross-parts with decreasing depth was produced. A stress and strain 
analysis according to the criteria of the forming limit curve for the 
used material followed and delivered the ideal drawing depth. The 
recrystallization and/or recovery process was done in a batch furnace 
by a defined temperature and various times.  

Finally, a detailed analysis of microstructure diagrams of sections 
with high strains was done and a connection between recov-
ery/recrystallization and total drawing depth established. 

 

3.1 X – Shaped Cross Tool 

The test runs were carried out using an x-shaped cross tool with a 
contour-adapted blank holder. The x-shaped cross tool is generally 
used to validate the formability of different grades of steel. With its 
complex contour and the alternation between convex and concave 
radii, it is a model for all complex states of stress which may occur in 
a real deep drawing process. 

The main dimensions of the x-shaped cross tool can be taken from 
(Figure 3-1). 

Tool 
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3.2 Material 

EN AW-5182 [Al Mg4,5Mn0,4] with a thickness of 1.2 mm from 
“NOVELIS” was used as a material for these tests. The mass fractions 
of the alloying elements can be found in (Table 3-1). 

 
Element Si Fe Cu Mn Mg Cr Zn Ti

Mass fraction [%] 0,20 0,35 0,15 0,20 ‐ 0,50 4,00 ‐ 5,00 0,10 0,25 0,10

 

Table 3-1: Alloying Elements of EN AW-5182 

EN AW-5182 has been delivered in the temper state H111, which 
stands for insignificant strain-hardening, reached through annealing 
and an enclosed strain-hardening process such as stretch forming, 
for example. 

Table 3-2 shows all mechanical properties and formability parame-
ters of EN AW-5182.  

 
Test direction Rm Rp0.2 A80 Au n r

Mpa Mpa % % 2 ‐ 20 % 2 ‐ 20 %

longitudinal 272 130 24,60 21,30 0,330 0,85

diagonal 268 129 25,30 24,50 0,330 0,77

transverse 267 128 26,00 23,30 0,331 0,78

 

Table 3-2: Mechanical Properties and Formability Parameters 

 

 

Figure 3-3: Flow Curve EN AW-5182 

 

EN AW-5182x1.2 



 

 23 

 

Figure 3-4: Forming Limit Diagram EN AW-5182 

All mechanical properties and formability parameters, as well as the 
flow curve and forming limit diagram have been provided by “NO-
VELIS”. 

 

3.3 Process Limit Estimation and Simulative Blank Geometry De-
velopment 

The blank geometry was developed with special consideration to 
factors like the anisotropy of the material, the size and form of the 
drawn part. First steps were completed by simulation in order to be 
able to estimate process limits and to predetermine the influence of 
the above mentioned factors. Trial runs with hand cut blanks alter-
nated with further simulations concerning the size and form of the 
blank. A blank geometry that could easily be drawn, independent of 
its placement in the tool and its anisotropy was determined.  

The simulations were done using AutoForm, a simulation software 
covering the fields of part design, purchasing and planning, process 
layout and die design, as well as process design and optimization. 
The description of the yield curve followed the “BARLAT” model and 
the element formulation was done as an elastic plastic shell. The 
Forming Limit Curve and the hardening curve were implemented 
with the values provided by NOVELIS. 

Due to the fact that Auto Form R 1.1 XP32 is not able to demon-
strate a two-step deep drawing process with an intermediate heat 
treatment, the simulation was simplified so that the first and second 
step both begin with the same material parameters. Additionally, the 
second step was modeled with the actual thinning at the end of the 
first step; the strain levels were reset for the second drawing stage.  

 

Blank geometry 

AutoForm simulation 

Simplifications in AutoForm 
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The first deep drawing stage was limited to a depth of 20mm ac-
cording to the forming limit curve criteria of EN AA-5182. The con-
cept to remain within the limits of major strain, minor strain and 
thinning, in order to provide enough material for the second draw-
ing stage was followed. Thinning should remain below a maximum 
of 20 percent. According to (Figure 3-5), the maximum thinning was 
predicted on the inner radii of the cross part. Maximum thinning is 
15 %.  

 

 

Figure 3-5: Thinning AutoForm; right: 1st stage; h=20mm                  
left: 2nd stage; h=35mm 

According to FLC criteria’s, the 2nd drawing stage of the AutoForm 
simulation was limited to a total depth of 35mm. Maximum thinning 
of the second stage occurred on the inner radius of the cross part 
and was 28 % (Figure 3-6). 

 

 

Figure 3-6: Forming Limit Diagram AutoForm; 2nd stage; 
h=35mm 

Limits 1st stage 

Limits 2nd stage 
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Lubrication has been considered with the value of μ=0.1. For com-
parison, AutoForm proposes μ=0.15 as a standard value for steel 
applications.  

The material EN AA-5182 has similar characteristics for longitudinal 
r0, diagonal r45 and transversal r90 anisotropy. Anisotropy values for 
EN AA-5182 can be found in (Table 3-3). 

 
r0 0,85

r45 0,77

r90 0,78

rm 0,793

∆r 0,045  

Table 3-3: Anisotropy values of EN AA-5182 

 

The final form of the blank can be seen in (Figure 3-7). 

 

 

Figure 3-7: Blank geometry 
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The first step is to degrease the blank with a standard degreaser. To 
prevent any chemical reactions of the combination electrolyte, de-
greaser residue and possible generation of heat due to current flow, 
the degreased blanks should be neutralized with warm water.  

Next, the membrane with the dot matrix has to be placed on the 
dried blank. If the membrane is totally dry and/ or used the first time, 
the blank should be moisturized with electrolyte prior to the place-
ment of the membrane. The adhesion of the membrane to the blank 
should be kept free from wrinkles, air inclusions and the slipping 
during the first set of movements with the marking-head. It is impor-
tant that all wrinkles or air inclusions are eliminated prior to applying 
the voltage. Once the etching process has started, a shifting or slid-
ing of membrane and blank against each other render the applied 
dot matrix useless for a following strain and stress measurement. 
Neither the distance of the points nor the circular form of them 
could be guaranteed in this case. The strain and stress measurement 
would already begin with a deviation which would make it impossi-
ble to depict a realistic process. 

A combination of AC and DC currents showed the best results for 
the etching process. With respect to heat generation and the capaci-
ty overload of the device, lower flow levels of AC and DC have been 
chosen than suggested by ÖSTLING. For AC current, the recommen-
dation was 8 V, for DC it was 12 V. First tests showed that the appli-
cation of the two recommended voltages heat up both blank ma-
terial and electrolyte in a way that bubble formation occurs between 
blank and membrane. Through the heated up blank material, the 
electrolyte evaporates under the membrane and starts the formation 
of blowholes under the membrane. The movement of the marking 
head and the indicated offset of these bubbles may result in a shift-
ing or sliding of the membrane against the blank. Besides this, it is 
harmful for health to inhale evaporated electrolyte. After finishing off 
the first tests, 8V can be suggested for etching with DC and 7V can 
be suggest for etching with AC. 

The application of the two types of current followed a chronological 
sequence. AC etching is shallow, not very wear resistant and only 
heat resistant with limitations. Instead, it produces points with high 
contrast that are easy to illustrate by measuring systems. DC etching 
goes into the depth of material, is limited wear resistant and heat 
resistant. Due to the depth of the points the friction coefficient in-
creases. A temporal sequence of DC and AC applications is important 
since DC etches pits into the material where the following AC appli-
cation is responsible for the contrast of these pits. This combination 
of DC and AC application produces a wear and heat resistant dot 
matrix with a high contrast and enables a stress and strain mea-
surement after several drawing stages and different temper times. 
The total etching time for DC and AC application amounts 8 minutes 
for a blank surface of 0.057m². 

Degreasing of the blank 

Membrane with point matrix 

Combination of AC and DC 



 

 28 

3.5 The Influence of Lubrication and Blank holder Force 

Aside from the deformation characteristic of the material, the tribo-
logical relationships in the contact zone between blank surface and 
tool surface are fundamental for the limits of this deformation 
process. Friction between the different contact zones influences the 
material flow inside the tool. Management of the deformation 
process through controlled friction is possible. The tribological sys-
tem consists of blank surface, tool surface and lubricant. The lubri-
cant avoids abrasion on both blank- and tool- surface. For alumi-
num, the lubricant is also needed to prevent adhesion of the material 
to the tool. Aluminum is susceptible to flaking. Usually, the flakes are 
generated during the trim operation of the blanks and can be waste 
material or parts of a protruding flash. Due to the applied pressure, 
the flakes are cold welded on the tool surface. Depending on the 
adhesion forces, material can be removed from the tool by a further 
punch movement. (Ostermann 1998, 342) 

According to (Lange 1990, 327), the influence of friction increases 
with increasing part sizes due to the reason that the ratio between 
surface to volume increases. The best deep drawing results should be 
reached if the friction under the blank holder is as large as possible 
and friction in the area of the punch radius as small as possible.  

Due to these facts, the influence of lubrication played an important 
role in the test results. The original plan followed the approach to 
complete the deformation without the addition of a lubricant. First 
trial runs without lubrication showed immense distinctions concern-
ing depth and contour accuracy. As the addition of a lubricant in-
creased the drawing depth of the same applications, it degraded 
contour accuracy and necessitated a variation of the blank holder 
force. 

DU 700 P of RhenusLub GmbH & Co KG was used as a lubricant. This 
oil is used specifically for the drawing of bars, profiles and tubes in 
non-ferrous metal. The manufacturer recommends DU 700 P does 
not have to be removed prior to annealing and leaves no residues or 
burns following heat treatment. The product has a viscosity of 
700mm2.s-1 at 40°C.  

The lubricant application was intended to represent a repeatable 
process, close to series. Because of this, the lubricant was only ap-
plied to both sides of the blank. A constant lubricant application 
over the tool surface was impossible due to the tool geometry. The 
oil volume was measured by a commercial injection syringe used in 
healthcare. The amount of oil applied to the blank surface was 
measured in drops. One drop has an average weight of 0.1g. This 
procedure delivered a repeatable process. A further simplification for 
the achievement of a repeatable process was that lubrication on the 
tool can be seen as constant following an average breaking-in lot 
size of 5 blanks. 

Tribology 

DU 700 P 

Constant application of 
lubricant 
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effects of lubrication but still achieve an adequate contour accuracy, 
a variation of the blank holder force was necessary. As the forming 
process began with a blank holder pressure of 5,5 MPa, it was in-
creased with additional oil amounts involved in the process, and was 
a measure necessary because of the loss of contour accuracy, par-
ticularly when bulging at the bottom of the cross part in the area of 
the inner radius became apparent. The final parameters for the blank 
holder pressure following the trials were 11MPa. 

 

3.6 Forming Parameters 

The definition of forming parameters can be seen as one of the most 
important steps prior to the actual deformation process. The pre-
vious search for an optimum amount of lubricant, blank holder 
force, contour accuracy and drawing depth showed that restrictions 
were necessary to contain the required effort within reasonable 
bounds. By changing a single input variable, all other variables in the 
process are influenced and might change their behavior to each oth-
er. Because of this, the variation of forming parameters had to be 
limited to desirable yet reasonable values. (Table 3-4) shows a list of 
all defined forming parameters and their values. 

 

Stroke force 1000 kN

Drawing speed 10 mm∙s
‐1

Blank holder pressure 11 Mpa

Lubrication 25,2 g∙m²  

Table 3-4: Forming Parameters 

 

3.7 Determination of Deformation Limitations  

The determination of deformation limitations was done by the esti-
mation of the maximum drawing depth and an enclosed stress and 
strain analysis. 

In the first step, the maximum drawing depth was determined. From 
here, the drawing depth was successively increased until a material 
failure took place. The first signs of necking were observed at a 
depth of 28 mm in the vicinity of the punch’s edge radius in Section 
1 (Figure 3-10).  
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the recrystallization temperature and time depending on the degree 
of deformation. For EN AA-5182, a recrystallization diagram could 
not be found in various literature or be provided by the manufactur-
er. Instead of a recrystallization diagram, the temperature area of a 
possible recovery/ recrystallization was found. 

According to (Ostermann 2007, 60), the recrystallization tempera-
ture of wrought aluminum alloys lies between 300°C and 400°C, 
depending on the degree of deformation, material composition and 
duration of heat treatment. Ostermann only provides information 
regarding the temperature region in which recovery / recrystallization 
may take place, more detailed information about the relationship 
between degree of deformation, temper temperature and holding 
time is not included in his work. 

The chamber oven at the Institute of Tools and Forming was used for 
completion of the heat treatment. For the thermal treatment, a tem-
perature level of 350°C was chosen. The temperature difference from 
top to bottom in this oven at an adjusted temperature of 350°C is 
30°C. Due to the reason that the temperature measurement inside 
the chamber takes place at the top of the chamber, the temperature 
at the bottom only reaches 320°C. 

The process followed the assumption that the deformed blanks are 
exposed to a heat treatment for various periods of time at constant 
temperatures. The heat treatment itself can be divided into heating 
time and holding time. The holding time separated all heat treated 
parts into five groups. The proposal was to hold the deformed parts 
5 min, 15 min, 30 min, 60 min and 120 min at a constant tempera-
ture. The cooling of the parts took place at ambient air temperature 
without any further control. Each group consisted of 13 samples, 
with one part of each group being used for a temperature mea-
surement with a thermocouple. Another sample of each group was 
used for a stress and strain analysis following the second drawing 
stage. Figure 3-15 shows the temperature gradients of group 1 with 
a holding time of 5 min and an average heating time of 20 min. The 
temperature gradients for group 2 (15 min), group 3 (30min), group 
4 (60min) and group 5 (120 min) can be found in the appendix.  

 

Recrystallization temperature 

Various holding times 



 

 34 

 

Figure 3-15: Heating Diagram Group 1 

 

3.9 2nd Drawing Stage 

In the second drawing stage, the pre-formed and heat treated parts 
were formed further to the point where material failures occurred. 
The approach was to find the maximum drawing depth and reduce 
it until no lateral contraction (optical validation) could found. Usually 
the depth at which adequate parts were produced, according to cri-
teria of being optically error-free, were only one or two millimeters 
below the maximum drawing depth.  

 

For all holding times, the drawing depth of the 2nd stage was 32 
mm. Presumably, the holding time and the differentiation between 
recovery and recrystallisation had no influence on the formability 
behavior of the material in the 2nd drawing stage. 
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GRAIN SIZE ADDITIVE

500 Water

1200 Water

2400 Water

4000 Water

3 µm Water

1 µm Water

< 1 µm OP‐S Suspension

G
R
IN
D

P
O
LI
SH

ET
C
H

100 ml destilled water

4 ml hydrogen fluorid

acid temperature 150° C

residence time 60 sec.  

Table 4-1: Chronological sequence of sample preperation 

After the final polishing step, the samples were cleaned under run-
ning water. The formed surface was covered with alcohol and dried 
by a commercial hair dryer. The etching process was also completed 
using dehydration with alcohol and a commercial hair dryer. Accord-
ing to the Institute of Material Science and Welding, this was neces-
sary in order to prevent the samples from building up moisture, 
which could cause unpleasant effects during inspection under the 
light microscope. 

 

4.1 Microstructure 

The pictures of the material microstructure were taken by a light mi-
croscope at the Institute of Material Science and Welding. A focus of 
2.5 mm was used, allowing for a differentiation between grain 
boundaries.  

In the following, the microstructure diagrams of all different temper 
states, as well the initial microstructure, are discussed. In all of the 
groups, the grain size of the recrystallized microstructure is bigger 
than that of the initial microstructure. The dispersed microstructure 
of the initial state is a result of the high degree of deformation dur-
ing the milling process and the enclosed thermal treatment. 

Even if the deviation of the degree of deformation between Sections 
1 and 2 is only marginal, it shows differences in the recrystallization 
progress. If necessary, Section 1 and Section 2 are explained sepa-
rately. (Table 4-2) gives an overview of different temper groups. 

 

 

 

 

 

Microstructure diagrams 



 

 37 

Group Section Holding time [min] Recrystallization Note

S 1 no

S 2 no

S 1 no neutral phase

S 2 yes neutral phase

S 1 yes neutral phase

S 2 yes neutral phase

S 1 yes neutral phase

S 2 yes neutral phase

S 1 yes

S 2 yes

S 1 yes

S 2 yes
120

Group 1

Group 2

Group 3

Group 4

Group 5

Group 6

0

5

15

30

60

 

Table 4-2: Temper Groups 

 

Group 1 – initial state, deformed 

Group 1 can be viewed as the reference for all other states. The parts 
of Group 1 have been drawn in a single step to the point of material 
failure. No thermal treatment was applied. The microstructure of this 
sample is very similar to that of the initial state microstructure. The 
grains are elongated and deformed and show no variation between 
Sections 1 and 2.  

(Figure 4-2) shows a stretched and deformed initial state microstruc-
ture. The white band in the middle of the cross section is presumably 
the neutral phase, where the grains in this area have the lowest or 
no deformation at all. Samples of Group 1 reached a drawing depth 
of 27 mm in a single draw.  

 

 

Group 1 
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Figure 4-2: Recrystallization Diagram Group 1 – 1311w064 

 

Group 2 – 5 minutes 

For the parts produced in this group, the holding time for recovery/ 
recrystallization was 5 minutes. In (Figure 4-3), the beginning of re-
crystallization can be seen. Due to the short holding time, recrystalli-
zation occurred only in areas of strong deformation and a high con-
centration of nuclei. In Group 5, this took place at the material bor-
der. The holding time of 5 minutes at a temperature of 320°C is too 
short to reach recrystallization throughout the entire cross section. 

 

 

Group 2 

Neutral phase 
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Figure 4-3: Recrystallization Diagram Group 2 – 1311w049 

 

Group 3 – 15 minutes 

Group 3 was held on temperature for 15 minutes. In Section 1 
(Figure 4-4 and Figure 4-5), the recrystallization originated at the 
outer radius, where the highest natural strain was present. A neutral 
phase in the middle of the material can be interpreted, where the 
grains were neither stretched nor compressed. At 15 minutes hold-
ing time, recrystallization ended at the beginning of the neutral 
phase. On the inner radius, recrystallization is partially visible.  

Group 3 

Recrystallization 
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Figure 4-4: Recrystallization Diagram Group 3 – 1311w038 

 

Figure 4-5: Recrystallization Diagram Group 3 – 1311w039 

Section 2 has a higher degree of deformation and a higher number 
of nuclei and inner energy. Due to this, a continuous neutral phase is 
not determinable. The grain size varies from larger to smaller grains 
in the center of the radius. Conspicuously, the recrystallization ap-
pears to travel from the outer radius to the inner one where no re-

Recrystallization starts at the outer radius 

 

Initial state microstructure 

Neutral phase 
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crystallization took place on the border of the inner radius (Figure 
4-6, Figure 4-8 and Figure 4-7). 

 

 

Figure 4-6: Recrystallization Diagram Group 3 – 1311w041 

 

Figure 4-7: Recrystallization Diagram Group 3 – 1311w043 

Recrystallized grain 

Isolated recrystallization 
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Figure 4-8: Recrystallization Diagram Group 3 – 1311w044 

 

Group 4 – 30 minutes 

Group 4 had a holding time of 30 minutes. A higher degree of re-
crystallization than in groups 2 and 3 can be expected. In Section 1, 
a discontinued neutral phase can be interpreted. Recrystallization 
again begins at the outer radius; an isolated recrystallization can be 
found at the inner radius as well. (Figure 4-9 and Figure 4-10) 

Group 4 
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Figure 4-9: Recrystallization Diagram Group 4 – 1311w057 

 

 

Figure 4-10: Recrystallization Diagram Group 4 – 1311w058 

In Section 2, recrystallization occurred for the first time over the en-
tire cross section. Recrystallization began at the outer radius of the 
cross section, which had the highest degree of deformation. Accord-
ing to the higher number of nuclei in the area of the outer radius, a 

Recrystallized grain 

Recrystallized grain 

Fine initial state grain 
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finer recrystallized microstructure was found than in all other areas 
(Figure 4-11 and Figure 4-12). 

 

 

Figure 4-11: Recrystallization Diagram Group 4 – 1311w074 

 

 

Figure 4-12: Recrystallization Diagram Group 4 – 1311w075 

 

Fine initial state grain 

Coarse recrystallized grain 

Recrystallized grain 



 

 45 

Group 5 – 60 minutes 

For Group 5, the holding time for recovery/ recrystallization was set 
at 60 minutes. Section 1 still shows an interrupted neutral phase 
through partial recrystallization. According to the number of nuclei 
and the duration of holding time, (Figure 4-13) and (Figure 4-14) 
display both a larger grain size at the entry of the radius, compared 
to the size of the grains in the rest in the radius. 

 

 

Figure 4-13: Recrystallization Diagram Group 5 – 1311w052 

Group 5 

Neutral phase 

Fine initial state grain 

Coarse recrystallized grain 
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Figure 4-14: Recrystallization Diagram Group 5 – 1311w053 

 

 

Figure 4-15: Recrystallization Diagram Group 5 – 1311w054 

In (Figure 4-16) and (Figure 4-18) of Section 2, the beginning of re-
crystallization on the outer radius is visible. In (Figure 4-18), the re-
mains of a neutral phase can be seen as a light, fine-grained band in 
the middle of the cross section. (Figure 4-17) shows recrystallization 

Neutral phase 
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over the whole cross section with a finely recrystallized microstruc-
ture on the outer to a coarser one on the inner radius. 

 

 

Figure 4-16: Recrystallization Diagram Group 5 – 1311w025 

 

 

Figure 4-17: Recrystallization Diagram Group 5 – 1311w026 
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Figure 4-18: Recrystallization Diagram Group 5 – 1311w027 

 

Group 6 – 120 minutes 

Group 6 underwent a holding time of 120 minutes. Due to the long 
holding time, total recrystallization can be found in Sections 1 and 2. 
(Figure 4-19) and (Figure 4-20) were taken of Section 1, whereas 
(Figure 4-21) to (Figure 4-24) show the recrystallization in Section 2.  

 

Group 6 
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Figure 4-19: Recrystallization Diagram Group 5 – 1311w099 

 

 

Figure 4-20: Recrystallization Diagram Group 5 – 1311w100 

Less deformation – 
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microstructure 
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Figure 4-21: Recrystallization Diagram Group 5 – 1311w105 

 

 

Figure 4-22: Recrystallization Diagram Group 5 – 1311w107 
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Figure 4-23: Recrystallization Diagram Group 5 – 1311w108 

 

 

Figure 4-24: Recrystallization Diagram Group 5 – 1311w109 

Rest of the 
neutral phase 
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5 Conclusion 

In general, it can be noted that the original objective, to increase the 
degree of deformation of the aluminum alloy EN AW-5182 through 
a double staged deep drawing process involving an intermediate 
thermal treatment was achieved. The drawing depth was increased 
by 18.5 %, from 27 mm to 32 mm. 

Contrary to expectation, the duration of the holding time and the 
level of recrystallization do not have any influence on the achievable 
degree of deformation in the 2nd drawing stage. All tempered groups 
reached a maximum drawing depth of 32 mm. 

According to Group 2 with a holding time of 5 minutes (Figure 4-2), 
the material’s recovery is adequate to increase the degree of defor-
mation in the 2nd drawing stage. The effects of strain hardening 
(2.4.1) produced through the movement of dislocations (2.3) during 
the deformation process are partially abolished. As from Group 2 to 
Group 6, the percentage of recrystallized microstructure increases up 
to a total recrystallization over the entire cross section, the depth of 
draw and further the degree of deformation did not increase with 
the fraction of recrystallized material.  

The location of material failures was altered following thermal treat-
ment. For parts drawn with no thermal treatment involved, a draw-
ing depth of 27 mm was realized and material failure occurred in 
Section 1 in the area of the punch edge radius (Figure 5-1). Accord-
ing to (Lange 1990, 325), the material failure in the first drawing 
stage occurred due to the reason that the maximum drawing ratio 
 ௫ was exceeded. The transmission of the drawing force from theߚ
punch into the deformation zone stopped. Necking and material 
failures occurred along the punch edge radius as well. 
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Figure 5-1: Material failure; without thermal treatment 

For those parts involving a thermal treatment and achieving drawing 
depths of up to 32 mm, the material failure appeared in Section 2. 
The crack expansion of thermally treated parts is parallel to the direc-
tion of the punch movement (Figure 5-2). The high thinning in Sec-
tion 2 is the reason for the material failures that ultimately limit the 
2nd drawing stage. 

 

 

Figure 5-2: Material failure; with thermal treatment 

(Figure 5-3) compares the material thinning to the annealing time. A 
tendency of the material thinning in relation to the annealing time 
could not directly be identified (Figure 5-3).  
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6 Technological Outlook 

In order to build up on the results of this work, the application of an 
adequate recrystallization diagram for the EN AW-5182 material is 
recommended for further tests. The knowledge of the specific degree 
of deformation could more accurately define the process parameters 
annealing temperature and holding time. As a result, a variation of 
holding time and microstructure analysis could be skipped.  

The existing project followed the approach to apply a thermal treat-
ment to the entire part. Due to this, areas with a high degree of de-
formation achieved partial or total recrystallization, whereas areas 
where lesser deformations occurred, only recovery took place (2.4.4). 
The effects of work hardening were totally or partially undone. It is 
helpful to soften the material at the flange and in the area of the die 
radius for further deformation; the effect of work hardening is an 
advantage used in the part bottom and flanges in order to achieve a 
better force transmission into the deformation zone and bending 
zone (2.5). Through the increased strength of material in these areas, 
a lateral contraction and material failure will begin at higher stress 
levels and increase the drawing ratio. The partial thermal treatment 
could be carried out using induction, conduction or thermal radia-
tion. The responding behavior of aluminum for induction, conduc-
tion and thermal radiation has to be confirmed.  

According to (Lange 1990, 325), a targeted lubrication should have 
a positive effect on the drawing performance. As a result, the tar-
geted lubrication of tool and blank will increase the drawing depth. 
As mentioned in Chapter 3.5, the friction coefficient ideally would be 
as high as possible in the area of the blank holder and as low as 
possible in the area of the punch edge radius. The result would be 
an application of lubricant to both the punch and the drawing radius 
of the lower tool. The upper tool and especially the contact surface 
of the lower tool should remain free of lubricant. It could pose a 
problem to achieve a constant lubrication of all sample parts, making 
it difficult to repeat this process. As was clearly shown in this project, 
a constant application of lubricant to a flat blank (1st stage) is easier 
and more economical than the application of lubricant to the pre-
formed part geometry in the 2nd stage. Beside the difficulties in the 
application of a constant lubricant film to complex forms, the de-
formation of blanks used for electrochemical etching require differ-
ent amounts of lubricant than blanks in the initial state. In the exist-
ing solution, this was considered by a higher amount of lubricant 
spread over the blank surface. 
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