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1 Introduction 

1.1 Background 

Complex pressed parts are required in today’s industry in many sectors such as the automo-

tive industry. Exact manufacturing, i.e. the reduction of tolerances to just few micrometers is 

increasing in importance as the requirements of the auto manufacturer and eventually the cus-

tomer become more specific. One important factor in achieving accurate pressed or deep 

drawn parts is formability. Therefore it is essential to find a suitable method to characterize 

the formability and to determine which factors influence the formability.   

This thesis is based on the cooperation between the Lulea University of Technology and the 

company ZF Friedrichshafen AG in Germany. ZF is among the ten most successful automo-

tive suppliers in the world [1]. The company employs 71,500 people and recorded sales of 

15,500 million € in 2011. It produces high-end parts for the automotive industry such as 

transmissions, chassis systems, powertrain modules, axles systems and so on. At the plant in 

Saarbrücken 6- and 8-speed automatic transmissions are manufactured. With the development 

of the new 8HP 8-speed automatic transmission the fuel consumption is reduced by 6% and 

the CO2 emissions are decreased from 180 g/km to 169 g/km compared to the 6-speed auto-

matic transmission [2].  

It is essential that each part of the transmission fulfills its tolerances due to the high require-

ments on automatic transmissions regarding efficiency and quality. The scope of this project 

is focused on a guiding disk which is a part of gear set 1 of the 8HP 8-speed transmission. The 

run-out of this guiding disk is frequently not within its tolerance so that an expensive and time 

consuming rework is obligatory. All parts that are built in the transmission have to be to 

100 % OK. Otherwise it could cause vibrations in the transmission. Therefore a study is nec-

essary to find the main factor that influences the run-out. Possible factors are shown in Figure 

1. The limitation of this project is set to concentrate on the material influence.  

 

Figure 1: Possible factors that influence the run-out 
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It is known from literature that several material properties and manufacturing processes influ-

ence the formability of metal sheet, see Figure 2. Monitoring the parameter during hot and 

cold rolling, the temperatures of each rolling step and the final coiling temperature as well as 

the deformation ratio and the number of deformations are important. The composition of the 

material plays an important role because the alloying elements may influence many properties 

among them the formability. The composition and the parameter during hot and cold rolling 

influence again characteristic values of the material like microstructure, texture and precipita-

tions. According to literature these measureable factors also influence the formability that will 

be investigated within this project.      

 

Figure 2: Parameter of manufacturing process and characteristic values of the material that influence the 

formability 

1.2 Objective 

The objective of this thesis is divided into two parts. The first aim is to find out if the toler-

ance variations of the run-out of the guiding disks are because of variations in the material. 

This is managed by investigating routine material from different coils to see if there are varia-

tions in the material regarding grain size, texture, anisotropy and heat treatment and to verify 

whether these factors influence the run-out. The second aim is to determine whether a better 

formability can be achieved by changing process parameters such as deformation ratio during 

cold rolling.  

1.3 Structure of master thesis 

This introduction is followed by a literature review in the second chapter to provide more 

knowledge about high strength low alloyed steels and the effect of the micro alloying ele-
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ments such as titanium and niobium and its influence on formability. Some details about the 

hot and cold rolling process are added. A literature based study of different factors which also 

influence the formability such as texture and grain size comes afterwards. In order to investi-

gate the formability several test methods are presented in the literature review. 

In the third chapter the practical background is described including the material, manufactur-

ing of the material in the hot and cold rolling mill and the manufacturing process of the guid-

ing disks at ZF. Included are the results of the former study on this topic.  

In the fourth chapter the experimental procedures for all of the devices used within this pro-

ject are explained. For the microstructural analysis the light optical microscope was used and 

the texture analysis was performed by XRD and EBSD. In order to characterize the formabil-

ity tensile tests to determine the r-value and the earing test were selected. 

The results of the microstructural and textural analysis as well as the results of the r-values 

and ear heights are presented in chapter 5. These results are discussed in chapter 6. Finally, 

the most important conclusions are emphasized in chapter 6 and summarized in chapter 7 

which will give some ideas of further work. 
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2 Literature Review & Theoretical Background 

2.1 Introduction 

This literature review presents an overview of high strength low alloyed steels where the ef-

fect of the alloying elements is highlighted. Afterwards a theoretical background of hot and 

cold rolling and recrystallization is given. Some theories regarding the influence of grain size 

and texture on formability are added. In the last section different methods to evaluate the 

formability of metal sheets are described.  

The literature review is based on many articles and books by famous researchers in the field 

of high strength low alloyed steels, thermo mechanical processing and evaluation of formabil-

ity such as DeArdo, Bunge, Keeler, Banabic et al. A background to understand the thematic of 

this project and recent research topics are presented.    

2.2 High strength low alloyed steels 

High strength low alloyed steels (HSLA) are defined according to Morrison [3] as steels that 

contain small amounts of titanium, niobium and/or vanadium at which the single alloying 

amount is not higher than 0.1% and the total alloying content is less than 1.5% [3]. These 

steels are also named micro alloyed steels.  

The development in recent years shows the trend to lighter materials with high strength com-

bined with excellent formability, good weldability and low cost. All of these factors can be 

realized in HSLA steels. They are applied in the automotive industry where lighter material 

reduces the fuel consumption and the high strength of the material ensures the passenger safe-

ty. The high strength is achieved through a combination of strengthening mechanism [4]: 

- grain refinement 

- precipitation hardening 

- solid solution hardening  

- deformation strengthening 

The two most important mechanisms for HSLA steels are grain refinement which is obtained 

by thermo-mechanical processing and precipitation hardening by alloying with Nb, Ti and/or 

V. More details about these strengthening mechanisms follow in the next chapter.   
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2.2.1 Strengthening mechanism   

a) Grain refinement, thermo-mechanical processing 

The main goal of thermo-mechanical processing is to “condition” the austenite so that later on 

a fine grained ferritic structure occurs which causes a higher strength. The effect of grain re-

finement on yield stress is defined by the Hall-Petch equation: 

       
 

  
  [5] 

where    and k are constants, d is the grain size and    is the yield stress. Resulting from the 

Hall-Petch equation, the yield strength and the hardness increase with decreasing grain size.  

But at the same time the ductility increases by a refined structure because more gliding planes 

are available and the probability of suitable gliding planes for the deformation is higher. 

When many gliding planes are orientated in the same direction as the deformation takes place, 

then the ductility is better. The number of best orientated gliding planes is increased for a re-

fined structure. Therefore the ductility increases with finer grains.  

It has been shown that fine ferrite grains correlate with a high SV, the total interfacial area of 

crystalline defects like grain boundaries, deformation bands and twin boundaries because the-

se defects are nucleation sites for ferrite [6]. This correlation is shown in Figure 3. 

 

Figure 3: Ferrite grain sizes from recrystallized and unrecrystallized austenite for various SV values [7] 

During the thermo-mechanical processing it is important at which temperatures the defor-

mation takes place. When it is above T95, this is the temperature where the recrystallization is 

completed to 95%, a recrystallized austenite grain structure occurs. The rolling in the high 

temperature regime is called Recrystallization Controlled Rolling (RCR). If most of the de-

formation is below the recrystallization-stop temperature, higher values of SV are achieved 
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and a “pancaked”, flattened microstructure is obtained [6]. This rolling in the low temperature 

regime is called Conventional Controlled Rolling (CCR). Both rolling processes have ad-

vantages and disadvantages. Depending on the application the best type has to be chosen. 

CCR is preferred for plate rolling because of the resulting smaller grain size when the trans-

formation is in the unrecrystallized than in the recrystallized state but the disadvantage of 

CCR is that high loads for the deformation are needed [8]. Therefore in this application it 

would be the best to raise the recrystallization-stop temperature so that the rolling can be done 

at higher temperatures without recrystallization. The recrystallization-stop temperature is in-

fluenced by the alloying elements Ti, Nb and V. Especially Nb raises the recrystallization-

stop temperature which can be seen in Figure 4.  

 

 

Figure 4: The increase of recrystallization temperature by adding micro alloying elements [6] 

The advantage of the micro alloying elements is not only the increase of the recrystallization-

stop temperature but also the grain refinement by finely distributed precipitations [8]. These 

act as nucleation sites for the formation of small ferrite grains during cooling [7]. Figure 5 

shows that grain sizes under 10µm can be achieved by choosing the right alloying elements. 

In this context the role of the TiN particles has to be emphasized as they effectively refine the 

grain size in the austenite region [3] where the other particles cannot be formed. This is due to 

the high solubility temperature of TiN compared with NbC or TiC, see Figure 6.   
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Figure 5: Effect of particle volume and size on the ferrite grain size [7] 

b) Precipitation strengthening 

The precipitation strengthening occurs as a result of very finely distributed and small particles 

formed by the micro alloying elements Ti, Nb and V. These elements act different as precipi-

tation strengtheners because they have different solubility temperatures. In order to get an ef-

fective precipitation strengthening the alloying element should remain during the hot rolling 

in solution and not precipitate before the austenite to ferrite transformation so that the rolling 

force can be minimized because the precipitation strengthening occurs afterwards [9]. There-

fore vanadium is perfectly suitable for precipitation strengthening as VN and VC precipitate 

at low temperatures around 1000°C depending on the vanadium content, see Figure 6.  
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Figure 6: Solubility temperatures for the precipitates as a function of micro alloying content (%M) [10] 

If small dispersed precipitates occur in the ferrite matrix, they hinder the slipping of disloca-

tions resulting in a higher strength [11]. There are two precipitation hardening mechanisms: 

a) Cutting  

If the particle is small enough and coherent the dislocation can cut through the parti-

cle. With increasing particle radius it becomes harder for the dislocation to cut a parti-

cle resulting in a higher strength. This is called Kelly-Fine mechanism. 

b) Bypassing [12] 

If the particle is incoherent the dislocation will bow around the obstacle. This mecha-

nism is called Orowan mechanism, see Figure 7. Here the dislocation bows until two 

segments of the dislocation attract each other resulting in dislocation loops [12]. 

 

Figure 7: Orowan mechanism (a) The dislocation bows around the particles (b) Development of disloca-

tion loops [12] 
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The strengthening effect is the highest when the energies for the Kelly-Fine and Orowan 

mechanisms are equal. 

2.2.2 Influence of alloying elements on formability 

The good formability of the low carbon low alloyed steels is due to reduced solute carbon 

contents in ferrite and the reduced amount of Fe-carbides like cementite. The low carbon and 

nitrogen content comes from vacuum degassing and from alloying with Ti and/or Nb to fix 

the C/N in solution [6].  

In order to improve the formability the r-value has to be increased by forming {111} <112> 

texture which can be obtained by reducing the solute content of C and N by adding Ti and Nb 

[13]. First nitrogen is fixed by titanium at high temperatures. Du et al. [14] found out that TiN 

has the highest dissolution temperature and precipitate already in the liquid steel. The SEM 

picture in Figure 8 shows that the TiN precipitations are cubical-shaped and have a size of ca. 

4 µm.    

            

Figure 8: (left) SEM picture of TiN particle; (right) TEM picture of NbC [14] 

Particles of NbC precipitate at ca. 1160°C and fix the solute carbon. These precipitations have 

a diameter of approximately 150nm and are located at the grain boundaries and in the matrix 

as shown in Figure 8.   

In order to see the effect of the alloying elements niobium and titanium on the formability Du 

et al. [14] compared the r-values of HSLA stainless steel, named “investigated steel” in Table 

1, with an ordinary stainless steel SUS430. They came to the result that the HSLA steel is 

much better formable because it has an average plastic strain ratio of 1.7 compared with the 

ordinary stainless steel    = 1.06. The formability increases with increasing mean plastic strain 

ratio and it is proven that it increases by adding niobium and/or titanium.  
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Table 1: Effect of niobium and titanium on the formability of ferritic stainless steel [14] 

 

2.2.3 Overview of effects of alloying elements   

Alloying elements influence many different parameters which are summarized in Table 2. 

Table 2: Overview of effects of alloying elements  

Microalloy Increases re-

crystallization 

temperature 

Improve 

formability 

Inhibit 

grain 

coarsening 

in austen-

ite range 

Inhibit 

grain 

coarsening 

at low T 

Precipitation 

strengthening 

at high T 

Precipitation 

strengthening 

at low T 

Nb ••• ••• • •• •• • 

Ti •• •• ••• •• •• • 

V • n. s. • •• •• ••• 

••• high effect, •• medium effect, • low effect, n. s. not specified 

2.3 Manufacturing of sheet metal 

2.3.1 Hot rolling 

Hot rolling is performed at temperatures T > 0.5 TS [15]. At these temperatures the plastic de-

formation including hardening and elongation of the grains is not stable due to diffusion in the 

form of dynamic recovery and dynamic recrystallization. The contents of these two depend 

mainly on deformation temperature and deformation ratio as well as on material properties 

such as stacking fault energy [15]. In order to investigate this, the hot rolling process flow 

curves (see Figure 9) have to be considered. They describe the relationship between flow 

stress and strain and are essential in characterizing the flow properties of metals during hot 

rolling.  
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Figure 9: Schematical flow curve. Dominant softening mechanism at high deformation ratio: 1: dynamic 

recovery, 2 and 3: dynamic recrystallization [15]  

A fine grained structure is obtained due to the deformation of crystals and recrystallization at 

the same time. This mechanism is shown in Figure 10.  

 

Figure 10: Process of grain refinement during hot rolling, KA = grain size at the beginning, KE = grain size 

in the end [15] 

At the beginning of the hot rolling at the temperature TA the grain size is KA. During the first 

rolling the grain size is reduced to the point a. Then recrystallization occurs between the first 

and the second rolling step because of high temperatures. This leads to grain coarsening to the 

point b. In the second rolling step the grains are refined to point c. Then recrystallization oc-

curs again and so on. The temperature is decreased with every rolling step so that the effect of 

recrystallization is decreased. The final grain size KE strongly depends on the temperature of 

the last rolling step: If the finish temperature is at T3 instead of TE then the final grain size 

would be h instead of KE with h>KE [15]. Therefore the finish rolling temperature is im-

portant with regard to the final grain size.  
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2.3.2 Cold rolling 

Cold rolling is performed after hot rolling in order to obtain good material properties and 

quality. In the cold rolling process the thickness of the hot rolled strips is reduced in a rolling 

mill. Here the coil from the hot rolling mill is put on a decoiler and the sheet is threaded 

through the rolling mill. The steel used in this project was rolled on a 4-stand 4-high rolling 

mill, see Figure 11. A 4-high stand consists of two work rolls which perform the major roll-

ing. The backup rolls avoid too much roll bending. 

 

Figure 11: Configurations of rolls in cold rolling mill [16] 

Due to the high pressure the microstructure is deformed. The grains become longer, thinner 

and texture will form because of rolling. The microstructure before and after rolling can be 

seen in Figure 12. 

 

Figure 12: Changing microstructure during cold rolling [17] 

The microstructure and mechanical properties are changed due to rolling. The dislocation 

density increases resulting in deformation strengthening. This causes a higher hardness and 

tensile strength, however the material becomes more brittle and the elongation is reduced. 
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Figure 13: Change of mechanical properties depending on deformation ratio [15] 

The deformation ratio is defined as:  

        
    

  
 *100% [15] 

Hereby h is the metal sheet thickness after rolling and h0 the thickness before rolling. The de-

formation ratio is one of the most important factors influencing the microstructure and me-

chanical properties during rolling. With higher deformation ratios the nucleation sites for 

grains increase followed by a refined structure.  

After cold rolling recrystallization of the metal sheets takes place.  

2.3.3 Recrystallization 

Recrystallization is defined according to Gottstein [18] as the formation of a new microstruc-

ture during the heat treatment of a deformed metal. It is based on the development and move-

ment of large angle grain boundaries by removing the deformed structure.  

After cold rolling the strength of metal sheets is too high and the elongation too small for a 

deep drawing process. Therefore a heat treatment - recrystallization - is necessary to improve 

the formability. The physical explanation for the process of recrystallization is based on the 

dislocations that are put in the material during cold rolling. The dislocations act as nucleation 

sites for new grains to grow. During recrystallization first very small grains are formed that 

grow at the expanse of the deformed grains until they touch each other and totally replace the 

deformed structure [18]. This mechanism, which is characterized by nucleation and grain 

growth, can be seen in Figure 14.  
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Figure 14: Changing microstructure during recrystallization of cold rolled Armco iron [18] 

The energetical reason for the recrystallization is the driving force on a grain boundary if the 

movement of a grain boundary reduces the free enthalpy G of a crystal [18]. The driving force 

results from the deformation energy which was induced during cold rolling and is stored in 

the dislocations. If a new grain grows into a deformed structure the area behind the grain 

boundary possesses a lower dislocation density (dislocation density of undeformed structure 

10
10

 m
-2

 compared to deformed structure 10
16

 m
-2

). The driving force p can be calculated by: 

  
 

 
        [18] 

With ρ  = dislocation density 

 G = shear modulus 

 b = Burgers vector 

Therefore the driving force is a function of the dislocation density, i.e. the higher the defor-

mation degree during cold rolling the higher the driving force for recrystallization.  

2.4 Factors that influence the formability 

2.4.1 Influence of texture on formability 

In this chapter the influence of texture on formability is investigated. In order to obtain a bet-

ter understanding of texture the notation of Miller indices has to be known: The numbers in 

round brackets (hkl) denote a specific plane; examples can be seen in Figure 15. The crystal 

orientations are denoted in square brackets [uvw]. If all equivalent planes and directions are 

needed it is written as {hkl} for planes and <uvw> for directions respectively [19].  
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Figure 15: Examples of planes (left) and directions (right) denoted by miller indices [19] 

A common way to describe the texture of sheet metal is the {hkl}<uvw> notation. This means 

that the {hkl} planes lie parallel to the sheet plane and the <uvw> directions parallel to the 

rolling direction [20].   

According to Huh et al. [21] the crystallographic texture is important in optimizing the forma-

bility of sheet metal.  During the rolling and recrystallization process a texture with two orien-

tation fibers, the α- and γ-fiber, is created. The crystal axis of the α-fiber is orientated in 

<110> direction parallel to the rolling direction. This includes the {001}<110> to 

{111}<110> textures. The γ-fiber is orientated in {111} planes parallel to the normal direc-

tion of the sheet including {111}<110> to {111}<112>. During recrystallization annealing the 

γ-fiber orientation increases whereas the α-fiber decreases. This leads to a high r-value which 

correlates with a good drawability. It has been found out that r-values are a function of the 

amount of {111} and {001} planes parallel to the sheet plane. The r-value is approximately 

linearly to the intensity ratio I{111}/I{001} [20]. Therefore it is desired to have a high content of 

γ-fibers, i.e. {111} planes.   

2.4.1.1. Texture representation 

a) Pole figures 

Pole figures are a 2D stereographic projection of the relative pole density and show the fre-

quency of the distribution of crystal orientation relative to the sample coordinate system. No 

information about individual crystallites can be obtained, just the distribution of the crystal 

orientation [22].  

In order to explain the origin of a pole figure we consider a cubic cell with the (011) plane in 

a sphere. The normal vector of the (011) plane crosses the sphere in one point, which is called 

pole P. If we draw a line from the pole P to the “south pole” S of the sphere, this line crosses 

the basis plane of the cubic cell in one point. This basic plane of the cubic cell with the 
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marked point is shown as 2D stereographic projection to the right in Figure 16. This proce-

dure can be repeated for different planes of the cubic cell so that more points occur, see Fig-

ure 17. All this points are taken into the Wulff plot, see Figure 18.  

 

Figure 16: Development of pole figures, step 1 [22] 

 

Figure 17: Development of pole figures, step 2 [22] 

 

Figure 18: Development of pole figures, step 3 [22] 

The pole figure shows the frequency of a crystal orientation, i.e. its intensity. Depending on 

the crystal orientation and the angle between the X-ray beam and the lattice plane, construc-

tive or destructive interference occurs. The constructive interference appears only when 

Bragg’s Law is satisfied: 

 

with  λ = wave length of the X-ray 
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d = distance of the lattice planes 

θ = angle between the X-ray beam and the lattice plane 

n = integer    

In the stereographic projection only those orientations whose normal vector n is parallel to the 

diffraction vector Δk can be recorded, see Figure 19. The recorded intensity is proportional to 

the fraction of crystal planes that have their normal vector parallel to the diffraction vector. 

 

Figure 19: Schematically drawing of diffraction setup  

As there are many crystals with different orientations the intensity of the projected poles var-

ies. For example if there are many crystals with the normal vector of the <111> plane parallel 

to the diffraction vector Δk, then the areas that belong to the <111> plane have a high intensi-

ty.  

In Figure 20 a pole figure of a low carbon steel with several orientations and intensities is 

shown.  

 

Figure 20: Pole figure of low carbon steel [20] 
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b) Orientation distribution function (ODF) 

As the pole figure is just a 2D projection a more complete way to describe the texture is the 

orientation distribution function. The ODF shows the frequency how often a specific orienta-

tion occurs in the 3D Euler space. The result is a 3D cube where the axes are the Euler angles 

φ1, ϕ, φ2. Sections through the cube are taken to get two dimensional plots, see Figure 21. One 

of the most popular scientists that have developed the ODF is Bunge [23].  

        

Figure 21: a) 3D view of Euler space b) cross section with α- and γ-fiber [20, 21] 

The ODF can be calculated from three linearly independent pole figures of low-indexed lat-

tice planes. It describes the texture completely. Pole figures of kinematically forbidden (hkl)-

reflexes can be calculated from ODF [22].  

Table 3 gives an overview of some common textures of sheet metal where they are located in 

the Euler space. 

Table 3: Rolling texture components in bcc metals [20] 

  

2.4.1.2 Texture measurements 

In order to analyze crystallographic orientations X-ray diffraction and EBSD are the most im-

portant methods.  

α-fiber 

<110> || RD 

γ-fiber 

{111}|| ND 

a) b) 
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The X-ray diffraction system consists of a X-ray tube where the beam is generated. It then 

passes a divergence slit and mask and hits the sample. There the beam is diffracted. The in-

tensity of the diffracted beam is recorded at the detector. As diffraction occurs only if Bragg’s 

Law is satisfied, the X-ray tube and detector are rotated to detect other plane orientations. The 

XRD goniometer with its components are shown in Figure 22.  

  

Figure 22: Goniometer with components [22]  

In order to record the pole figure experimentally the 2Θ angle has to be set for a specific 

plane. In the second step the sample has to be tilted in ψ direction, usually in 5° steps. For 

each ψ position the sample is rotated around φ for 360°, see Figure 23. 

 

Figure 23: movable axis ψ and φ in the schematical drawing of a goniometer and measured pole figure 

[22] 

Also electron back scatter diffraction (EBSD) is possible for texture measurements. This 

method is used in combination with SEM where the back scattered electrons produce patterns 
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on a phosphor screen that are recorded with a CCD camera. These patterns are recorded at 

every scanning point. The result of EBSD measurements is a grain color map where each 

grain has a specific color that is representative for a lattice orientation, see Figure 24. 

 

Figure 24: Orientation map of EBSD measurement [20] 

Also neutron diffraction, synchrotron X-rays and TEM investigations are possible for texture 

analysis but they are costly and time-consuming or show just a small analyzed area. 

2.4.2 Influence of grain size on formability 

According to literature the formability improves with increasing grain size until a certain size 

is reached. The finer the grain size the more grain boundaries exist and more grains with dif-

ferent orientations around a single grain are available. This leads to a higher resistance to de-

formation. With the increase of grain size the elongation is improved and the drawing stress is 

decreased [24].  

The research of Ravi Kumar [25] showed that the best grain size for good formability of low 

carbon steel is between 20 and 45 µm and that the strain hardening exponent, n and the aver-

age plastic strain ratio,    both increase with increasing grain size. A similar result was also 

achieved by Karlyn et al. [26] who reported a linear correlation of the ASTM grain size and 

the normal anisotropy of cold rolled and annealed low carbon steel. 

Xu et al. [27] based their theory on earlier research of Blickwede [28] who showed that the 

correlation between grain size and normal anisotropy results from the selective growth of 

{111} orientated grains at the expense of other texture components which leads to the γ-fiber 

texture. 
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In Figure 25 the linear relation between the normal anisotropy and the grain size of {111} ori-

entated grains for different steels is shown.  

 

Figure 25: Relationship between the grain diameter of {111}-fiber orientated ferrite and the rm value for 

different steels [27] 

The data of the steels Ti:(C+N) = 12, Ti:(C+N) = 6, Al-killed and rimmed steels is after 

Karlyn’s report [26]. These steels are low carbon steels that are conventionally cold rolled and 

annealed. It can be seen that the {111} oriented grains grow during the recrystallization which 

increases the texture intensity [27]. This is shown in Figure 26 for the triangular marks as a 

function of grain size, normal anisotropy and texture intensity ratio. With an increasing grain 

size of {111} orientated grains both the normal anisotropy and the texture intensity ratio in-

creases. Therefore grain growth is welcomed until it reaches a certain limit. Here the grains 

would be too large and cause an orange peel surface effect during deep drawing.    
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Figure 26: Relationship between the grain diameter of {111}-fiber orientated ferrite, the rm value and the 

texture intensity ratio I{111}/I{001}  in different steels [27] 

2.5 Test methods to characterize the sheet metal formability  

The test methods have to be improved due to the demand on improving qualities in the sheet 

metal formability. According to Banabic et al. these test methods can be divided into four 

groups: 

- Simulating tests 

- Methods based on mechanical tests 

- Methods of the limiting dome height 

- Methods based on forming limit diagrams [29] 

But for a total formability characterization also material properties such as Rp0.2, the aniso-

tropic coefficient r, the n-value and the flow curve have to be known. 

2.5.1 Uniaxial tensile test, plastic anisotropy 

The uniaxial tensile test is a standardized material test which is defined in DIN EN ISO 6892. 

In this test a specimen is strained until fracture. During this performance the elongation of the 

specimen is recorded as a function of the applied stress. From the obtained stress-strain-curve 

many mechanical properties such as uniform elongation, Young’s modulus, yield stress, ten-

sile strength, etc. can be investigated. 

Also the flow curve can be determined within the tensile test, which is important to evaluate 

the stress distribution, the needed force for the drawing and the strength of the produced part. 

In the flow curve flow stress is plotted as a function of strain. The flow stress depends primar-



Literature Review & Theoretical Background   

 

    

23 

ily on the applied deformation and on the crystal structure, crystal orientation, strain rate and 

strain temperature [30].  

In the case of sheet metal, the results of the tensile tests depend on the position of the cuts rel-

ative to the rolling direction. Due to the rolling process, sheet metal possesses anisotropy of 

mechanical properties. This anisotropy can be determined in tensile tests and is expressed in 

the Lankford parameter or anisotropy coefficient r. It is defined by 

r   
  
  
 

    
  

      

  [29] 

In this formula ε2 and ε3 are the strains in width and thickness direction, b and b0 are the width 

at the beginning and the end and t and t0 are the thickness at the beginning and the end.  

Due to the small thickness of the specimen the measurement of the thickness is not reliable 

and has a high error factor. Therefore the volume constancy of the specimen is taken into ac-

count and the equation can be written as 

   
   

  
 

      
     

  [31] 

This equation is used in practice to calculate the r-value from the measured length and width 

values obtained in the uniaxial tensile test. 

To get an understanding of the r-value three cases are shown: 

1. r=1: The material is isotropic, all mechanical properties are the same in thickness and 

width direction. 

2. r<1: The deformation is preferred in thickness direction 

3. r>1: The deformation is preferred in width direction [30]. The r-value should be as 

high as possible to get the best drawability [29]. 

The r-value depends strongly on the direction of the cut specimen in respect of the rolling di-

rection. Therefore values in different directions (0°, 45° and 90°) to the rolling direction are 

measured and the weighted average plastic strain ratio,    can be determined by: 

     
            

 
  [31] 

In this equation the subscript is the angle between the rolling direction and the specimen axis. 

For good deep drawing properties it is better to have high   -values. 

The dependency of the rolling direction is called the planar anisotropy and is defined by 
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 Δ  
      

 
      [30] 

In the best case Δr is zero because then the properties do not depend on the rolling direction 

and the formation of ears in a deep drawn part is suppressed.    

Another value for the characterization of the sheet metal formability is the tensile strain hard-

ening exponent n. The n-value is a degree for material hardening that occurs during the metal 

forming. It is defined according to ISO 10275 as “the exponent of the true strain in the math-

ematical equation relating the true stress to the true strain” [32] and can be calculated by 

 σ =       or  ln(σ) = ln(K) + n* ln(ε)  [32] 

In this equation it can be seen that n is equal to the slope of the flow curve when the flow 

curve is plotted in a logarithmic system, i.e. the flow stress and the strain are on a logarithmic 

scale what is shown in Figure 27. 

 

Figure 27: Flow stress versus strain on logarithmic scale, n is the slope of the straight line [30] 

2.5.2 Earing test 

Earing tests are performed in order to evaluate the anisotropy and the deep drawing ability of 

sheet metal. As described in ISO 11531 circular blanks are positioned in the test equipment 

which is shown in Figure 28. A force is applied on the blankholder during the punch that 

draws the blank into a cup form. Therefore the diameter of the die, the radius of the blank, the 

blankholder force, thickness of the test piece and lubricant are essential factors that influence 

the result. For example, the ratio of the blank diameter to the punch diameter should be as 

large as possible and the die diameter can be chosen according to Table 2 in ISO 11531 [33].  
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Figure 28: Test equipment for earing test [33] 

After the test is performed the resulting cup, which is shown schematically in Figure 29, is 

measured concerning ear peak ht and ear valley hv. The difference between these two is the 

ear height he. Average values are calculated from all ears.  

       

Figure 29: Section and deep-drawn cup a) without ears b) with ears [33, 20] 

The positions of the ears relative to the rolling direction are dependent on the planar anisotro-

py: If Δr is < 0 then the ears form at 45° to the rolling direction. In case of Δr    the for-

mation of ears is in 0° and 90° direction [34]. The best case is if Δr = 0 as there is no for-

mation of ears at all.  

 

 

Figure 30: Position of ears relative to rolling direction identifies if planar anisotropy is negative, positive 

or zero [35] 

ears at 0° and 90° ears at 45° no  ears 

angle relative to rolling direction 
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The ear height shall be as low as possible because it represents the deep drawing and is pro-

portional to the planar anisotropy, i.e. lower ear height means lower planar anisotropy (in case 

of Δr > 0). In the ideal case the planar anisotropy is zero [29]. 

 

 

Figure 31: Ear height versus planar anisotropy for positive Δr-values [35] 

2.5.3 Tensile test with different shapes of specimen 

For a better evaluation of sheet formability different shapes of specimen for the tensile test are 

adopted. Three different shapes are shown in Figure 32: the routine, the notched and the round 

hole specimen.  

 

Figure 32: Different shapes of tensile specimens: (a) routine specimen (b) notched specimen (c) round hole 

specimen [36] 

A conventional tensile test machine can be used for these specimens. This machine records 

the load P, which is applied on the specimens, the length deformation ΔL and the width de-

formation Δb by using load and displacement sensors. With these data the sheet formability 

parameters such as limiting drawing ration (LDR), Erichsen test value and others can be cal-

culated according to optimum predicted equations, which are listed in Table 4 [36].   
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The measured elongation values from the different specimen types are required for calculating 

the different parameters. 

Table 4: Prediction models of formability [36] 

Formability Optimum predicted equations Residual stand-

ard deviation, S 

Specimen 

types 

Limiting drawing ratio, LDR                      0.0655 Round hole 

Erichsen test value, IE (mm)                   
  

  
 

        

0.4712 Notched 

Hydro-bulge coefficient, K                    0.0488 Routine 

Hole flanging coefficient , KWI                    
  

  
 

         

0.0574 Notched 

Limiting flanging coefficient, 

Kmin 
                     0.0337 Round hole 

δ = elongation; δu = homogeneous elongation; Δδ = δ - δu 

2.5.4 Tests developed at Institute for Metal Forming and Metal Forming Machine 

Tools (IFUM)  

The Institute for Metal Forming and Metal Forming Machine Tools is located at the Universi-

ty of Hanover in Germany. The main topics of this institute are sheet metal forming, forming 

machines and FEM simulations. In this context the IFUM has also focused on different test 

methods to characterize the sheet formability and developed several tests. 

a) Cross tensile test 

In the routine tensile test only the uniaxial tension case is represented. Therefore a new tensile 

test was developed to obtain a more exact evaluation of the formability of sheet metal. This is 

performed in the cross tensile test where plain strain conditions occur. The geometry and the 

stress state of the specimen for the cross tensile test can be seen in Figure 33.  

 

Figure 33: Geometry of specimen for cross tensile test [37] 
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The load on the specimen is applied uniformly. The angle of 78° was developed with FEM-

simulations and is the one where the latitudinal deformation is nearly zero [37]. With the de-

termined yield stress kf,cross characteristic values can be calculated for evaluating the formabil-

ity. 

b) Flange insertion test 

The most reliable prediction of the stresses in a deep drawing part is to measure the stresses 

on a deep drawn part itself as it is done in the flange insertion test developed at IFUM. Radial 

and tangential tensile and compressive stress is applied on the metal sheet. The elongations 

are recorded by several optical sensors which detect the concentrical markings on the sheet. 

The thickness of the metal sheet is monitored as well. The workpiece and testing equipment 

can be seen in Figure 34 [37]. 

 

Figure 34: Workpiece and testing equipment of the flange insertion test [37] 

The result of this measurement is the value kf,flange that is needed to calculate characteristic 

values for formability. 

c) Characteristic values 

Characteristic values for the prediction of the deep-drawing ability can be calculated from the 

kf values obtained from the two tests described above and the routine tensile test. One of these 

values is Ks which combines results from the routine tensile test and the cross tensile test to 

measure the transmitable stress under stretch forming conditions in a deep drawn part: 

Ks = 
         

           
  

   
   

       [37] 

Here φ is the uniform elongation and     the anisotropic coefficient in rolling direction. The 

higher the Ks-value the better the stretch-forming ability. This was investigated by Doege et 

al. [37]. 
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Another interesting characteristic value is KT. It represents the required stress for the defor-

mation of the flange: 

KT =  
                     

        
  

  
   

       [37] 

In this equation n stands for the strain hardening coefficient.  

The most important value for the characterization of the sheet formability is the value UT 

which is a combination of KS, KT and n: 

UT = (KS-KT)*n 

With this value the sheet formability is evaluated: The best formability of metal sheet is ob-

tained for high UT-values [37]. 

2.5.5 Ohio State University formability test (OSUFT) 

Another method to test the sheet metal formability was invented at the Ohio State University 

and is named therefore Ohio State University formability test (OSUFT). In this test the spec-

imen is clamped with a load of 334 kN and punched at a rate of 5 mm/s. The principle of this 

test method can be seen in Figure 35.  

 

Figure 35: Schematical drawing of OSUFT [38] 

The punch height and load are recorded. The punch height at failure (PHF) is defined from 

these values. PHF is the characteristic value for the formability measurement.  

2.5.6 Forming Limit Diagram (FLD) 

In the forming limit diagram the maximum values of the major and minor strains ε1 and ε2 are 

presented. It shows which strains are valid until fracture occurs and is a characteristic diagram 

for the evaluation of the formability of sheet metal. If the combination of the stresses is above 

the forming limit curve (FLC) the deep drawing process will fail. For example the strain com-

bination ε1 = 60% and ε2 = 0% in Figure 36 means failure and ε1 = 40% and ε2 = 0% success. 
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Hereby ε1 is the strain in y-direction and ε2 the strain in x-direction. The final deformation for 

positive and negative ε2-values is shown in Figure 36.  

In order to measure the deep drawability of the material the test has to be concentrated on the 

area where the minor strain is negative and the major strain is positive [34]. 

 

Figure 36: Keeler-Goodwin forming limit diagram [34, 39] 

Several tests are possible to determine FLDs: uniaxial tensile test, hydraulic bulge test, punch 

stretching test, Keeler test, Hecker test, etc. Depending on the test method the lines in the 

FLD are slightly shifted because of different friction values. The most recommended and fric-

tion free tests are the hydraulic bulge test and the Marciniak test [29]. 

The FLD is used in industrial practice to estimate the safety for deep drawing. On the one 

hand the safety margin has to be high enough and on the other hand the safety margin should 

not be too large so that no material is wasted.  

2.6 Summary  

In this literature review some good methods to evaluate the formability of metal sheet are pre-

sented. The most reliable and standardized ones are the tensile test to determine the r-value 

and the earing test which are both relatively easy to perform. The r-value as well as the results 

of the cup test characterize the anisotropy which is the reason for an irregular forming of the 

deep drawn part. Therefore these tests were selected and performed within this project.  

The literature review also presents some parameters that influence the formability. The most 

important are: 
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 texture 

 grain size 

 content of alloying elements 

 parameters during hot and cold rolling and recrystallization 

The aim of this project is to investigate the influence of the above listed parameters and evaluate 

the formability of HSLA steel.  
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3 Practical background 

3.1 Material HC300LA  

The starting material is manufactured at Salzgitter Flachstahl GmbH. After cold rolling which 

is performed at Bilstein the material is denoted by HC300LA. The composition is according 

to DIN EN 10268 and can be seen in Table 5. These values are just the minimum and maxi-

mum values and the composition of the metal sheets used in this project vary from the values 

in the table. However ZF specifies the titanium content which has to be under 0.02 weight-%. 

Each cast is analyzed and each composition is listed in a certification report.    

Table 5: Composition of material HC300LA [40] 

 

The mechanical properties of HC300LA are as follows [40]: 

 Yield strength Rp0.2:  300-380 MPa 

 Tensile strength Rm: 380-480 MPa 

 Elongation A80: > 23%  

Within this project four different types of material HC300LA were investigated. All of these 

are out of the same hot strip mill except the material with high deformation ratio. However 

they vary in composition and deformation ratio at cold rolling. The four materials are defined 

as follows: 

1. Routine material: This material is used in the routine process at ZF. It is alloyed with 

niobium and titanium. The cold rolling for this material is performed at the cold strip 

mill Bilstein and the deformation ratio is medium.  

2. Material with high deformation ratio: This material is alloyed without titanium and the 

deformation ratio during cold rolling at Bilstein is high. 
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3. Material not containing titanium: Like the name says this material does not contain ti-

tanium. All other parameters like deformation ratio are the same as for the routine ma-

terial. 

4. Comparison material: This material is also hot rolled at Salzgitter but the cold rolling 

is performed at another cold strip mill. The heat treatment process after cold rolling 

differs from the one at Bilstein. The deformation ratio is low.  

3.2 Manufacturing in the hot strip mill  

The casting and hot rolling of the hot band is performed at Salzgitter Flachstahl GmbH. After 

the production of the slabs in the continuous casting line they are transported in the hot strip 

mill. There they are reheated in a furnace to a temperature around 1250°C before they pass 

the high-pressure water descaling and the sizing press to bring the slabs into the optimum 

width. Afterwards the slab is transported to the roughing train which goes back and forth sev-

eral times. The material used in this project passed the roughing train seven times. The proba-

bly most important step is performed in the finishing train. Here, the thickness of the sheet 

metal reaches its final size. The finishing train consists of seven stands with each stand con-

sisting of two work rolls and two backup rolls. The temperature of each stand can be set and is 

controlled by water cooling in order to perform the thermo-mechanical processing. The sheet 

metal leaves the finishing train at a maximum speed of 20 m/s. At this speed it passes the strip 

cooling where the strip is cooled by water showers to the coiling temperature. In the last step 

the sheet metal is coiled to the hot strip coil. This whole process is shown schematically in 

Figure 37. 
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Figure 37: Layout of hot strip mill [41] 

3.3 Manufacturing in the cold strip mill  

After hot rolling the metal sheet is cold rolled close to the final thickness of 4.5 mm. This is 

performed at BILSTEIN GmbH & Co. KG. The process involves several steps [42]: 

1. Hot strip slitting: 

As the width of the hot-rolled strips is too large for the cold rolling stand each coil is 

split to the required width. For the material used in this project the hot-rolled strip is 

split twice so that one hot-rolled strip results in 3 cold-rolled strips.  
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2. Cold rolling: 

During cold rolling the thickness is reduced close to 4.5 mm on a tandem mill with 

four stands. Again each stand consists of two work rolls and two back up rolls. The 

strip thickness and profile are measured by x-ray technology so that a changing thick-

ness can be recognized during the process. An automatic system controls the thick-

ness so that at the end high quality and low tolerances can be achieved. The final 

thickness tolerance is adjusted already in this step. 

3. Annealing: 

The annealing is performed in bell furnaces which are equipped with high-convection 

hydrogen annealing technology. The temperature deviation is not more than 20°C. 

4. Skin-passing: 

In the skin-passing the exact thickness, flatness and the desired surface condition are 

set. It also monitors the transverse strip contour. This is performed with a four-high 

mill and a laser system. 

5. Final-slitting: 

In order to satisfy the requirements of the costumer the cold rolled strip needs to be 

cut in length direction and/or slit in width direction. This is performed on the final-

slitting line. 

3.4 Manufacturing of the guiding disk at ZF Friedrichshafen AG 

Out of sheets of the material HC300LA the guiding disks 081/ 083, which are object in this 

thesis, are manufactured at ZF Friedrichshafen AG. These guiding disks are used in the 8-

speed automatic transmission 8HP 70, which can be seen in Figure 38.   
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Figure 38: Cross section of 8-speed automatic transmission [2] 

The planet gear carrier of gearset 1 is welded on the guiding disk 081/ 083 and is positioned 

with its tooth system form-locked in the housing. The task of the guiding disk is to position 

the planet gear carrier. The areas F6, F7 and F8 in Figure 39 are the positions where the planet 

gear carrier is welded on and the guiding disk is put with the areas F12 and F16 into the hous-

ing. Therefore the run-out of the areas F12 and F16 is very important so that the planet gear 

carrier will not wobble, i.e. is not out of balance.  

The tolerance of the guiding disk run-out is 0.12 mm. If the tolerance is higher than 0.12 mm 

a rework is obligatory. This is an expensive and time consuming step which could be avoided 

by a well working process.  
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Figure 39: Guiding wheels 081/ 083 [43] 

The guiding disks are manufactured on a transfer molding press of the company Müller 

Weingarten, see Figure 40.  

 

Figure 40: Transfer molding press Müller Weingarten 

The whole process of forming the guiding disks starts with the decoiler where the metal sheet 

is transferred into the straightening machine to correct thickness tolerances in rolling direc-

tion. Then the metal sheet is transferred into the press where the forming takes place in seven 

steps: 

 

 

 

 

 

(covered) 
(covered) 
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1
st
 step: cutting the blank                     

2
nd

 step: deep drawing and punching    

3
rd

 step: punching the bottom                  

4
th

 step: punching the holes                      

5
th

 step: coining the flange 

6
th

 step:  fine cutting of external spline      

7
th

 step: deburring & 

  forming two teeth for snap ring locking 

These seven steps are positioned in a line. After the dies have been closed and opened again, 

the guiding disk is transferred to the next station, see Figure 41.  

 

Figure 41: Transfer system of guiding disks in molding press 

After the forming process the guiding disks are washed to remove the oil and transported to 

the next station where the planet gear carrier is welded on.    

3.5 Test methods for evaluating the axial run-out  

3.5.1 Routine test method 

After washing the guiding disks, the routine test method is performed every 1650 pieces on an 

instrument of the company MWF Roland Friedrich GmbH, see Figure 42.   
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Figure 42: Routine test instrument MWF Roland Friedrich GmbH 

This method measures several quality aspects like the thickness of the teeth, different heights 

at the guiding disk, parallelism, evenness and run-out.  

Before the use of the test instrument it is calibrated with special disks so that a tolerance of 

5 µm is guaranteed. The run-out error is measured on the front and back side of the guiding 

disk. The run-out features M26 and M27 are measured on the front side at a diameter of 

162.2 mm and 188 mm respectively, features M16 and M19 on the back side at a diameter of 

188 mm and 191 mm, see Figure 43. The run-out is always related to the planes F6, F7 and 

F8, see Figure 39.      

 

Figure 43: Cross section of the guiding disk with the positions where the run-out error is measured 
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The basis of all measurements are three points where the guiding disk lies on top. In order to 

position the disk there is a centering bolt and three pins so that the guiding disk is fixed on a 

plate which rotates during the measurement, see Figure 44.   

 

Figure 44: Clamping of guiding disk during routine measurement 

3.5.2 3D test method 

Additionally, 3D measurements were performed to visualize the run-out of the guiding disk so 

that the area of the highest run-out error could be identified. This measurement was carried 

out on the portal machine ACCURA by Carl Zeiss AG, see Figure 45. The measuring toler-

ance is less than 5 µm.   

    

Figure 45: 3D test instrument 

In order to run this test procedure a program with the 3D drawing of the guiding disk and the 

exact test coordinates had to be defined. The guiding disk was positioned in a special holder 

so that the position relative to the rolling direction was always the same for all of the test 

pieces. During the measurement the measuring tool, in this case a sphere at the end of the rod, 

tool 
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was driven along a defined circle on the planes F6, F7 and F8 creating a virtual plane. Then 

each tooth was measured from the front and back side creating another virtual plane. The run-

out is calculated by the plane of the teeth in relation to the virtual plane of F6 to F8 and the 

center hole. Also the evenness is measured. This relates just on the plane of the teeth without 

any other reference. The results of the 3D measurement are five values:  

1. evenness F6 to F8 

2. evenness F12 

3. evenness F16 

4. run-out F12 

5. run-out F16 

Hereby F12 is the plane on the tooth front side and F16 on the tooth back side, see Figure 39. 

The interesting results of the 3D measurement are the plots of the run-out, see Figure 46. In 

these plots the position of the maximal error can be localized.     

 

Figure 46: Plot of 3D measurement  

 

3.6 Former study on run-out behavior at ZF 

The run-out behavior for different guiding disks was already studied in a former diploma the-

sis by Andreas Wilhelm [43]. He also studied the influence of different materials but limited 

to mechanical tests of the material. This thesis is based on the results of Andreas Wilhelm but 

handle more aspects of microstructure, texture and anisotropy, i.e. this thesis goes deeper into 

the material science. 

tooth 37 tooth 25 

tooth 1 tooth 13 
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 In Figure 47 one of his main results is presented. It shows the run-out of in a total 175 guid-

ing disks which were manufactured on different dates. The run-outs are recorded for the three 

materials:  

 S    = routine material 

 V1  = material not containing titanium 

 V2  = Material with high deformation ratio 

The upper line shows the run-out of area F16 and the lower line of area F12, see Figure 39.  

 

Figure 47: run-out of several guiding disks [43] 

It can be seen that the highest fluctuations of the run-out are between different manufacturing 

dates but there are also fluctuations between the different materials and even within one mate-

rial on one manufacturing date. The fluctuation between the manufacturing dates were traced 

back to result from the forming tools and different settings. The huge worsening between V1 

and V2 on the 05.01.2012 is because of changing a parameter in the 7
th

 forming step. All oth-

er fluctuations cannot be explained as every parameter and setting remained the same. There-

fore it is supposed that the material caused these fluctuations. The analysis of Andreas Wil-

helm asserted that the material influence on run-out is about 25%.  

manufactur-

ing date: 

ru
n
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u
t 

[m
m

] 

Number of investigated guiding disk 
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4 Experimental procedures 

4.1 Microstructural analysis 

In order to investigate the influence of grain size and shape on the formability of metal sheet a 

microstructural analysis is necessary. The samples were cut out of several guiding disks and 

attention was paid to have the same position on the guiding disk chosen every time. Two cuts 

perpendicular to the rolling direction in the area to the left and right of tooth number 13 were 

made leaving a cross section through the guiding disk. From this cut-out two parts of the un-

deformed area were cut. Here attention was paid to assure the cross section was not changed 

by the emerging heat which could influence the microstructure. The part (1) next to the center 

hole was taken to investigate the microstructure in the cross section parallel to the rolling di-

rection, the other part (2) served for surface analysis, i.e. microstructural analysis parallel to 

the surface in just few µm depths. In Figure 48 the positions where the samples were cut are 

shown.  

                     

Figure 48: Steps of preparing the guiding disk for microstructural analysis 

The samples were mounted in plastic for ease of handling during polishing. The mounting 

powder used is ClaroFast by Struers, a hot mounting acrylic resin that turns transparent during 

the heating process in the mounting press.  

The grinding is performed in two steps, first on P 220 then on P 1200 SiC abrasive paper. 

These two grinding steps are sufficient because the material is relatively soft with around 

130 HV. Between the grinding steps and before polishing the samples were cleaned with wa-

ter and rotated around 90°. After grinding the samples were polished using diamond suspen-
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sion with 3 µm diamond grains for around four to five minutes. Afterwards they were cleaned 

again with water and were hot dried. Then the samples showed a mirror like surface. 

To reveal the microstructure the samples were etched using a 3% nital solution. Therefore the 

samples were dipped into a glass filled with nital for 5 seconds. During this time the sample 

was smoothly shaken so that no air bubbles remain on the surface which could cause an irreg-

ular etched surface. Then they were cleaned with water and dried with hot air. 

After this procedure the microstructure is visible using light optical microscope. For the in-

vestigations in this project the light optical microscope LEITZ DM RME by Leica microsys-

tems was used. For the grain size and grain shape measurements a magnification of 200 was 

set. With the software analySIS Image Processing, which is connected with the microscope, 

the grain size and shape can be determined by following the next steps: 

1. Take a photo of the desired microstructure and put in the correct magnification so that 

the picture is calibrated.  

2. The color of the picture can be adjusted by adapting the intensity. 

3. Define the threshold of intensity to reconstruct the grain boundaries. The result of this 

step is a binary picture where the grains are white and the grain boundaries are black, 

see Figure 49. This is one of the most important steps. The threshold allows grain 

boundaries to be selected by the software. Care must be taken to avoid selecting erro-

neous boundaries. 

    

Figure 49: left: original picture; right: reconstruction of the grain boundaries 

4. Start the microstructural measurement. An automatic algorithm counts the grains with-

in the measured area and the grains that are cut by the frame. From these values and 

the magnification scale the grain size and shape can be calculated using the following 

formula: 
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where NA is the total number of grains per measured area and is a function of the 

grains in the frame, grains cut by the frame and the magnification scale. The G-

number is defined as the ASTM grain size number [45].  

The grain elongation is the ratio between the horizontal and the vertical G-number. 

On overview which G-number belongs to which grain area/ diameter is given in Table 

6. The result of this procedure is a table in which several parameters of the microstruc-

ture are listed like G-number, grain elongation, distribution of grain sizes… All im-

portant data can be exported out of this table for later analysis.     

Table 6: Grain size relationship between G-number, grains per unit, grain area and grain diameter de-

fined in ASTM [45] 

 

4.2 Hardness measurement 

The Vickers hardness was measured at the micro hardness tester LM300AT by Leco on em-

bedded samples. Five hardness values at different positions were performed and the average 

value was calculated. Attention was paid that the distance of the indentations was far enough 

to each other so that the emerging dislocations do not influence the next measurement. Before 

the first measurement the hardness tester was calibrated with a test piece which has exactly 

742 HV1. The load was adjusted to 1kg for 5s.    
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4.3 Texture analysis 

The texture analysis was performed at the XRD 3003 of the company GE Seifert. This x-ray 

goniometer was used at ZF-Sachs in Schweinfurt, Bavaria, Germany. It is able to move seven 

axes: x, y, z, phi, psi, theta and omega. The x-ray comes from a chromium tube and a vanadi-

um filter reduces the Kβ content. Just Kα is recorded by the detector. The goniometer can be 

seen in Figure 50. 

 

Figure 50: Goniometer XRD 3003 

After electropolishing the sample is put on a magnetic holder in the XRD. The sample is so 

orientated that its rolling direction shows in y-direction, i.e. phi = 0°. The sample normal di-

rection is in z-direction. The exact z-position is chosen by an automatic algorithm which sets 

the sample so that the x-, y- and z-axis cut in one point. That way the sample can be tilted and 

rotated and the measurement is always at the same point.  

Before the texture measurement can be started a phase analysis has been done to investigate 

the exact positions of the (110), (200) and (211) planes. These are for this steel at 69.3, 106.6 

and 156.6 2theta respectively. 

The texture measurement is done in reflection technique. A measurement program has to be 

defined for the angles α and β. These are the texture angles of the pole figure. The sample is 

tilted around α from 0° to theoretical 90° in 5° step width. But in practice just 70° are possible 

x-ray tube  

detector 

magnetic sample holder 
sample 

x 

y 
z 
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as the diffracting intensity decreases with increasing α. For each α position the sample is ro-

tated around β from 0° to 360° in 5° step width. By doing so the sample is scanned in concen-

tric circles, see Figure 51. 

 

Figure 51: XRD measurement in concentric circles 

At each scanning point the diffraction intensity is measured for 4 s before the sample is rotat-

ed to the next scanning point.  

There are 72 scanning points (360/5) in circular direction and 14 scanning points (70/5) in α-

direction. These are a total of 1008 scanning points. If one point is measured for 4 s a total 

time of 67.2 min can be calculated. But also the movements from one position to the next 

have to be considered with the result that the record of one pole figure lasts two and a half 

hours.   

During one pole figure measurement the 2theta angle is constant at all times. It is chosen ac-

cording to the results of the phase analysis. For example, in order to get the (110) pole figure 

the 2theta angle is set to 69.3°.  

The detector used in this XRD is a Position Sensitive Detector (PSD). The advantage of this 

detector is that it can record several reflections and the background at the same time. The 

background results from incoherent scattering or detector noise. It is subtracted from the rec-

orded diagram to correct the diffraction diagram. In the program the window where the back-

ground is measured can be defined. Here it is set to 5°, means that 2.5° to the left and right of 

the given theta angle the background is measured. 

The whole program with all set parameters is shown in Figure 52. 

α 

β 
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Figure 52: Parameter set-up for texture measurement 

The chromium tube works with high voltage. The following parameters are set: 

 Voltage: 30 kV 

 Current: 50 mA 

The diffraction diagrams are analyzed with the software Rayflex - Analyze - Texture by GE 

Inspection Technologies. It generates the pole figure in 2D with isolines of equal intensities. 

Also a 3D profile can be displayed, see Figure 53. 

        

Figure 53: Pole figure in 2D view (left) and in 3D view (right) 

The orientation distribution function is calculated with the software LaboTex of the three pole 

figures (110), (200) and (211).   
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4.4 Electron backscatter diffraction  

Another method to characterize the texture is the electron backscatter diffraction (EBSD) 

which is performed with the scanning electron microscope Zeiss Crossbeam 1540 EsB at the 

Friedrich-Alexander Universität Erlangen-Nürnberg. Two samples were investigated: the rou-

tine material and the material with high deformation ratio. Therefore the cross section orthog-

onal to the rolled surface was grinded in the final step on P 2500 abrasive paper and after-

wards electro polished. The electro polishing is necessary to possibly achieve a surface with-

out introducing residual stresses. 

The investigated area contained 1000 x 750 measuring points, the accelerating voltage was 

adjusted to 20 kV and the step size to 0.5 µm.  

The backscattered electrons are projected onto a screen so that Kikuchi-lines become visible. 

With these Kikuchi-lines it is possible to see the Inverse Pole Figure (IPF) map, unique grain 

color map, pole figures and orientation distribution functions.  

4.5 Tensile test for investigating the r-value 

The r-value is determined within the tensile test which is defined in DIN EN ISO 6892-1. The 

tests were performed at Bilstein GmbH & Co. KG. 

The sample geometry is chosen according to DIN 6892-1, appendix B: 

width:      b0 = 20 mm 

measuring length at the beginning:  L0 = 80 mm 

total length:    Lt = 300 mm 

Also the radii in the transition area are according to Din 6892-1. The samples were stamped 

out of the metal sheets and the edge was ground in the testing area. Then the sample was 

clamped in the tensile test machine and the test was started with a tension velocity of 

30 MPa / sec. During the measurement the grain elongation of the length and width of the 

sample is automatically recorded. The software of the tensile test machine calculates the r-

value using the following formula defined in ISO 10113:  
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In order to calculate the planar anisotropy Δr and the weighted average plastic strain ratio,    

three tensile tests in different directions relative to the rolling direction have to be performed: 

1. Parallel to rolling direction 

2. Perpendicular to the rolling direction 

3. 45° to the rolling direction. 

With these three r-values the planar anisotropy and the average plastic strain ratio can be cal-

culated using the formulas:  

    
            

 
  [31] 

Δ  
      

 
      [30] 

4.6 Earing test 

The earing test was performed at Salzgitter Flachstahl GmbH and is standardized in ISO 

11531. The theory of the earing test is described in section 2.5.2. Circular blanks of a diame-

ter of 90 mm were positions into the machine and the punch of a diameter of 50 mm drew the 

blank into the desired cup form. The drawing ratio was 1.8. 

For the analysis the height of each ear peak ht and each ear valley hv were measured. This was 

performed with the portal machine ACCURA by Carl Zeiss AG, see Figure 45. The measur-

ing tool, in this case a small sphere at the end of the rod, was driven along a defined circle on 

the inner bottom of the cup creating a virtual plane. Then the measuring tool drove along the 

ears of the cup. On this circle 180 points were measured so that each ear was recorded and the 

difference between the inner bottom of the cup and each ear peak and ear valley can be calcu-

lated. 

In ISO 11531 the ear peak and ear valley are defined as the distance between the ears and the 

lower bottom of the cup but due to measuring with the portal machine it was better to define 

the ear peak and ear valley as the distance between the ears and the inner bottom, see Figure 

54.  

Also the position of the ears relative to the rolling direction was recorded.       
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Figure 54: Measured values for the analysis of the earing test [changed figure of ISO 11531] 

For the analysis the mean value of the ear peak ht and ear valley hv was determined:  

 [33] 

With these values the mean ear height he and the percentage Z of the ear height was calculat-

ed: 

     and   [33] 

4.7 Recrystallization tests 

The basic material for all recrystallization tests is the starting material hot rolled at Salzgitter 

and cold rolled at Bilstein to material HC300LA. The deformation ratio during cold rolling 

was medium. The recrystallization tests were performed at the Lulea University of Technolo-

gy. There the samples were first heated to the desired temperature in a furnace and then air 

cooled to room temperature. The recrystallization temperature and times can be seen in Table 

7. 

Table 7: Recrystallization matrix with temperatures and holding times for the 17 samples 

 

After the heat treatments the microstructure was investigated at the surface and in the cross 

section parallel to the rolling direction. The grinding, polishing and etching was performed 

according to chapter 4.1. For the microstructural study of the recrystallized samples the light 

optical microscope Nikon Eclipse MA200 has been used at LTU.   
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5 Results 

5.1 Routine and 3D measurement of guiding disk 

5.1.1 Routine test for run-out measurement 

More than 100 guiding disks were tested with the routine test method within this project. The 

results are shown in Figure 55. All of these guiding disks were manufactured out of the rou-

tine material HC 300 LA at four dates: 25.01.2013, 06.02.2013, 07.02.2013 and 18.02.2013. 

In the diagram the horizontal lines show the primary tolerance 0.10 mm and the raised, cur-

rent tolerance 0.12 mm. 

 

Figure 55: Run-out of guiding disks manufactured out of routine material on four manufacturing dates 

It can be seen in Figure 55 that the highest run-out fluctuations are between the different 

manufacturing dates. Just the tests performed on the 18.02.2013 fulfill the primary tolerance 

of 0.10 mm. But also most of the values measured on the 06.02.2013 fulfill the current toler-

ance of 0.12 mm. However the run-out was not within the tolerance at the 25.01.2013 and 

07.02.2013. 

But there are also fluctuations within one date. These fluctuations are supposed to result from 

the material. The reason for these fluctuations will be studied within this thesis.      

In order to improve the run-out four materials have been tested: 

1. Routine material 

2. Material with high deformation ratio 

3. Material not containing titanium 

4. Comparison material 

For more details about the materials see chapter 3.1. 
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The average values of the run-out measured for the four materials are shown in Figure 56. 

However these measurements are just based on data of one coil in the case of the material 

with high deformation ratio, the material not containing titanium and the comparison material. 

In order to obtain more statistical results the materials have to be tested in the long run. 

 

Figure 56: Run-out values for different materials 

The guiding disks out of the comparison material show the lowest run-out error, i.e. the best 

run-out behavior. The average run-out is even under the primary tolerance. The second best 

results are obtained from the material not containing titanium with an average value around 

0.10 mm. The third best run-out behavior shows the material with the high deformation ratio 

and the worst results are obtained from the routine material.  

5.1.2 3D measurement of guiding disk 

The 3D measurement shows the exact positions where the highest run-out error is located. For 

all of the routine guiding disks measured with the 3D method, which are in total 10 different 

guiding disks, the highest run-out error is always at the same position; one of these diagrams 

is shown exemplarily in Figure 57 to the left. The rolling direction is in the routine process 

always the same: If a line was drawn from tooth 1 to tooth 25 then the rolling direction would 

be parallel to this line (see Figure 57 and Figure 58). It can be seen clearly that the worst area 

is located at 90° relative to the rolling direction.  

In order to investigate if the position of the run-out error depends on the rolling direction one 

blank is rotated around 90° after the first forming step. In this case the rolling direction is par-

allel to an imaginary line from tooth 37 to tooth 13. The 3D-measurement of this rotated 

blank shows that also the position of the highest run-out error rotates around 90°, see Figure 
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57 to the right. This experiment was repeated several times and always the highest run-out er-

ror was located at 90° relative to the rolling direction.     

Therefore it is logical to assume that the position of the run-out error depends on the rolling 

direction and this indicates that it also depends on texture. This result and also the literature, 

which indicates that there is a correlation between formability and texture, lead to further in-

vestigations in the field of texture analysis which is handled in chapter 5.3 and 5.4.   

 

Figure 57: Results of 3D-measurement, left: routine process, right: blank is rotated around 90° after first 

forming step 

 

 

Figure 58: Routine guiding disk marked with the area of highest run-out error 

5.1.3 Comparison between routine and 3D test instrument 

By comparing the results of the routine and the 3D test it is obviously that the run-out error 

measured by routine test instrument is higher than measured by 3D test instrument. It is hard 

to say which value is more exact. However it can be seen that the values correlate linearly 

highest run-out error in the area 

around tooth 37 and 13 for routine 

process, i.e. the highest run-out error 

is always located at 90° relative to 

the rolling direction 

tooth 1 

tooth 37 tooth 25 

tooth 13 
tooth 1 

tooth 37 tooth 25 

tooth 13 

25 
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with each other, see Figure 59. This means that a good guiding disk with a small run-out error 

measured by routine test instrument is also a good guiding disk measured with the 3D test in-

strument.  

 

Figure 59: Comparison between routine and 3D measurements 

5.2 Microstructural analysis 

5.2.1 Analysis of grain size and shape of routine material 

For microstructural analysis the samples were prepared and investigated according to chapter 

4.1. All in all more than 30 samples from different coils were analyzed in order to achieve a 

statistical result. The microstructural analysis was performed with the software installed at the 

LOM but it is not proven how exact the grain boundary reconstruction works. Therefore no 

error tolerances of the measurements are given. 

Typical pictures of the microstructure at the surface and in the cross section can be seen in 

Figure 60. 

  

Figure 60: Microstructure at the surface (left) and in the cross section (right) 
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The microstructural analysis is divided into several parts: 

a) Correlation between run-out and grain size: 

The grain size is characterized by the G-number parallel to the surface and in the cross section 

(90° to surface) parallel to the rolling direction. In order to investigate the correlation between 

the grain size and run-out the G-number investigated parallel to surface as well as the G-

number at cross section as function of run-out is shown in Figure 61.  

The desired run-out error of < 0.10 mm is only achieved for one sample where the grain size 

at surface is around 9.7 and the grain size at cross section is 10.5. For the run-out in the range 

between 0.10 mm and 0.12 mm (this is the range which is still accepted in practice) the values 

for the grain sizes deviate between 9.5 and almost 11. The undesired run-out above 0.12 mm 

appears for grain sizes between 9 and 10.8. 

All in all it can be seen that the distribution is randomly, i.e. the run-out error does not depend 

on the grain size. 

 

Figure 61: Correlation between grain size (ASTM) and run-out for grain size measurement parallel to 

surface and in the cross section 
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It can be noticed that the grain size measured parallel to the surface is not as small as meas-

ured at the cross section. The ASTM G-number is always higher for measurements in the 

cross section than parallel to the surface. 

b) Correlation between run-out and grain size distribution: 

The next idea was that the run-out error could depend on the distribution of the grain sizes be-

cause some very small grains and larger grains can be seen in the LOM, see for example in 

Figure 60. Therefore grain size distribution diagrams, in which the occurrence frequency of 

each grain size is a function of its grain size (ASTM), are shown in Figure 62. These diagrams 

are divided into three groups: a) run-out < 0.1mm; b) run-out between 0.1 and 0.12 mm and c) 

run-out > 0.12 mm. For groups b) and c) more diagrams exist which are not shown here be-

cause it would be too confusing. But these diagrams look similar to the ones shown in Figure 

62. For group a) just one diagram is shown as there is just one sample in this group.  

It can be seen that a diagram with just one peak exists in all groups. This means that in these 

samples the grain size distribution is homogenous, i.e. one grain size is preferential. In group 

b) and c) also diagrams with two or more peaks exist. This means grains of more than one 

grain size occur in these samples. 

It could be assumed that the run-out is better for a homogenous grain size distribution like the 

one in group a) but then the question comes up why the sample in group c) with an bad run-

out also possesses a homogenous distribution. 

As groups a) and b) are the ones which are accepted in practice it can be assumed that the 

grain size distribution does not influence the run-out error. The difference in the grain size 

distribution diagrams occur in the accepted groups a) and b) as well as in group c).  

Therefore it can be assumed that the run-out is independent of the grain size distribution. 
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Figure 62: Correlation between run-out and grain size distribution 

c) Correlation between run-out and grain elongation: 

Also the grain shape, i.e. grain elongation was investigated. The grain elongation is the ratio 

between the G-number measured in horizontal and vertical direction. For the analysis at the 

surface the grain elongation was always around 1.0 which means that the grains have approx-

imately the same width and length, i.e. they have no texture that is visible at LOM.  

The average grain elongation measured at the cross section parallel to the rolling direction is 

0.94 which means that the grains are stretched in rolling direction. The grain elongation devi-

ates from 0.93 to 0.96, see Figure 63. However, no correlation between run-out and grain 

elongation can be noticed. 
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Figure 63: Correlation between run-out and grain elongation  

d) Correlation between run-out and hardness: 

The hardness is a rate for the dislocation density and hence a degree for recrystallization be-

cause dislocation density decreases during recrystallization. Therefore hardness measurements 

were performed in order to see if the same recrystallization degree was reached for each coil. 

It is also interesting to see if the hardness influences the run-out which can be seen in Figure 

64. 

 

Figure 64: Correlation between run-out and hardness 

When regarding the hardness values it can be seen that the values lie between 120 and 140 

HV1, except one value which is at 150 HV1. By considering the tolerances of Vickers hard-

ness measurements it can be said that the hardness values do not fluctuate much from one coil 
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to the next. This means that nearly the same recrystallization degree is formed for all investi-

gated coils.  

No correlation between hardness values and the run-out can be recorded. The hardness values 

do not differ so much from each other; this small fluctuation does not influence the formabil-

ity and hence the run-out.     

5.2.2 Comparison of the microstructure of the different materials 

The microstructure was compared for four different materials: 

1. routine material 

2. material with high deformation ratio 

3. material not containing titanium 

4. comparison material 

Pictures of the microstructures of these four materials can be seen in Figure 65 for the investi-

gation parallel to surface. 

   

   

Figure 65: Microstructures of different materials investigated parallel to surface, 200x magnification a) 

routine material b) material with high deformation ratio c) material not containing titanium d) compari-

son material 

a) b) 

c) d) 
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The grain size of the material with high deformation ratio and the material not containing tita-

nium is smaller than the grain size of the routine material and the comparison material. In all 

materials some small grains can be recognized between the larger grains. This looks like a 

bimodal grain structure.  

Also the microstructure in the cross section of metal sheet parallel to rolling direction was in-

vestigated. These pictures can be seen in Figure 66. The pictures show quite round grains for 

the routine material but an elongation of grains can be seen for the material with high defor-

mation ratio. Also the material not containing titanium and the comparison material have 

slightly stretched grains.  

   

   

Figure 66: Microstructures of different materials investigated in the cross section of the sample parallel to 

rolling direction, 200x magnification a) routine material b) material with high deformation ratio c) mate-

rial not containing titanium d) comparison material 

It is also recognized at higher magnification that there are more and bigger carbides in the ma-

terial which does not contain titanium than in the other materials, see Figure 67.  

a) b) 

c) d) 
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Figure 67: Microstructure with precipitations at 1000x magnification a) material not containing titanium 

b) routine material   

For the four materials the grain size, grain size distribution, grain elongation and hardness was 

investigated and compared with each other: 

a) Comparison regarding grain size 

For each material at least five grain size measurements were performed and the average re-

sults are compared in Figure 68. It can be seen that the grain sizes for the comparison materi-

al, the material not containing titanium and the routine material are nearly the same around 10 

(ASTM). Just the material with high deformation ratio shows a smaller grain size around 10.6 

which corresponds to 9.1 µm. The second smallest grain size possesses the material not con-

taining titanium with an average grain size of 11.0 µm followed by the routine material with 

11.2 µm. The material with the largest grain size is the comparison material with 11.7 µm.  

 

Figure 68: Average grain sizes for different materials 

 

a) b) 
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b) Comparison regarding grain size distribution 

In Figure 69 two grain size distribution diagrams are shown for each material. It can be seen 

that the grain size distribution varies within one material, sometimes even more than the grain 

size distribution between the materials. Therefore, it can be said that the grain size distribution 

is random and is not characteristic for one material.  

 

Figure 69: Grain size distribution diagrams for different materials 

c) Comparison regarding grain elongation 

The diagram of grain elongation regarding the four different materials in Figure 70 shows that 

the stretching of grains is the highest for the material with high deformation ratio (smallest 

grain elongation value means highest stretching of grains because the elongation is the ratio 

between the height and width of a grain). This means that in this material the grains are more 

stretched in rolling direction than the other materials. The routine material possesses the high-

est grain elongation, i.e. the grains are less stretched so that there are more round grains.    

 

Figure 70: Grain elongation for different materials 
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d) Comparison regarding hardness 

The hardness values measured in HV can be seen in Figure 71 for the four different materials. 

They differ from 128 to 133 HV1, i.e. there is not much difference.  

The highest hardness possesses the material with the high deformation ratio. This is logical 

because the dislocation density is the highest and the grain size is the smallest for this materi-

al.   

 

Figure 71: Hardness values for different materials 

5.3 Texture analysis performed with XRD 

The texture analysis was performed with XRD according to chapter 4.3. The results of the 

texture measurement are pole figures and orientation distribution functions. The texture was 

measured for two samples with XRD: 

5.3.1 Routine material  

For the routine material three pole figures were recorded: (110), (200) and (211). These pole 

figures can be seen in Figure 72. 
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Figure 72: a) (110) pole figure b) (200) pole figure c) (211) pole figure for routine material 

As these pole figures do not show the whole spectrum regarding α (because α was set to tilt 

from 0 to 70°) the pole figure was calculated by the software LaboTex. With this software the 

complete pole figure from α = 0 – 90° can be displayed, see Figure 73. 

           

Figure 73: Calculated pole figures 

The calculation with LaboTex also shows the orientation distribution function. In Figure 74 

cross sections for φ2 = 0 - 90° in 5° steps through the ODF Euler cube are given. In these dia-

grams the φ1 and Φ Euler angles are in x- and y- direction respectively.         

 

Figure 74: Cross sections through the ODF for routine material 

a) b) c) 

Φ2 = 45° 

Φ2 = 0° Φ2 = 5° Φ2 = 10° 

Φ2 = 35° 

Φ2 = 30° Φ2 = 25° Φ2 = 20° Φ2 = 15° 

Φ2 = 40° Φ2 = 50° Φ2 = 55° Φ2 = 65° Φ2 = 60° 

Φ2 = 75° Φ2 = 70° Φ2 = 80° Φ2 = 90° Φ2 = 85° 
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The two most important textures regarding the formability of steels are the α- and γ-fiber. The 

theory to these textures can be read in chapter 2.4.1. The α- and γ-fiber is visible in the cross 

section φ2 = 45°. The α-fiber is located in this cross section at φ1 = 0° and Φ = 0 – 90°; the γ-

fiber is located at Φ = 54.7° and φ1 = 0 – 90°, see Figure 75.       

 

Figure 75: Cross section through ODF for φ2 = 45° with illustration of α- and γ-fiber 

By comparing the theoretical positions of the α- and γ-fiber with the results obtained from the 

XRD analysis in Figure 74 it can be determined that there is a strong α-fiber and a very weak 

γ-fiber texture. The highest intensity peak appears at φ1 = 0° and Φ = 35.26° in the φ2 = 45° 

section. This reflects a (112) <110> texture.     

5.3.2 Material with high deformation ratio  

The texture was also investigated for the material with high deformation ratio. The pole fig-

ures of this material can be seen in Figure 76. These pole figures look similar to the ones of 

the routine material but the intensity varies at some places compared to the routine material.  

   

Figure 76: a) (110) pole figure b) (200) pole figure c) (211) pole figure for material with high deformation 

ratio 

When regarding the ODF calculated from the three pole figures of the material with high de-

formation ratio, which can be seen in Figure 77, a big difference to the routine material can be 

recognized. In the cross section for φ2 = 45° two areas with high intensities are recorded. The 
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one is again at φ1 ≈ 0° and Φ ≈ 20° to 58° with one peak at Φ = 44° and the second area with 

also high intensity is at φ1 = 40° to 90° and Φ ≈ 54.7°. When comparing these values with the 

theoretical values for the α- and γ-fiber in Figure 75 it can be seen that the material with high 

deformation ratio has a α- and γ-fiber texture.       

 

Figure 77: Cross sections through the ODF for material with high deformation ratio 

5.4 Texture analysis performed with EBSD 

Another texture analysis was performed with EBSD. The EBSD investigations were done on 

samples from the same metal sheets as the samples for the XRD investigations: 1. Routine 

material, 2. Material with high deformation ratio. Here EBSD mappings are obtained that 

show the orientation of each grain in the color that corresponds to the coding of the standard 

orientation triangle, see Figure 78.  

For the two samples the IPF map, pole figures and cross sections through the ODF are given. 

5.4.1 Routine material 

In Figure 78 the IPF map of the routine material is shown. The colors correlate to the ones in 

the standard orientation triangle so that the texture of each grain can be determined.  

Φ2 = 0° Φ2 = 10° Φ2 = 15° Φ2 = 20° 

Φ2 = 25° Φ2 = 30° Φ2 = 35° Φ2 = 40° Φ2 = 45° 

Φ2 = 5° 

Φ2 = 80° Φ2 = 75° 

Φ2 = 70° Φ2 = 65° Φ2 = 60° Φ2 = 55° Φ2 = 50° 

Φ2 = 85° Φ2 = 90° Φ2 = 0° 
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Figure 78: IPF map of routine material and standard orientation triangle 

 

Figure 79: Pole figures of the routine material for the crystal planes {100}, {110} and {111} determined by 

EBSD investigations 

The blue colored grains in Figure 78 are {111} orientated which means that these grains rep-

resent the γ-fiber. However the fraction of the blue grains in Figure 78 is not very high, i.e. 

the γ-fiber orientation is not very strong which can also be seen in the pole figures and in the 

ODF. 

The {100}, {110} and {111} pole figures of the same measurement are shown in Figure 79.  

For an easier interpretation of this texture the cross sections through the ODF are shown in 

Figure 80. In order to compare the α- and γ-fiber the cross section at φ2 = 45° is regarded. For 

the theoretical positions of these fibers see Figure 75. It can be seen that there are two intensi-

ty maxima; one in the area of the α-fiber and a stronger one in the range of the γ-fiber. 
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Figure 80: Cross sections through the Euler cube for routine material determined by EBSD investigations 

5.4.2 Material with high deformation ratio 

In Figure 81 the inverse pole figure map of the material with high deformation ratio is shown. 

It can be seen that there are more blue grains than in the IPF map of the routine material 

which means that there is a stronger γ-fiber. The same result is obtained when regarding the 

pole figures and the ODF. 
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Figure 81: IPF map of material with high deformation ratio 

 

 

Figure 82: Pole figures of the material with high deformation ratio for the crystal planes {100}, {110} and 

{111} determined by EBSD investigations 

The peaks of the pole figures in Figure 82 are located at the same positions as the peaks of the 

routine material but it can be seen that the intensity is much higher. Also the intensity of the 

α- and γ-fiber in the cross section of the ODF at φ2 = 45° is stronger, see Figure 83.  
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Figure 83: Cross sections through the Euler cube for material with high deformation ratio determined by 

EBSD investigations 

5.5 Tensile test to investigate r-values 

The anisotropy coefficient was determined for seven different samples: 

1. Comparison material 

2. Material with high deformation ratio  

3. Material not containing titanium  
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4. Routine material of coil 1901 with good run-out results 

5. Routine material of coil 4901 with good run-out results 

6. Routine material of coil 5502 with poor run-out results 

7. Routine material of coil 3501 with poor run-out results 

The tensile tests were performed according to chapter 4.5. The results are listed in Table 8.  

Table 8: r-, Δr- and    - values for 7 different samples 

 

The analysis of the seven different samples is performed considering the r-,   - and Δr-values. 

Here the r- and hence the   -value should be as high as possible and the Δr-value should be ze-

ro for a good formability.  

In general the   -values do not vary much, why the investigation was concentrated on the pla-

nar anisotropy Δr. 

When regarding the values in Table 8 it can be seen that material 1 fulfills the results best 

with a planar anisotropy of 0.00; followed by the material with high deformation ratio 

Δr = 0.01. The planar anisotropy around zero means that the material properties do not depend 

on the rolling direction.  
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The material not containing titanium and the routine material achieved lower values for planar 

anisotropy. Specifically the two samples with good run-out results achieved the worst values 

for planar anisotropy which cannot be explained. The samples with a poor run-out achieved 

better values for planar anisotropy than the ones with a good run-out.  

The results that can be achieved of the determination of r-values are the following: 

 Best anisotropy properties for comparison material with lower deformation ratio and 

cold rolled at another cold strip mill 

 Second best r-values for material with high deformation ratio 

 Material not containing titanium possesses nearly the same r-values as the routine ma-

terial 

 Routine material with good run-out achieved worse r-values than routine material with 

poor run-out. 

5.6 Earing test 

Another method to evaluate the anisotropy is the earing test. The results of the earing test and 

the tensile test should be the same as both characterize the anisotropy and therefore the form-

ability.  

The earing test is performed according to chapter 4.6. In Figure 84 one cup which was drawn 

at the earing test is shown.  

 

Figure 84: Cup drawn at earing test 

It can be seen that there are four ears, i.e. four peaks and four valleys. The height of these is 

measured and the following values, which are defined in chapter 4.6, were calculated: 

 mean peak height: h t  
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 mean valley height: h v  

 mean ear height: h e  

 percentage:  Z  (= 
   

   
    ) 

 position of ears relative to rolling direction 

All in all seven materials were tested by earing test. The material numbering is the same as in 

chapter 5.5. For each material two tests were performed. The results of the earing test are 

listed in Table 9.  

The samples were cut out of the same metal sheet as the samples for the r-value determination 

by tensile test so that they can be compared with each other. 

Table 9: Results of earing test 

 

The most interesting values which are obtained from the earing test are the position of the ears 

relative to the rolling direction, the mean ear height h e and the percentage Z between the mean 

ear height and the mean valley height.  

It was determined that for the material not containing titanium and all tested routine materials 

(coil numbers: 1901, 4901, 5502, 3501) the ears formed at 45° relative to the rolling direction. 

This means that the Δr-value is negative for these samples. For the cups of the comparison 

material and the material with high deformation ratio the position of the ears cannot be exact-

ly localized. They are neither at 45° nor at 90° to rolling direction and the ears are also very 
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small. This means that the Δr-value is zero for these two materials.  These results comply with 

the results obtained from the tensile test.  

When regarding the mean ear height and the ratio Z of the seven different materials it is obvi-

ous that the ear height of samples 1 and 2 is not as high as the ear height of the other materi-

als. This means that the anisotropy is much better for the first two materials. The material not 

containing titanium shows slightly higher values regarding h e and Z. The values for the tested 

routine materials are approximately the same for coils 1901, 5502 and 3501. However, the 

material of coil 4901 shows the highest ear height and hence a strong developed anisotropy. 

Material with a high run-out error (coil 5502 and 3501) shows relatively small ear heights 

compared with coil 4901 which possesses a small run-out error. However coil 1901 also with 

small run-out error shows relatively small ear height, nearly the same as coil 3501. This 

shows that the run-out error of the routine material is independent of the results obtained from 

earing test. 

These results are similar to the ones obtained from tensile test. The results of earing test con-

firm the results of tensile test.  

To sum up the results of the earing tests are as follows: 

 Lowest ear height for comparison material and material with high deformation ration. 

The position of the ears for these two materials cannot be localized. 

 Isotropic behavior 

 Slightly higher ear height for material not containing titanium. Ears form at 45° to 

rolling direction. 

 Negative Δr-value; small anisotropy  

 Routine material shows highest ear height. Ears are positioned at 45° to rolling direc-

tion. No dependency of run-out error and ear height can be determined.  

 Negative Δr-value; highest anisotropy    

5.7 Recrystallization tests 

The recrystallization tests were performed at cold rolled samples with a medium deformation 

ratio. Before the recrystallization took place the microstructure looked like in Figure 85. 
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Figure 85: Microstructure of cold deformed, non-recrystallized metal sheet; left: microstructure parallel 

to surface, right: microstructure in cross section parallel to rolling direction 

The grains in the microstructure parallel to the surface are very small with a grain size of 11.8 

(ASTM). From this view the grains are slightly stretched. In the cross section parallel to the 

rolling direction the elongation of the grains is more obviously. The height to length ratio of 

the grains is 0.88. The hardness of the non-recrystallized samples at surface is 216.0 HV1 and 

in the cross section 224.4 HV1. 

During recrystallization the formation of a new grain structure by the growth of new grains 

from nuclei is developed. The degree of recrystallization is given by the recrystallization tem-

perature and time. In order to see the effect of these parameters on the microstructure different 

temperatures and holding times were tested according to Table 7 in chapter 4.7. 

The hardness after the heat treatment was measured and is shown in Figure 86. 

 

Figure 86: Recrystallization diagram; hardness as a function of annealing temperature for different hold-

ing times 
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The hardness for the samples annealed for one hour decreases rapidly if the annealing temper-

ature is increased from 550°C to 600°C. For one hour holding time the recrystallization tem-

perature, which is the temperature where 95% of the recrystallization is finished, is approxi-

mately at 600°C. At temperatures below 550°C the hardness is almost constant which means 

that at none of these samples recrystallization took place. At temperatures above 600°C the 

hardness just slightly decreases with increasing temperatures. This means that at higher tem-

peratures the recrystallization is finished earlier and perhaps grain growth has already started. 

This has to be proofed by microstructural analysis.  

Just for a holding time of 1 h all the different temperatures were tested. But it can be assumed 

that the lines for the other holding times (30 min, 5 h, 10 h and 20 h) are parallel shifted, i.e. 

with increasing annealing time the hardness lines are shifted downwards. 

The microstructures of all the different parameters were investigated. In Figure 87 the micro-

structure for samples which were recrystallized for one hour at different temperatures is 

shown. 

     

b) a) 
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Figure 87: Microstructure of samples recrystallized for 1 h at different recrystallization temperatures:  

a) 450°C, b) 500°C, c) 550°C, d) 600°C, e) 650°C, f) 700°C 

It can be recognized that the microstructure changes with the different temperatures. For the 

pictures a) to c) the grain size is very small. Then in picture d) the grain size becomes larger. 

This is logical as the sample at 600°C is already recrystallized. The sample that is recrystal-

lized at 650°C shows nearly the same microstructure as the sample recrystallized at 600°C. 

Also the hardness of these two is nearly the same. However the picture f) in Figure 87 shows 

that the grains are larger and the number of the small grains has decreased compared to the 

pictures d) and e). This means that grain growth occurs at a recrystallization temperature of 

700°C and thus this leads to decreasing hardness values.   

f) 

d) c) 

e) 
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6 Discussion 

6.1 Effect of microstructure on formability/ run-out 

6.1.1 Effect of microstructure of routine material on run-out 

The results obtained from the microstructural analysis of the routine material show the effect 

of grain size, grain size distribution, grain elongation and hardness on the run-out behavior of 

guiding disks. 

a) Effect of grain size on run-out: 

It can be seen in Figure 61 that there is no correlation between the run-out and grain size. The 

grain size varies from nearly 11 to 9 (ASTM), which corresponds to 7.9 µm to 15.9 µm. The-

se are just small grain size variations so that it can be concluded that these grain size varia-

tions are too small to cause a significant effect on the run-out.  

b) Effect of grain size distribution on run-out: 

Three typical grain size distribution diagrams are obtained for the routine material: diagrams 

with just one peak (unimodal), two peaks (bimodal) and more than two peaks. The reason for 

this investigation was that some very small grains and larger grains are available which looks 

like a bimodal grain size distribution. In literature [46] it was found out that a bimodal grain 

size distribution causes a lower strength and a better ductility. Therefore the samples with a 

bimodal grain size distribution should have a better formability. However the sample with the 

best run-out behavior has a unimodal distribution, see Figure 62. The bimodal grain size dis-

tribution is also obtained in samples with a bad run-out. All of the three typical grain size dis-

tribution diagrams are obtained for the samples with a good run-out <0.12 mm and for a bad 

run-out >0.12 mm. Therefore it can be said that the grain size distribution is not a factor that 

influences the run-out. 

c) Effect of grain elongation on run-out: 

The grain shape, i.e. grain elongation is a degree for recrystallization and it can also be seen 

from the elongation if a pancake structure has come up. 

From the diagram in Figure 63 it can be seen that the grain elongation varies between 0.93 

and 0.96 and most of the samples lie at 0.94 and 0.95.  

The grain elongation results from the cold rolling. The recrystallization reduces the degree of 

grain elongation through nucleation and grain growth. However it is possible that precipita-

tions on the grain boundaries hinder the formation of a new microstructure resulting in a high-
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er grain elongation. This is the case for the pancake structure. It develops if the nitride is not 

bonded with titanium or niobium and instead bonds with aluminum resulting in aluminum ni-

trate which forms on the grain boundaries and are obstacles for the formation of new round 

grains.   

d) Effect of hardness on run-out: 

The formability also depends on hardness until a certain degree. It is logical that a higher 

force is needed to form a hard material than a soft one and the wear is higher for harder mate-

rial. The material investigated in this project shows hardness values between 120 HV and 

140 HV. No correlation between the hardness and the run-out can be recognized but this is 

probably because the hardness values do not differ greatly from each other. For each sample 

five hardness measurements were performed which differ around 5 to 10 HV from each other 

because of measuring errors. Comparing this with the hardness of all investigated samples, 

which vary just around 20 HV in total, it can be supposed that the hardness is nearly the same 

for all samples and that there are just small variations. As the hardness is a degree for the dis-

location density and hence for recrystallization as during recrystallization the dislocation den-

sity decreases, it can be assumed that the dislocation density and the recrystallization is the 

same for all coils of routine material and that it is homogenous within one coil.  

6.1.2 Microstructures of different materials 

In order to improve the run-out four different materials were tested and evaluated if it is pos-

sible to achieve an improvement of the run-out by changing process parameters such as de-

formation ratio during cold rolling or composition. As the microstructure is a major factor in-

fluencing the properties of a material the microstructure of the four different materials was in-

vestigated and compared regarding grain size, grain size distribution, grain elongation and 

hardness. 

a) Comparison regarding grain size 

The following order arises from arranging the materials by their grain sizes from the smallest 

to the largest: 

1. material with high deformation ratio 

2. material not containing titanium 

3. routine material 

4. comparison material  
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The comparison material with the lowest deformation ratio has the largest grain size. This can 

be explained by the fact that the low deformation ratio has induced fewer dislocations com-

pared with the other materials so that less nucleation sites are available for the growth of new 

small grains. Therefore fewer grains are formed during recrystallization, which grow until 

they hit each other so that there is a larger grain size.     

The opposite happens for the material with high deformation ration. Here a lot of dislocations 

are induced into the material followed by many nucleation sites. Thus more new grains can 

grow but they will not grow as much as for the material with low deformation ratio because 

they hit each other after a short time as there are so many new grains. Therefore the material 

with the high deformation ratio has the smallest grain size. 

When comparing the grain sizes of the different materials with the run-out it can be seen that 

the comparison material with the largest grain size possesses the best run-out behavior. This 

concurs with the literature where it is said that the formability improves with decreasing grain 

size. However it is doubtful that the small change of grain size from 11.2 µm of the routine 

material to 11.7 µm of the comparison material caused this improvement of run-out. It is more 

likely that other factors like anisotropy and texture caused this improvement.    

b) Comparison regarding grain size distribution 

As shown in Figure 66 there is no characteristic grain size distribution diagram for one mate-

rial. The distribution diagrams vary even more within one material than between the materi-

als. No relevant information can be inferred from the grain size distribution investigations. 

c) Comparison regarding grain elongation 

It is obvious that the grains of the material with high deformation ratio are most stretched. 

This was calculated with the software at the LOM but is also visible in Figure 66. The strong 

stretching likely results from aluminum nitride precipitations which hinder the formation of a 

new structure and thereby form a pancake structure. The formation of the pancake structure is 

promoted by high nitrogen content because more unbound nitrogen is available to bond with 

aluminum. Therefore it is interesting to compare the nitrogen contents of the different materi-

als with each other. The materials are listed in sequence from the highest to the lowest nitro-

gen content: 

 Comparison material 

 material with high deformation ratio 

 routine material 
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 material not containing titanium 

The nitrogen content is 150 % higher for the material with high deformation ratio than for the 

routine material. This is probably the reason for stronger grain elongation of the material with 

high deformation ratio. The highest nitrogen content possesses the comparison material. 

However this material was cold rolled at a lower deformation ratio so that the grains are less 

stretched.  

d) Comparison regarding hardness 

As the average hardness of the different material differs just between 128 and 133 HV1 and 

the fluctuation within five measurements of the same material are also in this range, it can be 

concluded that there are no significant variations regarding hardness. The hardness is adjusted 

by the recrystallization process which is the same for all materials. Therefore it can be said 

that the hardness is the same of all materials and that the hardness variations do not influence 

the run-out. 

6.2 Effect of texture on formability/ run-out 

The orientation distribution function determined by XRD and EBSD gives information about 

the content of the α- and γ-fiber which influence the formability of metal sheets. In Figure 88 

the cross sections through the ODF determined by XRD of the routine material (left) are com-

pared with the ODF of the material with high deformation ratio (right). The orientations with 

the highest intensity are marked in Figure 89. It can be seen that the peaks of the routine mate-

rial are positioned in the area where the α-fiber is located. The peak with the highest intensity 

is located at φ1 = 0° and Φ = 35.26° what corresponds to a (112) <110> texture. 

The peaks with the highest intensity in the case of the material with high deformation ratio is 

also positioned at the α-fiber but shows a (223)[110] texture. But there is also an area with 

high intensity in the range of the γ-fiber. Here the textures (111)[011], (111)[123] and 

(111)[112] occur which are part of the γ-fiber which is defined as the textures where the nor-

mal direction is parallel to the (111) plane. 
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Figure 88: Cross section through ODF at φ2 = 45° determined by XRD-investigations with marking of ϕ- 

and φ1-angles; left: routine material; right: material with high deformation ratio 

    

                  

Figure 89: Cross section through ODF at φ2 = 45° determined by XRD-investigations with marking of ori-

entations; left: routine material; right: material with high deformation ratio 

A similar result is received regarding the ODFs determined by EBSD-investigations, see Fig-

ure 90. There it can be seen that in case of the material with high deformation ratio there is a 

very high intensity in the range of the γ-fiber. This intensity is much higher as the one in the 

ODF of the routine material. In both materials also a weak α-fiber texture is obtained but the 

intensity of the γ-fiber is higher. 
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Figure 90: Cross section through ODF at φ2 = 45° determined by EBSD-investigations; left: routine mate-

rial; right: material with high deformation ratio 

In the above figures it is shown that the γ-fiber texture increases with an increasing defor-

mation ratio. Many scientists found the same texture evolution such as for example Shen et al. 

[47]. They found that the γ-fiber texture of IF steels rapidly increases with an increasing roll-

ing reduction, see Table 10. Anijdan et al. [48] investigated the influence of the alloying ele-

ments in HSLA steels with the result that especially niobium increases the γ-fiber texture in 

cool deformed sheet. 

Table 10: effects of cold-rolling reduction on texture [47] 

   

The reason for the increasing γ-fiber with increasing deformation was studied by 

Hutchinson [49]: The final texture of the metal sheet is formed during recrystallization. The 

driving force for recrystallization is the internal stored energy and dislocations that are in-

duced during cold rolling. These activators of the recrystallization vary according to the orien-

tations of the deformed grains. This orientation dependency of the deformed structure is the 

reason for the recrystallization of certain textures. If there is a high stored energy of defor-

mation there will be an orientated nucleation of special textures. For example the {111} orien-
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tated grains grow preferred from areas with a high misorientation. Hutchinson [49] developed 

a sequence of preferred textures with increasing deformation: 

{001} < {112} < {111} 

Therefore the {111} texture, which is the γ-fiber, is the preferred orientation for high defor-

mation. 

In literature it is proved that a high γ-fiber content causes a good formability of sheet metal 

[20, 21]. Therefore the material with high deformation ratio should have a much better forma-

bility than the routine material. By comparing the run-out behavior of both materials with 

each other just a small improvement can be recognized, see Figure 56. There are some expla-

nations why the high γ-fiber content does not show the desired effect on the run-out: 

1. The run-out is not influenced by the variations of the formability of the material. As it 

is proven that the formability improves with increasing γ-fiber content it is also proven 

that the material with high deformation ratio has a better formability than the routine 

material. Therefore it could be that the small variations determined in the formability 

of the material do not play an important role in the forming process of the guiding 

disks. 

2. The difference in the intensity of the γ-fiber is not high enough to see a difference. In 

both materials we still have a preferred α-fiber texture so that the γ-fiber has to be 

stronger to significantly influence the run-out. Therefore a new material can be devel-

oped that shows a stronger γ-fiber texture. This can be done in a further work. 

3. Material with high deformation ratio possesses better run-out values as they are rec-

orded. It could be that the guiding disks out of the material with high deformation ratio 

were produced on a bad day, i.e. the pressing tools were worn or wrong process pa-

rameters were set. More tests with the material with high deformation ratio need to be 

done in order to see an average run-out and not just the run-out of two manufacturing 

dates. 

4. The texture measurements are incorrect. This is not likely because the results of the 

XRD- and EBSD-investigations are the same. Both show a stronger γ-fiber in the 

sample with high deformation ratio. Another way to prove the ODF is to compare it 

with the r-values obtained by tensile tests. In literature [20] it is said that the r-value 

depends linearly on the intensity ratio of γ-/ α-fiber. 
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So far it seems that the ODF is a helpful tool to characterize the formability of sheet metal. 

However it is not possible to use the ODF to predict if one coil show good and another one 

bad run-out behavior. 

6.3 Effect of anisotropy on formability/ run-out  

The anisotropy was studied by earing tests and tensile tests for seven different samples, see 

chapters 5.5 and 5.6. The results of both tests are compared with each other in Figure 91. It 

can be seen that the ear height depends inversely linearly on the planar anisotropy. The higher 

the ear height, the lower the planar anisotropy in the case of ears formed at 45° to rolling di-

rection which concurs with the literature. Since both tests, the tensile and the earing test, show 

the same results for the seven tested samples these results are reliable.  

 

Figure 91: Correlation between planar anisotropy and ear height 

The anisotropy is one of the most important factors that influence the formability of metal 

sheet. The planar anisotropy should be zero and the ear height should be as low as possible to 

achieve the best results. These results were obtained for the samples 1 and 2, i.e. the compari-

son material and the material with high deformation ratio. Thus, these materials should show 

the best results for run-out. Indeed the comparison material possesses the best run-out which 

can be traced back to the good isotropic behavior. However the material with high defor-

mation ratio does not show good run-outs. 
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The material not containing titanium, here sample 3, shows medium values for anisotropy and 

ear height. It is in the same range as samples 6 and 7 out of the routine material. As the aniso-

tropic behavior is nearly the same for these materials it can be supposed that titanium does not 

influence the formability. In one article [48] it is written that particularly niobium influences 

the anisotropy and texture so that titanium plays a minor role in formability.  

The worst anisotropy is achieved for samples 4 and 5 which are out of routine material. It is 

expected that these two samples should show bad run-out results as the formability is bad. 

However these two samples were taken from material that showed good run-outs. It cannot be 

explained logically why the samples with a worse anisotropy possesses good run-outs. Even 

samples 6 and 7 with bad run-outs have a better anisotropy. The only explanation would be 

that the anisotropy and therefore the formability is not the important factor that influences the 

run-out.  

When regarding the positions of ears relative to rolling direction it was monitored that the 

routine material and the material not containing titanium formed ears at 45° to rolling direc-

tion. When drawing a circular sheet similar to the form of the guiding disks it was expected 

that an error occurs at 45° to rolling direction. However the results of chapter 5.1.2 show that 

the highest run-out error always appears at 90° to rolling direction. The material with high de-

formation ratio and the comparison material formed just very small ears and these ears cannot 

be located regarding to rolling direction. This is typical for materials with a planar anisotropy 

around zero. Ears form at 45° for samples with a negative planar anisotropy and ears form at 

0° and 90° to rolling direction for samples with a positive planar anisotropy. Therefore ears of 

samples with a planar anisotropy around zero lie in between 45° and 90° or are just irregular 

located. These samples are desired and it is expected that materials with a planar anisotropy 

around zero could reduce the run-out error. Indeed the comparison material reduced the run-

out error but the material with high deformation ratio was not able to reduce the run-out error 

although both materials achieved a planar anisotropy around zero. 

When comparing the investigated anisotropy with the results of texture analysis a relation be-

tween the γ-fiber content and the planar anisotropy can be detected: In the material with high 

deformation ratio a strong γ-fiber is ascertained and at the same time this material shows a 

planar anisotropy of nearly zero. This means that all measured values to characterize the 

formability are optimum. However the run-out is not good. This leads to the assumption that 

the run-out is not greatly influenced by the formability of the material. The other factors that 

influence the run-out such as the machine setting and forming tools dominate the process.     
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6.4 Effect of recrystallization time and temperatures   

Different recrystallization temperatures and times were tested and the result is shown in chap-

ter 5.7. For holding the samples for one hour each at different temperatures the typical recrys-

tallization curve is obtained. From this curve it can be calculated that the recrystallization 

temperature is approximately at 600°C in case of one hour holding time. When the recrystalli-

zation takes place at 700°C grain growth occurs which leads to a decreasing hardness.  

The material which is used within this project is recrystallized at always the same tempera-

ture x for a constant holding time y in a bell furnace. These parameters have also been tested 

in the laboratory furnace and the hardness and microstructure looks the same as for the routine 

material. Therefore it can be concluded that results of the recrystallization tests are compara-

ble with the industrial bell furnace. In case of the temperature x and the holding time y the 

hardness is in the constant area where the recrystallization is finished but the grain growth has 

not started yet. The holding time could be decreased for two or three hours without changing 

the hardness or the microstructure. However when the holding time remains like it is currently 

set there is some safety that the metal sheet is thoroughly recrystallized. 

It can be concluded that all the metal sheets that are used in the manufacturing process at ZF 

are totally recrystallized without any grain growth. Therefore the heat treatment can be elimi-

nated as a factor which is responsible for the variations in the run-out behavior.     
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7 Conclusions at a glance 

In this chapter the most important results from the characterization of the formability of 

HSLA steels with regard to the run-out of guiding disks in the forming process at ZF are em-

phasized: 

a) Material’s influence on variations in the formability / run-out behavior: 

It was investigated if the variations in the run-out behavior come from the material. 

For these investigations just the routine material of different coils and manufacturing 

dates was compared to each other. Therefore many factors were determined: 

1. Effect of grain size on run-out 

 No correlation between variations in the grain size and the variations of the 

run-out can be recorded. 

 The small grain size variations between 7.9 µm to 15.9 µm do not have any 

influence. 

2. Effect of grain size distribution on run-out 

 No characteristic grain size distribution diagrams could be created for bad / 

good run-outs. 

3. Effect of grain elongation on run-out 

 No correlation between elongation of grains and the variations in the run-

out is obtained. 

4. Effect of hardness on run-out 

 The variations in the hardness are too small to cause an effect on the form-

ability. 

5. Effect of γ-fiber content 

 Because of the limited time only one sample of the routine material could 

be investigated.  

6. Effect of anisotropy 

 The worse samples regarding run-out achieved better values for anisotropy 

which cannot be explained.  

 This is probably a random situation as just four samples were tested. 

7. Effect of recrystallization temperature and time 

 All the metal sheets that are used in the manufacturing process at ZF are to-

tally recrystallized without any occurrence of grain growth. 
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 Heat treatment can be eliminated as factor which is responsible for varia-

tions in the run-out. 

The results of the above listed parameters show that there is no correlation between 

fluctuations in the material with the fluctuations of the run-out. The variations between 

the investigated samples of the routine material are too small to cause the variations 

recognized in the run-out behavior, see Figure 55. Therefore, the run-out fluctuations 

are not caused by the material. It is more likely that they result from fluctuations in the 

forming process, like parameter set up or forming tools. 

b) Improvement of formability by other materials:  

It was analyzed if the run-out can be improved by other materials. Therefore four ma-

terials were tested (listed according to their run-out from the worst to the best): 

- Routine material 

- Material with high deformation ratio 

- Material not containing titanium 

- Comparison material 

The formability of the four materials was tested with the following results: 

1. Microstructure 

 Smallest grain size was achieved for material with high deformation ratio. 

 No characteristic grain size distribution diagram could be created for one 

material. 

 Highest grain elongation was obtained for material with high deformation 

ratio.  

 Just small variations were monitored regarding hardness for the four mate-

rials. 

 Variations in the microstructure are in general too small to cause any dif-

ference between the formability of the different materials. 

2. Texture 

 γ-fiber content is higher in material with high deformation ratio as in the 

routine material. 

 Higher γ-fiber content causes a better formability. 

 However the run-outs were only improved marginally by higher γ-fiber 

content 



Conclusions at a glance   

 

    

91 

3. Anisotropy 

 Best anisotropy value was measured for comparison material and material 

with high deformation ratio. 

 Material not containing titanium has nearly the same anisotropy as routine 

material. 

 Ti has little influence on anisotropy. 

 Run-out cannot be evaluated by anisotropy. 

4. Heat treatment 

 The parameters of recrystallization after cold rolling are perfectly chosen. 

 No improvement regarding formability can be achieved by changing the 

recrystallization temperature or time.   

The results of the texture analysis and the anisotropy show that the material with high 

deformation ratio has a good formability. However the run-out of this material is just a 

little bit better as the routine material. Thus, it can be concluded that the formability is 

not the major factor that influence the run-out.  

In any case the material with high deformation ratio is better than the routine material. 

Therefore this material could lead to an improvement if it would be used in the routine 

process in the long run. 
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8 Summary & Future Work 

The first objective of this thesis was to find out if there are variations in the material which 

cause the fluctuations in the run-out behavior of the guiding disks. This was analyzed by in-

vestigating grain size, grain size distribution, grain elongation, hardness, anisotropy and dif-

ferent heat treatments. The grain sizes vary between 7.9 and 15.9 µm. However no correlation 

between the grain size and the run-out could be ascertained. This is probably because the var-

iations are too small to cause an effect or because the grain sizes are in general too small. Ac-

cording to literature the grain size should be 20 to 45 µm in order to achieve best formability. 

In a further work material with grain sizes in this range should be investigated to see if an im-

provement can be achieved with larger grains. Larger grains can be achieved by a longer re-

crystallization in the area where grain growth occurs but then also the strength will be low-

ered. Furthermore the effect of the grain size distribution was investigated. However no char-

acteristic grain size distribution diagram for good/ bad run-outs was achieved. A similar result 

was obtained when analyzing the elongation of grains. In this case also no significant results 

were achieved. The hardness varies just slightly, i.e. the variations of hardness are too small to 

cause the run-out fluctuations. Also different recrystallization cycles were tested and the typi-

cal recrystallization curve was obtained. These investigations showed that the chosen recrys-

tallization temperature and time perfectly fit to obtain fully recrystallized material without 

grain growth. Thus, also the heat treatment can be eliminated as factor which causes the run-

out variations. By investigating the anisotropy of the routine material some unexplainable re-

sults were obtained. The samples with a worse run-out achieved better anisotropy values but 

the difference in the anisotropy was not very high. Either small changes in the anisotropy will 

not influence the run-out or the worse samples are out of good material but were just manu-

factured at a bad day. Here a statistical analysis of parts manufactured at different dates could 

help. It is likely that the run-out depends more on other factors than on the material and its 

formability. All of the investigated factors show no dependency on the run-out. Thus, it can 

be concluded that the run-out variations are not caused by variations of the material.  

The second objective was to investigate if the formability can be improved by changing the 

process parameters of the material like deformation ratio during cold rolling or changing the 

composition of the material. The run-outs were tested for four materials and when arranging 

them according to their run-out from the best to the worst the following sequence is obtained: 
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1. comparison material 

2. material not containing titanium  

3. material with high deformation ratio  

4. routine material 

In order to find the reason for this sequence the different materials were analyzed starting with 

the microstructure: The grain size is the smallest for the material with high deformation ratio. 

Furthermore the grains of the material with high deformation ratio are most stretched. When 

investigating the grain size distribution it was recognized that no characteristic grain size dis-

tribution is obtained for one material. The hardness measurements showed just slightly differ-

ences in the hardness. All of these factors cannot explain the sequence obtained for the run-

out. But when regarding the results of the texture analysis performed with XRD and EBSD it 

can be seen that the material with high deformation ratio has a stronger γ-fiber as the routine 

material. Just these two materials were investigated by XRD and EBSD. In literature it is said 

that a higher γ-fiber content causes a better formability. Thus, it can be concluded that the 

formability of the material with high deformation ratio has a better formability. However the 

material with high deformation ratio has just slightly better run-outs. One reason to explain 

this can be that the differences in the γ-fiber intensities do not differ so much from each other. 

In a further work a material with a much stronger γ-fiber could be tested to see if a greater 

improvement can be achieved. The anisotropy was investigated for all of the materials by ear-

ing test and tensile test. The results of both tests are the same. The best anisotropy was 

achieved for the comparison material and the material with high deformation ratio. Both 

showed nearly isotropic behavior. The material not containing titanium is just a little better as 

the routine material concerning the anisotropy. Thus, titanium does not play an important role.  

The result of the texture and anisotropy investigations both indicated a good formability of the 

material with high deformation ratio. However the run-out of this material is not much better 

than the run-out of the routine material. Therefore the conclusion can be drawn that the form-

ability is not the major factor that influences the run-out. The machine set up and the deep 

drawing tools influence the run-out by far more. 

If some small variations in the run-out are caused by variations in the material no method was 

found to detect these ones. A method to characterize or predict the run-out behavior of the 

guiding disks does not exist so far.     
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