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CHAPTER 3 

Deformation experiments 

���������	��
�������	�
 Mechanical deformation of metals is an appropriate methodology to 
tailor materials with a particular grain structure, i.e. size, shape, and texture. In 
this chapter the effect of the deformation processes, i.e. tensile testing and 
rolling reductions, on the microstructure as well as on the texture of the 
material, are reported. The emphasis is on the fundamental processes initiated 
by deformation in the material, like rotation and substructure growth.  

A study on the development of texture or rotation during deformation is 
twofold; micro-texture analyses of rotations within grains show the stability 
with respect to the loading axis. Secondly, texture of a deformed material may 
exert a large influence on the recrystallisation process (Ch.4). Observations of 
the microstructure provide information on strain localisations, which influence 
its successive recrystallisation process. 

Two materials were studied, an Ultra Low Carbon (ULC) steel and an 
aluminium alloy 1050. The basic tensile tests were performed on ULC steel to 
observe the difference in plastic response for different orientations, whereas the 
aluminium observations can be placed within a general framework of 
deformation – recrystallisation processes. 
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 The major applications for ULC steel sheets can be found in the car 
industry for its excellent drawability characteristics. The drawability of a sheet 
material is defined as the degree of plastic flow in the plane of the sheet [1]. It is 
well known that this increases with the development of the {111}-fibre texture 
(E and F components). Other texture components, such as the H and I, have 
been found to be detrimental [1,2].  

In-situ SEM tensile experiments were performed on ULC steel to observe the 
response of the differently textured grains on tensile loading and to quantify 
the lattice rotation of the crystals by EBSD. A distinction was made between 
regular and irregular rotations. A difference in rotation behaviour, expressed as 
an angle, between different textures employed the possibility to quantify slip 
system activity. This was only possible due to analyses of the substructure, 
which were performed making use of the combination of SEM and TEM. 

021�3"1�3547698;:�<>=?6A@B6DC"EGF�H":�IJ=?K(:�CLH"<�:�H"6D<�698�=?M�C
 The as-cast ULC Steel (table 3.1) was hot-rolled in industry. The final 
cold-rolling step resulted in a thickness reduction of 80%. Subsequent annealing 
treatments at 650°C resulted in a fully recrystallised material, which was 
galvanized and slightly hardened afterwards in an industrial environment. This 
ULC steel is also called non-stabilized steel due to the fact that nitrogen and 
carbon are present as interstitials. In stabilized steel titanium, and/ or niobium 
will bind these interstitials (IF Steel). 

 Si S Sn C Cr Mn Ni Cu Mo P N (free) C (free) ΣΣΣΣ    

ULC Steel      0.006 0.015 0.002 0.0019 0.018 0.250 0.024 0.011 0.001 0.034 0.00005 0.00012 0.363 

The geometry of the laboratory tensile specimen was modelled based on ASTM 
standards. The specifications of the standard A370 were slightly adapted to the 
constraints of the tensile stage; especially the length (max. 60 mm) of the 
specimen was adjusted [3]. This resulted in a configuration shown in Fig. 3.1. 

 

Table 3.1: Composition (at.%) of ULC steel sheet. 
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The anisotropy, i.e. the dependence of the material properties on a chosen 
direction, of the rolled material was studied making use of two types of tensile 
samples: 1) parallel to the rolling direction (RD) with the transverse direction 
(TD) in plane and 2) parallel to the TD with RD in plane. The elongation rate 
was 5 µm s-1 which corresponds to a strain rate of about 2.5 10-4 s-1. The stress-
strain curves (Fig. 3.2) show the elastic and plastic behaviour of this material on 
a macroscopic scale. The yield stresses are approximately the same (250 MPa), 
the strains at failure for TD and RD are respectively 0.42 and 0.49, the Ultimate 
Tensile Strength is 390 MPa for TD and 360 MPa for RD. These macroscopic 
differences in plastic response may be attributed to a macroscopic texture. 

OIM measurements were performed before deformation at half the thickness of 
the sample in the RD-TD plane to obtain information on the texture. Areas of 2 
mm² were scanned, containing more than 2500 grains with a diameter of 
approximately 20 ± 10 µm. It shows that the material presents a Normal 
Direction (ND) or γ-fibre texture along <111>//ND, as can be seen in Fig. 3.3 

Fig. 3.1: Schematic representation of laboratory tensile specimen’s geometry. 
 

N
 = 12 mm O
 = 10 mm P
 = 20 mm Q
 = 52.7 mm R
 = 6.25 mm SUT�VXW�Y�Z[]\^\

 ~ 1 mm 

Fig. 3.2: Stress- strain graph of ULC steel with the loading axis parallel to RD and TD. 
 



CHAPTER 3 
 

30                                                                                   

(page 43). The F component shows a higher intensity in the ODF along the γ-
fibre (in the ϕ1 direction). This results, together with the fact that the intensity 
distribution is inhomogeneous perpendicular to the φ = 54.7°, in a decrease of 
the drawability of the material [1].  

021�3"1?_a`�:]F�H"M�C�F�:�M�Cb@cM�6DE9=?Ced5f�=g8ihj<�:]F�H":�IJ8�8;MkK5=?I]<�M�F>8;<Jl9IJ8�l9<�:�6DC"Em8;:^n$8�l9<�:J1
In general ULC steel shows a typical microstructure after etching with 

2% Nital. Two types of grains can be observed, “raised” and “surface” grains 
(Fig. 3.4). The surface grains, which have a higher etching rate relative to the 
raised grains, remain flat at the surface where the raised grains with a relatively 
lower etching rate cause topographical differences. The surface grains belong to 
the γ-fibre orientations whereas the raised grains are of the α-fibre orientations. 
Consequently, the preferential etching of these grains is due to differences in 
crystallographic orientation [2]. 

As a force is applied on to a sample, plastic deformation occurs i.e. movement 
of dislocations (crystal defects) takes place. The activation of these defects and 
their movement in the lattice causes macroscopic plastic deformations and 
damage. Crystalline metallic materials deform plastically by crystallographic 
slip and/ or mechanical twinning. If the stacking fault energy is relatively high 
as in the case of ULC steel, plastic deformation is only due to crystallographic 
slip (i.e. slip on planes and along directions fixed with respect to the crystal 
axes, see Fig. 3.5 left). A condition for slip to occur on a slip system i is that the 
applied resolved shear stress τg reaches a critical value τ gc. Where τ g is given by  

Fig. 3.4: Typical microstructure of ULC steel, showing ‘raised’ and ‘surface’ grains. 
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λφτ  os  cos   c
A
Fg =  

Where τ g depends on: The stress state applied to the corresponding grain, the 
orientation of the associated slip system within the grain (Fig 3.5 left) and the 
τ gc essentially depends on the dislocation density inside the grain, which is 
hard to quantify. 

As the τ gc is reached or exceeded, the activation of a certain slip system in the 
crystal takes place. Typical slip systems for BCC materials are on the {011} or 
{112} planes in the <111> directions. The activated systems will produce slip 
bands on the sample surface (Fig. 3.5 right). The microstructural observations 
showed that first the grains of the γ-fibre did expose slip bands (Fig. 3.6 left). 
Further straining of the sample resulted in an increase of depth of the slip band 
grooves in the γ-fibre grains and some α-fibre grains started to show slip bands. 
The characteristic response of the α-fibre grains on loading is a low slip activity 
and a slight rotation due to the constraint of the surrounding grains 
(Fig. 3.6 right). The observed microstructural response on loading in direction 1) 
and direction 2) showed also significant differences in the activity of slip 

Fig. 3.6 : Microstructure at 3.3% strain (left) and respectively at 40% strain (right). 
 

Fig. 3.5 : Geometry of slip in a crystal (left) view on top of surface showing slip bands (right) 
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systems. The amount of slip bands for samples loaded in direction 1 (// RD) is 
higher than for samples loaded in direction 2 ( // TD). This confirms the 
different macroscopic plastic responses on loading observed in the stress- strain 
graph. 

During the in-situ tensile tests, in direction 2, at 0, 10, 20 and 30% macroscopic 
strain, orientation measurements were performed using the EBSD system. The 
successive ordering of the orientations of forty grains was monitored. This 
requires an accurate alignment of the sample; for this a reference frame of 
several indents was used. 

The configuration of some grains is shown in Fig. 3.7. The successive 
orientations of grain 166 and 134 are visualized in two <001> pole figures (Fig. 
3.8). Grain 166 is part of the γ-fibre (Fig. 3.8a) and grain 134 is part of the α-fibre  
(Fig 3.8b). The points of the γ-fibre grain were successive and within the 
statistical error induced by the formation of cells (Fig. 3.9). The α-fibre grain, 
however, did not show a successive tendency in ordering of its orientation 
points.  

The regular lattice rotations, as observed in grain 166 (Fig. 3.8a), are simply 
caused by the constraint of the surrounding grains and the slip system activity; 
this behaviour is in accordance with the theory of polycrystal plasticity [4].  

Fig. 3.7: Configuration of grains used for rotation analyses 
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Irregular lattice rotations occurred in some cases, for instance in grain 134 
(Fig. 3.8b). In this specific case, the irregular behaviour occurred between 10% 
and 20% strain. It is likely that in this interval a new slip system becomes active. 
This second slip system can be seen in the SEM image (Fig. 3.7). 

The rotation of all the grains exposed no differences in rotation axes between 
the differently textured grains; the rotation axes were all between <001> and 
<012>. The rotation angles for the γ-fibre grains were slightly larger than for the 
α-fibre grains, yet the deviation was also higher (see table 3.2). The different 
values for the average rotation angles for the different textures can be explained 
by the fact that, the rate of change of the orientation of any particular grain is 
proportional to the current rate of slip on the active slip system(s) [5]. The 
relatively large orientation spread is caused by the presence of relatively stable 
oriented grains. The angular resolution of 0.5° of the OIM has in this case a 
small influence. According to Schouwenaars et al. [6] the stable texture 
components for tensile testing are the {001}<110> and {111}<110> components. 
Our observations showed indeed the tendency of rotation to the stable 
{111}<110> component for the almost {111}<110> textured grains (Fig. 3.8a). 

 

Orientation of grain Rotation angle (°) 

α-fibre 7 ± 2 

γ-fibre 8 ± 3 

Table 3.2: Quantification of rotation angle including the orientation spread at 30% strain. 
 

Fig. 3.8 : <001> Pole figures showing successive orientations for  
    a) grain 166 and b) grain 134  
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The quantification of the rotation angle between dissimilar textures 

initiates the possibility to study the difference in slip activity. To be able to 
discern the slip activity the deformed intragranular microstructure has to be 
studied. This will result in an approximation of interspacing of slip lines. 

A TEM image of the deformed ULC Steel sheet is shown in Fig. 3.9. The 
intragranular structure is predominated by elongated cells. The specific lattice 
fragmentation on this scale is governed by the constraint of grains [7]. It can be 
seen that this well structured configuration of cells vanishes near grain 
boundaries.  This might be due to cross slip. 

The comparison between SEM and TEM images yields the following:  

• The slip bands in SEM images do vanish near grain boundaries, as the 
elongated cell configuration in TEM diminishes near boundaries.  

• The inter distances between slip bands and cell boundaries are more or 
less similar, 1 µm.  

Therefore, we may conclude that the long cell boundaries correspond to the slip 
bands, which yields a value of 1 µm for the slip band inter-distance. 

Fig. 3.9: TEM image of 30% strained ULC steel including a triple junction. It shows an 
                        intragranular ordered response on loading which vanishes near GBs. 
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The microstructure as well as the observed rotation angle yields that the γ-fibre 
shows an enhanced plastic response with respect to the α-fibre. To calculate the 
extra plastic response of the γ-fibre, we assume that the additional rotation of 
the γ-fibre, °==∆ −− 1 -    fibrefibre αγ θθθ , can be attributed to slip i.e. dislocation 
motion. The constraints experienced by the dissimilar textured grains are taken 
as equal.  

If we consider an individual slip line as a single dislocation with a collective 
Burgers vector totB� , then the alignment of the slip planes can be idealised as a 
single tilt boundary with a rotation angle fibrefibre  -    −−=∆ αγ θθθ . The dislocation 
inter-distance then equals the slip line inter-distance ( slipd ), which is 1 µm (Fig. 
3.10).  

In a simple cubic lattice with edge dislocations of Burgers vector b, a tilt 
boundary will consist of a sheet of equally spaced dislocations. The crystals on 
each side of the boundary are rotated by equal and opposite amounts and differ 
in orientation by the angle θ.  If the dislocation spacing is D, then for small 
values of θ it follows that D.  b θ=  [8]. This approach will function as the basis 
for our estimations. 

In this case, D equals dslip and b equals totB� this results in  slipd .   B θ∆=tot
�

. Given 
∆θ = 1° and dslip as 1 µm, the calculated extra amount of dislocations, totB�  on a 

Fig. 3.10: Schematic representation of a deformed grain indicating the configuration  
              of slip lines and “ Tilt boundary” , on the right showing a summary of the  

                           theory. 

Collective Burgers vector: totB�  

 
Alignment of slip lines, simplified as 
“ tilt boundary’ with rotation angle:  

fibrefibre  -    −−=∆ αγ θθθ
 
Slip line inter-distance equals 1 µm 
 
Collective burgers vector is given by: 

 slipd .   B θ∆=tot
�
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single slip plane in a γ-fibre grain is approximately 70 b� , for a typical Burgers 
vector of 0.25 nm.  

The total amount of dislocations, however, cannot be calculated using this data. 
It should always be lower than 300, otherwise a crack would initiate. The 
maximum rotation due to slip is approximately 4°. This corresponds to the 
observed maximum rotations in the interior of a grain between the centre and 
grain boundary region, which is approximately 3° [3]. The additional rotation is 
caused by the plastic response of the next neighbour grains. 

In the following section, the aluminium alloy is examined. The aluminium 
observations have to be placed in a general framework of deformation – 
recrystallisation processes. Therefore, the main focus in the following section is 
on the high density sites of dislocations and their setting in the microstructure. 

���X���G�������������������"�����! �¡' ����
  Applications for aluminium sheets can be found for instance in the foil 
manufacturing industry for its excellent ductility. The process of rolling of this 
sheet material, however, affects its texture.  

The modification and/ or control of the texture components enhanced by a 
microstructural evolution will therefore be of importance. This section will 
address the deformed microstructure of aluminium. This will result in a 
description of the position of the highest amount of cold work, i.e. highest 
dislocation density, which creates an environment for new grains to form 
during the recrystallisation process (Ch.4). 

An analytical transmission electron microscope (TEM) JEOL 2010 F is used for 
examining the chemical composition of the matrix and second phase particles. 
Diffraction analyses conducted by electron diffraction in TEM yields data on the 
possible structure of the particles and OIM is employed to observe the 
deformed state. 

¢2£?¤t£�¥5¦7§9¨;©�ª>«?§A¬B§D"®G¯�°"©�±J«?²(©�L°"ª�©�°"§Dª�§9¨�«?³�
In this work, a commercial aluminium alloy (AA1050) is examined. The 

concentration of the alloying elements equals 0.1 at.% for both Fe and Si. The 
initial ingot of the aluminium alloy is hot-rolled 19 times, resulting in a 
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thickness reduction from 500 mm to 4 mm. The hot-rolling process starts at 
520°C and finishes at 305°C. In our laboratory, the treatment is continued and 
followed by a solid solution treatment at 600°C for 2 h and quenching into 
water. Subsequently the material is heated to 400°C for 2 h to allow precipitates 
to form, which will ensure a continuous recrystallisation process after 
deformation. Afterwards the material is cold-rolled using a laboratory rolling 
mill where multiple passes are used to give the final reduction.  

During solidification of the ingot so-called constituent particles, typically larger 
than 0.2 ´ m are formed. Precipitates, smaller than 0.2 ´ m originate during the 
subsequent homogenisation and hot rolling treatments. Depending on the 
cooling rate during solidification, the constituent particles can have different 
crystallographic structures and different phases can coexist. During the 
homogenisation cycle, the constituent particles do not dissolve into the matrix 
(Fig. 3.11). However, they can transform into more stable phases. The phase 
observations are done in fully recrystallised material, i.e. 3 h and 50 h at 340°C 
annealed samples of 50% cold rolled material.  

TEM can reveal the configuration and shape of the precipitates. The images 
collected were analysed by a computer code that calculates the precipitate size 
distribution in both samples. The precipitate shape is spherical and imported in 
the calculations, which resulted in a bimodal size distribution (Table 3.3). The 
sizes appear larger for higher annealing times.  

To retrieve information on the composition of the matrix and other phases, 
energy dispersive spectroscopy (EDS) measurements were performed with the 
JOEL 2010F using the nano-probe sized beam. The results are shown in table 

Fig. 3.11: Aluminium corner of the ternary aluminium-iron-silicon diagram  
                           which shows the phase distribution in the solid 
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3.4. The values are presented as percentages, which already indicates that the 
compositions can only be treated as relative values. 

 

3 h 50 h 

Size (nm) Area fraction Size (nm) Area fraction 

7 0.022 24 0.001 

18 0.018 54 0.012 

 

 

3 h 

 Al (at.%) Si (at.%) Fe (at.%) Fe/Si 

Matrix 99.9 0.1 0  

Particles 84 ± 5 0.8 ± 0.3 15 ± 5  

Precipitates 97 ± 3 1 ± 1 3 ± 2 2 ± 1 

50 h 

 Al (at.%) Si (at.%) Fe (at.%) Fe/Si 

Matrix 99.9 0.1 0  

Particles 84 ± 5 0.8 ± 0.3 15 ± 5  

Precipitates 97 ± 3 1 ± 1 3 ± 2 2.3 ± 0.5 

The analysis done on both samples are consistent and no significant changes in 
composition during heating takes place. The matrix contains in both cases still 
some Si in solid solution. The solubility of iron in aluminium is less and is 
therefore expected to be present only as intermetallic compounds. The particles 
show a very high amount of Fe and a smaller amount of Si. This suggests the 

Table 3.3: Precipitate sizes for the 3 and 50 h annealed samples at 340°C. 
 

Table 3.4: Composition of the phases in the 3 and 50 h annealed samples at 340°C 
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presence of the Al3Fe phase. The solubility of Si in this phase is less than 0.2 
at.%. The occurrence of an other phase in or at the particle is therefore very well 
possible. The precipitates exhibit a Fe to Si ratio of approximately 2 suggesting 
the α-Al8SiFe2 phase.  

As the EDS measurements on the particles gives an indistinct outcome, 
diffraction analyses were employed. This may yield values for the d-spacings, 
which characterise the crystal structure. The experimentally obtained values 
(Table 3.5 & 3.6) yield a good match with the “ theoretical”  d-spacings of α-
Al8SiFe2.  

It shows inevitably, due to the discriminating character of electron diffraction, 
the presence of the α-Al8SiFe2 phase in or at the particle. EDS detects an average 
chemical composition over the sampled volume, which results in adding the 
chemical compositions of the aluminium matrix, Al3Fe and α-Al8SiFe2. 

 

 

Phase Structure a (nm) b (nm) c (nm) β (°) 

Al3Fe Monoclinic 1.548 0.808 1.245 107 

Al8SiFe2 Hexagonal 1.240 - 2.623  

 

 

D-spacing (nm) Experimental (nm) 

0.832 0.84 

0.679 0.68 

0.560 0.57 

0.458 0.46 

Table 3.6: Experimental and “ theoretical”  d-spacings of the α-phase. 
 

Table 3.5: Structure and spacings of Al3Fe and α-Al8SiFe2. 
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An explanation for the presence of the α-Al8SiFe2 phase near or at the particle is 
that iron has a lower diffusivity and solubility with respect to silicon in 
aluminium [9]. This creates a net flux of silicon atoms that segregate towards 
the particle and stimulates nucleation of the α-Al8SiFe2 phase. A microstructural 
verification could be possible due to the analysis of a very thin, heavily 
damaged particle. It can be seen that in the “ interior”  of the particle, small dark 
precipitates emerge (Fig. 3.12).  

¢2£?¤t£?¤¶µ�©^·$¨�¸9ª�©�²(©�§¯J¸9ª�©�²(©�B¨i¯�³�j§A¬g¸9²5«?B«{¸9²
Near mid-thickness sections in plane with the Rolling – Transverse 

direction (RD-TD) are used to obtain information on the texture. The samples 
are first mechanically polished and are finished with a 0.1 µm SiO2 OP-U 
suspension. The deformation-induced layer due to mechanical polishing is 
removed by Keller’s reagens. This results in high quality Electron Backscattered 
Patterns (EBSPs).  

Typical areas of 30 mm² were scanned, containing more than 2500 grains with a 
mean diameter of approximately 75 ± 25 µm. These large scans were performed 
with a step size of 50 µm and were controlled by the movement of the SEM 
stage. This is necessary when dealing with large (> 20 µm ) grains. If a beam-
controlled scan had been performed, a problem should have arisen in this case 
while scanning the outer regions of the scanning area. The configuration of the 

Fig. 3.12: TEM image of polycrystalline Al3Fe particle exposing precipitates. 
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beam relative to the sample, or reference frame, is then shifted from the ideal 
case, which is the configuration obtained in the centre of the scanning area. In 
this regime the calibration is performed. As an orientation is determined in the 
outer region, errors will be introduced with respect to the defined reference 
frame and thereby harm the consistency of the determination of the orientations 
[10] (Ch.2).  

Characterization of texture yields the fraction of the preferred orientations (Fig. 
3.13). The solid solution treated sample shows a pronounced Cube and Goss 
fraction. Due to this solid solution treatment it shows this strong Cube texture. 
With increasing rolling reduction on the solid solution treated sample the Cube 
fraction evolves to lower intensities. The Goss fraction shows a similar decrease, 
but it increases again at 75% cold roll reduction.  

¢2£?¤t£c¢¹¦º«?±]ª�³�¯>¨;ªJ¸9±J¨�¸9ª�©�³ »�®D© »�³�ª�²(©�®L§A¬g¸9²5«?B«{¸9²
Analyses of a deformed microstructure expose several features, which 

will to be discussed theoretically. As a material is cold rolled, the grains will 
elongate in the rolling direction and dislocation boundaries will appear in the 
interior of the grains (Fig. 3.14), i.e. a deformed microstructure is characterized 
by grain subdivision into differently oriented regions. The boundaries will be 
formed from dislocations. The separated and rotated regions appear at two 
different scales; equiaxed dislocation cells comprise the smallest volume 

Fig. 3.13: Texture component fractions with thickness reduction. 
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element; at a larger size scale, long flat microbands appear to surround these 
cell blocks [11].  

The microbands include the dense dislocation walls (DDW’s). These boundaries 
separate differently deformed regions and consequently exhibit relatively large 
misorientations. These long DDW’s are arranged in parallel families and with 
increasing strain their spacing decreases. The average misorientations angle of 
the DDW’s increases with increasing strain.  

The cell boundaries are classified as incidental dislocation boundaries (IDB’s), 
which have low misorientation angles on average. Like DDW’s, the IDB’s 
increase their average misorientation angle and decrease their spacing with 
increasing strain, however, at a slower rate then DDW’s. 

The observations on deformed aluminium are performed in plane with the RD 
and Surface Normal (ND). These beam-controlled scans have a typical step size 
of 0.7 µm over an area of 500 x 1200 µm². Three different thickness reductions 
are observed, 25% (εm = 0.33), 50% and 75% (εm = 1.60). The main focus will be 
however, on the 50 and 75% rolled material, due to the fact that the deformation 
features manifest themselves more clearly at these reductions. 

  Fig. 3.14: Scheme of the interior of a deformed grain, including Dense Dislocation Walls. 
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Fig. 3.3: Texture representations of ULC Steel in pole figures and ODF, ϕ2 = 45°, section. 
 

Fig. 3.16: Substructure revealed cell structure, yellow dots indicate trajectory of angle profile. 
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Fig. 3.21: Deformation zone near particle including orientations in a <112> pole figure. 
 

Fig. 3.18: Intra- and intergranular shear bands. 
 

Fig. 3.19: Interior of an intragranular shear band. 
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The deformed intragranular state shows deformation bands inclined at an angle 
of approximately 45° relatively to the transverse direction (TD). These bands 
may extend from grain boundary to grain boundary. However, in the case of 
the 75% rolled material it shows irregular interruptions (Fig 3.15, page 43). 
These bands characterise separate deformed regions and exhibit relatively large 
misorientations to each other. Therefore, we may assume that these regions are 
separated by DDW’s. 

The grain boundary regions between the original grains exhibit in some cases 
relatively high misorientations with respect to the interior of the grains 
(Fig. 3.20). This seems to be dependent on crystal orientation and grain 
boundary type. This holds as well for the structure of the deformations bands, 
in some cases two sets of deformation bands are visible. This may indicate the 
activation of another slip system. 

The substructure of the deformed structure reveals the formation of cells, at a 
smaller size scale (step size of 50 nm) than that for the deformation bands 
(Fig. 3.16, page 43). These cells exhibit irregular shapes and are in some cases 
equiaxed. Typically, the subcell boundaries showed a gradient in orientation 
instead of an abrupt change (Fig. 3.16 & 3.17). These local phenomena could be 
explained by the very small step size, which approaches the resolution limit of 
the OIM technique. The resolution of this technique is however not strictly 
defined and depends on the geometry and configuration of the crystals under 
observation [12]. For instance if the investigated grain boundary plane is edge-

Fig. 3.17: Misorientation angle profile over a cell “ boundary”  indicated as yellow  
                             dots in Fig. 3.16. 
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on and the boundary is straight, the ideal configuration to test its resolution is 
achieved. However, for a polycrystalline material this condition will hardly be 
achieved, especially in the case of deformed material. The gradual change in 
orientation is consistent over a certain area and does not seem to exist of 
clustered ‘bad or mis-indexed points’. Therefore, we strongly believe that these 
rotation phenomena near cell boundaries are characteristic features in the 
deformed material. 
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Shear bands do exist in the deformed state. They are ribbon like 

structures, which experience very high local shear and are formed by a co-
planar slip system. It is known that the occurrence of shear bands is influenced 
by atoms in solid solution and precipitates [13], as these microstructural 
features influence work hardening of the material. 

Shear bands are characterized by an angle of approximately 20°– 30° with 
respect to the rolling direction (RD) and have a typical thickness of 3– 7 µm in 
our case. This however, depends on the applied strain rate and deformation 
temperature. The shear bands are observed both in an intra- as well as in an 
intergranular region. Furthermore, the interior of the shear band was always 
rotated around the transverse direction (TD), over angles larger than 15° 
(Fig. 3.18, page 44) [14]. The shear bands are only present in the Cube and the α-
fibre orientations.  

The OIM scans with a step size of 0.7 µm cannot reveal the intragranular 
structure of the shear band in greater detail. Therefore, a finer grid is used of 
0.17 µm. The result is shown in Fig. 3.19 on page 44. It reveals a substructure 
that contains cells. In the transverse direction of the shear band, one or more 
cells may be present. A preferred misorientation is observed over the 
boundaries between the cells, i.e. 10 – 15° around an axis of <01 1>. This 
corresponds to TEM observations [13] using convergent beam electron 
diffraction (CBED), where a similar rotation of 10- 15° around the <01 1> axis 
is revealed. 
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Large strain inhomogeneities as in the case of shear bands can also be 

found near the Al3Fe particles. The large second phase particles hinder 
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dislocation slip and therefore accumulate dislocations in their surrounding.  
Local lattice rotations of the matrix adjacent to these particles may occur to 
reduce the deformation incompatibilities. It is known that these zones of 
relatively high misorientations extend to a distance of several particle diameters 
from the surface of the particles (Fig. 3.20) [10, 15].  

The particle, Al3Fe, must deform in a way that is compatible with the Al matrix. 
At very low strains, the compatibility can be accommodated elastically. At 
higher strains, plastic deformation of the crystal would require that the particles 
experience the same strain on the overall crystal. However, some of the strain 
components in the matrix may be accommodated by rotation. In the vicinity of 
particles, the observed rotations with respect to the deformed matrix may 
increase up to about 40°. These high rotations are observed in regions where the 
particles are close together. The cells in these regions exhibit large angle 
relationships with no specific misorientations with respect to their surrounding.  

In the case of a single particle, rotations of the order of 15 to 20° can be 
achieved. Typically, the deformation band contains cells with low angle cell 
boundaries stretching into the matrix. The rotations within this band show a 
common <112> orientation axis with respect to the surrounding matrix 
(Fig. 3.21, page 44). It should be noted that the <112> rotation axis is always 
close to TD [14].  

In a mathematical framework, the rotation of a crystal in a material with 
infinitesimal strain is 
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Fig. 3.20: Deformation zones near a particle and grain boundary. 
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Where ωij represents the clockwise rotation about an axis normal to the i and j 
directions and ui is the displacement parallel to i occurring over a distance xj 
measured in the j direction. The (engineering) strain is defined by 
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With i and j taken as the slip direction and the slip plane normal, respectively 
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In addition, the rotation becomes 
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The rotation then occurs about an axis that is normal to both the slip-plane 
normal and the slip direction. For an Al-crystal with the deformation axis 
oriented in the primary triangle [ 100, 110, 111 ], the Schmid factor for the 
[101](1 11) slip system is higher than for any other system. If the deformation 
axis lies on a boundary of the primary triangle, two slip systems are equally 
favoured, i.e. the so-called conjugate slip system ([101](1 11) if the deformation 
axis is on the [001]-[111] boundary) (Fig. 3.22). 

Along the boundary [001]-[111] the primary and conjugate systems are equally 
favoured. Slip on the conjugate system alone would cause a rotation back to the 
primary triangle. The net result is simultaneous slip on those two systems, 
which causes a rotation towards the stable [211] axis (Fig. 3.23). 

Fig. 3.22: Slip systems in FCC, P is the primary and S the conjugate triangle. 
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According to the mathematical analysis, the lattice rotates about [101] x [1 11] 
= [1 21]. It is interesting to note that the predicted rotation by the 
mathematical analysis is intermediate between a Schmid-type analysis and a 
Taylor-type analysis. In the latter, the deformation axis remains normal to the 

flat surface, in contact with the compression plates. The orientation change of a 
thin flat crystal is therefore different from the Schmid analysis. The latter 
describes the rotation of the lattice relative to any physical (tensile/ 
compression) axis. For a single slip system [101](1 11) Schmid predicts a 
rotation about [01 0] for a physical line initially parallel to [100] whereas 
Taylor’s analysis would describe a rotation about [011] of a normal to the 
plane originally parallel to (001). Because the mathematical analysis does not 
refer to any external crystallographic plane or direction, it lies in between these 
two. It might be anticipated that if the grains are already pancake shaped and 
are subjected to further compression during rolling Taylor analysis might be 
more appropriate. Extension of grains in the direction in which they are already 
elongated, would favour a Schmid analysis. However, in many cases, the grains 
are being constrained on all sides and the simple mathematical treatment will 
do. This is probably the reason that the <112> rotation is found experimentally 
in our case. 
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The ordered response of the matrix near particles on the rolling 

deformation was observed in TEM. The 75% cold rolled material studied with 
OIM could not be examined due to the chaotic substructure. Therefore, material 
with a more modest thickness reduction of 25% was used. 

Fig. 3.23: Primary triangle which shows axis rotation towards <112> axis. 
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A transmission electron microscopy observation in cross-section of the 25% cold 
rolled material is shown in Fig. 3.24. It reveals a pronounced dislocation density 
near the particle extending inward to the grain. Near the grain boundary, the 
activity of dislocations is negligible. The misorientation zone near the particle 
can, therefore, be linked to an underlying dislocation structure. 

Conventionally, the particles were assumed to inhibit dislocation movement, 
which would indicate a dislocation flux towards the particle [10]. The 
dislocation flux initiated inward in the crystal would also be confined at the 
grain boundary, in this case. However, the observation reveals only dislocations 
near the particle and a depletion zone at the grain boundary. This creates the 
idea that the dislocations are nucleated next to the particles. 

It should be noted that if the hydrostatic and shear components of the stress 
near the particle are considered a stress localisation near the particle could be 
predicted. The elevated stress state near the particle, allows dislocations to form 
in an overall lower stress state then that for nucleation in the matrix without 
particles. As a consequence, an artificial enlargement of the particle diameter is 
created, which may act as a larger obstacle for further dislocation movement in 
an Orowan type of bypassing mechanism. 

 

 

Fig. 3.24: TEM dislocation configuration in 25% cold rolled material 
 



  DEFORMATION EXPERIMENTS 
 

  51 

å�æ{åèç/é�ê!ê!ëUìJí
This chapter was subdivided into two parts, an ULC steel component 

and an aluminium fragment. The ULC Steel component was based on tensile 
tests, which observed the difference in response for different orientations. The 
aluminium part emphasis on observations that could be placed in more general 
framework of the deformation – recrystallisation processes. 

The microscopic behaviour of ULC steel sheet during in situ tensile experiments 
is correlated to the macroscopic response on loading. The macroscopic plastic 
flow in the plane of the sheet is highest in the RD direction, the microscopic 
observations reveal in this direction an increase of slip band grooving.  

It shows that the “ surface”  grains with respect to the “ raised”  grains expose a 
pronounced plastic behaviour by means of slip band formation. Preferred 
etching causes the topography on the sample, i.e. different etching rates are 
expected for different orientations. It is observed that “ surface”  grains show a 
strong tendency toward the γ-fibre orientations whereas the “ raised”  grains 
have a strong tendency towards the α-fibre orientations.  

The observed response of the different textures is quantified by the average 
crystal rotation. The rotation is over a <001> to <012> axis with an angle of 
(7 ± 2)° for the α-fibre textured grains and (8 ± 3)° for the γ-fibre textured grains, 
this corresponds to the observed plastic behaviour of the dissimilar textured 
crystals. TEM observations provided additional information on the 
intragranular substructure. The extra amount of slip activity in the γ-fibre 
textured grains can be calculated and is accounted to approximately 70 
dislocations on each slip plane. 

The section on the Aluminium alloy 1050 describes the intragranular 
substructure of this sheet as in cold rolled condition. This will result in a 
description of the position of the highest amount of cold work, i.e. highest 
dislocation density, which creates an environment for new grains to form 
during the recrystallisation process.  

The concentration of the alloying elements equals 0.1 at.% for both Fe and Si. 
These elements are retrieved in the phases observed. A distinction was made 
between precipitates, smaller than 0.2 µm, and constituent particles, larger than 
0.2 µm. The precipitates reveal a bimodal size distribution where the sizes 
enlarge with annealing time. The precipitates typically have an iron silicon ratio 
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of approximately 2. This corresponds to the α-Al8SiFe2 phase. The constituent 
particles are of the Al3Fe phase. These particles reveal precipitates on their 
surfaces. 

The intragranular structure shows the presence of deformation bands, which 
occur at a macroscopic scale. At a lower scale cell, formation is observed. An 
interesting phenomenon associated with these cells is that their boundaries are 
not discrete, but they changed orientation in a continuous way. 

The macroscopic rotations of the matrix are characterised by texture scans of the 
OIM. They reveal the fraction of the preferred orientations. The solid solution 
treated sample shows a pronounced Cube and Goss fraction. Due to the 
annealing treatment after hot-rolling the solid solution sample shows this 
strong Cube texture. With increasing rolling reduction of the solid solution 
treated sample the Cube fraction evolves to lower intensities. The Goss fraction 
shows a similar behaviour, but evolves again towards higher intensities at 75% 
cold roll reduction. This information is of vital importance due to the fact that 
the deformed samples function as starting material in the subsequent annealing 
treatment; it influences the recrystallisation process. 

As strain, inhomogeneities play a dominant role during recrystallisation the 
characterization of these phenomena is of vital importance. An example is a 
shear band. They are characterized by an angle of approximately 20°– 30° with 
respect to the rolling direction (RD) and have a typical thickness of 3– 7 µm in 
our case. The shear bands are observed both in an intra- as well as in an 
intergranular state. Furthermore, the interior of the shear band is always rotated 
around the transverse direction (TD) typically higher than 15°. 

The substructure of a shear band contains cells. A preferred misorientation is 
observed over the boundaries between the cells, i.e. 10 – 15° around an axis of 
<01 1>. This corresponds to TEM observations using the convergent beam 
electron diffraction (CBED), where a similar rotation of 10- 15° around the 
<01 1> axis is revealed [13]. 

Large strain inhomogeneities can also be found near the Al3Fe particles. 
Deformation zones of relatively high misorientations extend to a distance of 
several particle diameters. The misorientations may reach values up to 40° in an 
area of high particle densities, however instead of a conglomeration as in the 
case of a single particle, values between 15° and 20° are likely to occur. 
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In the case of a single particle, the rotations showed a common <112> 
orientation axis with respect to the surrounding matrix. These particular 
rotations can be deduced from operative slip systems.   

The ordered response of the matrix near particles considered by OIM and TEM 
reveals interesting details. For the observed configuration of dislocations near 
the particle, we can assume that the dislocations seem to be nucleated or 
reflected by the particle.  
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