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N. Hansen, X. Huang, W. Pantleon, G. Winther 

 

Center for Fundamental Research, Metal Structures in Four Dimensions,  
Risø National Laboratory, Roskilde, Denmark 

 

1. Abstract 
Dislocation patterns have been characterized by transmission electron microscopy and 
Kikuchi line analysis in pure, polycrystalline aluminium deformed in tension at room 
temperature in the strain range 0.05-0.34. The angular strain relationship of the 
dislocation boundaries, their scaling behaviour and the occurrence of similitude shows 
that two dislocation patterns coexist in all grains, however, with very different 
characteristics dependent on the grain orientation. An analysis of the hardening 
behaviour of the grains in the polycrystal and a comparison with single crystal 
behaviour show a similar strong correlation pointing to the slip pattern as a 
dominating factor both behind the microstructural evolution and the hardening. An 
analysis of operating slip systems has underpinned the division of the stereographic 
triangle based on the microstructural characterization and the hardening behaviour. 

2. Keywords 
Dislocation patterns; dislocation boundaries; dislocation density, flow stress, 
transmission electron microscopy; Kikuchi line analysis. 

3. Introduction 
In a recent paper Nabarro [1] introduces the sequence of dislocation patterns as 
deformation proceeds as follows: “While Stages I and II are characteristic of single 
crystals stressed to induce glide essentially on one system the later stages seem to 
occur also in single crystals stressed to produce multiple glide, and in polycrystals. 
These multiple glide configurations are more important technologically and, because 
they are more symmetrical they may perhaps prove easier to interpret”. Both single 
glide and multiple glide configurations will be discussed in the following based upon 
quantitative characterization of such structures by transmission electron microscopy 
and Kikuchi line analysis. The paper will focus on pure FCC metals, single crystals as 
well as polycrystals, strained in tension at temperatures where the deformation 
predominantly is by dislocation glide. Within this framework many studies have been 
carried out over the years, however, with a renewed interest in the last 10-15 years 
due to the development of fast semiautomatic and automatic techniques with 
increasing resolution [2]. 

The long history of the theme requires a brief introduction of the nomenclature used 
over the years. This nomenclature was originally introduced to describe the different 
work hardening stages where for example dipolar mats or walls develop in stage II 
into a well defined 2D pattern, where dislocation boundaries parallel to the primary 
slip plane form the characteristic carpet structure. This structure has been analyzed in 
detail [3-5] and it has been found that the boundaries lie approximately but not exactly 
parallel to the primary glide plane and are composed of primary dislocation and finely 
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distributed secondary dislocation These findings have been confirmed by a recent 
study of a high purity copper single crystal deformed at low strain in tension [6]. The 
crystal orientation was 11° from [110] and the extended dislocation boundaries were 

almost parallel to the primary glide plane ( )111 . The average misorientation angle 

across the boundaries was 0.2°. A standard contrast analysis in a TEM showed that 
the boundaries contained primary as well as a few secondary dislocations and that 
most of the boundaries were of mixed tilt and twist character [6]. Various mechanisms 
for the formation of the extended boundaries have been suggested (3,4,5,7,8) for 
example that the boundaries are essentially formed by cross slip of dislocations 
gliding parallel to the active slip plane [7,8]. As deformation proceeds a new structure 
appears at the beginning of stage III. This structure was termed a cell structure, where 
a dislocation cell is a volume element (almost) free of dislocations, delineated by 
dislocation boundaries. Structures with these characteristics have been observed 
throughout the later work hardening stages and characterized broadly as dislocation 
cells and subgrains as descriptive (and useful) terms. Characterisation in more detail 
reveals that structures produced by glide predominantly are composed of extended 
planar dislocation boundaries delineating cell blocks which are subdivided by cell 
boundaries. These structures appear in many variations [2,9,10] . In the associated 
nomenclature the extended dislocation boundaries are termed geometrically necessary 
boundaries (GNBs) because they are assumed to form by a different slip activity on 
each side of the boundary. The different slip activity may have its cause in operation 
in neighbouring volumes of different set of slip systems or a different partition of 
shear among a common set of slip systems[9-11]. The second type of boundaries is 
termed incidental dislocation boundaries (IDBs) or cell boundaries, which form by 
mutual trapping of glide dislocations. Deterministic and stochastic processes therefore 
control the formation and evolution of GNBs and IDBs, respectively. Both types of 
boundaries are rotational dislocation boundaries with a misorientation angle which 
increases with the strain, however, with a much faster rate for the GNBs than for the 
IDBs [12]. The dislocations required in order to form a rotational boundary is, 
however, not per se geometrically necessary dislocations [13] which according to 
their definition have their cause in strain gradients which build-up during non-
homogenous (non-uniform) deformation [14-16]. Besides the dislocations required in 
order to form a rotational boundary, the IDBs and GNBs also contain redundant 
dislocations which decreases in density with increasing strain throughout Stage III as 
the misorientation angle gradually increases. These characteristic changes including a 
decrease in the structural scale has been found in a broad range of FCC and BCC 
metals and alloys deformed by a variety of modes [2]. As an example of the 
universality of the two types of boundaries they subdivide fcc single crystals 
deformed in tension [6,17-19], compression [20] and rolling [21]. For polycrystals the 
structural evolution compares with that of single crystals as observed for grain sizes 
ranging from several hundred micrometres to sizes as small as a few micrometres 
[22]. Grain interaction effects may manifest themselves by changes in the 
microstructure and the local crystallography near grain boundaries and triple 
junctions. [23,24]. However, a much more typical observation is that the interior 
structure extends to the grain boundaries. These observations can be coupled with an 
analysis of grain interaction in a high purity polycrystalline copper deformed in 
tension to a strain of 25% [25]. A relatively coarse grain size (~100 µm) was chosen 
which allows grain break-up and rotation to be followed as a function of strain using 
electron back scattering diffraction (EBSD) analysis. Few small domains of special 
orientations provide evidence of grain interaction. However, the crystal rotation for 
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the large domains covering most of the grains is consistent with the rotation direction 
predicted by the Taylor model in some, but not all, cases [25]. 

4. Structural analysis 
The present paper analyses in detail the dislocation configurations in pure (99.99%) 
polycrystalline aluminium (grain size 300 µm) strained in uniaxial tension at room 
temperature. By choosing this mode of deformation the influence of imposed strain 
gradients, e.g. due to friction, is minimized. 

The key issue in the structural analysis is the effect of grain orientation, on the 
deformation induced microstructures. The structural morphology of grains in the 
polycrystal is compared with single crystals of similar orientation. Apart from 
considering the morphology, the approach is to characterize quantitatively 
microstructural parameters such as spacing between and misorientation across 
dislocation boundaries and to analyse the evolution of these parameters, e.g. by 
applying scaling laws and similitude relationships. 

4.1. Microstructure type  
The correspondence between the grain orientation and the morphology of the 
deformation induced microstructure is illustrated in Fig. 1 [26,27]. Based on 
characterization of a large number of grains three characteristic microstructures were 
identified each within a specific region of the stereographic triangle [26]:  

(i) Type 1 is a cell block structure with planar GNBs delineating volumes 
within which IDBs are found. The GNBs are almost parallel (within 10º) 
to a slip plane (Middle of triangle).  

(ii) Type 2 is a ‘classical’ cell structure, subdivided by cell boundaries forming 
an almost equiaxed network of cells (Near [100]). 

(iii) Type 3 is a cell block structure like Type 1 but the GNBs are not quite as 
planar and they lie on crystallographic planes which deviate substantially 
(up to 35º) from the slip planes (Near [111]).  

Similar structural types and their orientation dependence have been observed in single 
crystals deformed in tension. Examples are: Crystal orientation with the [415] tensile 
axis (Type 1) [17]; crystal orientation with the [100] tensile axis (Type 2) [18,19]; 
crystal orientation with the [111] tensile axis (Type 3) [18,19]. 

The rate at which the misorientation angle across and the spacing between the 
boundaries change with increasing strain is significantly different for GNBs and 
IDBs. This difference is illustrated in Fig. 2 showing a power law relationship 
between misorientation angle and strain with a higher slope for the GNBs than for the 
IDBs in general agreement with the different processes suggested for their evolution 
[28-30]. It is also found that Type 2 grains follow a different power law relationship 
than the IDBs. Fig. 2 also illustrates an important property of the IDBs namely that 
their misorientation angle increases almost proportionally with the square root of the 
applied true strain. This dependency is in direct support of the suggestions that IDBs 
or cell boundaries form and evolve by statistical trapping of glide dislocations [29-
33]. During tensile straining the individual grains rotate and to obtain macroscopic 
information about this rotation the texture in the undeformed and deformed states has 
been determined by neutron diffraction [34]. From orientation distribution functions 
(ODFs) the volume fraction of individual orientations have been determined by 
integrating the density over an angle of 15° around the ideal position of the 
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component in the stereographic triangle. To illustrate the textural evolution during 
straining the volume fractions of [100], [111] and [110] orientations are given in 
Table 1. The data shows that the [111] component strengthens and that the [110] 
component weakens in general agreement with predictions by the Taylor model . 

4.2. Scaling and similitude 
The distribution of structural parameters has also been analyzed based on previous 
findings [35] that both misorientation angles and spacings can be described by a 
single universal function when each distribution is scaled by its mean angle or 
spacing. Also previously [12,36] it has been found that the scaling hypothesis applies 
to both GNBs and IDBs when they are analyzed separately but not when they are 
grouped together.  

It is also observed that a scaled distribution is independent of material type, plastic 
strain, temperature and deformation conditions [2]. Further the similarity in behaviour 
of single crystals and polycrystals has been underpinned by the application of the 
scaling hypothesis to the spacing between GNBs for both single crystals and 
polycrystals deformed in rolling and compression [2]. 

In the present structures (Type 1 and Type 3) the misorientation angle and spacing 
distributions of the GNBs and IDBs can be described by single distributions. 
However, a single function cannot describe the misorientation angle distribution in the 
Type 2 grains in the [100] region.  

A third step in the microstructural analysis has been to apply similitude expressing a 
fixed relationship between structural parameters [37] e.g. between boundary spacing 
(D) and the dislocation spacing (h) in a boundary. Taking h inverse proportional to the 
misorientation angle θ similitude can be expressed by the equation [38]:  

 
D

C
b

θ
=  (1) 

where b is the magnitude of the Burgers vector and C is a constant. By applying this 
relationship to the different types of microstructures it is found that IDBs in Type 1 
and Type 3 structures have an almost similar behaviour whereas the C values for the 
remaining boundaries are higher and show significant variations (see Fig. 3). 

The microstructural analysis, the strain dependence of misorientation angles, the 
application of scaling laws and similitude all suggest a similar structural evolution of 
the cell block structure in all grains except those in the [100] region with the Type 2 
structure. However, to be further explored is the significant difference between the 
misorientation angles across GNBs in Type 1 and Type 3 structures, respectively (see 
Fig. 2). 

The analysis therefore suggests that the IDBs in Type 1 and Type 3 structures are 
different from the cell boundaries in Type 2. Based on this finding the cell structure in 
the [100] region has been analyzed.  

4.3. Structure of [100] grains 

The distribution of misorientation angles, measured by TEM for the Type 2 structure, 
see Fig. 4, reveals a small fraction of boundaries with misorientation angles 
significantly larger than the rest indicating a bimodal distribution. A Kikuchi line 
analysis covering large grain areas has shown that these higher angle boundaries form 
a regular pattern subdividing the grains on a coarse scale, into regions containing 
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small uniform cells, see Fig. 4. This subdivision on two length scales is similar to the 
formation of a cell block structure. However, the traditional regular pattern of planar 
GNBs, is replaced by the more equiaxed pattern created by the higher angle 
boundaries in grains in the [100] region. 

An analysis of the distribution of misorientation angles has been carried out for the 
sample deformed to a strain 0.34. In this sample the average spacing and 
misorientation angle for the grains in the [100] region is about 2 µm and 1.1°, 
respectively. The analysis showed that the experimental distribution of angles can be 
decomposed into two distributions. One with an average angle of 0.7° encompassing 
80% of the boundaries and one with an average angle of 2.2° covering the rest of the 
boundaries. This means that for the fine scale structure that the similitude coefficient 
in Eq. (1) is about 65 in agreement with the values obtained for the IDBs in Type 1 
and Type 3 structures (Fig. 3). This finding suggests that also grains in the [100] 
region form a type of cell block structure when deformed. Note, however, that both 
the morphology and the size scale of the coarse pattern in the Type 2 grains is 
significantly different from the characteristics of the cell block structure in Type 1 and 
Type 3 grains, see Fig. 1. 

5. Discussion 

The microstructural evolution during plastic deformation by dislocation glide is a 
characteristic subdivision into cell blocks and cells observed both in single crystals 
and polycrystals. This coexistence of two patterns does, however, not exclude 
subdivision on an even larger scale, also observed in both single crystals and 
polycrystals [2,39,40]. These patterns characterize structures in the stage III region 
and they evolve as characteristic low energy dislocation structures, i.e. the 
dislocations arrange in configurations having the lowest energy per unit length of 
dislocation line [37]. This energetic approach is applied widely in the analysis of 
dislocation configuration but it does not have predictive capability. By introducing the 
mechanics of the problem it has, however, been shown that it is possible to predict 
one structural parameter namely the GNB inclination in fcc single crystals and 
polycrystals deformed in plane strain compression [41]. This approach has been to 
replace a large number of physical slip systems by a pair of equivalent (hypothetical) 
slip systems and it has been demonstrated that predicted inclinations of GNBs are in 
good accord with these observed experimentally. Generally, as described in the 
present paper, a dependence of the morphology and quantitative characteristics of the 
structure on the grain orientation discovered experimentally, points to the slip pattern 
as a controlling factor, which furthermore indicates predictability. 

5.1. Structure - slip pattern relations 

Relations between the slip pattern and the occurrence of Type 1, i.e. a cell block 
structure with GNBs aligning with a slip plane, have been established: in general, the 
GNBs align with a slip plane when a significant fraction of the total slip is 
concentrated on that slip plane. This fraction has empirically been determined to be 
about 45% [42] but work to included more details of the slip pattern than the slip 
concentration in structure/slip pattern relations is in progress.  

The predictive capabilities of a model based on these relations are of course strongly 
linked to the ability to predict the slip pattern. The Taylor model is a widely employed 
model for this but has extensive ambiguity in the selection of slip patterns with five 
independent systems. For tension the best prediction of grain orientations with slip-
plane-aligned GNBs is obtained with the solution to the Taylor ambiguity problem, 
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which has most slip on the primary slip system [43]. Selection of this solution is 
further supported by comparison with data for lattice rotations of individual bulk 
grains [44]. Comparison of the prediction in Fig. 5 with the experimental data in Fig. 
1 reveals that the prediction is reasonably good although the location of the transition 
from Type 1 to Type 3 is not perfectly predicted. It also seems intuitively reasonable 
that GNBs align with highly active slip planes but lie on other crystallographic planes 
when no such plane exists. The concept of slip concentration thus reasonably 
rationalises the differences between Type 1 and Type 3 structures both forming 
GNBs. 

Other features of the slip pattern must, however, be invoked to explain the marked 
difference between the cell block structure of Type 1 and 3 and the more equiaxed 
structures of Type 2. Two features, which distinguish the slip patterns of the Type 2 
orientations from those of Type 1 and 3 are apparent: 

• The number of solutions to the Taylor ambiguity problem is by far the highest 
close to the <100> corner where at least six solutions are possible. For the 
orientations forming Type 1 and 3 structures the highest number of solutions is 
four and the majority of the orientations only have two solutions. The large 
scale subdivision of the Type 2 structure may have its origin in activation of 
these different solutions in different parts of the grain/crystal. 

• The Type 2 forming orientations are the only orientations in the stereographic 
triangle where the slip pattern predicted by the Taylor model contains cross 
slipping systems. Pronounced cross slip means increased dislocation mobility 
in 3D, i.e. easier access to the equiaxed cell structure. 

 

5.2. Stress-strain relations 
The significant effect of grain orientation on the evolution of the deformation 
microstructure suggests that the hardening rate for grains in a polycrystalline sample 
depend on their crystallographic orientation as also found for single crystals. Fig. 6 
illustrates the difference in hardening behaviour of aluminium single crystals having 
different orientations [45,46]. By comparison with the subdivision of the 
stereographic triangle in Fig. 1 it is seen that the mechanical differences correlate well 
with the structural differences. This similarity between the microstructural evolution 
in grains in a polycrystal and the hardening behaviour of single crystals has been 
further explored based on the quantitative analysis of the microstructural parameters 
in the deformed polycrystalline samples [34]. This analysis allows the dislocation 
density to be calculated for the three types of grains in Fig. 1., based on four 
parameters namely the misorientation across and the spacing between the GNBs and 
IDBs, respectively. For each type of grain the shear stress strain-strain relationship 
has been obtained by taking the shear stress proportional to the square root of the 
dislocation density   

 bτ αµ ρ=  (2) 

where α is a number and µ is the shear modulus and b the magnitude of the Burgers 
vector. Each of the three types of grain shows characteristic shear stress-strain 
relationship very similar to those obtained by testing of single crystals, which have 
been chosen as follows: Crystals on the [100] - [111] line deforming by double slip 
have been compared to Type 1 grains and crystals of [100] and [111] orientations 
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deforming by multislip have been compared with Type 2 and Type 3 grains, 
respectively [34]. 

The correlation between the hardening of a grain and its crystallographic orientations 
suggests that the stress-strain relationship for a polycrystalline sample may be 
approximated by the sum of the hardening of the individual grains. Such an 
approximation has for the present samples worked satisfactorily as the experimental 
stress-strain curve could be derived based on the hardening of the single crystals 
mentioned above, weighted by the experimentally determined volume fraction of 
grain orientations with Type 1, 2 and 3 structures, respectively. [34]. Deriving the 
stress-strain curve for a polycrystal from the hardening of a single crystal has been 
suggested [47] based on the hardening of  the [111] crystal. The established 
relationship between the grain orientation and the deformation microstructure 
suggests, however, to choose several crystal orientations, which are representative for 
typical grains in a polycrystal and better agreement has then been found [34]. 

In applying Eq. (2) α depends on the density and arrangement of dislocations. In the 
example above α has been taken to be a constant (0.24) and the dislocation density 
has been calculated as the sum of densities stored in the GNBs and the IDBs, based on 
the assumption that resistance of the boundaries to glide is determined by dislocation-
dislocation interactions [48]. However, as the misorientation angle increases with a 
much faster rate for GNBs than for IDBs, the GNB resistance to glide with increasing 
strain may approach that of grain boundaries while the IDBs having much smaller 
angles may continue to contribute via dislocation-dislocation interaction. Such a 
partial change in hardening mechanism related to the microstructural evolution may 
have direct implication for the hardening at large strain. 

6. Future 
Important progress in characterization and analysis of dislocation patterns originates 
from the introduction of new characterization techniques with increasing resolution 
and also with the possibility of performing dynamic experiments in 3D [49]. An 
example is the application of high energy synchrotron radiation which has allowed 
dislocation structures in their initial stages to be evaluated based on X-ray peak 
profiles for the individual bulk grains [50]. Another example is the mapping of size 
and orientations of grains and cells on length scales down to 1-5 µm, with a future 
possibility of reducing the scale to about 100 nm [51]. The application of such new 
techniques in combination with SEM, TEM and HREM will elucidate not only the 
mechanism leading to dislocation patterning but also the coupling between 
microstructures, texture and hardening during plastic deformation of metals. 

7. Conclusion 

Classification and characterization of microstructural features form the basis for the 
identification of dislocation patterns, which have been analyzed in aluminium tensile 
deformed at room temperature in stage III. Co-existence of two patterns has been 
found in all orientations within the stereographic triangle, however, with different 
characteristics pointing to a dominating influence of the slip pattern. As to the 
technical relevance [1] a clear resemblance has been found between the dislocation 
patterning and the stress-strain behaviour of grains or crystals of different 
crystallographic orientations. 
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Figure Captions 

Fig. 1 

Microstructural types (see text) in grains of different orientations in polycrystalline 
pure aluminium (99.99%) deformed in tension in the strain range from 0.05 to 0.34. 
[26,27]. The micrographs shown in this figure were taken at a tensile strain of 0.14. 
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Fig. 2 

Average misorientation angles as a function of strain for IDBs and GNBs in Type 1 
and Type 3 grains, respectively. The two dashed lines are drawn through average 
values for IDBs and GNBs, respectively, illustrating their different rate of angular 
evolution with increasing strain. The two triangles are guides to the eye. 
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Fig. 3 

A TEM image and a sketch of a microstructure in transverse plan view in a grain in 
the [100] region in a specimen deformed to a tensile strain of ε=0.34. The image 
shows regions with black and white contrasts and an overall structure of almost 
equiaxed cells. The orientation difference between the regions is typically in the range 
2-6° whereas the orientation difference between the cells within the regions is less 
than 2° (see text). The histogram shows the distribution of misorientation angles with 
a much wider spread than observed for the IDBs in Type 1 or Type 3 grains. 
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Fig. 4 

Similitude expressed by the relationship θ D/b for GNBs and IDBs in Type 1 and 
Type 3 grains and for all boundaries in Type 2 grains [38]. Deleted: [10]
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Fig. 5 

 

Stereographic triangle showing the orientation of the tensile axis for grains with 
concentrated slip predicted from the Taylor solution with most primary slip (grey 
area). Grey area roughly corresponds to Type 1 and white area to Type 3. Black area 
corresponds to Type 2, which does not contains GNBs.
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Fig. 6 

Strain hardening in tension for single crystals of various orientations and a polycrystal 
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Table 1 

Volume fraction of texture components [34]. 

Strain [100] [111] [110] 

0 0.280 0.132 0.100 

0.34 0.277 0.226 0.033 
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Average misorientation angles as a function of strain for IDBs and GNBs in Type 1 and Type 3 
grains, respectively. The two dashed lines are drawn through average values for IDBs and GNBs, 

respectively, illustrating their different rate of angular evolution with increasing strain.  
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A TEM image and a sketch of a microstructure in transverse plan view in a grain in the [100] region 
in a specimen deformed to a tensile strain of e=0.34. The image shows regions with black and white 
contrasts and an overall structure of almost equiaxed cells. The orientation difference between the 
regions is typically in the range 2-6° whereas the orientation difference between the cells within the 
regions is less than 2° (see text). The histogram shows the distribution of misorientation angles 

with a much wider spread than observed for the IDBs in Type 1 or Type 3 grains.  
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Similitude expressed by the relationship q D/b for GNBs and IDBs in Type 1 and Type 3 grains and 
for all boundaries in Type 2 grains [10].  
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Stereographic triangle showing the orientation of the tensile axis for grains with concentral slip 
predicted from the Taylor solution with most primary slip (grey area).  

123x116mm (96 x 96 DPI)  
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Strain hardening in tension for single crystals of various orientations and a polycrystal [28,29].  
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