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Abstract 

 

The link between microstructure, crystallographic texture and mechanical properties is of 

substantial importance to the understanding of materials behaviour of aluminium alloys. The 

favoured approach to determine these relations has been electron backscatter diffraction 

(EBSD) and has received extensive prior attention. However, compared to conventional optical 

microscopy, EBSD is both cost and potentially time intensive limiting its viability as a 

widespread method in industrial quality assurance. Following early successes by the authors 

and other investigators with optically birefringent metals, this investigation assesses the 

suitability of reflected circular polarized light microscopy (CPLM) as a rapid low-cost 

alternative to EBSD for cubic systems. Direct comparisons between EBSD crystal orientation 

maps (COMs) and a quantitative determination of the character of reflected polarized light 

images is presented to demonstrate that this technique can provide quantitative texture 
information for aluminium. Further, the inherently surface sensitive nature of the technique 

allowed further verification of orientation relationships between the substrate and surface oxide 

only previously made possible by high resolution transmission electron microscopy.  
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1. Introduction 

 

The influence of texture (grain orientation distribution) on the mechanical performance of 

aluminium is well documented [1–3], assisted primarily by crystal orientation mapping (COM) 

and electron backscatter diffraction (EBSD) [4,5]. Although now widely used, EBSD is still a 

specialized technique that is both expensive and potentially time consuming for assessing 

texture characteristics as routine design / quality control criteria in an industrial environment 

[2,6].  

Polarized light microscopy (PLM) is a long-established technique [7], traditionally associated 

with qualitative phase identification (phase contrast) in a variety of metals and minerals and 

offers a potential alternative for texture evaluation. A technique primarily applied in 

transmission; it is by nature restricted to inherently optically anisotropic (birefringent) material. 

Previous investigations in bioscience applications demonstrated success in resolving 

differences in optical birefringence behaviour in transmitted light microscopy [8–11]. More 



recently, it has been applied in reflection for birefringent crystals to investigate microtexture 

[12,13]. In both cases, determinations of the correlation between birefringence and crystal 

orientation were made using the linearly cross polarized condition. This has two practical 

disadvantages; 1) careful simultaneous control of two independent polarizers is required for a 

stationary sample, or else 2) the sample must be euccentrically rotated 360° and subsequent 

acquisition data transposed to determine the orientation. Whilst adequate to determine 

orientation relations, these steps significantly slow the acquisition rate and introduce additional 

measurement error.   

The goal of the present study was to demonstrate two key novel steps in the development of 

this technique 1) that these practical and optically inherent limitations could be overcome 2) 

that this new method could be applied to inherently optically isotropic materials. A novel 

approach to optically determine the microtexture of optically isotropic and cubic material using 

Circular Polarized Light Microscopy (CPLM) is therefore investigated. This method negates 

the requirement for complex manipulation of either sample or microscope and is validated by 

EBSD data acquired through correlative light and electron microscopy (CLEM). The potential 

flexibility, reliability and speed of this new technique is compared to EBSD with a view to 

providing recommendations for its wider implementation [4,14–16].  

The alloy studied is a model Al-Cu alloy relevant to commercially available 2XXX series 

aluminium alloys. It is well-established that this alloy group can be anodized to generate 

qualitative optical orientation contrast [17]. Franklin and Stirland discovered in 1963 that this 

optical anisotropy is due to variations in pore inclination as the formed Alumina on the surface 

is in different crystals[18]. This has been previously used to help determine phase proportions 

and microtextural morphology [14]. However, to the authors knowledge, this has never been 

used to quantitatively determine the orientation of the underlying crystal, which is attempted 

here. Further previous research in the field of electrochemistry has examined the development 

of an oxide layer in the context of surface passivation [18]. These studies determined an 

orientation relationship between the substrate and nanometre scale oxide through high 

resolution TEM. This found that the [0001] direction in the HCP oxide was parallel to the [001] 

direction in the FCC substrate, albeit this was defined from a limited number of cases given 

the significant complexity in making these measurements. The inherently surface sensitive 

nature of the proposed technique coupled with the EBSD measurements permits more 

extensive insight into these observations and the potential for similar approaches with other 

cubic systems [5,14,15,19] with the potential for impact on the understanding their 

electrochemical behaviour. 

 

 
2. EXPERIMENTAL PROCEDURE 

 

2.1 Material Preparation 

The model Aluminium-2wt.% Copper alloy used has a low density and good mechanical 

properties such as a high strength to weight ratio and excellent corrosion resistance [20,21]. 

The sample was subjected to standard metallographic preparation routes, with a final polish 

using a Struers OP-S solution with 10% H2O2¬ by volume on a Struers MD-Chem medium for 

10 minutes. The material was anodized using Barker’s reagent (5ml 48%HBF4 and 200ml H2O) 

at a current density J = 0.2 A/cm2 for 60s at room temperature using a Kristall 680 fully 

automatic electrolytic polisher and etcher. These conditions were selected to produce the 

required thickness of alumina on the surface that has been previously determined in the 

literature [5,22–24]. 

 

2.2 EBSD analysis 



EBSD data was collected in a Carl Zeiss Crossbeam 550 operated at 20kV and Oxford 

Instruments Nordlys 2 high speed Camera with Aztec with a step size of 5 microns. The EBSD 

system was calibrated using a cleaved silicon specimen of known crystallographic orientation 

to provide a misorientation resolution of 0.5º. The data was acquired before anodizing the 

sample as the alumina on the sample surface prevented generation of the signal for Kikuchi 

bands. EBSD data is presented in the form of Crystal Orientation Maps (COMs) employing 

modified Euler colour distribution (Bunge convention), which is explained in detail later 

[4,15,46]. 

 

 

2.3 Light path design 

All optical microscopy was carried out in a Zeiss Axio Observer inverted microscope though 

the light source and the light path have been modified specifically for the technique described 

below. In order to create accurately circular polarized light without a phase shift, 

monochromatic light of wavelength  440nm was used. This was selected because 1) it 

permitted a quarter wave plate thickness compatible with the microscope and 2) this 

wavelength provided the lowest chromatic shift as measured by optical spectrometer through 

360⁰ analyzer rotation for the light path under pan-chromatic (LED) illumination. The 

monochromatic light passed through a linear polarizer at an inclination of 45° to the image 

vertical direction, then passed through a compatible quarter wave plate with a fast axis of 0° to 

have an output of circular polarized light [25–27]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Mica is a zero order wave plate which means it can be used for a wider range of wavelengths. 

However, to minimise error, the plate thickness for this particular wavelength needs careful 

calculation [26,29,30,48] using Eq 1. 

 

                                                𝑁𝜆 = ±(𝑛ₑ − 𝑛ₒ)𝑑 → 𝑑 =  |
𝜆

4(𝑛ₑ−𝑛ₒ)
| 

Eq. 1 

Fig. 1. Optical path for CPLM where 1 is monochromatic light source, 2 is the linear polarizer, 3 is quarter wave 

plate, 4 is a mirror with angle of 45°, 5 is the sample and 6 is 360° rotatable analyzer.  
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Where 𝜆 is the wavelength of the source light and d is the thickness of the quarter wave 
plate. N is the retardation which can be expressed as fraction of wavelength, such as quarter 

wave plate retardation is 𝑁 = 1/4 [28,29]. nₒ represents the ordinary and nₑ illustrates the 

extraordinary refractive indices [29]. 

 

The fidelity of circular polarization was experimentally verified by capturing the intensity of a 

mirror reflection through a 360° rotation of the analyzer with the Left Circular Polarized (LCP) 

light reflected from the mirror to produce a Right Circular Polarized (RCP) state. In this 

condition the intensity remained consistent independent of the rotation of the analyzer (Fig. 2) 

demonstrating there is no elliptical character to the light, Fig. 2 proves the ¼ wave plate 

thickness and wavelength are suitable. 

 

 

 

 

 

 

 

 

 

 

 

 
To ensure that the interaction between light and the sample are understood theoretically the 

following approach was adopted to describe the light path and beam polarization state. The 

output light polarization state before reaching the sample can be calculated by: 

 

                                                  S’ = (S) (Mp) (Mr) (Mm)  
Eq. 2 

Where S is the stoke parameters of input unpolarized light, Mp is the Mueller matrix for linearly 

polarizer filter, Mr is the Mueller matrix for a rotator and Mm symbolized the Muller matrix 

for the mirror. Muller matrices can be used to specify the state of polarizer and the quarter 

wave plate whilst the character of the beam was described by four different observables stoke 

parameters (𝑆0, 𝑆1, 𝑆2, 𝑆3), The first Stokes parameter S0 describes the total intensity of the 

light; the second parameter S1 describes the amount of linear horizontal or vertical polarization, 

the third parameter S2 describes the amount of linear +45° or -45° and, finally, S3 describes the 

preponderance of right circular polarized light over left circular polarized light. which are 

represented by Eq. 3. 

 

                                                                 𝑆 = (

𝑆0

𝑆1

𝑆2

𝑆3

) 

Eq. 3 
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Fig. 2. Intensity plot captured from the mirror reflection of modified circularly polarized light microscopy through 

360 degrees of analyzer rotations. 

 



The state of unpolarized light, i.e. the monochromatic light source is: 

                                                                S =  (

𝑆0

𝑆1

𝑆2

𝑆3

)  = (

1
0
0
0

) 

The Mueller matrix for a perfect linear polarizer (Mp) with transmitted axis at an angle ϴ = 

45° is: 

 

                                 Mp = (

1 𝑐𝑜𝑠2𝛳       𝑠𝑖𝑛2𝛳       0
𝑐𝑜𝑠2𝛳 𝑐𝑜𝑠²𝛳 𝑠𝑖𝑛2𝛳𝑐𝑜𝑠2𝛳 0
𝑠𝑖𝑛2𝛳

0
𝑠𝑖𝑛2𝛳𝑐𝑜𝑠2𝛳

0
       𝑠𝑖𝑛²𝛳

0
 
     0
     0

) = (

1 0 1 0
0 0 0 0
1
0

0
0

1 0
0 0

) 

Eq. 4 

The Mueller matrix of the quarter plate (Mr) with the fast axis of 0° and the phase delay Ø of 

90° can be expressed by Eq. 5. 

 

                               Mr =  (

1 0 0            0
0  1 0            0
0
0

 
0
0

     𝐶𝑂𝑆Ø
     𝑆𝐼𝑁Ø

−𝑆𝐼𝑁Ø
    𝐶𝑂𝑆Ø

) =  (

1 0  0    0
0 1  0    0
0
0

0
0

0
1

−1
0

 ) 

Eq. 5 

The mirror symmetry relation (Mm) represents the Mueller matrix in the following form. 

 

                              Mm = (

𝑎 𝑏 0 0
𝑏 𝑎 0 0
0
0

0
0

𝑎 𝑏
−𝑏 𝑎

) = (

1 0  0      0
0 1  0      0
0
0

0
0

−1
 0

 
 0

−1

) 

Eq. 6 

The state of the output light for this case will then appear as a left circular polarized light 

(LCPL). 

 

                                                               S’ = (

1
0
0

−1

) 

 

As such the experimental and theoretical approaches agree and demonstrate that the modified 

incident light path is suitable for the CPLM technique. Therefore any changes in polarization 

state of light after interaction with the sample can be related to the orientation of the c-axis of 

optically anisotropic alumina crystals at the surface of an anodized sample that is reasonably 

free from surface defects  [30–33]. This incident condition was fixed for the apparatus and is 

henceforth referred to as “the incident light”.  

 

 

 

 

 

 

 

 

 



 
3. Result and discussion 

3.1 Qualitative analysis 

  

After collecting the EBSD data, the same area was anodized and tested under circular polarized 

light microscopy. The intensity plot was captured by taking the intensity of each pixel position 

for images collected at all analyser rotations. Fig. 3A - C represents how each grain appears for 

different illumination conditions. For pan-chromatic illumination, intensity data acquired under 

circular polarized light will be recorded by the detector in three different channels of colour 

(Red, Green and Blue). However, because a monochromatic blue (𝜆=440), light source was 

used in this study, the intensity is unaffected by chromatic shift (Fig. 3C). 
 

 
 
 
 

 

 

 

 

 
 
 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

B) CPLM method with white LED A) Bright filed C) Modified CPLM method 

Fig. 3. The same area of interest under four different conditions A) Bright field with a LED light B) Circular 

polarized light microscopy with a LED light C) Circular polarized light microscopy with a monochromatic light. 

A) 0° 

    C)  180° D)  270° 

 
  

 

Fig. 4. Qualitative observations of symmetry in the contrast of images recorded under circular polarized light 

microscopy. 

B)  90° 

200 𝜇m 

 



Circular Polarized light images were recorded using rotating analyzer at various sample crystal 

orientations applied using the highlighted microstructure presented in Fig. 4 as an arbitrary 

example. Fig. 4 shows the symmetry observed in the appearance of images recorded at 

0˚,90˚,180˚ and 270˚ of rotation respectively. Microstructural features appear similar at 0° / 

180° and 90°/270° illustrating a 180° symmetry in the retardation behaviour. This observation 

correlates well with the crystallographic symmetry of both the [0001] direction of the HCP 

surface oxide and the [001] direction of the (FCC) substrate  system [49,50] which can be 

linked according to the previously reported orientation relationship [18]. Moreover, as the 

analyzer was rotated, the intensity associated with individual units was found to vary 

sinusoidally against rotation with a phase of approximately 180° as demonstrated in Fig. 5.  

This represents the intensity value for an individual grain from the dataset in Fig. 5 with a 

crystal orientation of φ1 = 157˚, Φ = 42˚ and φ2 = 22˚. The effect of symmetry appears clearly 

in the plot as the FCC crystal orientation symmetry for φ1=180°. The unit cell symmetry 

suggests that data captured from only 0° to 180° or 180° to 360° is needed to correlate the 

CPLM data to EBSD.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.2 Quantitative analysis  

 

Fig. 6 plots the intensity profiles of two grains with similar crystal orientations. Both grains 

give intensity maxima and minima at similar analyzer rotation angles and both show 

comparable differences in maximum and minimum intensity, i.e. profiles are similar and the 

intensity difference (ΔI) remains constant, even though the absolute intensity values are  

different.  

Fig. 5. An intensity profile and its derivative for an individual crystal orientation recorded over a complete 

analyzer rotation. 
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This proves that areas of common orientation can be measured by employing CPLM technique. 

To explore this for a wide range of orientations, the reference coordinate data for φ1 collected 

from EBSD was compared directly with the CPLM intensity data. Fig. 7A presents the 

correlation between Euler 1 (φ1) and the maximum intensity observed through 180 degrees 

rotation of the analyzer from 180° to 360°. This data represents the position of maximum 

intensity shifting from 360° to 180° as the Euler 1 (φ1) is increased from 0° to 180°. Fig. 7B 

presents the correlation between the difference in maximum and minimum intensity (ΔI) to 

Euler 2 (Φ). The symmetry of Φ is distinguished to be 45° for FCC according to Gert Nolze 

2015 [50]. The plot illustrates that by increasing Φ, I for a specific grain would appear more 

noticeable. It follows that these two parameters are the main reference points required to create 

the c-axis map for the surface oxide and by inference the [001] FCC direction.  

  

 

 

 

 

3.3  Theoretical validation of the observed incident beam rotation after reflection 

 

We have shown that there is a correlation between φ1 and the analyser position that yields the 

maximum intensity over 180o of rotation (Fig. 7A). From a theoretical perspective this is 

equivalent to ϴ in Eq. 4 and that equation can be used to calculate the linear parameter of 

polarized light reflected from the sample. This parameter is described by the 𝑆1 and 𝑆2 
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Fig. 6. CPLM intensity data of Close C axis crystals orientations. Left intensity plot is φ1=76 and Φ=43, Right 

intensity plot is φ1=75, Φ=43 
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components of the Stokes vector. These values for equivalent analyzer rotations to those in the 

experimental data (Fig 7A) are presented in table 1. 

 

 
                 Table 1. The stoke parameter value for 𝑆1 and 𝑆2 over the rotation of 180⁰ of analyzer rotation. 

 
Analyzer 

rotation 

0⁰ 15⁰ 30⁰ 45⁰ 60⁰ 75⁰ 90⁰ 105⁰ 120⁰ 135⁰ 150⁰ 165⁰ 180⁰ 

    𝑆1 1 0.866 0.5 0 -0.5 -0.866 -1 -0.866 -0.5 0 0.5 0.866 1 

    𝑆2 0 0.5 0.866 1 0.866 0.5 0 -0.5 -0.866 -1 -0.866 -0.5 0 

 

 

We have also shown that ΔI reaches a maximum as Φ reaches 45 (Fig. 7B). This intensity 

change during the reflection of circularly polarized light has been previously shown to be 

related to the ellipticity parameter of the Stokes vector and describes the change from circular 

to linear polarization (Fig. 8) [7,30,32–34]. To mathematically validate our observations 

against this theory, the following approach is adopted: 

 

The transverse components of light are represented by Eq.7. 

 

                                                     𝐸𝑥(𝑧, 𝑡) = 𝐸0𝑥 𝑐𝑜𝑠(𝜏 + 𝛿𝑥) 
Eq. 7.a. 

𝐸𝑦(𝑧, 𝑡) = 𝐸0𝑦 𝑐𝑜𝑠(𝜏 + 𝛿𝑦) 
Eq. 7.b. 

Where t represents the time, 𝐸0𝑥 and 𝐸0𝑦 are the maximum amplitudes of the optical field and 

𝜏 is the propagator which is constant. The subscripts x and y refer to the component direction 

in x and y. The propagation of Ex and Ey give rise to a vector describing a locus of points in 

space that generates a curve whose form can be derived using the equations 7.a and 7.b.  

 
𝐸𝑥

𝐸0𝑥
= 𝑐𝑜𝑠 𝜏 𝑐𝑜𝑠 𝛿𝑥 − 𝑠𝑖𝑛 𝜏 𝑠𝑖𝑛 𝛿𝑥  

Eq. 8.a. 

𝐸𝑦

𝐸0𝑦
= 𝑐𝑜𝑠 𝜏 𝑐𝑜𝑠 𝛿𝑦 − 𝑠𝑖𝑛 𝜏 𝑠𝑖𝑛 𝛿𝑦 

Eq. 8.b. 

Rearranging the terms of equation 8 and subtracting using the double angle formula gives 

 
𝐸𝑥

𝐸0𝑥
𝑠𝑖𝑛𝛿𝑦 −

𝐸𝑦

𝐸0𝑦
𝑠𝑖𝑛𝛿𝑥 = cos 𝜏 sin(𝛿𝑦 − 𝛿𝑥) 

Eq. 9.a. 

𝐸𝑥

𝐸0𝑥
cos 𝛿𝑦 −  

𝐸𝑦

𝐸0𝑦
cos 𝛿𝑥 = sin 𝜏 sin(𝛿𝑦 −  𝛿𝑥) 

Eq. 9.b. 

Squaring equation 9 and adding them together gives the equation for parameters of the 

polarization ellipse: 

 



𝐸𝑥
2

𝐸0𝑥
2 +

𝐸𝑦
2

𝐸0𝑦
2 − 

2𝐸𝑥𝐸𝑦 cos 𝛿

𝐸0𝑥𝐸0𝑦
=  𝑠𝑖𝑛2𝛿 

Eq. 10. 

Where δ = δx – δy (the phase difference).  

This signifies that if the incident light is reflected back from a crystal with Φ= 0 it will be 

reflected in the RCP state. 

In this condition (δ = Л/2 and 𝐸0𝑥 = 𝐸0𝑦 = E₀) 

 

𝐸𝑥
2

𝐸0𝑥
2 +

𝐸𝑦
2

𝐸0𝑦
2 − 

2𝐸𝑥𝐸𝑦 cos 𝛿

𝐸0𝑥𝐸0𝑦
=  𝑠𝑖𝑛2𝛿 leads to 

𝐸𝑥
2

𝐸0𝑥
2 +

𝐸𝑦
2

𝐸0𝑦
2  = 1 

 

According to cubic crystal symmetry the maximum value for Φ without describing an 

indistinguishable reflection is 45. In this condition (δ=0 and E₀x = E₀y) giving: 

 

𝐸𝑥
2

𝐸0𝑥
2 +

𝐸𝑦
2

𝐸0𝑦
2 − 

2𝐸𝑥𝐸𝑦 cos 𝛿

𝐸0𝑥𝐸0𝑦
=  𝑠𝑖𝑛2𝛿 leads to (

𝐸𝑥

𝐸0𝑥
+ 

𝐸𝑦

𝐸0𝑦
)

2

=  0 

 

 

 

When this theoretical calculation of the Ellipticity parameter (Fig. 9A) under perfect conditions 

was compared with the experimentally observed intensity data, (Fig. 9B) it followed and 

inverse relationship. This confirms that the Ellipticity parameter (or the value of   𝑆3) which 

can be determined by ΔI is dependent on the Φ component of the crystal orientation. 

 

By combining the observations presented in Figs (7A) and (7B) with the theoretical 

descriptions presented above it is possible to unambiguously determine the polarization state. 

This can be represented on the Poincare sphere (Fig. 11), which is a common way to illustrate  

the state of the light reflected from the sample [35] but is less useful for quantitative 

observations. Instead here we have for the first time unified theoretical and experimental 

descriptions of the polarization state with the crystal orientation. The relationship between the 

intensity profile and the polarization state is illustrated in Fig. 10, where Ψ is the analyzer 

position of maximum intensity and X is I. With reference to the theoretical description 

outlined above, the Stoke parameters can then be expressed in terms of Ψ and X. The approach 

taken to calculate the Stoke parameters and relate them to experimentally determined  crystal 

orientation is shown in equations 11-13 below [7,34–40, 47]. For convenience, various 

examples comparing the measured and calculated outcomes are presented in table 2. 

Fig. 8. The effect of Φ rotation on the ellipse amplitude. 
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𝑆1 = 𝑐𝑜𝑠(2𝑋)𝑐𝑜𝑠(2𝛹)  
Eq. 11 

𝑆2 = 𝑐𝑜𝑠(2𝑋)sin(2𝛹) 
Eq. 12 

𝑆3 = sin (2𝑋) 
Eq. 13 
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a) theoretically calculated ellipticity parameter and b) experimentally measured ellipticity parameter.  
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𝑆𝑜𝑢𝑡= (

1
0
0
1

) 𝑆𝑜𝑢𝑡=(

1
−0.035
−0.203
0.978

) 𝑆𝑜𝑢𝑡=(

1
0.27

−0.04
0.96

) 𝑆𝑜𝑢𝑡=(

1
0.28
0.23
0.92

) 𝑆𝑜𝑢𝑡=(

1
0.27

−0.33
0.89

) 

C axis Euler 

angle (EBSD) 

φ1=33˚ 

Φ=20˚ 

φ1=305˚ 

Φ=36˚ 

φ1=191˚ 

Φ=40˚ 

φ1=75˚ 

Φ=43˚ 

φ1=157˚ 

Φ=45˚ 

 

 

Shape of the 

ellipse 

(CPLM) 

 

 

 

 

 

 

 

  

 Maximum 

intensity 

angle(CPLM) 

 

         175˚ 

 

         105˚ 

 

25˚ 

 

        150˚ 

 

         45˚ 

 

Stoke 

parameters 
𝑆𝑜𝑢𝑡=(

1
0.63

−0.11
0.76

) 𝑆𝑜𝑢𝑡=(

1
−0.82

−0.475
0.31

) 𝑆𝑜𝑢𝑡=(

1
0.63
0.75
0.17

) 𝑆𝑜𝑢𝑡=(

1
0.5

−0.86
0.069

) 𝑆𝑜𝑢𝑡=(

1
0
1
0

) 

                     Table 2. Ellipse structure and stoke parameters for different range of crystal orientation. 

Fig 11.  Representation of polarization state of table 3 on a Poincare sphere. A) General format of Poincare sphere 

representing systematic range of polarization state. B) Representation of polarized ellipse in table 3 on Poincare 

sphere 
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3.4 Crystal orientation maps 

 

The final stage is to compare the crystal orientation maps directly between the CPLM method 

and the EBSD method (Fig. 12). A MATLAB code analyzed images recorded at all analyser 

positions pixel by pixel. Each pixel position for the dataset therefore contains information on 

the whole intensity profile. The position of maximum intensity and I were determined and 

used via the approach presented above to calculate φ1 and Φ for every pixel position. To obtain 

a comparative EBSD map based solely on [001] directions, a ‘basal pole figure’ colouration 

was employed in which orientations are plotted according to stereographic projections onto the 

colour wheel. According to the Euler map from EBSD (Fig. 12A), the red channel corresponds 

to the value of φ1, and the green channel represents the value of Φ. This colour convention was 

used to create an equivalent map from CPLM data. In this case the value of φ2 is irrelevant 

because it represents the rotation around the HCP c-axis (FCC [001] direction) which cannot 

be resolved by the CPLM technique.  

 

The CPLM method simplifies data collection and removes the necessity for step size 

determination, i.e. data is collected at a consistent resolution determined by the wavelength of 

the monochromatic light source (440nm). The orientations of each crystal are clearly 

distinguished by CPLM method and validated by EBSD, however there are some differences. 

The highlighted CPLM grains appear as different colours compared to the EBSD map, but this 

is not due to any errors in the CPLM approach. The CPLM method utilizes the symmetry of 

the cubic unit cell. However, post-processing EBSD packages such as Tango, Crystal Aztech 

and TSL report crystallographic data with respect to the Euler twist [45,50-52]. The absence of 

a standard symmetry for the unit cell causes the above programs to represent the grains with 

different Euler colours although they may have the very similar orientations. This particular 

error is described in detail by [49,50] and is highlighted by this CPLM technique. The 

difference becomes more noticeable when φ1>300, e.g. the highlighted crystals in Fig. 12A 

all have their φ1>330, according to crystal symmetry they should be treated the same as 

crystals with φ1>150. 

 

 
  
 

 
Fig. 12. The c-axis crystal orientations maps from the same sample area by using the CPLM method and EBSD.  

A) represents the crystal orientation map by using the CPLM method and B) illustrates Crystal Orientation Map 

by using the EBSD method. 

 

A) B) 



3.5 Impact of anodization on the technique 

 

As is presented, anodized aluminium alloys become optically anisotropic under polarized light 

microscopy due to the light interaction with the oxide film on the grain surface. The light 

reflection from the anodized surface and the interface between the anodic layer and the Al 

substrate intertwined with scattering and absorption within the anodic layer generates a specific 

optical appearance as has been previously described [17,41-43]. The authors wanted to ensure 

that the anodization process itself did not have an effect on the measured orientations (i.e. that 

the previously reported oxide/substrate orientation relationships were preserved). For that 

reason the entire experiment was repeated after re-polishing (to acquire EBSD data) and re-

anodising (to acquire CPLM data) the sample surface (whilst preserving the original section of 

the microstructure).    

 

 

 

 

 

 

 

 

Figs. 13 and 14 confirmed no significant change in intensity between the first anodization and 

re-anodization of the same grain. Data was collected for a variety of crystal orientations to 

confirm the interdependency of the anodized layer and the substrate crystallographic 

orientation. Each specific grain illustrated identical position of maximum intensity with respect 
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Fig. 13. The intensity plots from the same grain. A) First time anodization data collected on every 5° of analyzer 

rotation. B) Intensity plot of re-anodized grain, data collected on every 10° of analyzer rotation. 

 

Fig. 14.  Compared data of maximum intensity position from the first anodization and re-anodized sample. 

 

A) B) 

A) B) 



to the analyzer rotations. Also, the data showed each specific grain to maintain identical value 

for the I unconventionally to the anodized layer [41-44]. 
 

4. Conclusions 

Four separate analysis techniques (EBSD, bright field optical microscopy, pan-chromatic 

circular polarized light microscopy and monochromatic circular polarized light microscopy) 

have been applied to identical areas of microstructure of an FCC Al-Cu alloy in two distinct 

forms. The CPLM was shown (we believe for the first time) to have the potential to be 

employed as an accessible, cheap and accurate approach to produce crystal orientation maps of 

some FCC crystal systems. 

 

 Qualitative comparisons between single images acquired using EBSD and 

monochromatic CPLM revealed that monochromatic CPLM accurately described areas 

of common [001] directions for FCC crystal structures (via its orientation relationship 

with the [0001] direction of the HCP surface oxide generated through anodization). The 

new method correctly determined the value for Euler 1 (φ1) and Euler 2 (Φ) and the 

colour system employed plotted green & red colours in close correlation to 

corresponding EBSD orientation maps. The crystal symmetry of cubic structures 

helped to optimize the CPLM post processing procedure making this new simplified 

method more suited for potential quality assurance applications. 

 

 There was some discrepancy in the colour schemes between the two methods which 

highlights the fundamental limitation of symmetry representation in EBSD Euler maps. 

However, these differences were not found translate to differences in the underlying 

orientation data and can therefore be considered as an advantage of the CPLM 

technique. 

 

 This new method was successfully tested on anodized aluminium, which historically 

provides challenges for good EBSD orientation data. It was found that the re-anodizing 

of aluminium had little effect on the subsequent crystal orientation provided the 

anodizing parameters remained consistent.  

 

 The oxide-substrate orientation relationship on which the current study builds was 

previously determined for a limited number of orientation combinations due to the 

complexity of extracting orientation data from surface layers of nanoscale thickness by 

HRTEM. The current study replicated the prior finding with a comparatively trivial 

technique, indicating its significant potential to study other such interfaces in the future.  
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