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Summary
Multiple-pass friction stir processing (FSP) was employed to impregnate Ti, Y and Ce
oxide powders into the surface of an Aluminium alloy. The FSP processed surface
composite was subsequently anodized with an aim to develop optical effects in the
anodized layer owing to the presence of incorporated oxide particles which will influence the scattering of light. This paper presents the investigations on relation between microstructure of the FSP zone and optical appearance of the anodized layer
due to incorporation of metal oxide particles and modification of the oxide particles
due to the anodizing process. The effect of anodizing parameters on the optical appearance of the anodized surface was studied. Characterization was performed using FIB-SEM and TEM. The surface appearance was analysed using spectrophotometry technique which measures the diffuse and total reflectance of the surface.
The appearance of the anodized surface changed from dark to bright upon increasing the anodizing voltage. Particles in the FSP zone were partially or completely
modified during the anodizing process and modified the morphology of the surrounding anodized Al matrix which has a clear influence on the mechanism of light interaction like scattering and absorption from the anodized surface.

1 Introduction
Aluminium alloys are widely used in aerospace, automobile and architectural applications due to their high mechanical strength to weight ratio. Anodizing of Al improves
its decorative appearance and resistance to corrosion and wear [1]. Sulphuric acid
anodizing (SAA) transforms the Al surface to a clear and transparent anodic oxide
which comprises a self-organized hexagonal porous structure (20-30 nm pore diameter) [2] [3]. This structure can be later dyed using capillary effect and sealed in boiling
water to impart colours to the anodized surface [4]. A wide range of colours, including
black have been produced over the years but achieving a white glossy anodized Al
surface is difficult. This is because white appearance is generated by scattering of
light by particles that are bigger than the pores while colours are generated by selective absorption of particular wavelengths by dye molecules that are smaller than the
pores [5] [6].
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White anodized Al is sought for applications in the aerospace and architectural industry where a low solar absorptance is preferred to prevent temperature rise and related thermal expansion of structural components. Also, it is of great interest for aesthetic/decorative purposes in the architectural industry for building facades, window
profiles etc. White anodized Al has been reported earlier using a mixture of electrolytes, but the reflectance from these surfaces is not very high [7] [8]. Alternate processes based on Plasma Electrolytic Oxidation (PEO) and Micro Arc Oxidation
(MAO), which are commercially available reported grey to white anodized surfaces.
However the surfaces generated by these methods are low in gloss as they have a
high surface roughness [9] [10] [11].
Glossy white anodized surface requires scattering of incident light within the anodic
layer and also generate a surface gloss due to specular reflectance from a smooth
surface without any absorption in the visible wavelength region [12] [13] [14]. One
approach for achieving this is to mimic the optical scattering phenomenon from white
paints which contain a pigment in a polymer matrix. The pigments used should have
a high refractive index difference with the surrounding polymer matrix and enable
very efficient scattering. Similar scattering effects can be achieved using metal oxides (based on Ti, Y and Ce) in anodic alumina which has a refractive index similar to
polymer matrix of paints [15] [16]. To obtain such a structure on the anodized Al surface, metal oxide particles need to be incorporated into the Al matrix prior to anodizing and the obtained composite be later anodized to reveal these particles in a transparent anodic alumina matrix (similar to paints).
Incorporation of metal oxides particles into metallic matrices has been of great interest due to the enhancement in mechanical properties of the obtained composites by
particle reinforcement. Various techniques have been employed to prepare many
composite systems [17] [18] [19] [20] [21] [22]. Friction stir processing (FSP) [23] is
one such technique that has been extensively used for preparation of composites
[24] [25] [26] [27] [28]. However, use of this technique to obtain composite surfaces
for white anodizing of Al has not yet been attempted.
In the present work we present the initial findings on use of metal oxides incorporation into Al matrix for white anodizing. The effect of anodizing parameters on the obtained optical appearance is studied. Transmission electron microscopy (TEM) was
used to investigate the structure and morphology of the anodized composites. Surface appearance was characterized using reflectance spectroscopy and the obtained
results are explained in terms of microstructural and morphological features of the
anodic layer.
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Experimental

Aluminium substrates with dimensions 200 mm x 60 mm x 6 mm were obtained in
rolled condition. Commercial powders of TiO2 (300 nm), Y2O3 (0.5-1 µm) and CeO2
(200 nm) were used. Friction stir processing was performed using a Hermle milling
machine equipped with a steel tool having 20 mm shoulder diameter, 1.5 mm pin
length with a M6 thread and three flats. A groove 0.5 mm deep, 10 mm wide and 180

mm long in the substrates was filled with the powders. The filled substrates were
then covered by the same Al sheet rolled down to a thickness of 0.25 mm to prevent
loss of powders during the initial FSP pass.
The processed composite surfaces were mechanically polished to a mirror finish and
subsequently degreased in a mild alkaline solution. Desmutting was performed by
immersing in dilute HNO3 followed by demineralised water rinsing. Anodizing was
carried out in a 20 wt.% sulphuric acid bath maintained at 18 ˚C. Three different anodizing voltages of 10 V, 15 V, and 19 V were used. After anodizing, the samples were
rinsed with demineralized water. Sealing of the anodized layer was performed in boiling water.
Surface appearance of the processed composites after anodizing was analysed using an integrating sphere-spectrometer setup. The samples were illuminated with
light from a Deuterium-Tungsten halogen light source. Reflected light from the samples was collected and analysed for diffuse and total reflectance using a spectrometer. The spectrometer was calibrated using NIST standards. Transmission electron
microscopy analysis was carried out on the sample cross section in the anodized as
well as non-anodized regions using a TEM (Model Tecnai G2 20). The lamellas for
TEM were prepared using FIB-SEM in situ-lift out (Model Quanta 200 3D DualBeam,
FEI) and further thinned for electron transparency in a FIB-SEM (Helios Nanolab
DualBeam, FEI).
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Results

3.1 Visual Appearance

Figure 1: Visual appearance of the friction stir processed samples with different powders after sulphuric acid anodizing at different voltages.

The visual appearance of the FSP samples after anodizing is shown in Figure 1. The
FSP zone shows a different appearance for all three powders when compared to the
adjacent unprocessed Al. The processed zone can be clearly identified (region between dotted lines) as it shows macroscopic semi-circular striations. For all the three
powders types used, the anodized appearance shifts from dark to greyish white as
the anodizing voltage is increased from 10 V to 19 V. This effect is most prominent in
the case of surface containing TiO2 powders where there is a clear difference between the surfaces anodized at 10 V and 15 V.
3.2 Reflectance Spectroscopy
The reflectance values (at 555 nm) obtained from the spectrophotometry are presented in Figure 2(a). It can be seen that the total reflectance of the anodized surface
increases from anodizing at 10 V to 15 V and then slightly reduces at 19 V for TiO2
and CeO2. However, for samples containing Y2O3, the total reflectance is lower at 15
V anodizing when compared to the 10 V and 19 V anodizing. The diffuse to total reflectance ratio which is a measure of how well the surface scatters light is shown in
Figure 2 (b). It can be observed that the diffuse reflectance component for the Y2O3
containing surfaces is lower than that for TiO2 and CeO2 even though their total reflectance value is lower.

Figure 2: (a) Total and diffuse reflectance values (wavelength~555 nm) and (b) Diffuse to Total reflectance (D/T) ratio obtained from the FSP surfaces after sulphuric acid anodizing at different voltages.

3.3 Transmission Electron Microscopy
The anodized layer on sample containing TiO2 which is anodized at 19 V (Figure
3(a)) shows different morphological features for the TiO2 particles. In this case, the
particles present in the anodized layer are fully or partially transformed. Typical features of the TiO2 particle in Figure 3(b) show that the particle is partially affected (top
region of the particle) by the anodizing process. Also, the picture shows a bright region below the TiO2 particle. Elemental analysis of the bright regions using EDS
show presence of higher contents of Al compared to surrounding regions which
showed Al, Ti and O. The anodized layer on the sample containing Y2O3 particles is
shown in Figure 3(c).

Figure 3: TEM bright field image showing anodized layer cross section of FSP and anodized samples
with (a), (b) TiO2, 19 V, (c), (d) Y2O3, 10 V and (e), (f) CeO2 10 V.

Unlike the TiO2 containing sample, the Y2O3 particles are not present in the anodized
layer. The anodized layer shows large number of voids, although the FSP substrate
shows good distribution of Y2O3 particles (Figure 3(d)). The voids are expected to be
the result of expulsed Y2O3 particles during the anodizing process. For the samples
containing CeO2, anodizing at 10 V showed similar morphological features as for the
TiO2 particles (Figure 3(e)). One of the CeO2 particles shown in Figure 3(f) appears
affected (top region of the particle) by the anodizing process. However, regions of
high Al content like those observed beneath the TiO2 particles have not been observed in the anodized layer of CeO2 containing samples.
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Discussion

Friction stir processing of Al substrates with metal oxide powders resulted in a surface composite with good distribution of particles in the processed zone. Anodizing of
these composite surfaces visually revealed macroscopic inhomogeneity in the processed zone like semi-circular striations (Figure 1). These striations are caused by
the forward movement of the tool that generates a trail behind it. Overall distribution
of particles in the FSP zone is uniform without any significant agglomeration (Figure
3). In all the cases, upon visual observation the surface appearance changed from
dark to greyish white with increasing anodizing voltage. Reflectance spectroscopy
data (Figure 2) measured by the integrating sphere setup showed that the reflectance values are highest for the Y2O3 containing surfaces when compared to the TiO2
and CeO2 containing surfaces irrespective of the anodizing voltage used. For anodized surfaces containing TiO2 and CeO2 the reflectance increased from 10 V to 15 V
anodizing and later decreased from 15 V to 19 V anodizing. However for the Y2O3
containing samples, the reflectance was lowest for anodizing at 15 V. The TEM images shown in Figure 3 reveal that the morphology of the anodic layer and particles
is different for different powders used. For Y2O3 powders the anodized layer showed
very little presence of the particles. Surfaces containing TiO2 and CeO2 showed partially affected particles in the anodic layer. Also, un-anodized Al rich regions were
observed beneath the TiO2 particles in the anodized layer.
The difference in reflectance values measured from the anodized surfaces containing
different powders is a manifestation of various factors like the refractive index of the
powders, the distribution and concentration of the powders, the roughness of the surface and the interface between anodized layer and substrate, morphology of the anodized layer as well as of the powder particles [5] [6]. High refractive index particles
in a visibly transparent medium scatter light and increase the diffuse reflectance. The
increased scattering is due to the refractive index difference between the particle and
the surrounding medium. In the present case, the metal oxide particles have a higher
refractive index when compared to anodic alumina (η=1.6-1.7) [29] [30] and hence
result in a high diffuse reflectance value. However, the total reflectance value measured is only 40-60% of the incident light intensity. The loss of intensity can be explained by the morphological features observed in the anodic layer. In the case of
anodized layer with TiO2, regions of high Al content observed beneath the particles
act as absorption centres for light. Anodic alumina is a transparent medium under
visible light, but Al as a metal has a very high optical extinction coefficient. This coupled with the sub-micron size of the metallic Al region leads to an effective extinction

of light and hence the reduced loss of reflected intensity [31] [32] [33] . The presence
of these metallic Al regions in anodic alumina depends on the anodizing voltage as
the oxidation power of the process increases with anodizing voltage [34] [35]. At lower anodizing voltages the oxidative power is not sufficient to fully anodize the Al beneath the insulating TiO2 particles owing to the current field distribution [36]. Hence,
an increased amount of such metallic Al in anodized layer results in higher absorption of light and thus the reduced reflectance values. As the anodizing voltage increases, it is assumed that the Al surrounding the TiO2 particle gets completely anodized increasing the reflectance. The Y2O3 containing anodized surfaces show no
such Al rich regions and also have a higher reflectance values. This is due to the absence of any insulating particles in the anodized layer as seen in Figure 3(c). Also, as
the particles have been removed from the matrix during the anodizing process, the
diffuse reflectance obtained in this case is due to the scattering from voids rather
than the particles themselves. A lower diffuse reflectance component observed for
the Y2O3 containing surfaces (Figure 3(b)) is due to the fact that the incident light is
now reflected from the anodized layer – metal substrate interface, which is similar to
the reflection from a smooth metal surface which appears glossy (specular). The
phenomenon of transformation of crystalline TiO2 and CeO2 particles to amorphous
phase and also the removal of Y2O3 particles after anodizing of these composites is
yet to be understood and requires more detailed analysis.
Refractive index of TiO2 (η=2.6-2.9) [37] is higher than that of CeO2 (η=2.2-2.4) [38]
and hence the scattering efficiency of the anodized Al-TiO2 system would be better
than that of anodized Al-CeO2 system. However, from the reflectance values, only
slight difference was observed at a given voltage. This could be attributed to the
transformation of TiO2 to amorphous phase in the anodic alumina with a reduced refractive index (η=2.42) [39] [40]. A white glossy anodized Al surface would have a
total reflectance of 80-90% with a very high diffuse reflectance component. The values obtained for such surfaces using metal oxide incorporation into Al matrix before
anodizing have been shown to be max. 50%. Use of Y2O3 gives higher reflectance
value, but the voids generated reduce the mechanical properties of the anodic alumina layer. When comparing between TiO2 and CeO2, it has been observed that the
reflectance values do not differ considerably. However high values of reflectance
would be achieved if higher particle concentrations are used and the crystalline nature of the oxide particles is retained after anodizing.
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Conclusions

•

Friction stir processing was employed to prepare Al with Ti, Y and Ce oxide surface composites with little or no agglomerations of particles.
Sulphuric acid anodizing of the prepared surface composites showed an increase
in surface brightness with increasing anodizing voltage.
High resolution TEM analysis show that the anodizing process transformed the
TiO2 and CeO2 particles to amorphous state, while the Y2O3 particles were removed from the Al matrix during anodizing.
Anodizing at lower voltages showed the presence of un-anodized crystalline Al
regions below the TiO2 particles.

•
•
•

•
•

Presence of metallic Al in the anodic alumina along with the reduced refractive
index of TiO2 and CeO2 particles resulted in reduced reflectance of anodized surface.
The Y2O3 containing surfaces showed higher reflectance due to scattering from
the voids in the anodic layer and reflection from the anodic layer-metal substrate
interface.

Acknowledgements
The authors would like to thank the Danish National Advanced Technology Foundation for their financial support in the ODAAS project and all the involved project partners. Dr. J. Schou is acknowledged for help with reflectance spectroscopy measurements. Prof. A. Simar acknowledges the financial support from the Interuniversity
Attraction Poles Program from the Belgian State through the Belgian Policy agency;
contract IAP7/21 “INTEMATE”. Dr. R. Shabadi thanks the BQR-3b 2014-Univ Lille1
for the financial support for this collaboration.
6
[1]
[2]
[3]

[4]
[5]
[6]
[7]

[8]

[9]

[10]

[11]

[12]

References
S. Wernick, R. Pinner, P.G. Sheasby, A.S.M. International., The surface treatment and
finishing of aluminium and its alloys 1-2, Finishing Publ, Teddington, 1987.
C.A. Grubbs, Anodizing of aluminum, Met. Finish. 105 (2007) 397–412.
S. Canulescu, K. Rechendorff, C.N. Borca, N.C. Jones, K. Bordo, J. Schou, et al.,
Band gap structure modification of amorphous anodic Al oxide film by Ti-alloying,
Appl. Phys. Lett. 104 (2014) 121910. doi:10.1063/1.4866901.
G. Thompson, G. Wood, Porous anodic film formation on aluminium, Nature. 290
(1981).
E. Hecht, Optics, Addison Wesley, 2002.
R. Tilley, Colour and the Optical Properties of Materials. An exploration of relationship
between light, the optical properties of material and colour. Cardiff University, 1999.
C. Siva Kumar, S.M. Mayanna, K.N. Mahendra, A.K. Sharma, R. Uma Rani, Studies
on white anodizing on aluminum alloy for space applications, Appl. Surf. Sci. 151
(1999) 280–286. doi:http://dx.doi.org/10.1016/S0169-4332(99)00290-1.
C. Siva Kumar, A.K. Sharma, K.N. Mahendra, S.M. Mayanna, Studies on anodic oxide
coating with low absorptance and high emittance on aluminum alloy 2024, Sol. Energy
Mater. Sol. Cells. 60 (2000) 51–57. doi:http://dx.doi.org/10.1016/S09270248(99)00062-8.
A.L. Yerokhin, X. Nie, A. Leyland, A. Matthews, S.J. Dowey, Plasma electrolysis for
surface engineering, Surf. Coatings Technol. 122 (1999) 73–93. doi:10.1016/S02578972(99)00441-7.
J.M. Wheeler, J. a. Curran, S. Shrestha, Microstructure and multi-scale mechanical
behavior of hard anodized and plasma electrolytic oxidation (PEO) coatings on
aluminum alloy 5052, Surf. Coatings Technol. 207 (2012) 480–488.
doi:10.1016/j.surfcoat.2012.07.056.
U. Malayoglu, K.C. Tekin, U. Malayoglu, S. Shrestha, An investigation into the
mechanical and tribological properties of plasma electrolytic oxidation and hardanodized coatings on 6082 aluminum alloy, Mater. Sci. Eng. A. 528 (2011) 7451–
7460. doi:10.1016/j.msea.2011.06.032.
K. Muller, R. Silvennoinen, K.E. Peiponen, Specular Gloss, 2008.

[13]

[14]

[15]
[16]
[17]

[18]

[19]

[20]

[21]
[22]

[23]
[24]

[25]
[26]
[27]

[28]

[29]

[30]

R. Silvennoinen, K. Peiponen, K. Muller, eds., Light reflection from ideal surface, in:
Elsevier, Amsterdam, 2008: pp. 5–51. doi:http://dx.doi.org/10.1016/B978-0080453149.50006-2.
R. Silvennoinen, K. Peiponen, K. Muller, eds., Light reflection from a rough surface, in:
Elsevier, Amsterdam, 2008: pp. 53–77. doi:http://dx.doi.org/10.1016/B978-0080453149.50007-4.
U. Diebold, The surface science of titanium dioxide, Surf. Sci. Rep. 48 (2003) 53–229.
doi:10.1016/S0167-5729(02)00100-0.
J. Winkler, Titanium dioxide, Vincentz Verlag, Hannover, 2003.
B.S.B. Reddy, K. Das, S. Das, A review on the synthesis of in situ aluminum based
composites by thermal, mechanical and mechanical–thermal activation of chemical
reactions, J. Mater. Sci. 42 (2007) 9366–9378. doi:10.1007/s10853-007-1827-z.
P.C. Maity, S.C. Panigrahi, P.N. Chakraborty, Preparation of aluminium-alumina in-situ
particle composite by addition of titania to aluminium melt, Scr. Metall. Mater. 28
(1993) 549–552.
P.C. Maity, P.N. Chakraborty, S.C. Panigrahi, Processing and properties of Al-Al2O3
(TiO2) in situ particle composite, J. Mater. Process. Technol. 53 (1995) 857–870.
doi:http://dx.doi.org/10.1016/0924-0136(94)01757-R.
Feng, Froyen, formation of Al3Ti and Al2O3 from an Al-TiO2 system for preparing insitu aluminium matrix composites, Compos. Part A (Applied Sci. Manuf. 31A (2000)
385–390.
D. Ying, D. Zhang, M. Newby, Solid-state reactions during heating mechanically milled
Al/TiO2 composite powders, Metall. Mater. Trans. …. 35 (2004) 2115–2125.
C.F. Chen, P.W. Kao, L.W. Chang, N.J. Ho, Effect of Processing Parameters on
Microstructure and Mechanical Properties of an Al-Al11Ce3-Al2O3 In-Situ Composite
Produced by Friction Stir Processing, Metall. Mater. Trans. A. 41 (2010) 513–522.
doi:10.1007/s11661-009-0115-8.
R.S. Mishra, Z.Y. Ma, Friction stir welding and processing, Mater. Sci. Eng. R Reports.
50 (2005) 1–78. doi:10.1016/j.mser.2005.07.001.
H.S. Arora, H. Singh, B.K. Dhindaw, Composite fabrication using friction stir
processing—a review, Int. J. Adv. Manuf. Technol. 61 (2011) 1043–1055.
doi:10.1007/s00170-011-3758-8.
Z.Y. Ma, Friction Stir Processing Technology: A Review, Metall. Mater. Trans. A. 39
(2008) 642–658. doi:10.1007/s11661-007-9459-0.
R. Mishra, Z. Ma, I. Charit, Friction stir processing: a novel technique for fabrication of
surface composite, Mater. Sci. Eng. A. 341 (2003) 307–310.
I.S. Lee, P.W. Kao, N.J. Ho, Microstructure and mechanical properties of Al–Fe in situ
nanocomposite produced by friction stir processing, Intermetallics. 16 (2008) 1104–
1108. doi:10.1016/j.intermet.2008.06.017.
C.J. Hsu, C.Y. Chang, P.W. Kao, N.J. Ho, C.P. Chang, Al–Al3Ti nanocomposites
produced in situ by friction stir processing, Acta Mater. 54 (2006) 5241–5249.
doi:10.1016/j.actamat.2006.06.054.
G.F. Pastore, Transmission interference spectrometric determination of the thickness
and refractive index of barrier films formed anodically on aluminum, Thin Solid Films.
123 (1985) 9–17. doi:http://dx.doi.org/10.1016/0040-6090(85)90036-7.
I.H. Khan, J.S.L. Leach, N.J.M. Wilkins, The thickness and optical properties of films of
anodic aluminium oxide, Corros. Sci. 6 (1966) 483–497.
doi:http://dx.doi.org/10.1016/S0010-938X(66)80055-0.

[31]

[32]
[33]

[34]

[35]

[36]

[37]
[38]
[39]

[40]

R. Chang, W.F. Hall, On the correlation between optical properties and the
chemical/metallurgical constitution of multi-phase thin films, Thin Solid Films. 46
(1977) L5–L8. doi:http://dx.doi.org/10.1016/0040-6090(77)90068-2.
M. Saito, Y. Shiga, M. Miyagi, Unoxidized Aluminum Particles in Anodic Alumina
Films, J. Electrochem. Soc. 140 (1993) 1907–1911. doi:10.1149/1.2220737.
V.C. Gudla, S. Canulescu, R. Shabadi, K. Rechendorff, J. Schou, R. Ambat,
Anodization and Optical Appearance of Sputter Deposited Al-Zr Coatings, Light Met.
2014. (2014) 369–373. doi:10.1002/9781118888438.ch63.
J.C. Walmsley, C.J. Simensen, a. Bjørgum, F. Lapique, K. Redford, The Structure and
Impurities of Hard DC Anodic Layers on AA6060 Aluminium Alloy, J. Adhes. 84 (2008)
543–561. doi:10.1080/00218460802161590.
K. Shimizu, G.M. Brown, K. Kobayashi, P. Skeldon, G.E. Thompson, G.C. Wood,
Ultramicrotomy—a route towards the enhanced understanding of the corrosion and
filming behaviour of aluminium and its alloys, Corros. Sci. 40 (1998) 1049–1072.
doi:http://dx.doi.org/10.1016/S0010-938X(98)00006-7.
D. Regonini, V. Adamaki, C.R. Bowen, S.R. Pennock, J. Taylor, A.C.E. Dent, AC
electrical properties of TiO2 and Magnéli phases, TinO2n-1, Solid State Ionics. 229
(2012) 38–44. doi:http://dx.doi.org/10.1016/j.ssi.2012.10.003.
E.D. Palik, Chapter 2 - Refractive Index, Handbook of Optical Constanst of Solids,
(1997) 5–114. doi:http://dx.doi.org/10.1016/B978-012544415-6.50149-7.
G. Hass, J.B. Ramsey, R. Thun, Optical Properties and Structure of Cerium Dioxide
Films, J. Opt. Soc. Am. 48 (1958) 324–326. doi:10.1364/JOSA.48.000324.
J.D.B. Bradley, C.C. Evans, J.T. Choy, O. Reshef, P.B. Deotare, F. Parsy, et al.,
Submicrometer-wide amorphous and polycrystalline anatase TiO2 waveguides for
microphotonic devices, Opt. Express. 20 (2012) 23821–23831.
doi:10.1364/OE.20.023821.
E.T. Fitzgibbons, K.J. Sladek, W.H. Hartwig, TiO2 Film Properties as a Function of
Processing Temperature, J. Electrochem. Soc. 119 (1972) 735–739.

