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INTRODUCTION

Titanium oxidation has been widely investigated in the 
literature for its particular physical properties giving rise 
to a large range of industrial applications. Titanium diox-

ide (TiO2) may not only exhibit, for example, interesting 
photocatalytic properties1,2 useful for antifogging or sur-

face self-cleaning application3,4 but also an interferential 
coloration5 well appreciated by architects or designers. 
Titanium oxidation can be performed in many ways, for

example, by anodizing,6 laser irradiation,7 or heating.8

Coloration of titanium may be obtained from all these

techniques, and the set of achievable colors is sufficiently

wide to consider these techniques suitable for jewel

creation.9,10

In this study, we focus on coloration of commercial

titanium plates by anodic oxidation. The thickness of the

oxide layer formed at the surface of the metal is in the

same range as visible wavelengths. The colors are gener-

ated by a multiwave interference phenomenon occurring

between light reflected by the air/oxide interface and light

transmitted by this interface and performing one or multi-

ple reflections inside the oxide layer before being again

transmitted by the interface. The interference is destruc-

tive for some wavelengths in the visible range, leading to

the coloration of the material. The destructive interference

condition depends on the optical path difference between

light rays, which varies with the oxide layer thickness,

the oxide refractive index, as well as with the incident

light direction. For a perfectly flat surface, the observed

color is thus expected to vary with the illumination direc-

tion. Colors of anodized titanium plates have been already

characterized11,12 and efficiently predicted by a two-wave

interference model considering smooth parallel interfa-

ces.11 However, although they are commonly observed,

variations of these colors with the directions of illumina-

tion or observation have not been studied quantitatively.

Furthermore, a two-wave model, such as proposed by

Diamanti et al.,11 can neither render nor predict color var-

iations with the observation or illumination angle. A more

complete modeling of interference effects in a nonplanar

oxide layer would indeed be useful to rationalize why
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some colors of anodized titanium are more prone than

others to goniochromaticity, as well as to predict the deg-

radation of color rendering with a physicochemical degra-

dation of the oxide scale itself. This kind of complete

electromagnetic modeling is beyond the scope of this

study, but should undoubtedly rely on accurate measure-

ments of the gonioapparent character of these colors. The

aim of this study is to propose an experimental procedure

to assess and quantify the goniochromatic character of

anodized titanium surfaces with varying surface rough-

ness. It relies on a goniospectrophotometer specifically

designed to investigate gonioapparent and specular

surfaces.13

In this work, we performed angular-dependent color

characterizations of anodized titanium samples, with three

different surface finishes from “as received” (denoted

“rough” in the following) to mirror polished. In the fol-

lowing sections, we will first describe the anodizing pro-

cess and the different surface properties. The color

variations measurement method will then be presented

and the results will be discussed.

SAMPLE REALIZATION AND SURFACE

CHARACTERIZATION

The anodized samples were 3 cm 3 4 cm coupons

sampled in commercial-grade pure titanium plates

(ASTM grade 1 or 2). Two types of grade 2 plates were

used: the first one is 1.3 mm thick and had initially a

rather rough surface before preparation; the second one

was smoother, with a thickness of 2 mm. The grade 1

plate was 2 mm thick, with a relatively smooth surface

topology.

Different surface preparations have been carried out on

the samples as presented in Table I, where the denomina-

tion of the various samples is also mentioned. The aver-

age roughness Ra and the root mean square surface slope

Sdq indicated in Table I were measured with an optical

profiler Wyko NT9100, ex Veeco, Bruker NanoscopeTM.

These parameters are defined by the following equations:
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where S is the scanned surface and Zðx; yÞ the difference

between the elevation of the surface and its average

elevation.

The mirror polishing is obtained by applying succes-

sively a silicon carbide grinding paper P240, 9 mm to 1

mm diamond paste suspensions, and 0.25 mm colloidal

silica suspension for final polishing.

After degreasing with acetone, the samples are ano-

dized in 0.5 M sulfuric acid, with a galvanostatic regime

current of 6 A. The applied potential is equal to 10, 20,

or 90 V to generate different oxide layer thicknesses5 and

thus different colors. The current–voltage generator used

for anodizing is a MicroLab MX 200V-12A.

The mirror-polished samples were also characterized in

a Scanning Electron Microscope Zeiss Supra 55. Figure 1

displays a SEM image of the surface of the 90 V sample

of series 4 (see Table I). The oxide layer is fairly homo-

geneous, with no clearly apparent porous structure. Some

submicrometer craters are present on the surface due to

the anodizing process at 90 V; however, the dimension of

the craters is of the same order of Ra (the craters are not

present for an anodizing potential of 20 V).

Figure 2 presents digital colored pictures of the anodized

samples with an observation angle either equal to or different

from the incidence angle of light, which corresponds to the

“specular” and “out of specular” geometries, respectively.

At first sight, we observe that the color of the samples,

for the same anodizing potential, may vary according to

the surface finishing. This phenomenon is especially

noticeable for the samples anodized at 90 V, which

appear either pink in series 2 in the specular direction or

green in series 4 in the same observation conditions. One

may also notice that the color of the 90 V sample in

TABLE I. Characteristics, surface preparation, and denomination of the samples.

Denomination Material Sample thickness (mm) Initial surface finishing Surface preparation Ra (mm) Sdq (�)

Series 1 Grade 1 2 Smooth Mirror polishing 0.15 7.5
Series 2 Grade 2 1.3 Rough No preparation 1.9 17.5
Series 3 Grade 2 2 Smooth No preparation 0.33 15.4
Series 4 Grade 2 2 Smooth Mirror polishing 0.15 7.5

The mean roughness parameter Ra and the root mean square surface slope Sdq were measured with an optical profiler Wyko
NT9100, ex Veeco, Bruker NanoscopeTM.

Fig. 1. SEM image of the surface of the 90 V sample of
series 4.



series 1 appears pink in the specular direction, indicating

that the anodizing process yields different oxide layer

properties on grade 1 or grade 2 metallic plates.

All the samples do not have the same level of gonioap-

pearance, that is, the same variation of color rendering

according to the viewing angle. It is more pronounced for

the 90 V samples in series 4, whereas the roughest sam-

ples (series 2) are almost not gonioapparent.

REFLECTANCE MEASUREMENT PROCESS AND

COLOR COMPUTATION

To characterize more accurately the color variations illus-

trated in Fig. 2, we performed goniospectrophotometric

measurements. These measurements have been conducted

with the goniospectrophotometer OptiMines developed at

Ecole des Mines de Saint-Etienne, which was specifically

designed to investigate specular and gonioapparent sam-

ples.13 The device is composed of three main subsystems:

� a rotating illumination arm containing a 50-W fibered

halogen lamp, which illuminates the sample after been

collimated by an optical system,

� a rotating and movable sample holder, and

� a rotating detection arm containing a second optical sys-

tem which focuses the light beam reflected by the sample

onto a fibered Maya2000 Pro spectrometer, with a spec-

tral sampling interval of 0.5 nm and a spectral bandwidth

of 3 nm.

it may rotate on itself or tilt around the motion plane of

the illumination and detection arms. The sample holder

may also be moved back to allow the direct spectrometric

measurement of the source.

The key features of this device are its high-angular posi-

tioning accuracy (less than 0.02�) and its low incident light

half-divergence and detector’s angular half-acceptance

(both are equal to 0.1�), which make it very sensitive to

rapid angular variations of the spectral reflectance.

The goniospectrophotometer enables measurements of

the bidirectional reflectance distribution function (BRDF)

of the samples. This function is defined14 by the ratio of

the spectral radiance Lrðhr;/r; kÞ reflected from a surface

in a given viewing direction ðhr;/rÞ to the spectral irradi-

ance Eiðhi;/i; kÞ on the surface arising from an illuminant

source in the incident direction ðhi;/iÞ:

BRDF hi;/i; hr;/r; kð Þ5 Lr hr;/r; kð Þ
Ei hi;/i; kð Þ ; (2)

where k denotes the wavelength.

The BRDF measurements are performed in two steps:

the first one consists of a direct measurement of the light

flux Fsource of the source, and the second one consists of

a measurement of the light flux Fsample reflected by the

observed sample. The experimental expression of the

BRDF is then given by the following equation13:

BRDF hi;/i; hr;/r; kð Þ5 Fsample k; hr;/rð Þ
Fsource kð ÞXs cos hið Þ

; (3)

where Xs is the illumination solid angle.

To underline the high-angular positioning accuracy of

our goniospectrophotometer, we present a repeatability

Fig. 2. Digital color pictures of the anodized samples of the series 2 and 3 (a) and of the series 1 and 4 (b). The inci-
dence angle of the illuminant source is 45�, and the observation angle is either 45� (specular direction) or 70� (out of the
specular direction).

The illumination and detection arms have only one 
rotational degree of freedom and move in the same plane. 
The sample holder has two rotational degrees of freedom:



characterization of the detection arm positioning in Fig.

3. A repeatability characterization of the source arm posi-

tioning will give similar results. This characterization

consists of five acquisitions of the BRDF of an aluminum

mirror, 60.25� around the specular direction by 0.01�

steps in the incidence plane and for an incidence angle of

45�. The represented BRDF data correspond to an aver-

age over 4 nm around a central wavelength of 700 nm.

To quantify the precision of the angular positioning of

the detection arm from this data, we calculate the average

of the five BRDF measurements (represented as a black

dashed curve in Fig. 3) and the corresponding standard

deviation. The maximal value of the standard deviation

over the angular range [44.75�; 45.25�] is denoted as

rmax. We then calculate the maximal slope dmax of the

average BRDF. The angular positioning precision dhr
is

then deduced in the following way:

dhr
5

rmax

dmax
: (4)

From the data presented in Fig. 3, we obtain dhr
50:01�:

The BRDFs of the anodized titanium samples were

measured around the specular direction, in the incidence

plane and in the visible spectral domain. Figure 4 dis-

plays the spectral BRDFs of the three samples of series 4,

in the specular direction for an incidence angle of 45�, as

a function of wavelength. The displayed spectra are typi-

cal of an interferential phenomenon, where the local min-

ima of the spectra correspond to destructive interferences

and the local maxima to constructive ones.

From the spectral BRDF measurements, the (x, y) chro-

maticity coordinates as well as the luminance Y of the

samples colors are computed, as defined in 1931 by the

International Commission on Illumination (CIE),15 con-

sidering a D65 illuminant. The conversion formulas from

spectral BRDF to chromaticity coordinates are well

known and can be found for example in Ref. [16]. The

chromaticity values (x, y) are then represented in the CIE

1931 chromaticity diagram (e.g., see Fig. 6).

DESCRIPTION OF THE COLOR VARIATIONS

CHARACTERIZATION METHOD

Many parameters may influence the spatial color varia-

tions of the samples. We have investigated this influence

through many directions, and some examples illustrating

its characteristic features are given in the “Results and

Discussion” section. Two types of color evolutions are

explored: the first one is the color evolution around the

specular direction, and the second one is the evolution of

the color in the specular direction for various incidence

angles.

We first study the influence of the surface finishing on

the color evolution around the specular direction. This is

Fig. 4. BRDFs of the three samples of series 4 in the
specular direction for an incidence angle of 45�.

Fig. 3. Characterization of the detection arm angular
positioning precision by means of a repeatability measure-
ment with five acquisitions (colored curves) of the BRDF of
an aluminum mirror around the specular direction in the
incidence plane and for an incidence angle of 45�. The
acquisition step is 0.01�. The represented BRDF data cor-
respond to an average over 4 nm around a central wave-
length of 700 nm. The black dashed curve represents the
average of the five BRDF measurements.

Fig. 5. Evolution around the specular direction of the luminance Y of the color of (a) the samples anodized at 10 V of
series 2 and 3 and (b) the samples anodized at 90 V of series 2 and 4. The incidence angle is equal to 45�. Note that the
Y scale is logarithmic.



illustrated here below, for an incidence angle of 45�, by

two comparisons:

� the first one between the samples anodized at 10 V of

series 2 and 3, and

� the second one between the samples anodized at 90 V of

series 2 and 4.

� �

� �

RESULTS AND DISCUSSION

The color variations of the samples are first investigated

around the specular direction, for an incidence angle of

45�, regarding the influence of the surface roughness, for

two different anodizing potentials, 10 and 90 V.

Figure 5(a) shows the variations of the luminance Y of

samples anodized at 10 V from series 2 (very rough sur-

face) and 3 (smooth surface) versus the detection angle.

The luminance values of the rough sample are about 100

and exhibit weak variations with the detection angle,

whereas the luminance values of the smooth sample are

much higher than 100 near to the specular direction. Note

that a luminance value greater than 100 means that, in

the considered geometrical configuration, the sample

reflects more light than a perfect white diffuser. This fact

is a key problem for the definition of a color from BRDF

measurements, especially if we characterize at the same

time rough and specular samples, and illustrates the rea-

son why we decided to represent the sample colors in the

CIE chromaticity diagram, instead of other color spaces,

for example CIE L*a*b*. The latter needs indeed to

define a reference white point. The definition of a proper

white point adapted for both specular and rough samples

is under investigation.

Figure 5(b) shows the luminance variations of samples

anodized at 90 V from series 2 (very rough surface) and

4 (mirror-polished surface) versus the detection angle.

Fig. 6. (a) Evolution around the specular direction in the CIE chromaticity diagram of the colors of the samples anodized
at 10 V of series 2 and 3 and the samples anodized at 90 V of series 2 and 4. The incidence angle is equal to 45�. The
central surrounded black dot represents the D65 illuminant. Subfigures (b) and (c) corresponds to a zoom of the color evo-
lution of (b) the samples anodized at 10 V and (c) the samples anodized at 90 V. The values indicated next to the data
points on the graphs are the angular positions (in degrees) of the detection arm. For the sake of clarity of the graphs, not
all detection arm positions are indicated. The blue triangle on the subfigures (a) and (c) corresponds to the (x, y) chroma-
ticity coordinates of the 90 V sample of series 2 deduced from a colorimetrically calibrated digital picture of the sample in
the specular direction and for an incidence angle of 45�. The black points on subfigures (b) and (c) indicate the specular
direction.

We may observe that the rougher the surface, the 
weaker are the color variations in the chromaticity dia-

gram. We thus focus in the following on the mirror-

polished samples.

We then study the influence of the incidence angle on 
the color variations around the specular direction. This is 
illustrated on the sample anodized at 90 V of series 1 for 
four different incidence angles: 30�, 45 , 60 , and 70�. 
We observe that the more grazing the incidence angle, 
the weaker are the color variations. This study also shows 
the evolution of the color in the specular direction for the 
previously cited angles.

The rest of the study concerns only on the variations 
of the color in the specular direction for different inci-

dence angles. These variations are explored through two 
parameters: the anodizing potential and the titanium 
composition (grade 1 or 2). This study is illustrated by 
measuring the sample color at three different incidence 
angles (45�, 60 , and 70 ) at three different anodizing 
potentials (10, 20, and 90 V) for the series 1 (grade 1) 
and 4 (grade 2).



The same observations as for Fig. 5(a) can be made. It is

worth noting that the highest luminance variations occur

for the mirror-polished sample.

Figure 6 shows the color variations of the previous

mentioned samples, in the CIE-chromaticity diagram,

around the specular direction. We observe that for smooth

or mirror-polished surfaces, the saturation of the color,

evaluated here as the distance of the color to the D65

point, exhibit higher variations around the specular direc-

tion than for “rough” samples. The highest saturation var-

iations occur for the most specular samples (10 V of

series 3 and 90 V of series 4). Moreover, for these sam-

ples, the most saturated color corresponds to the specular

direction, which is consistent with the interferential origin

of the colors. In contrast, noninterferential-coated surfaces

such as metallic plates with thick varnish coating would

display, in the specular direction, a less saturated color

due to the white light component reflected by the surface

of the varnish.

Finally, the fact that the colors of the 10 V samples

vary in the chromaticity diagram along almost straight

lines passing through the D65 point means that the hue is

almost invariant according to the observation angle for all

surface roughness conditions. This is however not the

case for the 90 V sample of series 4, which is consistent

with the qualitative observation of the high gonioapparent

character of this sample presented in Fig. 2.

To check our goniometric color measurements, we

compared, for the samples of series 2, the (x, y) chroma-

ticity values deduced from the goniometric measurements

to those deduced from a colorimetrically calibrated pic-

ture. The picture is taken under a fluorescent lamp with a

digital camera in the specular direction with an incidence

angle of 45�. It is calibrated by introducing a 24-patches

matte X-Rite ColorCheckerVR in the field of the camera.

The calibration algorithm is a standard second-order poly-

nomial regression,17 which converts device-dependent

RGB values to corrected XYZ components.

The (x, y) chromaticity values are then computed for

each pixel, and one (x, y) chromaticity value is deduced

from the image of each sample by averaging on an area

of about 2 cm 3 2 cm. These components are repre-

sented, for the 90 V sample, by a blue triangle in Fig. 6.

We may consider that the sample color caught from the

digital picture is in good agreement with the colors

deduced from goniometric measurements given the fol-

lowing limiting factors. The illumination and detection

solid angles are different for the goniometer and in the

picture acquisition configuration, and the accuracy of the

angular positioning of the camera is limited.

We will then characterize the evolution of the color

around the specular direction for various incidence angles.

Figure 7 presents this characterization for the series 1

sample anodized at 90 V at incidence angles equal to

30�, 45�, 60�, and 70�. For all values, we observe that the

color with the highest saturation is in or very close to the

specular direction. The specular color evolves from bluish

to pinkish when the incidence angle increases and its sat-

uration decreases. The hue modification reflects the

gonioapparent character of the sample. The decrease of

the saturation may be explained by the increase of the

Fresnel reflection coefficient of the air/TiO2 interface,

which leads to a higher difference of amplitude between

interfering light waves. The contrast of the interference

fringes thus decreases, giving a spectral BRDF with less

pronounced minima and maxima.

As the color saturation decreases in the specular direc-

tion with the incidence angle, we also observe that the

saturation variations around the specular direction become

weaker with an increase of the incidence angle.

Fig. 7. Variation of the color of the 90 V sample of series 1 around the specular direction for various incidence angles:
30�, 45�, 60�, and 70�. The blackened points correspond to the specular direction. The subfigure (b) is a zoom of the
black surrounded area of subfigure (a). The values indicated next to the data points on the subfigure (b) are the angular
positions (in degrees) of the detection arm. For the sake of clarity of the graph, not all detection arm positions are
indicated.



To quantify the gonioapparent character of the mirror-

polished samples, the color in the specular direction for

incidence angles of 45�, 60�, and 70� was measured (see

Fig. 8). One can notice that for all samples, the previ-

ously mentioned decrease of the saturation of the sample

color with an increase of the incidence angle is observed.

The gonioapparent character of a sample is quantified

by computing the hue difference between the color in the

specular direction at 45� and 70�. This hue difference,

denoted as DH, is expressed in degrees and is computed

as follows:

DH5
acos c45

�! � c70
�!� �

k c45
�!kk c70

�!k ; (5)
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, xa and ya being the (x, y) chroma-

ticity values of the sample color in the specular direction

for an incidence angle equal to a, and xD65 and yD65 the

chromaticity values of the D65 white point. This DH
value cannot be accurately linked to human color percep-

tion as it is not computed in a perceptually uniform

space. It is computed here to give a quantitative compari-

son of the color evolution in the CIE chromaticity dia-

gram between the different samples.

Table II gives the computed DH values for the mirror-

polished samples characterized in this study. We can

observe that the gonioapparent character of the samples

increases with the anodizing potential. This evolution is

in accordance with eye observations of the samples.

The measurements presented in Fig. 8 also represent a

study of the color and gonioappearance difference between

grade 1 and grade 2 titanium samples with same surface

finishing. We observe that for a low anodizing potential

(10 V), grade 1 and grade 2 samples exhibit very close

colors, whereas the color difference between two grades is
much higher at 90 V. To our knowledge, such a study has
not been reported yet and offers the perspective to a fur-
ther better comprehension of the difference in the anodiz-
ing mechanisms between these two titanium grades.

The range of colored effects that can be obtained

through titanium anodizing is broad and depends on the

nature of the base material, surface condition, and anodiz-

ing parameters. A systematic study of the gonioapparent

character of these surfaces remains to be carried out.

CONCLUSIONS

Besides its excellent mechanical and physicochemical

properties, the visual appearance of titanium can be tai-

lored through anodizing. A wide gamut of structural col-

ors can be obtained through well-defined surface

preparation and anodizing conditions. The samples exhibit

a gonioapparent character, depending on the surface struc-

turation as well as on the anodizing potential. This

gonioapparent character of anodized titanium however

remains to be quantified.

We performed goniometric color characterizations of

anodized titanium samples using a goniospectrophotometer

Fig. 8. Evolution of the color in the specular direction for the mirror-polished samples at incidence angles of 45�, 60�,
and 70�. The subfigure (b) is a zoom of the black surrounded area of subfigure (a). The values indicated next to the data
points on the subfigure (b) are the incidence angles. Note that the data presented in this figure for the 90 V sample of
series 1 are the same as the blackened points of Fig. 6 for 45�, 60�, and 70�.

TABLE II. Values of the hue difference DH for the
mirror-polished samples.

Anodizing potential

Series number 10 V 20 V 90 V

1 6� 51� 69�

4 5� 29� 69�



specifically designed for gonioapparent surfaces. They

were cross-checked at observation angles corresponding to

color saturation maxima by comparison with color meas-

urements extracted from colorimetrically calibrated digital

pictures obtained with comparable illumination and obser-

vation angles. This work opens the way toward mastering

the angular color variations of anodized titanium. In gen-

eral, gonioapparent color effects are difficult to character-

ize and quantify on a human-based perception scale, in

part because of a lack of reference calibration maps, as it

is the case for matte surfaces. Because of the wide range

of goniochromatic effects which can be obtained and the

high physicochemical stability of these surfaces, anodized

titanium has the potential to serve as a base for develop-

ing such reference calibration maps for gonioapparent

surfaces. Experimental BRDFs acquired on anodized tita-

nium spheres were indeed used for the virtual prototyping

of objects coated with pearlescent paint.18 Thus, this arti-

cle describes an experimental method to measure, quan-

tify, and calibrate these effects.
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