
Research Article
Laser-Induced Color Marking of Titanium: A Modeling Study of
the Interference Effect and the Impact of Protective Coating

K. M. Awcka, M. R. Wójcik, and A. J. AntoNczak

Faculty of Electronics, Wroclaw University of Science and Technology, Wyb. Wyspianskiego 27, 50-370 Wroclaw, Poland

Correspondence should be addressed to M. R. Wójcik; michal.wojcik@pwr.edu.pl
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Laser-induced color marking of metals, due to numerous advantages, including inter alia the high quality, resolution, durability,
and noncontactmethodology of surfacemarking, seems to be attractive for use in various applications. In thismethod, the resulting
color is mainly evident from the interference effect. Therefore, one of the still unsolved problems on titanium is the color change
after imposition of an additional layer (fingerprints, grease, etc.). In this paper, a computer simulation based on the theoretical
thin layers model was presented. The results of the modeling study revealed that theoretically a thin protective coating of a known
refractive index can be applied while still maintaining the target color. In this case, as a protective layer, an amphiphobic coating has
been taken into consideration with its ability to resist surface contamination. The study was performed for titanium (grade 2). The
model utilizes the real data derived from the spectrophotometer, as well as from the ellipsometry measurements of laser-induced
samples.

1. Introduction

Laser-induced color marking of metals has been well known
for 30 years [1] but to this day it has not been used widely
in industry. High quality, difficulty to forge, wear resistance,
and noncontact marking (no pressure, no deformation, and
no pollution on the surface) are the main advantages of this
method. The procedure utilizes a laser, which acts as a heat
source allowing forming on a metal surface a thin trans-
parent or semitransparent oxide film. If a beam of parallel
monochromatic light falls, at an angle, onto a transparent
or partly transparent layer, this beam is repeatedly reflected
from the surfaces limited by the oxide layer (from the surface
of both oxide and metal). By increasing the thickness of
oxide on the surface and as a consequence by changing the
interference effect (each wavelength has a different degree of
attenuation or amplification), a color effect can be observed
and controlled [2–5].

It is well known that titanium, because of its strong affinity
with oxygen, when exposed to the atmosphere, becomes
covered by a passive film with a thickness of a few nano-
meters. Numerous studies concerning various aspects of the
laser-induced color marking of titanium as well as stainless

steel have recently been published. In these papers, detailed
characterizations of optical properties [3–9], changes in
physicochemical properties [3, 5, 6, 8–11], oxide thicknesses
[3–6, 8] and corrosion resistance [12–15] were conducted. It
has also been found that a number of different process para-
meters such as laser power, scanning speed of the material,
the size of the marked area, the temperature, and position of
the sample exert a significant impact on the reproducibility
of the resulting color [4]. In addition, the perception of the
color depends on the angle of observation [5, 16, 17]. A
single publication concerns the mathematical modeling of
thin oxide layers on iron. However, the model focuses only
on the problem of color prediction [18].

Numerous research has indicated a wide variety of appli-
cations for the color-marked parts, such as the automotive
industry, electronics, decorative purposes, jewelry industry,
aerospace, and medicine [2, 4, 8, 19–22]. However, one of
the still unsolved problems on laser-marked titanium sub-
strates is the preservation of the color effect due to the
external imposition of an additional layer in the form of,
for example, water, grease, oily substances, fingerprints, or
skin oil residue. Even though much work has recently been
published concerning various aspects of color marking, only
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one has proposed amethod for protecting thin oxide layers on
anodized titanium [23]. In that paper, the authors showed that
with the use of commercially available amorphous perfluo-
ropolymer (fluoropolymer PFPE-S10, FLUOROLINK� S10) it
is possible to protect one (purple) color. The experiments on
other colors have not been mentioned. In order to increase
the attractiveness and utility of laser color marking, there is
a need to investigate the effect of imposing an additional,
protective layer in order to preserve the color.

Fingerprint composition has been widely studied from
a medical, dermatological, and forensic science point of
view [24, 25]. Since fingerprints are mainly composed of
water and skin oil (sebum), antifingerprint properties were
achieved by developing amphiphobic surfaces that repel
water (hydrophobic) and oils (oleophobic) [23, 24, 26, 27].
Hydrophobic surfaces are quite commonly found in nature,
especially in plants and insects, for example, plant leaves
(lotus, rice, and lady’s mantle leaf) [28–30], water strider legs
[31], bird features [32], and butterflywings [33, 34].Moreover,
biological surfaces (e.g., hierarchical, overhang, and reentrant
structures) are characterized by low surface energy. The
understanding of the mechanism of extraordinary water-
proof and self-cleaning natural superhydrophobic surfaces
has become the interest of many researchers. However,
despite many advantages of transparent superhydrophobic
coatings, they are not resistant to contamination in the form
of an oil/grease layer (low surface tension) due to Mie light
scattering, which leads to a decrease of optical transmittance
in the visible range [35]. Due to the properties of oleophobic
coatings, for example, an almost perfectly smooth surface
(which makes the contact angle very big), refractive index
between 1.43 and 1.47 [36], and a relatively low price, they
seem to be perfect protective layers. Dust, grease, or other
sources of contamination do not adhere to them. Further-
more, flexible oleophobic films are more scratch resistant
than traditional glass. They are also very hydrophobic [37].

There exist, however, structures that contain both of
the above-mentioned properties. Such structures are called
amphiphobic. In order to create them not only topography
(roughness), but also low surface energy, due to reducing
intermolecular attractive forces and reducing adhesion of
fingerprint materials on the surface, is required [24]. Never-
theless, due to the fact that the surface topography promotes
light scattering, transparency decreases with the increase in
roughness [38]. Good transparency requires surface rough-
ness lower than 100 nm [39]. It is possible to fabricate a trans-
parent, highly oleophobic, and superhydrophobic coating;
however it is much more challenging [40, 41]. Amphiphobic
coatings are commonly used in many applications, including
inter alia TV screens, tablets, solar panels, microfluidics,
textiles, automobile, and eye lenses [41, 42].

Due to the above-mentioned facts, in this article, as
the color protecting coating, amphiphobic (i.e., oleo- and
hydrophobic) layers were chosen for simulation (a refractive
index of 1.47 has been chosen for simulations [36]). To the
best of our knowledge, this is the first paper that focuses on
antifingerprint application in order to protect the color effect,
resulting from the interference phenomena of semitranspar-
ent oxide layers manufactured by laser radiation. The aim of

this paper is to shed light on the possibility of solving the
problem of protecting thin oxide layers, which may exert a
significant impact on various applications.

2. Materials and Methods

2.1. Substrates. The research was conducted on plates made
of a commonly used type of titanium (grade 2, chemical
composition: Ti = 99.2%, Fe = 0.3%max, O = 0.25%max, C =0.08%max, N = 0.03%max, andH= 0.02%max) with dimensions
of 20 × 20 mm and thicknesses of 1 mm. Samples were
irradiated over a 15 × 15 mm surface (Figure 1(a)). The plates
were precoated with an antiscratch, polymer foil, which was
removed before the experiment (the plates had also been
washed in an ultrasonic cleaner filled with isopropyl alcohol).
The samples were marked in the atmospheric air.

2.2. LaserMarking Setup. Experiments were conducted using
a Ytterbium Yb3+: glass fiber laser (𝜆 = 1062 nm) with an
average output power of 20W, beam quality factorM2 ≤ 1.2,
constant pulse duration of about 230 ns, and pulse repetition
rate PRR within the range of 20–80 kHz (IPG, YLP series).
The laser system (Trotec, ProMarker) was equipped with a
galvanometer-based optical scanner allowing the beam to
be deflected within an area of the irradiated substrate. The
laser beam was focused on the target through a 160mm focal
length𝐹-Theta lens.The beam diameter 2𝜔0 at the focal point
was approximately 40 𝜇m. In order to stabilize the initial
temperature of the substrate at 20 ± 0.1∘C, a thermoelectric
cooler and a temperature controller were used. A block
diagram of the system is shown in Figure 1(a) [6].

2.3. Laser Treatment. In order to conduct the research on
real data, laser color-marked samples were prepared. By
changing the laser energy density, various surface colors can
be achieved. For the purpose of our experiment, six values
of accumulated fluence 𝐹𝐴 were chosen between 171 and
370 J/cm2 (Figure 2).

The accumulated laser fluence (in the central point of one
line of the process) was defined as follows [4]:

𝐹𝐴 = 2√2𝑃𝜋𝜔0𝑉, (1)

where𝑃 is the average laser power,𝜔0 is the radius of the laser
beam at the focal point, and V is the scanning speed of the
sample.

The samples were irradiated with a hatching distance of
10 𝜇m. For all the investigated cases, the same pulse repetition
rate was used with PRR = 80 kHz as well as a constant value of
optical power 𝑃 = 6.9W. A summary of process parameters
for individual samples is given in Table 1.

2.4. Colorimetric Analysis. For themeasurement of reflection
and colorimetric analysis, an optical fiber spectrometer was
used, AvaSpec StartLine (Avantes). The measurement system
consists of a power supply, integrating sphere with the inside-
build light source (halogen lamp) and a spectrophotometer.
A block diagram of the system is shown in Figure 1(b). As
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Figure 1: Block diagram of the system used for (a) sample preparation (𝐿: laser; 𝐹: F-Theta lens; DS: distance sensor; 𝑇: temperature sensor;
TEC: thermoelectric cooler; 𝑆: tested sample;𝑋, 𝑌, 𝑍: axes of the system) [6] and (b) color measurements.

(a) (b)

Figure 2: Photos of the six samples (thin oxide films creating color effects) manufactured using laser-induced heating in an air environment:
(a) Canon EOS 50D camera and (b) Keyence VHX-5000 digital microscope.

reference material for reflectance and color measurements, a
mirror plate (Avantes)was used. In thiswork, all themeasure-
ments were performed using AvaSoft software with the light
source D55 (5504K color temperature), standard observer
(associated with the characteristics of the human eye), and
color according to the CIE 𝐿∗𝑎∗𝑏∗ model [43]. Statistical
research has shown that the color difference Δ𝐸∗Lab < 7
is acceptable in decorative applications and printing [44] so
this error has been selected as a boundary value for further
considerations.

2.5. Theoretical Model. In order to determine the reflectance𝑅 as a function of wavelength 𝜆 and viewing angle 𝜃 and
generate the resulting color, radiation analysis based on
geometrical optics was necessary. To convert the information
from the spectral form (e.g., transmission spectrum T and

reflectance R in wavelength function 𝜆) to any color space,
at the beginning the data have to be converted to XYZ space
and then transformed into 𝐿∗𝑎∗𝑏∗. The procedures with all
the equations are well described in [45–47].

A three-layer (air, titanium oxide, and titanium)model of
interference effects occurring in a thin layer of titanium oxide
is shown in Figure 3 [47].

In order to create a theoretical model of interference
effect, the energetic reflection coefficient has to be deter-
mined. For this purpose, the following should be considered:
phase delay (the real part), wave attenuation (the imaginary
component) after passing through a layer having a thickness𝑑, polarization, reflection and transmission coefficient for the
wave propagating in the direction of incidence 𝑟𝑢, 𝑡𝑢 (where𝑢 is the index of layer), and reflection and transmission
coefficient for the wave propagating in the direction opposite
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Table 1: Set of process parameters selected for the experiment and measured 𝐿∗𝑎∗𝑏∗ values.
Color FA V P PRR H 𝐿∗ 𝑎∗ 𝑏∗

(J/cm2) (mm/s) (W) (kHz) (𝜇m)
Yellow 171 182

6.9 80 10

59.22 9.52 34.48
Orange 217 143 44.56 21.72 24.33
Red 241 129 36.94 27.51 1.48
Purple 272 114 31.64 24.16 −24.12
Blue 330 94 39.98 −2.40 −27.33
Light blue 370 84 47.83 −7.62 −10.05
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Figure 3: Reflection 𝑟𝑢 and transmission 𝑡𝑢 of light after passing through the thin layer of titanium oxide 𝑛1 on a substrate 𝑛2 [47].

to the direction of incidence 𝑟𝑢, 𝑡𝑢. The resultant amplitude
of the reflected beams is the sum of the individual reflections
[47, 48]:

𝑟 = 𝑟1 + 𝑡1𝑟2𝑡1𝑒−2𝑖𝛾 − 𝑡1𝑟22𝑟1𝑡1𝑒−4𝑖𝛾 + ⋅ ⋅ ⋅ , (2)

where 𝛾 = (2𝜋/𝜆)𝑛1𝑑 cos 𝜃1 determines both the phase delay
(real part) and wave attenuation (imaginary component)
relative to the incident beam after a single pass through a
layer having a thickness d (𝑟𝑢, 𝑡𝑢: reflection and transmission
coefficient for the wave propagating in the direction of inci-
dence and 𝑟𝑢, 𝑡𝑢: reflection and transmission coefficient for
the wave propagating in the opposite direction of incidence).
Considering that 𝑡1𝑡1 = 1 − 𝑟21, converging geometric
progression defined by (3) can be written as follows [47, 48]:

𝑟 = 𝑟1 + 𝑟2𝑒−2𝑖𝛾1 + 𝑟1𝑟2𝑒−2𝑖𝛾 . (3)

The intensity of reflected beam Rwith respect to the intensity
of the incident beam is determined by an energy reflection
coefficient [48]:

𝑅 = |𝑟|2 = 𝑟𝑟∗ = 𝑟1𝑟∗1 + 𝑟2𝑟∗2 + 𝑟1𝑟∗2 𝑒2𝑖𝛾∗ + 𝑟∗1 𝑟2𝑒−2𝑖𝛾1 + 𝑟1𝑟2𝑟∗1 𝑟∗2 + 𝑟∗1 𝑟∗2 𝑒2𝑖𝛾∗ + 𝑟1𝑟2𝑒−2𝑖𝛾 . (4)

Moreover, the value of energy reflection coefficient affects the
polarization of the incident wave. For parallel polarization
TM, the light reflectance factor is determined by

𝑟‖ = 𝑛0 cos 𝜃1 − 𝑛1 cos 𝜃0𝑛0 cos 𝜃1 + 𝑛1 cos 𝜃0 . (5)

For perpendicular polarizationTE, the light reflectance factor
is determined by

𝑟⊥ = 𝑛0 cos 𝜃0 − 𝑛1 cos 𝜃1𝑛0 cos 𝜃0 + 𝑛1 cos 𝜃1 . (6)

The resultant value of the reflectance R is defined as the
arithmetic mean for both waves TE and TM:

𝑅 = 𝑅‖ + 𝑅⊥2 , where 𝑅‖ = 𝑟‖2 , 𝑅⊥ = 𝑟⊥2 . (7)

For a four-layer model, the formula for the resultant ampli-
tude of the reflected beams takes the form:

𝑟 = 𝑟 + 𝑟2𝑒−2𝑖𝛾1 + 𝑟3𝑒−2𝑖(𝛾1+𝛾2) + 𝑟1𝑟2𝑟3𝑒−2𝑖𝛾21 + 𝑟1𝑟2𝑒−2𝑖𝛾1 + 𝑟1𝑟3𝑒−2𝑖(𝛾1+𝛾2) + 𝑟2𝑟3𝑒−2𝑖𝛾2 , (8)

where

𝑟1 = 𝑛0 cos 𝜃1 − 𝑛1 cos 𝜃0𝑛0 cos 𝜃1 + 𝑛1 cos 𝜃0 ,
𝑟2 = 𝑛1 cos 𝜃2 − 𝑛2 cos 𝜃1𝑛1 cos 𝜃2 + 𝑛2 cos 𝜃1 ,
𝑟3 = 𝑛2 cos 𝜃3 − 𝑛3 cos 𝜃2𝑛2 cos 𝜃3 + 𝑛3 cos 𝜃2 ,
𝛾1 = 2𝜋𝜆 𝑛1𝑑1 cos 𝜃1,
𝛾2 = 2𝜋𝜆 𝑛2𝑑2 cos 𝜃2,

(9)
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Figure 4: Reflectance as a function of wavelength: (a) measured using spectrophotometer and (b) modeled based on [7].
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Figure 5: 2D interpolation of the dielectric constants of the lasermanufactured oxide layers on titanium: (a) refractive index and (b) extinction
coefficient.

where 𝑛0 = 𝑛0 (air), 𝑛1 = 𝑛1 − 𝑘1𝑖 (protective layer), 𝑛2 =𝑛2 − 𝑘2𝑖 (Ti oxide), and 𝑛3 = 𝑛3 − 𝑘3𝑖 (Ti).
For theU-layer model, it is easier to use thematrix model

[49] than to calculate all the reflections. Based on this model,
the resulting sum of the amplitudes of the reflected beams 𝑟
from the various layers can be described as

𝑀𝑢 = (𝑒−𝑖𝛾𝑢 0
0 𝑒−𝑖𝛾𝑢)(1 𝑟𝑢𝑟𝑢 1)

1𝑡𝑢 ,

�̃� = 1𝑡1 (
1 𝑟1𝑟1 1)𝑀1𝑀2 ⋅ ⋅ ⋅𝑀𝑈−1,

(1𝑟) = (�̃�00 �̃�01
�̃�10 �̃�11)(𝑡0) ,

𝑟 = �̃�10�̃�00 ,
𝑡 = 1̃

𝑀00 .

(10)

The proposed thin layer model assumes that the layers have
a thickness less than the coherence path of light reflected
from the boundaries centers and that the path of coherence is
significantly greater than the wavelength; also the refractive
indices 𝑛(𝜆) of the consequent layers have to be diminishing,
in order to prevent reflection to the other side.

3. Results and Discussion

As described in Section 2.5 model utilizes thicknesses of the
layers and their optical properties; all of these values were
determined using ellipsometric spectroscopy of laser treated
samples [7]. The measurements have confirmed that each
color (Figure 2, Table 1) corresponds to defined thickness𝑑 (Table 2). It should be noted that the process parameters
used in this experiment allowed only for the production
of oxides with thicknesses up to 40 nm. The limitation was
the ablation threshold of the substrate. Many authors [3,
5, 8] present layers of other thicknesses produced under
different process conditions (laser type, spot diameter) or
were related to oxides from higher interference orders. It has
also been noted that both thewaveforms for refractive indices
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Figure 6: The 2D spaces of the color difference Δ𝐸∗Lab depending on the oxide thickness and the thickness of the protective layer with
reference to six (a–e) examined colors. The white regions indicate the Δ𝐸∗Lab value below 7 for the corresponding, mirrored color maps in
each (a–e) case.

𝑛 and extinction coefficients 𝑘 varied with the different
colors (thicknesses of produced oxide due to changes in their
chemical composition).

In order to verify the model by figures of merit, the
characteristics of reflectance 𝑅(𝜆) measured by spectropho-
tometer Avantes and modeled in Matlab� were compared
(Figure 4). The results for all six analyzed colors were similar
due to using real refractive indices 𝑛(𝜆) and extinction
coefficients 𝑘(𝜆) (which were determined by ellipsometric
measurements); thus the thicknesses of the created oxides
were confirmed to be accurate.

The next step was then to move it forward to a 4-layer
system. Such a model would consist of substrate (titanium)
(1st), titanium oxide (2nd), protecting layer (3rd), and air
(4th). In both theory and practice, after application of the
additional layer on the already existing 3-layer system with
the top layer of the substrate being titanium oxide, each of
the examined colors will change. The aim for the proposed
solution here is then to find if there exists a possibility of
manipulating (change during the laser process) the thickness
of the oxide layer in such a way that after applying the
protective coating the resulting colorwill be the expected one.
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Figure 7: The results of four-layer system modeling in order to retain the original color (orange) after application of protective coating of
a known refractive index: (a–c) reference sample without the 3rd layer, (d–f) effect of application of 20 nm of the 3rd layer, and (g–i) the
adaptation of the oxide thickness in order to reproduce the expected color after the application of the 3rd layer.

Table 2: The oxide thickness for each of the produced colors [7].

Color Yellow Orange Red Purple Blue Light blue
𝑑 (nm) 19.6 24.5 26.4 29.5 34.5 40.0

In order to perform such modeling and planning the
values of 𝑛 and 𝑘 for all possible oxide thicknesses were
necessary. These were achieved using numerical methods
involving 2D interpolation of the already measured optical
parameters for the existing substrates (Figure 5).

As the polynomials used for the interpolation were of
a high order (with a demand of very low square error) we
could predict only the values “within” the already measured
range, that is, 19.6–40 nm oxide thickness (right outside the
range, the 2D interpolated planes were rapidly changing their
monotonicity).

From this point, the 4-layer system underwent a two-
parameter evaluation where the first one was the 2nd layer
(oxide) thickness and the second was the 3rd layer (pro-
tective) thickness. The process took place six times with

reference to six colors that needed to be preserved. As a result,
six 2D spaces ofΔ𝐸∗Lab errorswere obtained (Figure 6).These
figures present the difference between the original oxide color
(ranging from yellow to light blue) and the combination
of oxides of different thicknesses with protective layers of
different thicknesses. The goals were to find if there exist
regions in such 2D spaces where an oxide layer can be shifted
to preserve a single color after application of a 3rd layer of
“𝑥” nm thickness as well as to find if there exists a common
region of Δ𝐸∗Lab error below 7 (and preferably lower) for the
whole color palette.

The results of the modeling show that each single color
has two regions with the Δ𝐸∗Lab < 7 (some not visible due
to cutting the figures only up to 200 nm thickness of the
3rd layer) (Figure 6). Nevertheless, for five colors (excluding
yellow) there existed a common region between 0 (obviously
none) and around 25 nm thickness of the protective layer.
The excluded yellow color had also a part in the acceptable
common region but only up to around 6 nm of protective
layer. For each of the analyzed cases (apart fromyellow), it can
be seen (Figure 6) that after applying the additional protective
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Figure 8: The results of a four-layer system modeling in order to retain the original color ((A) red, (B) purple, (C) blue, and (D) light blue)
after application of protective coating of a known refractive index: (a–c) reference sample without the 3rd layer, (d–f) effect of application of
20 nm of the 3rd layer, and (g–i) the adaptation of the oxide thickness in order to reproduce the expected color after the application of the
3rd layer.
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layer, the oxide thicknessmust decrease tomaintain the color.
Then following the shape of the other regions of acceptance
(white areas on brown plots) it can be expected that yellow
also has such a region but of a still unknown area.

Following the above, a 20 nm value of the protective
(amphiphobic) layer was taken into further consideration.
The oxide layers were reduced within the common region in
a way to minimize Δ𝐸∗Lab for each of the colors (excluding
yellow). The results for orange are presented in Figure 7 and
the results for the other colors are presented in Figure 8
(the color tones of the presented RGB maps are a little
inconsistent with the real obtained color which is due to
graphics rendering in Matlab). The changes made into the
original thicknesses, however, were not constant and varied
for the orange-light blue palette between 2.2 and 3.1 nm.

4. Conclusions

This paper presents the results of theoretical modeling of
interference phenomena which occur in thin layer systems.
The model took into account the number of layers, the
oxide thickness, the actual dielectric constants of oxide
layers (refractive index and extinction coefficient), optical
properties of the medium, angle of observation, polarization
and wavelength of the incidence light, and the assumed
refractive index value of the protective, amphiphobic coating.
The result of complex numerical calculations revealed that
it is possible to retain the expected color (the interference
effect) of the substrate after application of an additional
3rd protective layer by foreseeing its impact on the already
existing substrate-oxide-air system. It has been confirmed
that for colors from orange to light blue there exist a common
region of acceptable color difference (Δ𝐸∗Lab < 7) so that
a protective layer of constant thickness up to around 25 nm
can be applied. To prove the expectations on the whole color
palette, furthermeasurements of optical properties for oxides
below 19.6 nm have to be done.

The value of the amphiphobic layer’s refractive index has
been taken as a constant value for all the wavelengths but if
the dielectric constants could be measured in the function of
wavelength then they could also be applied into the evaluated
parametrization of the presented model.

The amphiphobic coatings were chosen as they have
the ability to repel contamination from the surface, so the
additional, 5th thin layer system is less likely to happen and
would not have to be taken into consideration; thus the
perceived colors of the substrates will be preserved.
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