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A model was built to solve the problem of color prediction for laser color marking on metal sur-
face based on the principle of multiple-beam interference. The microstructures evolvement of laser-
induced polychrome oxides on iron substrates was investigated for the model. Firstly, surface treat-
ments of industrial grade polycrystalline iron substrates in air were performed by irradiation with a 
Nd:YAG (λ=1064nm) continuous wave laser beam. Different colored samples with different reflec-
tivity were obtained depending on the duration of laser irradiation. Then, the surface morphology of 
the oxide films were studied by optical microscopy, revealing the formation of a bi-layer structure 
consisting of a congregate sheet layer covering a uniform layer. Compositional analyses performed 
by Raman spectroscopy measurements revealed the inner oxides were Fe3O4 and the outer oxides 
were Fe2O3 (magnetite and hematite respectively). Since the colors of the samples were determined 
by the light interference within the thin surface layers, the effective thickness and equivalent optical 
constants, i.e., refractive index n and extinction coefficient k, are key parameters. They were deter-
mined by jointly using the spectroscopic ellipsometry and the glow discharge spectrometry. Based 
on the measurement results, a linear oxidation model was built to describe the growth of Fe3O4 and 
Fe2O3 films, and thickness-varying equivalent optical constants have been obtained. Lastly, a math-
ematical model based on the heat conduction equation, the oxidation kinetics and the light interfer-
ence between multi-layer oxide films was used to calculate the spectrum reflectivity of the samples. 
The results accorded with the experimental results very well. The color of samples can be easily 
calculated when the spectrum of incident light was given. 
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1. Introduction 
Laser color marking is currently of increasing interest 

for its potential in fabricating identification tags, anti-
counterfeiting and decorative applications [1-10]. There are 
several methods of laser color marking reported in the lit-
eratures [11]. Traditionally, laser color marking can be 
achieved by laser-induced oxidation on metal surface. 
When metal substrates are irradiated by a laser beam and 
heated to a high temperature, the thermal oxidation reaction 
will be stimulated and the metal oxide films grow. Due to 
the transparency in the visible light of these metal oxide 
films, the colored appearance of the metal surfaces are of-
ten attributed to the interference of the reflected white light.  

Researchers have demonstrated colored metal oxide 
films on different metals such as Ti [9] and stainless steel 
[8]. By controlling the laser power, duration and scan speed, 
a large palette of colors can be produced [4, 5]. Laser-
induced coloration or oxidation of metals is an example of 
high-temperature oxidation and corrosion of metals, which 
has been studied for many years [12]. In theory, the oxida-
tion process and the products can be foreseen based on the 
thermodynamic data and kinetic coefficients. But the laser 

irradiation is a short time and a non-isothermal process [13, 
14], the real condition is more complicated than high-
temperature oxidation which concerns long time and iso-
thermal course. Recently, a large number of works have 
been focused on the microstructure and the phase composi-
tion of the produced oxide films [4]. The laser-induced 
oxidation process has been more clearly. However, the pre-
diction of the formative colors is still not easy. The broad 
use of the oxide films manufactured on metals is limited. A 
complete model that relates oxide structure and phase com-
position evolution to the optical appearance is imperative 
[9]. 

This paper is concerned with the color prediction of la-
ser-induced coloration. Surface treatments of iron sub-
strates were performed by continuous wave laser irradia-
tion. Different colored samples were obtained by laser irra-
diation with different durations. The structure, thickness 
and the optical constants of the oxide films were investi-
gated to reveal the evolution process. A mathematical mod-
el was built to calculate the spectrum reflectivity of the 
samples, which is based on the heat conduction equation, 
the oxidation kinetics and the light interference between 
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multi-layer oxide films [15, 16]. The visual color of sam-
ples can be easily predicted by the model when the spec-
trum of the incident light was given. 

 
2. Materials and methods 

2.1 Substrates 
Industrial pure polycrystalline iron substrates were used 

for laser irradiation experiments. The samples were circular 
with a diameter of 15mm. All test samples were ground 
with progressively finer SiC paper, polished with 1μm co-
rundum, and then cleaned with alcohol in an ultrasonic 
cleaner. The samples had a final thickness of 0.3mm. 

2.2 Laser treatment 
The laser treatment system is shown in Fig. 1 (a). A 

continuous wave Nd: YAG fiber laser beam (λ=1.06μm) 
was used to stimulate oxide growth. The gaussian beam 
was broadened by a lens, limited by an aperture and then 
casted on the sample. The final laser spot was a symmet-
rical circle with a diameter of 17mm. The laser spot was 
larger than samples, which made sure that the entire sample 
surface was irradiated by the laser, as Fig. 1 (b) shows. The 
total power of the laser spot was 4.50W, which was deter-
mined by a power meter. The area of the laser spot was 
2.27cm2. So the power density of the laser irradiated on 
sample surface was 2W/cm2 approximately. An integral 
sphere equipped with an InGaAs detector was used to 
measure reflectivity. Thermocouple was positioned at the 
back center of the sample for temperature measurement. 
Six samples with different reflectivity and colors were ob-
tained by the laser treatment system depended on the dura-
tion of laser irradiation. The reflectivity and temperature 
curves are shown in Fig. 2. The different oxidation states of 
the samples were marked at the reflectivity curve.  
 

 

 
 

 
 

2.3 Measurement techniques 
The morphology evolution of the oxide films were ob-

served by an Olympus BX51RF optical microscope. The 
structure composition were tested by Horiba JY HR800 
Raman spectrum with wavelength 325nm, intensity 33mw. 
The optical constants and thicknesses of the oxide layers 
were determined by Horiba UVISEL 2 spectroscopic ellip-
sometry with a Φ2mm light spot, the incident angle was 
70°. Jointly using the glow discharge spectrometry, the 
thickness values were amended. 

 
3. Results and discussion 

3.1 Morphology and structure evolution 
The photos of the obtained polychrome oxides were 

given in Fig. 3(a). With the increasing durations of laser 
irradiation, the colors evolved from golden to red, blue, and 
finally grey, which were different from Ti and 304L stain-
less steel substrates [2-4]. The micro-morphology evolution 
was shown in Fig. 3(b-g). We can see the iron surface was 
firstly covered by a uniform oxide layer (Fig. 3(b)). Then 
the second layer emerged gradually on the first layer. The 
second layer grew from separate islands (Fig. 3(d)) to flaky 
oxides (Fig. 3(e)), and finally formed a whole film (Fig. 
3(f)). 

 
 

 
 
The structure composition of the two oxide layers were 

tested by Raman spectrum. Considering the transparency of 
the iron oxide Fe2O3 at 633nm, the 325nm excitation laser 
was chose. The testing results were shown in Fig. 4, reveal-
ing that the first formed oxide layer was Fe3O4 (magnetite) 
and the second oxide layer was α-Fe2O3 (hematite). The 
penetration depth of 325nm excitation laser in Fe2O3 is 
limited. The Raman signal of the inner Fe3O4 layer de-
creased along with the increasing of the outer Fe2O3 layer 
thickness for the samples of 47s, 52, and 59s. 

Fig. 3   (a) Photos of individual samples, (b-g) microscope 
images of oxide layers on the surface of iron for 
various durations of laser irradiation (in the same 

order as in point (a)). 

Fig. 1   (a) Block diagram of the system used for sample 
preparation, (b) the laser spot. 

Fig. 2   Reflectivity and temperature changed with the 
duration of laser irradiation. 
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3.2 Optial constants evolution 
The optical constants and thicknesses of the oxide lay-

ers can be determined by the spectroscopic ellipsometry 
method. Before we get the right values of refractive index n 
and extinction coefficient k, the inversion calculations must 
be done, which depended on a reasonable structure model 
and a dispersive model of the films. Based on the analysis 
of the morphology and structure evolution of the oxides as 
shown above, the structure model of the oxide layers for 
inversion calculations was built as shown in Fig. 5. The 
new amorphous formula (NAF) model which is usually 
used in Ti oxides was chose as the dispersive model. The 
results of the inversion calculations were shown in Fig. 6 
and Fig. 7. The n1 and k1 of magnetite for 40s, 47s, 52s and 
59s were considered the same as the n and k of magnetite 
for 35s. Because the first formed magnetite layer was uni-
form and stable as discussed previously. The reference re-
sults of high-temperature oxidation of iron were also de-
picted in the figure for comparison [17]. The data of the 
reference iron oxide comes from Ref. [17]. We can see the 
optical constants of laser-induced oxides of iron were dif-
ferent from the results of high-temperature oxidation. The 
refractive index n and extinction coefficient k of the Fe2O3 
layer evolved with the duration of laser irradiation. We 
considered that this phenomenon resulted from the mor-
phology and structure evolution of the oxides. As the Fe2O3 
layer has experienced a process of integrating, the obtained 

optical constants of Fe2O3 in this stage were somehow the 
equivalent optical constants.  
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3.3 Oxidation kinetics 
The thicknesses of the oxide layers can be also ob-

tained by the inversion calculations of the spectroscopic 
ellipsometry method as shown in table 1. But the Fe3O4 is 
an absorptive oxide. When the Fe3O4 is too thick to be pen-
etrated by the elliptic polarized light, the measurement val-
ue may be imprecise. So the glow discharge spectrometry 
was used to test the oxides. The direct results of the glow 
discharge spectrometry were the varying element content 
along with the spurting time of Ar ion (Fig. 8 (a)). By the 
integral calculation of the oxygen content 

Fig. 4   (a) Raman spectrum show the structure evolution 
of the oxide layers (λ=325nm), (b) Raman spec-

trum of α-Fe2O3 and Fe3O4 for contrast. 

Fig. 5   (a) Single magnetite layer model for 26s and 35s, 
(b) Double oxide layers model with the hematite 

on the magnetite for 40s, 47s, 52s, 59s. 

Fig. 6   (a) The refractive index n of the Fe3O4 layer for 
26s and 35s, (b) The extinction coefficient k of the 

Fe3O4 layer for 26s and 35s. 
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curves, the total oxygen content of the individual sample 
can be obtained. The total oxygen content of different sam-
ples with different durations of laser irradiation was shown 
in Fig. 8 (b). Besides, referring to the crystal lattice struc-
ture of the Fe3O4 and Fe2O3, we can easily calculate the 
oxygen content of unit thickness [18]. With the dates in 
table 1, we can obtain another curve of varying oxygen 
content (Fig. 8 (b)). We can see the two curves accorded 
with each other well when the oxides were thin. When the 
duration of laser irradiation is 59s, the value of ellipsome-
try method is smaller than the value of glow discharge 
method. With the oxygen content value of glow discharge 
method, the thickness of the Fe3O4 layer of 59s was amend-
ed to 169nm. We can see the thickness of Fe3O4 increased 
more and more rapidly, because the oxidation temperature 
had increased and one feature of laser-induced oxidation is 
“strong Arrhenius-type temperature dependences of the 
chemical reaction rate constants” [14].  
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As has already been discussed in Ref. [19], the layer of 
Fe3O4 resulted in more rapid increase of the thickness than 
Fe2O3, which made the Fe3O4 layer thicker than Fe2O3 [19]. 

Referring to the theory of high-temperature oxidation 
of metals [12], when the oxide film is thin at the early oxi-
dation stage, the linear law can be used to describe the 
growth of the film as shown in formula (1), where x is the 
oxide thickness, k0 is the diffusion coefficient, Td is the 
diffusion activation energy and the T is the temperature in 
degrees Kelvin. The formula was used to fit the experi-
mental result as shown in Fig. 9. Then the oxidation kinet-
ics of the laser-induced oxidation of iron with the parame-
ters in this paper was obtained.  
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3.4 Model for color prediction 
The model for color prediction involved a heat conduction 
equation, an oxidation kinetics equation and a multi-beam 
interference formula as shown in formula (2). The first 
equation is heat conduction equation, in which m 

Fig. 7   (a) The refractive index n of the Fe2O3 layer for 
40s, 47s, 52s, 59s, (b) The extinction coefficient k 

of the Fe2O3 layer for 40s, 47s, 52s, 59s. 
 

Table 1 The thicknesses of the oxide layers by spectro-
scopic ellipsometry 

Sam-
ples 26s 35s 47s 52s 59s 

Fe3O4
/nm 

11.2±
1.0 

23.2±
0.7 

27.0±
3.3 

45.2±
19.1 

111.4
±9.5 

Fe2O3
/nm 0 0 20.4±

3.3 
29.5±

9.3 
22.1±

4.3 
 

Fig. 8   (a) The result of the glow discharge spectrometry, 
(b) The oxygen content depending on duration of 

laser irradiation 
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is the mass of the iron, c is the specific heat, R(x, λ0) is the 
reflectivity at the laser wavelength, Plaser is the power of 
heating laser, Ploss is the heat loss contains the convection 
and thermal radiation. The second equation is the multi-
beam interference formula, where R (x, λ) is the spectrum 
reflectivity of the oxides, xi(t) is the thickness of the oxides, 
ni(x, λ) and ki(x, λ) are the optical constants from Fig. 6 
and Fig. 7. The third equation is the oxidation kinetics 
equation from Fig. 9. Then the spectrum reflectivity R(x, λ) 
can be calculated when m and Plaser are given. Fig. 10 
shows the calculated results of four typical colors in the 
case of this paper (m=417mg, Plaser=3.5W, incident an-
gle=70°). The calculation results accorded with the experi-
mental results very well. The experimental results were 
measured by the Horiba UVISEL 2 spectroscopic ellipsom-
etry with the incident angle 70°. So the visual color of 
samples can be easily calculated by the model when the 
spectrum of incidence light was given. 
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Since the principle is the same, the model can be also 

spread to other metals or the pulse laser color marking. In 
such cases, the heat conduction of the pulse laser irradiat-
ing metals would be more complex. Besides, the optical 
constants and the oxidation kinetics are specific and must 
be investigated by corresponding experiments. It should be 
stressed that the model in this paper can only calculate the 
specular reflectivity. If the object surface is not smooth, the 
model will not be applicable. 
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4. Conclusions 
Different colored surfaces of iron substrates were ob-

tained by laser irradiation with different durations. The 
morphology and composition analysis indicated that the 
absorptive Fe3O4 film was firstly produced and the Fe2O3 
emerged gradually on the Fe3O4 film in the laser-induced 
non-equilibrium oxidation of iron. The Fe2O3 grew from 
separate islands to flaky oxides, and finally formed a whole 
film. The equivalent optical constants were determined by 
the spectroscopic ellipsometry which shows that the optical 
constants changed with the growth of the oxides. By com-
bination of the spectroscopic ellipsometry method and the 
glow discharge spectrometry method, the problem of thick-
ness measurement of the absorptive Fe3O4 film at hundred 
nanometers range has been solved. A linear oxidation mod-
el was built to describe the growth of Fe3O4 and Fe2O3 
films based on the measurement values of the thickness. 
Finally, a mathematical model was built to calculate the 
spectrum reflectivity of the samples. The model is based on 
the heat conduction equation, the oxidation kinetics and the 
light interference between multi-layer oxide films. The 
calculated results accorded with the experimental results 
very well. The model correlated the microstructure 
evolvement to the optical appearance of laser-induced pol-
ychrome oxides on iron substrates, which can be used for 
color prediction or design of laser color marking on metal 
surfaces. 
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