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ARTICLE INFO ABSTRACT
Keywords: Color etching is a useful corrosive process, widely applied in metallography to study the
In-situ microstructure of metals. To prove the existence of the previously hypothesized steady-state
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etching rate, in-situ investigations were performed with spectroscopic ellipsometry during the
color etching of ferritic materials. Kinetic information regarding the refractive index, extinction
coefficient, and layer thickness were used to calculate the steady-state layer buildup rate, which
was 1.90 + 0.15 nm/s for low-carbon steel and 0.99 + 0.06 nm/s for cast iron owing to its better
corrosion resistance. The presented methodology and findings could help understanding other
processes that involve the development of layers on metallic surfaces.

1. Introduction

In metallography, etching processes are standard tools to develop microstructure [1,2]. During etching, the previously polished
surface reacts with the applied chemical and reveals certain parts of its structure depending on the nature of the applied etchant. As a
result, grain boundaries, precipitations, and different phases or grains become visible while allowing further surface analysis [3,4].
Depending on the type of chemical reaction, etchants can be categorized as follows. Etchants, which merely dissolve the substrate’s
surface, belong to chemical etchants [5]. This process is highly selective and makes different textures visible by attacking only grain
boundaries or certain phases. Usually, it contains no additional information other than revealing microstructure for metallographic
examination. The second group includes etchants, which not only corrode and dissolve the substrate but also develop a mixture of
compounds on its surface. They usually react directly with the grains instead of the grain boundaries. The resulting layer is primarily
transparent, and as it grows, it results in a cyclic color change according to the interference criterion [6]. As the corrosion process
continues, the layer loses its color (becomes uniformly dark brown) but stopping the process in its initial phase could provide addi-
tional information about phases, crystal structure, and grain orientation. This etching second group got its name after the resulting
colorful grains and called color etchants. Although the range of applications is relatively wide for different etchants, there have been
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only a few efforts to understand the kinetics of the etching process, especially for color etchants. In some cases, the chemical reactions
were (at least partly) revealed, but etchants are used primarily out of habit without a proper understanding of the kinetics of the
ongoing chemical reaction [7,8]. In addition, these studies focused specifically on the kinetics of etching of organic compounds or
semiconductor materials but never on metallographically inspected alloys [9,10].

Though the related literature for alloys is insufficient for color etchants, an initial hypothesis could be formed about the etching
kinetics. In 2019 a study was made to use the layer orientation dependency of color etching with Beraha—I on spheroidal cast iron to
determine the crystallographic orientation of randomly selected ferrite grains [11]. This article laid the foundations of a new orien-
tation determination method, which could determine orientation within the accuracy of 3° compared to electron backscatter
diffractometry (EBSD). The presented model described a hypothesis about the kinetics of layer development based on the elapsed time
between the extrema on the normalized intensity curves of the reflected light. In-situ examination of the color etching process allows
for recording the color change of various grains on the selected area. Using these records, the normalized intensity curves for any given
wavelength can be determined for each grain, showing that they have a cosine-like behavior with a declining amplitude, as seen in
Fig. 1.

Although grains with different orientations have shifted curves compared to one another, due to the nature of normalized curves,
the extrema of these curves imply to have the exact layer thickness according to the interference criteria (Egs. (1) and (2)), only the
required time to reach it will differ [12].
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Considering any chosen wavelength (1) in consecutive extrema, the growth of the product of layer thickness (d) and refractive index
(n) will grow linearly as m (the order of interference) increasing. Thus, without knowing the layer thickness or refractive index, we can
conclude the ongoing layer development by analyzing the elapsed time between consecutive extrema. Using this technique, the study
from 2019 described the kinetics using a resulting normalized intensity curve as follows.

First, based on the interference criteria, the existence of a constant etching speed was assumed, meaning the elapsed half-cycle time
between intensity extrema should be the same (t;.). Unfortunately, at the beginning of the etching, the substrate and the etchant have
no direct connection due to the oxide layer on the substrate’s surface. The etchant needs a small but measurable amount of time (tyyig.)
to break through. Thus, the time required to reach the first minimum will be greater than the half-cycle time measured later, in other
words, the etching rate (v(t)) is slower in this region. After the effect of the oxide layer is gone, a fast chemical reaction occurs. The
reaction creates a thin nanometer size layer, a mixture of Beraha—I and the dissolved ferrite. The layer again separates the substrate
from the etchant, meaning the etchant must diffuse through the layer to reach the substrate. As the process progresses and the layer
grows, a slight but continuous decrease in etching speed can be observed (as can be seen in the appearance of t,). For the first couple
of extrema (tmin, tmax), the decline was almost negligible; thus, the assumed constant cycle time (and constant etching rate vconst ), could
be determined. Leaving the zone of “steady-state etching”, the reaction speed started dropping significantly. After the layer reached a
certain thickness, the time required for the etchant to react with the surface increased so much that it practically stopped the
measurable layer development.

As mentioned earlier, the refractive index and layer thickness should be directly measured during the process to prove the model.
Unfortunately, the layer thickness was determined only ex-situ with atomic force microscopy (AFM), and the refractive index — which
was wrongfully assumed constant for the whole surface at that time — was later calculated from the fitting function of the etching half-
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Fig. 1. The functional kinetics model with different regions for etching, based on the normalized intensity curve (red component) measured on a

ferrite grain of the cast iron specimen (reproduced with permission, copyright: Elsevier, 2019 [11]). (For interpretation of the references to color in
this figure legend, the reader is referred to the Web version of this article.)
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cycle time between extrema on the normalized intensity curves. Due to these uncertainties, the measurement could neither achieve
higher accuracy nor prove the hypothesis.

In 2022 another study on color etching showed that layer development is even more complex than expected [13]. Ex-situ analysis
with a spectroscopic ellipsometer (SE) was made on color-etched ferrite surfaces, proving that the distribution of both the refractive
index and the layer thickness can be directly measured. In addition, X-ray photoelectron spectroscopy (XPS) showed that the developed
layer has both an axial and a lateral inhomogeneity. This means that the refractive index differs not only on grains with different
crystallographic orientations but also along the thickness of the individual grains. Although this study did not directly address etching
kinetics, its results are essential to understand and later prove our model.

As the paper above showed, with spectroscopic ellipsometry, the opportunity is given to measure refractive index and layer
thickness, only the proper tool is required to achieve in-situ examination. In this work, we aimed to create a new method for in-situ
analysis of color etching with spectroscopic ellipsometry, which could help improve the previously assumed kinetics of layer devel-
opment and deepen our understanding of the etching process.

2. Experimental
2.1. Materials and sample preparation

In our experiments, Beraha—I solution was used as a color etchant, similar to the above-presented studies. The etchant is a mixture
of 3 g K2520s, 10 g NazS203 and 100 ml distilled water, which was freshly mixed right before the experiments. Beraha—I reacts well
with various materials, such as ferrite in cast iron and low-carbon steels or copper in different copper alloys [14,15]. Due to the lack of
acidic components, the reaction speed is significantly slower than other reagents. This ensures the necessary time for in-situ
examinations.

The 2019 paper used spheroidal cast iron as a sample containing multiple structures, such as ferrite, pearlite, and graphite.
Beraha—I reacts with ferrite in both ferrite and pearlite microstructures, resulting in a complex color change on the surface [11].
Although spectroscopic ellipsometry is suitable for measuring nanometer-sized layers, the diameter of the smallest area examined at a
time is 0.3 mm or higher, and the results will always show the mean of this area. Thus, multiple reacting microstructures in the same
material could alter the results. To resolve this problem, DCO1 low-carbon steel was chosen as a sample. DCO1 contains only the ferrite
phase, making it suitable to present the layer development kinetics and prove our theory. The chemical composition of DCO1 was
determined with a PMI-Master Sort optical emission spectrometer, and the results are shown in Table 1.

To eliminate the effect of any preliminary deformation and get a homogeneous grain structure, the low-carbon steel was heated up
to 850 °C, then cooled on air, resulting in a fine ferritic structure. Then the sample was embedded into vinyl, providing a fixed ge-
ometry essential for the various experiments. The embedded sample was ground and polished. The final polishing step was performed
with a 1 pm diamond suspension for 10 min, providing the necessary surface.

As presented in a 2021 study, DCO1 is a proper choice for grain coarsening heat treatment, resulting in millimeter-sized grains.
Although this would theoretically allow us to examine the layer development of only one grain at a time, the currently available
microfluidic cell system for spectroscopic ellipsometry — which will be presented later — does not allow this yet, because the equipment
does not make it possible to move the sample with the necessary precision and focusing on only one grain. Furthermore, if the average
surface kinetics wants to be determined, a finer grain structure may be more beneficial, as it does not allow any favored directions to
dominate and eventually alter the results. To make sure our material has a properly fine grain structure, a preliminary etching was
made to determine the average grain size, around 10 pm.

2.2. Optical microscopy

For the real-time monitoring of the etching process with an optical microscope (OM), the setup presented in Fig. 2 was used. The
embedded sample was put into a microfluidic cell assembled from a chemically bonded glass sheet and a polydimethylsiloxane (PDMS)
part. The sample seals the structure from one direction and creates a small inner cavity through which the etchant can flow. At the same
time, the sample can be observed throughout the glass sheet under the optical microscope. The change of the sample’s surface was
recorded with a computer directly connected to a DP72 digital camera with an LMPlan 20 x /0.40 long working distance lens. This
setup was proved useful in multiple studies since 2019 to examine not only cast iron or low carbons steels but also industrial-grade
copper [11,13,16].

The closed system makes it possible to in-situ examine the etching process in a precisely controlled environment. Since the inner
cavity of the microfluidic cell is very small, only a small amount of etchant is required. In addition to that, due to the smaller distances,
the reaction occurs at a higher speed between the etchant and the substrate. To continuously refresh the etchant, a syringe pump is
connected to the inlet of the microfluidic cell with a silicon tube that not only fills the cell with the etchant but also ensures a constant,

Table 1

Chemical composition of DCO1 ferritic steel in atomic%.
Fe C Mn Cr Mo Ni Al Co Cu Nb
98.9 0.092 0.616 0.081 0.013 0.034 0.064 0.017 0.118 0.065
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Fig. 2. Photograph of the measurement setup for the in situ optical microscopy investigations
and the 3D design of the PDMS-based microfluidic cell with the embedded sample.

slow, and laminar flow (50 pl/min). The examination lasted for 550 s so that the domains of both oxide-limited etching, steady-state
etching, and diffusion-limited etching could be determined later. Considering that the surface got over-etched around half of the
process, the color change of the observed area is presented in Fig. 3 only for the first 180 s, from Fig. 3 a) to 1).

2.3. Spectroscopic ellipsometry

A Woollam M-2000DI rotating compensator spectroscopic ellipsometer (SE) was used to determine rp,/rs = tan(¥)exp(id), where r,,
and rg are the complex reflection coefficients of light polarized parallel and perpendicular to the plane of incidence, respectively. The ¥
and A spectra were acquired for 700 spectral points simultaneously in the wavelength range of 193-1690 nm. Due to the absorption of
both the water and the glass cylinders, however, only the wavelength range between 445 and 1360 nm was used for the evaluation. The
compensator rotates at 20 Hz, which, in ideal circumstances, would allow the determination of all the 2x700 spectral points within 50
msec. However, due to loss of intensity as the light travels through the experimental setup and reflects from the surface of the sample, a
few times 10 or even 100 rotations are usually averaged to decrease the noise. The diameter of the light beam is approximately 3 mm
without focusing, which is slightly decreased due to the geometric limitations of the microfluidic cell. The spot on the sample’s surface
is elongated depending on the angle of incidence.

For the in-situ observation of color etching with the spectroscopic ellipsometer, a special microfluidic cell was developed and

100 um|[ o\
30 sec C)

Fig. 3. Optical microscopic images from the investigated area of the specimen during the early stages of color etching. From a) to 1) the etching time
increases in 15 s intervals. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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presented first in 2021 [17]. Similarly to the microfluidic cell designed for an optical microscope, this one can create a sealed cavity
while protecting the SE from corrosion. Its modified construction closes the upper part of the PDMS cell (where in the previous model,
the glass sheet was bonded) and replaces it with a 3 mm wide light path through which measurements with a spectroscopic ellips-
ometer can be performed. The advantage of this design is that the glass plates are placed perpendicularly in the light path, so the light
source used for the examination can penetrate them without reflection. Thus, the loss during the process can be minimized, and the
maximal light intensity can reach the detector from the sample’s surface at the other side of the cell.

Due to the complex nature of this microfluidic system, some disadvantages must be taken into account, although the cell was
designed specifically for SE. First, the glass plates closing the light path may not be perfectly perpendicular to the surface, which could
cause a reasonable amount of intensity loss. Though this could be resolved by altering the angle of incidence for the measurements, it is
fixed at 55° due to the geometry of the cell, and later it cannot significantly deviate from it (approx. +5°). Second, the cell does not
allow simultaneous optical inspection, so the precise positioning of the sample is impossible. The only way to visually follow and
control the positioning is through the light path. This way, to record the change of only one grain, the sample must have a grain size
bigger than the 3 mm diameter light path (preferably single crystals), ensuring nothing else is in the focus position. Otherwise, the
measurement will always show the average of the examined area.

After assembling the setup and fixing the microfluidic cell to the worktable (Fig. 4), the ideal angle of incidence was determined by
finding the maximal intensity on the detector and setting it to 53°, which is still comfortable in the available incidence range. As earlier
described, the purpose of the measurements is to adequately describe the kinetics of layer development on the whole surface, thus, a
small average grain size is rather suitable for the experiments. Consequently, neither the manufacturing inaccuracies nor the grain size
is a problem in our case.

To reproduce the conditions of the previous measurement as good as possible during the etching process under SE, the known
conditions were set to the same, such as the temperature (21 °C) and the etchant flow rate (50 pl/min), while the same mixture of
Beraha—I was used for both experiments. The sample was repolished between measurements with the previously described method,
and the area of interest was determined with high proximity based on the markings placed on the surface. The markings were close
enough to identify the approximate area but far enough not to influence any measurement. It is important to mention that the
measurements were not made on one single grain but rather the average of several grains due to the size of the light spot.

Despite the effort to create similar conditions in both microfluidic cells, the differences must also consider before comparing the
two etching processes. The microfluidic cell for OM has a simple and symmetric cavity that ensures laminar flow during the process.
This results in a slower but more controllable process with a continuously refreshed etchant. In contrast, the microfluidic cell for SE has
a more complex, asymmetric geometry that requires significantly more etchant to fill its inner cavity. For a proper fill, a larger flow
speed is necessary at the initial stage of the process. As a result, both the faster filling and the asymmetric construction may result in a
turbulent flow.

Another factor to be considered is the filling medium of the cavity prior to the experiment. For the OM observation, the microfluidic
cell was initially empty, thus, Beraha—I directly filled the cavity, replacing air. For the SE analysis, however, it was previously filled
with distilled water as it was necessary to completely remove air bubbles stuck in the light path. This previous filling has multiple
effects. First, considering that DCO1 low-carbon steel has very poor corrosion resistance, the preliminary wetting of the surface could at
least partially remove the oxide layer from the surface, allowing it to reach the steady-state etching faster. Second, the start and end of
the etching could be determined less accurately, as the etchant will mix with distilled water, resulting in a fast but not immediate
concentration change. To properly replace water with Beraha-I, the initial flow speed was increased to 1000 pl/min. The volume of the
cavity in this microfluidic cell is approx. 90 mm?, thus, the filling requires at least 6 s at this rate. Since the Beraha-I and distilled water
have different refractive properties, a significant change in the detected light intensity indicates that the etchant reached the observed
surface and the process started. After 10 s of that point, almost twice as much etchant was pumped through the system as the volume of
the cavity, so the etchant flow rate was set back to 50 pl/min. To stabilize the developed layer at the end of the experiment, the Beraha-I

Microfluidic
cell

Fig. 4. Photograph of the measurement setup for the in-situ investigations with a spectroscopic ellipsometer.
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was flushed out of the system with distilled water at an increased flow rate of 500 pl/min.

Finally, to avoid the over-etching of the surface during in-situ SE, the etching time was determined the following way. As later
presented, the OM examination highlighted that it is important to monitor the intensity change and, if possible, stop the etching
process between the first local minimum and maximum of luminance measured over the whole surface. The surface analysis of OM
showed that the average luminance of low-carbon steel reached its first minimum of around 120 s. Considering this and the fact that
during in-situ ellipsometry, the surface is hydrated prior to etching, the first intensity minimum is expected to be reached sooner. To
minimize the chance of slipping through the first maximum, the approximated etching time was chosen for 120 s. It is long enough that
even the slowest grains will reach their first minima but not long enough that any grain would be over-etched. The presented mea-
surements will show the process as follows. The etching will start from the moment when the Beraha—I reaches the surface, as it results
in a drastic refractive index change, separating the process from the initial state. After replacing the water, the etching was ongoing for
110 s (120 s total) before distilled water was infused into the cavity to stabilize the layer (another approx. 10 sec concentration shift).
The rehydrated state was held for up to 150 s to stabilize the layer before the measurement was stopped.

3. Results and discussion
3.1. Image processing of the optical microscope results

The image processing of the optical microscope results contained two different experiments. First, 25 individual grains were
selected to measure their intensity change for different wavelengths — namely red (R), green (G), and blue (B) — during the process
(Fig. 5). By determining the local extrema of these curves, the characteristic times can be calculated, such as half-cycle time (t;.), the
necessary time for oxide breakthrough (t,xg4.) at the beginning of the process, or the moment of over-etching (t,y.r). This would help
decide how long of etching is required during SE not to over-etch the surface and to connect certain domains of OM and SE obser-
vations. Second, two larger areas (Fig. 5 area A and B) were selected, which would be used to compare the averaged intensity changes
to one another and the etching rates calculated for OM and SE.

By analyzing the intensity change of the selected 25 grains, the observed cyclic color change occurs once or twice for each grain.
First, they develop a light-brownish color that turns blue. Later, this will reach a brownish state again, although this time, a darker one.
As the layer growth decreases due to the continuously increasing diffusion limitation, from around 300 s, grains will not only keep the
same color, but they become less distinguishable from one another. From this point, the grains became over-etched. The corresponding
intensity changes for a randomly selected grain (#2) are presented in Fig. 6.

The intensity of different light components could depend on various extrinsic factors, such as the direct light that illuminates the
surface, the brightness of the environment, the time of day, or the reflective and light-absorbing ability of the surrounding surfaces.
Due to these factors, the direct comparison and evaluation of intensity curves may not show a fully representative image of the surface
area. To eliminate these differences, the normalized brightness (luminance) was calculated from the individual RGB components. By
using luminance, different wavelength components are used at the same time, thus, a more general picture can be drawn about the
surface. Moreover, SE can also measure light intensity, so it can also be utilized later for further comparison. In Eq. (3), L represents the
luminance, while R, G, and B are the normalized intensity of red, green, and blue light components, respectively [18].

L=1/0.299 ¢ R2 + 0.587 ¢ G* + 0.114 o B? 3)

By using luminance curves, the characteristic times were determined for each grain. First, the half-cycle (t,.) time was calculated as

105 sec|100 um

Fig. 5. Optical microscopic image with the selected 25 grains from the investigated area of the specimen during color etching at 105 s. The areas on
which the average intensity curves were evaluated are shown with red (A) and turquoise (B). (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)
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Fig. 6. Normalized intensity of grain #2 in the function of time.

the elapsed time between the first local minimum and maximum as in Eq. (4).
Ihe = lmax 1 — bin 1 “@
Then, the delay time caused by oxide breakthrough was determined as in Eq. (5):
Toxide = tmin 1 — the ()]

The investigation of observable color change revealed that for the visual differences to appear, a change in the proportion of the
components is necessary, as this will result in different colors with various intensities. The moment these intensity curves lose their
cosine-like characteristic as the extinction will be too high to distinguish the following extrema, the related luminance will also become
quasi-linear. Thus, the onset of over-etching was determined by selecting the moment the luminance curve changes its characteristics
[19]. The measured and calculated characteristic times are listed in Table 2. Since later, the average of multiple grains over a large
area will be investigated, the average critical time values were also calculated for the selected grains. This shows that, as expected, the

Table 2
The measured characteristic times in sec for the selected 25 grains at different wavelengths and the calculated
half-cycle time (t;.), oxide breakthrough time (,g.), and necessary time to reach the over-etched state (tyer).

Grain No. tmin1 (R) tmax1 (R) tmin2 (R) tmin1 (G) tmax1 (G) tmin2 (G) tmin1 (B) tmax1 (B) tmin2 (B) the (B) toxide tover(B)

(B)
1 72 130 190 70 115 170 62 103 147 41 21 250
2 50 87 147 43 70 122 35 57 107 22 13 345
3 130 220 370 120 200 330 107 167 287 60 47 n.a
4 37 70 115 35 55 105 35 45 95 10 25 195
5 37 70 115 32 55 102 32 45 92 13 19 200
6 140 255 405 127 225 375 117 182 330 65 52 n.a
7 70 120 180 60 110 160 60 80 142 20 40 345
8 60 110 160 55 87 145 50 70 130 20 30 310
9 40 75 115 37 60 105 35 50 95 15 20 197
10 40 70 112 37 55 102 35 47 90 12 23 200
11 90 170 265 85 155 240 75 125 205 50 25 480
12 70 132 195 60 115 175 55 90 160 35 20 350
13 75 145 215 70 130 185 65 105 170 40 25 385
14 90 165 260 90 147 225 80 120 190 40 40 465
15 75 135 210 70 115 185 60 95 160 35 25 385
16 37 62 107 35 50 100 35 45 85 10 25 205
17 50 80 125 45 65 112 40 55 100 15 25 215
18 60 115 170 55 100 155 50 75 135 25 25 320
19 47 87 130 45 70 120 40 60 105 20 20 220
20 95 165 260 90 152 225 80 120 200 40 40 460
21 60 110 170 55 92 152 50 70 135 20 30 315
22 70 130 200 65 110 180 60 80 160 20 40 380
23 50 95 145 47 75 125 45 62 115 17 28 250
24 50 95 145 45 85 135 40 65 120 25 15 270
25 75 135 195 65 115 175 60 100 157 40 20 370
Average: 28 28 309
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surface becomes over-etched around 300 s, while the oxide breakthrough requires approx. 28 sec.

Since the exact identification of the examined area is impossible due to the errors of in-situ ellipsometry, the approximate location
of interest can be found and evaluated with an optical microscope at proper magnification. As the form and the size of the investigated
area with SE are known, an area with the same size and similar shape was also selected on the microscope image. This area is shown
with red color in Fig. 5. On the chosen area, the average intensities at different wavelengths were measured. The resulting RGBL
normalized intensity curves are shown in Fig. 7 a. They show many similarities compared to what can be obtained from the exami-
nation of individual grains. The functions have a cosine-like characteristic with decreasing amplitude, although the decrease has a
significantly greater influence compared to the effect on the function of a single grain.

A single grain in low carbon steel etched with Beraha—I usually has three whole cosine periods before the characteristic becomes
quasi-linear due to the increased absorption of the layer. While layer interference and absorption together determine the color, as the
layer increases and the absorption effect gets more potent, the visible color gets darker and modulates only slightly by interference.
Calculating the intensity of a polycrystalline surface means that in every moment, we calculated the average of multiple grains, which
in case Fig. 5 at area A is over 300, and in case of area B is over 70. At the beginning of the etching process, while grains develop their
first colors, this average will behave similarly to a single-grain system as a global decrease in intensity occurs. After the intensity of
grains with the highest etching speed — i.e., for ferrite grains with <100> orientation — reaching their first minima and their functions
start to increase, the average intensity at every wavelength will be the sum of various tendencies. This results in much more flattened
curves with fewer and less noticeable extrema.

Although the characteristics are similar, the difference still raises the question of how reliable the chosen area is for comparing it
with SE. To answer this question, a second independent area was selected and evaluated, which had a different size and contained
completely different grains. The second area is shown with turquoise in Fig. 5, while its intensity curves are shown in Fig. 7 b. The
comparison of Fig. 7a and Fig. 7 b shows that the functions are almost identical (Fig. 7c). Although the curves may not move in
perfectly the same way, their values at the critical points — which are the extrema — are the same. It is also important to mention that
by increasing the size of the evaluated area, the extrema may be better visualized as the effect of the weight resulting from the texture
decreases. Consequently, as long as the sampling size is significantly bigger than the average grain size in a homogeneous material, the
resulting functions used for the evaluation can be considered the same regardless of the place of observation.

Comparing the characteristic times of the individual grains with the average intensity curve also showed that the over-etching
occurs after the first local maximum. Thus, to avoid over-etching, stopping the process before the intensity curve reaches its first
maximum is preferable. Unfortunately, the effect of oxide breakthrough cannot be eliminated this way. Nevertheless, it is sure that
around 30 s, the steady-state etching must be started, and after the first minimum, it has absolutely no effect. In summary, it is
preferred to stop the process between the first two extrema to see the effect of steady-state etching.

3.2. Evaluation of in-situ spectroscopic ellipsometry data

SE requires an optical model to calculate ¥ and A spectra, and to fit the parameters of the model to have a good agreement between
the measured and the calculated spectra. The model used for the in-situ characterization consisted of the metal substrate, the
developed layer, and the etching solvent as the ambient from which the light accesses the surface. The optical properties of the
substrate have been fitted using the measurement at the initial state of the sample without an overlayer. Then the dielectric function of
the substrate has not been fitted during the etching process, only the dispersion of the layer. The dispersions have been described and
fitted backward in time using the B-spline method [20]. This approach gains increasing interest [21,22] since it is capable of modeling
complex materials with unknown band structures and related dielectric functions, the parameterization of which is usually challenging
in a broad spectral range [23,24]. In the B-spline model, the dispersion is described by connected polynomials with adjustable node
distance. In turn, the quality of the fitted spectra is described by the mean square error (MSE), which is a weighted sum of squared
differences between the measured and calculated ¥ and A values for all the wavelengths [25]. The smaller the value, the better the
agreement between the measured and the calculated spectra. MSE below 15 is considered to be a good fit, thus, our model is a highly
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Fig. 7. Normalized intensity change of different RGBL components as a function of time from

the recorded optical microscope images. The areas on which the average intensity curves were evaluated

are shown in Fig. 5 with red (A) and turquoise (B), while the comparison of the luminance curves is shown in (c). (For interpretation of the ref-
erences to color in this figure legend, the reader is referred to the Web version of this article.)
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accurate approximation of the real process, even after the etching was stopped (Fig. 8a). The variations of the MSE below 120 s show an
evolving structure in which the accuracy of the model changes substantially, followed by saturation in value between 7 and 8 at the end
of the etching.

From the fitted model, the layer thickness was determined (Fig. 8b). First, a constant increase occurs up to a thickness of almost 170
nm. After 120 s, however, a slight but continuous decrease starts. This indicates that the flow rate was increased to flush out the
etchant. Unfortunately, though, this resulted in the continuous detachment of the layer’s not yet stabilized parts. Although in terms of
layer development, this might be unfavorable, it can be utilized to determine the end of the etching process. As a result, in each
following figure, the end of the etching will be marked by a purple line.

The luminance change in Fig. 8 ¢ shows that the measurement stopped at the designated intensity range right after the first
minimum but before the curve could have reached its first maximum. Consequently, the surface should not be over-etched yet, and the
effect of diffusion must be minimal. This, combined with the linear growth in the layer thickness diagram, proves previous hypotheses
about the existence of the steady-state etching rate right after the oxide layer was broken through.

By analyzing the refractive index (n) and extinction coefficient (k) determined by in-situ SE, a similar fluctuation can be observed in
Fig. 9, as seen earlier for MSE. These values were calculated from a B-Spline fit that uses a node separation of 0.03 eV by selecting the
corresponding point of the spectrum for the temporal behavior. Initially, the refractive index changed as earlier expected, meaning its
value decreased as the layer grew. The refractive indices saturated at a value between 1.4 and 1.5 at the wavelength of 600 nm and
between 1.3 and 1.4 for the wavelengths of 445 and 540 nm. This range of the red component is very similar to those measured in
previous experiments for coarse-grained low-carbon steel with ex-situ ellipsometry, with the difference that this time, not only the final
values are known, but the entire course of the change was monitored [13]. Around 50 s, however, not only the direction of the curves
but the relative position of the components to one another also changed.

To understand this phenomenon, the layer’s absorption must be investigated. The decrease in measured light intensity can be
attributed to the increased extinction coefficient of the layer, as the layer interference and extinction determine the color of the in-
dividual grains together. If the interference is more dominant, the layer can be considered transparent, and so a cyclic color change can
be observed. If the latter is more potent, the layer develops a color that is only slightly modulated by the interference.

In an ideal film with a purely real refractive index (n), the interference criteria (Eqs. (1) and (2)) connect the thickness and
refractive index of the developed film to the wavelength of the incident light. This means that at a fulfilled wavelength where cos(¢) is
considered to be 1, the n e d product should theoretically be the same for all grains. However, if at these local extrema, the normalized
intensity significantly differs for the various grains (as in many cases occur), the complex refractive index of the layer (1) has a sig-
nificant contribution from the extinction coefficient (x). Thus, the complex nature of the refractive index can be described as in Eq. (6).

n=n—ix 6)

For the individual ferrite grains, the effect of extinction was almost negligible. Even if a significant intensity drop would occur
(which mostly did not happen), only the time required to reach certain extrema was utilized, and thus, its influence was eliminated. For
the investigation of a whole surface with multiple grains, however, the huge drop in average intensity indicates that it might be a factor
to be considered. Fortunately, the fitting function for SE is independent of layer thickness while simultaneously utilizing the refractive
index and the extinction coefficient. Thus, the determination of the closely related penetration depth (dy.,) to « is possible [26,27].
Penetration depth defines the measure of how deep a certain light component can penetrate a medium and is calculated as in Eq. (7).

A

:407“1((/1) @

dpcn (l)
It is important to highlight that a given penetration depth does not necessarily mean that light cannot be reflected from below that
distance, but its measured intensity will drop to 1/e compared to the original signal. Hence, if the layer thickness overpasses this for a
given wavelength, a significant increase in uncertainty occurs [28]. The calculated penetration depth for different wavelengths along
the layer thickness is presented in Fig. 10.
After leaving the transition range (52—60 s) and the layer thickness surpasses the penetration depth for the last light component,
the error of layer thickness starts a moderate growth. At the end of the etching, this begins to increase drastically since the fitting model
was designed for Beraha—1I rather than distilled water, which results in an unexpected change in reflection characteristics. Later, when
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Fig. 8. Layer thickness (a) and normalized intensity (b) change during in-situ SE measurement.
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Fig. 10. Relation of the penetration depth for RGB components and the measured layer thickness
After the layer became thicker than the penetration depths, the error of thickness began to grow.

the etchant was completely flushed out of the system, the increment of error started to stagnate as well. Although the magnitude of
error for layer thickness might be alarming at certain points, the determined values should be considered reliable because the error
(along MSE) starts to stagnate at the end of the process instead of starting a drastic increase towards infinity. Consequently, the surface
of the substrate (and thus the whole layer) is still visible despite the increased uncertainty.

Additionally, as the magnitude of layer thickness and penetration depth becomes comparable, significant changes occur in the
refractive index. As earlier presented, the layer is inhomogeneous, hence, if the layer thickens, its iron concentration decreases in the
upper regions, ultimately resulting in a smaller average refractive index. Prior to the transition range, the decrease in the refractive
indices of different wavelengths is almost identical, because each observed wavelength can penetrate through the whole layer. Thus,
the relative position of the curves fulfills the Cauchy dispersion, meaning that longer wavelengths have smaller refractive index at any
given moment. After leaving the transition range, however, the relative positions of the refractive indices change. Shorter wavelengths
(i.e., blue) with smaller penetration depths will show smaller refractive indices as they represent only regions close to the surface (with
a lower refractive index). Longer wavelengths (i.e., red), on the other hand, penetrate deeper into the layer, resulting in a bigger
refractive index as the iron concentration of the lower regions is higher.

This phenomenon proves that the number of free charge carriers in the layer is decreasing during etching because the extinction
should increase towards the blue component in metallic materials and increase towards the longer wavelengths (like red) in dielectrics.
As a result, this also supports the previous inverstigations which proved that the chemical composition of the layer during the etching
process is inhomogeneous, and it changes as the layer grows [13,29].

3.3. Comparison of directly and indirectly measured etching rates

Since not only the layer development rate but also the refractive index is heavily dependent on the orientation, the etching rate
alone may not be sufficient to properly describe orientation as earlier assumed because the corresponding refractive index must also be
considered. Thus, the n e d product (which includes both orientation-dependent terms) was calculated for each measurement point and

presented in Fig. 11 a. Unfortunately, the direct measurement of layer thickness is only available with spectroscopic ellipsometry,
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hence, the determination of the same parameter for optical microscope results required another approach. By rearranging Egs. (1) and
(2), the n e d product can be expressed with 1, cos(¢), and m, for both constructive and destructive interference. Additionally, cos(¢) =
1 at each extremum, and the value of m depends on the order of interference that is also known. Thus, the desired product can be
calculated for these extrema. Using the RGB components in Fig. 7 a, n e d was calculated for three points, as seen in Fig. 11 b. Although
the number of points may not be enough to describe the whole process step by step, they are very good indicators for their corre-
sponding domains.

Since n e d was presented as a function in time for both cases, to determine the etching rate, the derivate of these curves must be
calculated, as in Eq. (8). This equation highlights that the etching rate alone cannot be expressed, as the refractive index is also time-
dependent, and its derivate must be considered too. To investigate its influence, the partial derivates were also calculated by differ-
entiating the refractive index and layer thickness values in Fig. 8b and Fig. 9 a.

d(n(r) e d(1)) _ on(1)
= v(t) en(t) +d(t) e 3 8

For the OM results, the determination of the 2% ”'d ) derivate is trivial, as only the slope must be measured between three points. For in-
situ SE results, however, the derivate was deterrnmed for the whole etching process (between 10—115 s). This calculation is further
complicated as each term of the partial derivate is time-dependent, and some of them, like the derivates of the refractive indices (as
seen in Fig. 9a), are even changed from positive to negative during the investigation. To eliminate their effects, all terms of the

derivates were calculated as a function in time for each measured point. Fig. 12 presents the derivate functions for the blue component.

By analyzing these functions, the v e n and the 2224 "'d ) values move in relatively tight ranges during the etching process, only a small

outlier can be observed around 45 s, where the error of the fitting model was a little higher, probably due to noise in the measurement.
These more or less constant values are also expected as Fig. 8b and Fig. 10 show a linear growth in the first 115 s. Additionally, these
curves help visualize the slow but steady layer detachment right after the etching stopped. From these functions, the average derivates
were determined for the steady etching state. The calculated values are presented in Table 3.

Based on these average values, the v e n term has a major influence on the 274 "'d ) derivate, as it is significantly larger than d e 22 @ The
difference is so significant that the second partial derivate’s absolute value is almost negligible but always less than 3 % of what was

observed for v e n. Moreover, the d e 22 derivate changes from negative to positive around 45 s, thus, the error of the average value

d(ned)
ot 2

determined as earlier would be hlgher Hence the average values for d ¢ 22 were determined by subtracting v e n from as it should
be the reasonably more accurate method.

As seen in Table 2 for OM, most grains required less than 25 s to break through the oxide layer, while some needed even less than
15 s. For the initially hydrated sample in SE, this time must be significantly shorter due to the poor corrosion resistance of DCO1.
Consequently, the derivate determined for the 10—115 s interval is most likely the steady etching state. This statement is also sup-
ported by the intensity curve of the whole surface (Fig. 8c) because it barely left its first minimum, and hence, the process did not reach
the diffusion-limited domain yet. That is why the layer thickness growth is almost linear in Fig. 8 b. Thus, by knowing that the time
interval between tp; 1 and tye 1 should also be considered as the steady etching state, the OM and the SE results become comparable.

The comparison of the calculated 2% "'d ) derivates show multiple similarities. Regardless of the method utilized, the resulting values
are very close to one another. Their average value is 1.90 nm/s for DCO1 during the steady-state etching with a deviation of £0.15 nm/
s.

Moreover, for OM, a second time interval was also calculated between tpqy 1 and tpqey 2. Considering that tye, 2 = 430 s for the red
component here, the domain between t,q, 1 and tqx 2 must contain large over-etched areas, where the etching rate has already begun
to decrease. The measurements show an obvious decrease in the etching rate compared to the earlier stages, indicating the contin-
uously increasing effect of diffusion as the process develops. Here, the average of the derivates was 1.67 + 0.03 nm/s, showing a large

250 : 600 ‘ ™
200 ’\ 500 - ”;’,’—,
’;””l"
400

£ 150 E ‘

= ——Red =300+ vl

o Green -g ) 2o ® Red

& 1001 Blue r Y ® Green

4 200 e
—— End of etching .',7 B Blue
50+ 100
0 . . . , : 0 ; . . :
0 50 100 150 200 250 300 0 100 200 300 400

a) Time (s) b) Time (s)

Fig. 11. Comparison of the n e d product calculated for DCO1 with SE (a) and OM(b) analysis.
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Table 3
The n o d derivate of RGB wavelengths in different domains for OM and SE.
Examination type Domain Component Value (nm/s)
R G B
Spectroscopic Steady-state etching (10—115 s) ven 1.80 1.81 1.79
Ellipsometry d(ned) 1.85 1.77 1.70
ot
Optical Steady-state etching (between tmin 1 and tmex 1) d(ned) 2.00 2.08 2.02
Microscopy Diffusion limited etching (between tnqay 1 and timqyx 2) ot 1.65 1.70 1.65

drop compared to what was calculated for the domain of the steady-state etching.

3.4. Etching rate of the ferrite phase in different materials

In our previous works, the average etching rate and the refractive indices were determined for ferrite in spheroidal graphite cast
iron with the microfluidic cell presented in Fig. 2, although at that time, the functional kinetics model based on the optical microscope
and the atomic force microscope was used instead of SE [11,30]. The ferrite phase in both materials are being etched very similarly, in
cast iron, however, the process took much longer. To compare these etching rates (and @, considering that it gives a much more
comprehensive picture of the ongoing process), cast iron was also color etched to determine the yet missing extrema of the average
intensity curves. The color etched spheroidal graphite cast iron surface can be seen in Fig. 13 a.

Since the etching rate and refractive index was determined exclusively for ferrite earlier, only the average intensity-change of the
individual ferrite grains must be measured instead of the whole heterogeneous surface. To do so without altering the results due to the
influence of pearlite and graphite, the average intensity was calculated for 30 randomly selected grains (Fig. 13a). From the average
intensity curves of these grains, later, the characteristic times of the local extrema were determined (Fig. 13b).

Then, based on the so-determined intensity values and the etching rate calculated in the previous works, the n e d products were
assigned to discrete time values, similar to Fig. 11 b. The n e d change as a function in time for cast iron is presented in Fig. 14.

A direct comparison between ferrite in cast iron and low-carbon steel shows that compared to DCO1, cast iron is etched significantly
slower. While it was very hard to identify the second local minimum on the average intensity curves for low-carbon steel, it was
relatively easy to find it for cast iron. Due to the slower etching rate, however, the second local maximum could not be found, as the
process did not reach it during the observation.

Since the n e d product shows no decrease in the slope, and the increment looks more or less linear (as their difference is negligible),
indicating that for cast iron, even this domain can be considered as the steady etching state. Consequently, its investigation may not
result in new conclusions, thus, only the first interval must be investigated in depth. The average layer buildup rate, refractive indices,
and other calculated values for cast iron are shown in Table 4.

Similarly to previous observations, the v e n product will mostly influence the value of the derivate, while the influence of d e £ is

o
only around 5 %. Additionally, the ”(’(',;d) derivative has an average of 0.99 + 0.06 nm/s, which is approx. half of what was observed for

low-carbon steel. This value corresponds well with the expectations since cast iron has significantly better corrosion resistance. In
accordance with this, its surface starts becoming over-etched only at around 550 s, which is almost twice as much as low-carbon steel
required. Finally, a slower layer buildup rate results in the effect of diffusion appearing later, as the etchant has a longer time to react
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Table 4
The n e v product of RGB wavelengths in different domains for cast iron.
Examination type Characteristic value Value
R G B
Optical Etching rate (nm/s) 0.49
Microscopy Refractive index (—) 1.81 1.92 2.22
Domain Component (nm/s) (nm/s) (nm/s)
Steady-state etching (between tyin 1 and tmax 1) ven 0.89 0.94 1.09
d(ned) 0.94 0.96 1.06
ot

with the substrate. That is why the influence of over-etching is negligible between tpqy 1 and tyn 2, and why cast iron is required almost
twice the time to reach over-etching compared to DCO1.

4. Conclusions
In summary, first in the world, in-situ color etching observations were performed while the developing layer was monitored with
spectroscopic ellipsometry. These observations proved the existence of the previously hypothesized steady-state etching rate in the

early phases of the process. This etching rate will later decrease as the diffusion becomes relevant enough to hinder the reaction
between the etchant and the substrate. The chemically inhomogeneous nature of the developed layer was also supported by the

13



J.B. Renko et al. Heliyon 10 (2024) e25271

addition that not only the refractive index but the extinction coefficient with the related penetration depth will also change as the layer
grows. Penetration depth showed that the extinction must also be considered during observations, even if its effect may look negligible
for the individual grains. If the penetration depth becomes comparable in size to the layer thickness, the measurement error will
increase, which may distort the results.

Finally, the determination of the dned) ”'d ) derivative showed that for the DCO1 material with different microfluidic cells (even if the
circumstances may not be perfectly 1dent1ca1, but the etchant flow rate is similarly slow), the derivative that is in close connection to
the layer buildup rate could be determined with very high accuracy. According to our measurements, the derivative moved around
1.90 + 0.15 nm/s for the steady-state etching domain and 1.67 + 0.03 nm/s for the observed part of the diffusion-limited domain. By
calculating the derivative for cast iron as well, it was shown that the steady-state etching rate is approx. half for ferrite in cast iron due
to its better corrosion resistance. In addition to that, the etching rate of cast iron was nearly constant until 550 s, as the derivative
between t,q 1 and ty;, 2 had negligible differences compared to what was obtained between t;;;; 1 and tpgy 1. For the steady etching

state, the 25~ "'d ) derivative for cast iron was 0.99 + 0.06 nm/s. The determined etching rates thus correlate well with the corrosion
resistance of the investigated materials.
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