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1. INTRODUCTION  

Nowadays , etching is a popular  method in the industry, as it offers a relatively fast 

and easy solution to dissolve small amounts of material  with high precision. During a 

typical process, the etchant reacts with the immersed sample while removing  material 

from its surface. Depending on the fi eld of application , various compounds could be 

used, as they could fulfill both decorative, manufacturing , and other purposes as well. 

From a metallographic point of view, e tching is one of (if not) the most frequently 

utilized procedure s to develop microstructure.  It could highlight different phases, re-

veal microstructure, clean the surface, or remove parts of the material in a highly con-

trolled environment. As a result, almost all metallographic preparation methods con-

tain some kind of etching before the examination. 

Despite their widespread use, etching is still one of the least explored areas of mate-

rials investigation . The application of etchants usually does not require a deeper un-

derstanding of the underlying mechanis ms. In most cases, they are used only to reveal 

microstructure by creating visible differences in ÛÏÌɯÚÜÙÍÈÊÌɀÚɯÛÖ×ÖÎÙÈ×ÏàȭɯThus, the 

average user typically has  only basic knowledge about which phase the etchant attacks 

on certain materials but not about the ongoing reaction. 

Those who previously attempted to analyze etching have shown that exploring the 

process in depth might be beneficial, as it contains significantly more information 

about the material than only revealing its microstructure. Although from a macro-

scopic perspective, etching appears homogeneous over the whole surface, a closer look 

shows that the local course of the process is quite different in various ways. Experi-

ments showed a strong connection between certain material properties and the locally 

detectable chemical reaction, as they both depend on the same factors: grain orienta-

tion  in most cases. 

Color etching, an etchant variation that develop s a layer over the surface instead of 

only removing material, is particularly sensitive to grain orientation. Compared to 

other methods, it is more suitable to analyze etching as the etching rate can be easily 

tracked by examining the layer growth. In addition, the developed layer is transparent 

enough to interfere with the incoming light, resulting in strong visual feedback that 

also could be utilize d. Thus, understanding color etching might be the key to getting 

a deeper knowledge of etching mechanisms. Exploring additional orientation -depend-

ent attributes and utilizing the already known and the fre shly explored ones in new 

ways could serve as a foundation for a new color etching-based orientation determi-

nation technique. As a result, materials investigation  may expand with a novel method 

to analyze and utilize etching other than as a preparation tool.  
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2. SURVEY OF THE PROFESSIONAL LITERATURE 

Etching is an ancient technique that goes back to the archaic ages (Frenez et al., 2018) 

(Makin, 2018). The base principle of this technique has not changed much to this day 

and works as follows;  the etchant ῐ typically some acidic or sulfuric compound ῐ, is 

applied on the ÔÈÛÌÙÐÈÓɀÚɯÚÜÙÍÈÊÌ to be etched. As the etchant reacts with the surface, 

the appearance of the base material, i.e., depth, color, or gloss, change. The occurring 

difference depends on multiple factors, but mainly on the combination of the base ma-

terial and the applied etchant  (Walker & Tarn, 1991). 

According to the development of etching, the technique s can be divided into three 

main categories based on their  purpose and complexity . Chronologically these groups 

developed from each other during history , but they also coexisted. Although some 

techniques can be classified into multiple groups based on their purpose, their com-

plexity shows significant differences in separating them properly . 

The first group contains techniques developed first and used purely as decorative 

tools. Higher -level methods belong to the second group, which now have a specific 

function other than appearance. These resulted in unique tool s to create or mass-pro-

duce other objects. The newest techniques developed are in the third and final group, 

specifically  to create micro- and nanostructures on different surfaces. The following  

chapters will briefly summarize  the history of etching and the development of  differ-

ent etching techniques. 

2.1. History and development of etching 

The first archaeologic evidence of etching dates back to the bronze age (De Waele & 

Haerinck, 2006). At first, it had a purely decorative purpose as it could create patterns 

on different materials, like shells or stones (Norman, 1987). The base material for the 

earliest etchants was the carnelian stone, which is a chalcedonic quartz. The used etch-

ant was a solution of alkali, mostly soda  (Francis, 1993), (Charpentier et al., 2017). Dur-

ing the etching process, soda was applied on the red surface of the stone in specific 

forms. The red surface underneath the etchant turned white in the previously defined 

shape, creating the so-called carnelian beads (Figure 1). These items were used for var-

ious purposes, as they functioned in the social, political, religious , and medicinal 

spheres, depending on the beadɀÚ particular sort of stone and design (De Waele & Hae-

rinck, 2006). 

In the late bronze and early iron age, as more acidic and sulfuric compounds were 

explored, new applications appeared (Chase & Franklin, 1979), (Scott, 1992), (Ingo et 

al., 2019). Although  their  purpose was still more or less decorative, the list of etched 

materials has extended to various metals, such as copper, bronze, silver, and iron  (Per-

nicka et al., 1998), (Weinberg et al., 1977), (Milot et al., 2021). The two main methods in 

this period were surface depletion and intentional patination (Mathis et al., 2005). By 



  

3 

depleting the base alloy , the metal ῐ usually a copper-gold or copper -silver alloy  ῐ got 

a glided, sometimes silvery shine due to the change in its surface composition 

(Craddock & Giumlia -Mair, 1993), (Forty, 1979), (Mathis et al., 2007). The chemical 

treatment with sulfur that changed the color of the surface while heavily oxidizing it 

called intentional patination , usually resulted in  a black or dark brown surface. This 

technique was used by various civilizations, such as Egyptian, Roman, Minoan, and 

Japanese (Craddock & Giumlia -Mair, 1993), (Cooney, 1966), (Aucouturier et al., 2013), 

(Giumlia -Mair & Craddock, 1993), (Verhoeven et al., 1998). 

 
Figure 1. Etched carnelian beads from 5000 BC India ȹ'ÖÓõȮɯƖƔƖƗȺ 

With the development of  metallurgy , etching became a popular ornamentation tool, 

as it could create more complex and detailed patterns on metallic surfaces. In the me-

dieval age, the surface to be decorated was first cleaned from contaminants and then 

coated with a resist. Resist was typically a material with  high acid resistance but low 

mechanical properties, such as beeswax. Thus, it was easy to apply and remove from 

the surface, but it could protect the base metal underneath it. In the next phase, skillful 

craftsmen engraved patterns into the resist, opening the cover in the desired form. The 

prepared and engraved metal was then immersed in an acidic solution, which reacted 

with the exposed parts of the workpiece. After the base metal was removed to the nec-

essary depth, the process was stopped by washing the etchant away. In the end, the 

resist was removed to leave room for final preparations, such as polishing and gliding  

(Figure 2). This process became so popular due to its easy applicability that it is still 

frequently used (Jenkins et al., 2019), (Banister, 1986). 
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Figure 2. Acid -etched casket (a) and helmet (b) from the  16th century (V&A Museum, 2013) 

During the development of etching , the first  application as a technique with an ac-

tual  function other than direct decoration was implemented in the 13th century  and 

called intaglio printing .  ÓÛÏÖÜÎÏɯÛÏÌɯÛÌÊÏÕÐØÜÌɀÚɯÌÈÙÓàɯÈ××ÌÈÙÈÕÊÌȮɯÐÛÚɯÞÐËÌÚ×ÙÌÈËɯ

application was dated only in the 16 th century when book printing spread across Eu-

rope (Stijnman, 2012), (Cohn, 2013). Copper and sometimes iron plates were engraved 

and etched with the method described above, with the difference that this metal was 

not the final product  but rather a printing  tool . After etching , the plate was coated with 

a non-corrosive tint  to fill  the previously created cavities while the excess dye was re-

moved. Then the plate was pressed on a sheet of paper, transferring the stain and the 

topography of the etched surface too (Figure 3). Thus, intaglio allowed  large-scale se-

rial production of printed figures , and later, with the introduction of (paper) bank-

notes, a unique way of printing  money (Jenkins et al., 2019), (Kyrychok et al., 2014), 

(Leaf, 1984), (Banister, 1986), (Hungarian National Bank, 2023). 

 
Figure 3. Intaglio printed Hungarian 1000 Forint banknote (Hungarian National Bank, 2023) 

The final phase in the development of etching processes started in the 19th century 

when materials science and optics obtained the necessary level to create precisely com-

posed materials and examine micro-scale changes on their surfaces (Hansen et al., 

2006), (Anusree & Govindan, 2014). From the technique of traditional engraving , new 

methods grew, such as chemical machining and photoengraving  (Schnauss & Middle-

ton, 1889), (El-Hofy, 2005). From this point , it was possible not only to remove but also 

to build up different layers on the surface to be treated, doing it on the micro -, and 

later, on the nano-scale (Ruth, 1956), (Yadav & Teli, 2014), (Datta & Harris, 1997). 
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The emergence of new techniques and the development of existing ones became ex-

ponential from the third industrial revolution,  and it has not slowed down to this day. 

From this point on, it is almost impossible to follow the history of etching in a single 

thread because the individual sub-areas and their application techniques are so diverse 

that often no other related connection can be observed between them than the base 

principle of etching  (Choi et al., 2015). A great example to illustrate this is the compar-

ison of two  widely used techniques nowadays , photolithography  and chemical etching 

(Petzow, 1999), (Ramirez, 1970), (Vander Voort, 1984). 

Photolithography is the technique in the semiconductor industry to create integrated 

circuit patterns on a nano-scale. After proper cleaning , the silicon surface to be treated 

is coated with a photoresist. Then the coated wafer will be exposed to intense light that 

ÊÏÈÕÎÌÚɯÛÏÌɯÙÌÚÐÚÛɀÚɯËÐÚÚÖÓÝÈÉÐÓÐÛà, allowing to remove  the resist in a given pattern . In 

the following step, the etchant attacks the surface on these exposed areas, where the 

resist no more protects it. At the end of the process, the etched pattern will form the 

electric circuits on the silicon wafer  (Figure 4). With t he currently available, most ad-

vanced methods, it is now possible  to create 30-50 nm wide metal pitches for the elec-

tric circuit across the surface of a 300 mm diameter silicon wafer (Kanarik et al., 2018), 

(Levenson et al., 1982), (Kim & Trumper, 1998) , (Qin et al., 1998), (J. Fan & Qian, 2022). 

 
Figure 4. Silicon wafer under an optical microscope (Renishaw, 2015) 

In contrast to the previously presented high-precision technique, chemical etching 

is typically used in metallography. Although the accuracy of this method is somewhat 

on the micro-scale, it requires less preparation, and its applicability moves on a signif-

icantly broader scale. The previously ground  and polished surface is immersed into 

the etchant, which will selectively attack the surface. Whether it attacks only specific 

phases, grain boundaries, or grains, the result is always the same, as it makes the mi-

crostructure visible on the previously polished surface.  The target material can be 

freely changed as long as an existing etchant can react with  it  (Vander Voort, 1984), 

(Bell & Sonon, 1976). 

As my work primarily focuses on color etching in metallography, in the following  

chapters, I will present  only  the nowadays existing and most often used etching tech-

niques, focusing on their metallographic relevance, applicability , and the information 

they may carry.   
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2.2. Etching in metallography 

Etching is a widely used tool in metallography as it  offers a quick and easy solution 

for developing the microstructure of different samples  (Vander Voort, 1986). Although 

various techniques exist for different purposes, their overall goal is the same: to pro-

duce a structure with sufficient contrast to distingui sh as much detail as possible 

(Vander Voort, 1984). During etching, the previously polished surface reacts with the 

applied chemical  or beam, revealing certain parts of its microstructure. Depending on 

the nature of the etchant, grains, grain boundaries, precipitations , or different phases 

become visually separable, allowing further surface analysis  on it  (Vander Voort, 

1985). Although there are few differences in their field of application , etching methods 

can be divided into three main groups according to their working mechanism. 

The first group , called plain etchants, contains chemicals that merely dissolve the 

substrate, removing material from it. Those from this group that are reactive alone to 

attack the sample during a simple immersion are called chemical etchants (Figure 5.a). 

If the reaction occurs only using an applied electromotive force of low voltage, it is 

called electrolytic -potenti ostatic or electrochemical etching. 

Contrary  to plain etching , etchants in the second group not only dissolve the  base 

alloy but also develop a film from the mixture of compounds on its surface  (Figure 

5.b). As this layer interferes with the incoming light, it results  in colorfu l grains, after 

which these chemicals were named precipitation -, contrast-, tint - or color etchants 

(Rawdon & Lorentz, 1920). Similarly to chemical etchants, potenti ostatic color etchants 

also exist, but their nu mber is neglectable compared to voltage-induced chemical etch-

ants. 

 
Figure 5. Low-carbon steel surface etched with  

2% Nital (a) chemical etchant and Beraha-I (b) color etchant 

In some cases, the etchant can be replaced with a high-energy medium, like ionized 

Ar+, Ga++, or F- plasmaȭɯ3ÏÌɯÈ××ÓÐÌËɯÐÖÕɯËÈÔÈÎÌÚɯÛÏÌɯÚÜÉÚÛÙÈÛÌɀÚɯÚÜÙÍÈÊÌɯÉàɯÒÕÖÊÒÐÕÎɯ

atoms out of the lattice, resulting in a similar but less damaged topology as chemical 
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etching. These methods, like reactive ion etching or cathode sputtering , belong to the 

third group  (Pohl & Burchard, 1980). 

The number of different etchants used in metallography varies widely  based on the 

examined material and the reacting phases. Most of the etchants can be used for mul-

tiple materials or phases, as their reactivity  usually  is not limiting their applicability to 

only one specific material. An excellent example of this is the subject of my thesis, the 

Beraha-I color etchant. It can react with ferrite phase presents both in cast iron and 

carbon steel or with copper for example. 

2.2.1. CHEMICAL ETCHING  

Chemical etchants are the most frequently used  developing tools , as significantly more 

reagents belong to this group than to the others. These etchants typically have  an acidic 

pH , resulting in a more aggressive reaction between the etchant and substrate. As pre-

viously described, t hey ËÐÚÚÖÓÝÌɯÊÌÙÛÈÐÕɯ×ÈÙÛÚɯÖÍɯÛÏÌɯÚÈÔ×ÓÌɀÚɯÚÜÙÍÈÊÌɯÐÕÛÖɯÛÏÌɯÌÛÊÏÐÕÎɯ

solution. The visualization of the microstructure is  based on the difference in their  

etching rate, as they result in a detectable change in topography.  Depending on the 

material -etchant pairing, the process usually takes from seconds up to a few minutes 

(Vander Voort & Manilova, 2023) , (Panagopoulos et al., 2009), (Monteiro et al., 2010), 

ȹ%ÓÌÐŏÕÌÙ-Rieger et al., 2021). 

Chemical etchants can be highly selective, reacting only with specific phases or 

structures. This attribute is very appealing for  complex, multiphase materials, as it can 

separate different phases. Unfortunately, more than that alone is needed to properly 

develop the whole microstructure , as grains from the same phase cannot be separated. 

Most of the time , simultaneously with  the selective nature of etchant, the different 

etching rates of grains and grain boundaries are taken advantage of. At the grain 

boundaries, where the lattice structure is more deformed, atoms can more easily exit 

the substrate and dissolve in the etchant. Thus, their etching rate will be higher , result-

ing in deeper etched cavities along the grain boundaries, revealing the whole micro-

structure (Vander Voort, 1986), ȹIÈÒċÙȮɯƖƔƔƜȺ. 

The existence of various chemical etchants is a result of multiple factors. Their ap-

plication is relatively easy and cheap as they require no specific equipment. Due to 

their reactivity, they remove more material from the surface. Thus, a moderate level of 

preparation  could be enough. This may let skipping the finer polishing steps  result in 

a faster process. Although they might not reveal as much information as color or ion 

etching, it is already more than enough in most cases. 
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2.2.2. COLOR ETCHING  

Chronologically contrast , tint , or color etchants are the latest invented  techniques, as 

their appearance dates back to the first half of the 20th century  (Portevin, 1939). The 

preparation and application of color etchant s are very similar to chemical etching, as 

they require a pre-×ÖÓÐÚÏÌËɯÚÜÙÍÈÊÌɯÈÕËɯÛÏÌɯÚÈÔ×ÓÌɀÚɯÐÔÔÌÙÚÐÖÕɯÐÕÛÖɯÛÏÌɯÌÛÊÏÈÕÛȭɯ3ÏÌɯ

base of these etchants is typically  a less aggressive salt solution . Therefore, color etch-

ing usually takes longer than chemical etching. Depending on the material -etchant 

combination, the required time varies from a few minutes to a couple of hours, but the 

process can be sped up by adding acids to the mixt ure (Kilpatrick et al., 1971). They 

increase reactivity to etch faster and allow use on more corrosion-resistant materials, 

such as cast iron and stainless steel (Beraha, 1968b), (Beraha, 1970c). The possibility to 

slightly modify the etchant result  in multiple variants for the same salt solution  base, 

which  are later running under similar names  such as Klemm-I, Klemm-II , and Klemm-

III  (Geels, 2007). In some exceptional cases, even different variants got the same name. 

This is typical for the etchant variants created by Beraha, like B0, B1, B2, etc., where 

the added components change to fulfill the targeted purposes  (Vander Voort, 2004). 

3ÖɯÔÈÒÌɯÛÏÌɯÙÌÚÌÈÙÊÏÌÙɀÚɯÞÖÙÒɯÌÝÌÕɯÏÈÙder, the opposite also occurs when various 

sources call the same etchant by different names, like Beraha10/3 or Beraha-I (Vander 

Voort, 2004), (Geels, 2007), (Beraha, 1971), (Benscoter et al., 1969). Some of the most 

frequently used color etchants are listed in the appendix , with essential information 

about their field of use and chemical composition. As the different Beraha -variants 

could increase the size of this list  indefinitely, only  one or two of  the most often used 

are shown per category. 

In contrast to chemical etching, the reaction typically occurs over individual grains 

ÐÕÚÛÌÈËɯÖÍɯÎÙÈÐÕɯÉÖÜÕËÈÙÐÌÚȭɯ ÚɯÛÏÌɯÉÖÜÕËÈÙÐÌÚɀɯÚÐáÌɯÐÚɯÐÕÚÜÍÍÐÊÐÌÕÛɯÛÖɯÔÈÐÕÛÈÐÕɯÈɯÍÐÓÔɯ

permanently, it will mix and dissolve into the film of the ne ighboring grains. Depend-

ing on the material -etchant combination, the layer is a mixture of different compounds, 

such as oxides, sulfides, or complex molybdates ȹ*ÈÙËÖÚɯȫɯ&âÊÚÐȮɯƖƔƕƗȺ, ȹ'ÜÚáâÒɯȫɯ

-ÈÎàÕõɯ'ÈÓâÚáȮɯƖƔƕƛȺ. 

The resulting color relies on multip le factors, such as chemical composition, film for-

mation, and interference effect. Depending on the applied etchant, the film colors ei-

ther specific phases or all constituents differently. The former group contains etchants, 

such as Alkaline Sodium PicrateȮɯ&ÙÖÌÚÉÌÊÒɀÚȮɯ,ÜÙÈÒÈÔÐɀÚȮɯ5ÐÓÌÓÓÈɀÚȮɯÈÕËɯ6ÌÊÒɀÚɯÙÌÈɪ

gents. These typically stain carbides and other precipitations in metals with a phase-

specific color, as shown in Figure 6. Although these etchants can separate certain 

phases, due to their color-specific nature, they do not carry any other  known  infor-

mation  about the microstructure underneath them  (Ray & Dhua, 1996), (Vander Voort, 

2005), (Szczotok et al., 2006). 
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Figure 6ȭɯ,ÐÊÙÖÚÛÙÜÊÛÜÙÌɯÖÍɯ ƗƜƔɯ ÓÜÔÐÕÜÔɯÌÛÊÏÌËɯÞÐÛÏɯ6ÌÊÒɀÚɯÙÌÈÎÌÕÛȭ 

The silicon particles were colored orange (Vander Voort & Manilova, 2023)  

With the development of new etchants by Klemm and Beraha, color etching evolved 

into a more practical and well -liked technique. These new reagents typically deposit 

sulfide films, as their main component is either .Á3/ , +3/ , or both. Similarly  to 

the previous color etchants, these are also highly selective and react only with specific 

phases, but the developing film is transparent , meaning no phase-specific coloration 

occurs (Vander Voort, 2004). From that point, layer color was not determined by the 

reacting phases but by the film thickness  (Ὠ). As the layer grow s, it interferes with  the 

incoming light , resulting in constantly changing colors (Figure 7). 

 
Figure 7. Illustration of thin film interference during color etching  
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The following equations describe the conditions of destructive ( Eq. 1) and construc-

tive (Eq. 2) interference during etching if no other factor influences the process 

(Stavenga, 2014), (Van Der Kooi et al., 2017). These equations indices a cyclic color 

change in the function of layer thickness (Ὠ). 

 ςϽὲ ‗ϽὨϽÃÏÓ‰ ά Ͻ‗ (1) 

 ςϽὲ ‗ϽὨϽÃÏÓ‰ άϽ‗ (2) 

 ά ρȟςȟσȟȣ (3) 

Similarly to Figure 7, ὲ ‗ is the wavelength-dependent refractive index of the 

film, while ‰ is the normal incidence and ‗ is the wavelength of the examined light. 

Parameter ά refers to the order of interference, depending on the number of previous 

cycles (Eq. 3). 

Compared to chemical etchants, color etchants are the least common. Not only the 

number of available compounds i s lower, but they require more preparation, etching 

time, and in some cases, specific post-processing to develop microstructure properly . 

Despite their resource-intensive nature, they must be addressed since the amount of 

information carried is significant ly greater than any other etching method.  
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2.2.3. ELECTROLYTIC-POTENTIOSTATIC ETCHING  

Electrochemical etching is often classified as "forced corrosion". Materials with higher 

corrosion resistance, such as stainless steel, copper alloys, aluminum alloys, magne-

sium, and zirconium , are challenging to prepare by conventional mechanical tech-

niques. In these cases, electrolytic- or electrochemical etching is frequently utilized. 

The applied etchant (electrolyte) is usually an acidic compound , similarly to chemical 

etching, although ÐÛɀÚ ÓÌÚÚɯÙÌÈÊÛÐÝÌɯËÜÌɯÛÖɯÛÏÌɯÚÈÔ×ÓÌɀÚɯÏÐÎÏÌÙɯÊÖÙÙÖÚÐÖÕɯÙÌÚÐÚÛÈÕÊÌȭɯ

Thus, the immersed metallic sample alone does not react with the electrolyte, but it 

develops a tendency to release electrons and become ionized if it is put into an electri-

cal circuit. Small, adjacent anodic and cathodic areas divide into a network of tiny cells 

due to the microstructural components' different potentials. These local components 

cannot simply come from variations in phase composition; they must also come from 

crystal irregularities already present, such as at grain boundaries and other inhomo-

geneities. Consequently, the surface will dissolve at different rates, creating contrast 

because of the variations in potential among microstructural features  (Vander Voort , 

1985), (Landolt, 1987), ȹ-âËÈÐɯÌÛɯÈÓȭȮɯƖƔƕƗȺ. 

Depending on the direction of the applied potential  ÖÕɯÛÏÌɯÚÈÔ×ÓÌɀÚɯÚÜÙÍÈÊÌ, anodic 

or cathodic reaction occurs. In most cases, the specimen is used as an anode, as this 

reaction may be slower and better controllable. The voltage level must also be precisely 

set, as too high voltage results in electrochemical polishing instead of etching (Figure 

8) (Vander Voort, 1985). Although this voltage -dependent attribute may severely re-

strict  the application, it can be utilized as polishing and etching can be done consecu-

tively in the same medium simply by changing the voltage (Awad et al., 2010), (Pircher 

et al., 2003), (Palmieri, 2003). 

 
Figure 8. Idealized current density as a function of applied voltage for many common electrolytes.  

Regions for electrolytic etching and polishing are indicated (Vander Voort, 1985) 

Electrochemical etching may be more suitable for materials with higher corrosion 

resistance than chemical and color etching by simple immersion . Still, it  comes with an 

increased cost, as this technique requires more equipment with precise settings (Han 

& Fang, 2019). 
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2.2.4. DRY ETCHING  

Cathodic vacuum etching, also known as dry  etching, is the most resource-demanding  

method as it requires extensive and expensive equipment to operate. This technique 

creates structural contrast by removing atoms from the surface of the specimen with 

different rates. To accomplish it, high-energy ions like argon must be accelerated using 

voltages between 1-10 kV and shot onto the surface (Lu et al., 2022). Atoms can be 

removed at different rates depending on their atomic number, bonding state, and crys-

tallographic orientation of the individual grains . To properly control the removal rate, 

the specimen during ion etching must be kept in a vacuum of 10-5-10-6 mbar instead of 

in a liquid medium as for previous methods  (Chen et al., 2014), (Y. Li et al., 2019), 

(Hicks et al., 2019), (Vander Voort, 1985), (Pohl & Burchard, 1980). 

Dry  etching is one of the most precisely controllable processes, as it can create the 

finest structures without the danger of under -etching. Thus, it is generally used as a 

preparation step for scanning electron microscope (SEM) and transmission electron 

microscope (TEM) as they require a clean surface with minimal microstructural 

change. Considering its cost and the less selective nature of this method (since it dif-

ferentiates between atoms with various size  instead of grains and grain boundaries), 

it is rather used for preparation  than for direct micr ostructure development  (Figure 9). 

 
Figure 9. Argon -ion etched X8CrNiNb steel surface hardly reveals 

microstructure around creep pore, 1 kV, 10 min (Pohl & Burchard, 1980) 
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2.3. Importance of crystallographic orientation in materials science 

2.3.1. ORIENTATION OF CRYSTALS 

From a macroscopic perspective, most metals appear continuous, homogenous, and 

isotropic. Continuity assumes the absence of voids, cracks, etc. in structures, while ho-

mogeneity means that the microstructure and characteristics will be the same every-

where in the material. According to continuum mechanics, i sotropy ensures that the 

material's response to any impulse is the same everywhere, i.e., the wave propagation 

rate is constant regardless of the direction. Although most engineering materials are 

continuous, they are frequently inhomogeneous and anisotropic at the microscopic 

level, as the grains' preferred crystallographic orientation (or texture) significant ly  im-

pact them. To properly highlight the importance and role of orientation in engineering 

and materials science, the basic structure of materials must be understood first. 

Amorphous m etals with random atomic arrangements can be produced in small 

amounts, but at their most fundamental level, metallic materials (as well as many non-

metallic ones) are usually  crystalline solids. The primitive  cell is the fundamental  struc-

tural element  of the crystal lattice. A crystal lattice is created by repeating this config-

uration in three dimensions. Although there are 14 different ways that atoms can be 

arranged in space (known as Bravais lattices), the elementary cell structure of the ma-

jority of met als is either body -centered cubic (BCC) (e.g., chromium, iron,  molyb-

denum, tungsten), face-centered cubic (FCC) (e.g., aluminum , copper, lead, nickel), or 

hexagonal close-packed (HCP) (e.g., magnesium, titanium, zinc).  

Materials can be employed as single crystals when a complete block is created with 

a consistent crystallographic orientation (e.g., silicon wafers). These materials contain 

no inner surface-like crystal lattice defects like  grain boundaries. This close-to-perfect 

lattice is essential to fulfi ll their functions  and minimize manufacturing failures, even 

though  their mechanical properties may be less appealing. Engineered materials, how-

ever, often include many crystals or grains and the associated lattice defects. To ade-

quately describe their differences, a system must be introduced in relation to which 

the position of each crystallite (i.e., orientation) is determined.  

Crystals and crystal orientations , typically described in the literature with Miller in-

dices, play an essential role in determining  the mechanical properties, plastic defor-

mation mechanisms, and the characterization of crystal defects. In a cubic system, Mil-

ler indices ὬȟὯȟÁÎÄ ὰ determine the orientation of a direction or a plane. Depending on 

the parenthesis, they could express either a direction ὬὯὰ or a plane ὬὯὰ. Although 

the geometric meaning of direction s is trivial, planes are described with  their normal 

vector. Consequently, the same Miller indices of a plane and a direction are always 

perpendicul ar (Eq. 4). 

 ὬὯὰṶὬὯὰ (τ) 
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In most cases, lattice structures are symmetr ic for a certain level, meaning multiple  

orientations have identical properties . These should not be treated separately, thus, the 

definition of the  crystallographically equivalent directions ὬὯὰ, and equivalent 

planes ὬὯὰ are introduced. To any randomly selected ὬὯὰ system, where Eqs. 5 

and 6 are fulfilled, 48 equivalent directions belong, as their coordinates are inter-

changeable with one another and their negative counterpart.  If Eq. 5, Eq. 6, or neither 

are fulfilled, the number of equivalent directions is lesser.  

 Ὤ Ὧ ὰ (5) 

 ὬȟὯȟὰ π (6) 

Miller indices allow us to describe individual lattice structures (i.e., grains) geomet-

rically and  compare them. The enclosed angle between directions or planes (by using 

their normal vector) is calculated with a simple scalar product.  If any of them is a crys-

tallographically equivalent system, then the scalar product must be calculated for 

every equivalent direction , and the minima of those will be the enclosed angle. 

The Miller indices may be used differently based on the geometric parameters a 

given system uses to describe the lattice position. Orientation is typically  expressed 

with the orientation matrix containing the cosine of the angles between the axes de-

fined by the macroscopic coordinate system and the microscopic lattice, described by 

Miller indices. Other methods,  such as the Euler angles, angle-axis pairs, Rodrigues 

vectors, pole-, and inverse pole figures, are usually derived from it to utilize lattice 

symmetry and thus, minimize the necessary data ȹ!âÙÊáÐɯȫɯ%ÜÊÏÚȮɯƕƝƜƕȺ, (Wenk & Van 

Houtte, 2004). 

The microstructural analysis of a standard polycrystalline material reveals typically  

that it is  a collection of grains with distinct crystal structures. In some cases, secondary 

or tertiary phases, each with unique attributes, also spread throughout the parent 

structure. Both the arrangement of atoms in a specific lattice and their orientation sig-

nificantly  impact  the excepted material properties (Huh et al., 2005). The majority of 

orientation -dependent (tensorial) parameters defining the polycrystalline state are 

composed of the average of the overall orientation distribution (texture) of these cr ys-

tals, as the macroscopical properties of the polycrystalline material depend on those of 

the constituent single crystals. The crystallographic orientation distribution of the 

grains within the polycrystalline aggregate, also known as crystallographic tex ture, 

may vanish when all possible crystallite orientations occur with equal frequency.  This 

indicates that the entire polycrystal can appear to be isotropic. As a result of unique 

underlying mechanisms relating to nucleation, growth, crystal plasticity , and recrys-

tallization , as well as grain development during the different manufacturing pro-

cesses, the majority of materials inherit strong crystallographic textures, while the ex-

istence of polycrystalline materials with completely random orientation distrib utions 

is relatively  uncommon ȹ'ġÓÚÊÏÌÙɯÌÛɯÈÓȭȮɯƕƝƝƕȺ. 
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Texture plays an important role because various properties of the crystals, such as 

crystal plasticity, fracture toughness, electrical conductivity, diffusion, superconduc-

tivity, mechanical twinning, corrosion resistance, etc., are very strongly orientation de-

pendent (Newesely & Rabe, 1985), (Hamelin, 1984), (Tran et al., 2019), (Panda et al., 

2014), (Yardley et al., 2014).  

2.3.2. EFFECT OF CRYSTALLOGRAPHIC ORIENTATION  ON MATERIAL  PROPERTIES 

The response of metals to an external impulse (like force) depends on various factors. 

One important variant is the type of loading (such as tension, compression, shear, or 

combinations thereof), but the deformation response of the metal is further influenced 

by strain rate, temperature, type of loading (monotonic versus alternating fatigue 

loads), geometric design (e.g., presence of notches), etc. The deformation behavior may 

be influenced chemically by stress-corrosion cracking or hydrogen embrittlement, as 

well as physically by changes like those brought on by radiation damage. The speci-

men size and surface finishing can also affect the mechanical attributes. Finally , the 

texture is one of the most influential factors , as its relative position to the impulse could 

result in various outcomes (Kuhn et al., 2000). 

Textured materials tend to resist plastic deformation in the direction of the dominant 

crystallographic orientation. Depending on the lattice, the number and direction of 

possible slip planes are determined, as more densely packed planes are less likely to 

disintegrate. Thus, the plastic deformation of a single grain occurs first parallel to th ese 

planes. In a polycrystalline structure, these planes are activated in the individual 

grains according to the enclosed angle between their orientation and the applied load. 

Grains in less ideal positions suffer deformation later at higher stress levels (Winther 

et al., 2000), ȹ2ÌÎÌÙÚåÓÓɯÌÛɯÈÓȭȮɯƖƔƕƙȺ. As a result, the plastic deformation occurs in the 

directions where one or more slip planes are quilted , while the other planes will in-

stead play a role in the formation of cracks and the walls of inner  microcavities 

(Schacht et al., 2003). 

Although the primary  source of texture is either the manufacturing process or cold 

forming , textures could develop in other ways. Both the primary recrystallization and 

recovery considerably depend on the crystallographic orientation . Consequently, nu-

cleation can also result in textures. The previously cold rolled alloy would  be more 

likely to develop ferrite grains with {111} orientation during annealing if the macro-

scopic rolling direction  was considered [100]. After cold rolling, {111} and {112} ori-

ented grains could easily recrystallize during annealing, while grains close  to {100} 

were suppressed so that strong recovery prevailed. If the annealing was prolonged 

enough, {100} grains were consumed by growing nuclei stemming from neighboring 

grains ȹ1ÈÈÉÌɯȫɯ+ĹÊÒÌȮɯƕƝƝƗȺ, ȹ1ÈÈÉÌɯȫɯ+ĹÊÒÌȮɯƕƝƝƘȺ, (Raabe, 1995). This effect can 

further be amplified  by increasing Cr or Si content in high-grade ferritic  steels (Raabe, 

2003), (Kestens & Pirgazi, 2016). 
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In terms of mechanical properties, metals have various attributes, but with the same 

lattice structure , they usually develo p similar characteristics regarding  the texture. 

When BCC tungsten is exposed to helium plasma, the diffused He atoms settle into 

the thermal vacancies close to the surface. Then, as the microbubbles grow, they push 

apart the lattice around them. Since slip starts in the densest <111> direction, the 

greater the deviation from this (i.e., the closer to the {110} orientation), the more severe 

the morphological damage on the surface of the bulk material will be (Ohno et al., 

2013). 'ġÓÚÊÏÌÙɯalso proved on various BCC steels that {111} texture has the best de-

formability , as well as is more likely to avoid ridgin g and raping, while {110} results in 

the lowest magnetic losses and highest permeability. In terms of metallographic anal-

ysis with an X-ray diffractometer  (XRD), {110} produced the highest characteristic 

peaks ȹ'ġÓÚÊÏÌÙɯÌÛɯÈÓȭȮɯƕƝƝƕȺ. Two years later, Van Houette achieved similar results by 

measuring the residual stresses with XRD  (Van Houtte & De Buyser, 1993). 

One of the key difficulties in heterogeneous catalysis is still gaining an atomic -level 

knowledge of the dioxygen activation on metal oxides. A s such, Yang et al. showed 

that oxygen activation is heavily affected by the structure of the redox o catalysts. Sur-

faces with (100) and (110) orientations  can form various superoxo and peroxo species 

at O-vacancy sites, while (111) is incapable due to subsurface diffusion (Yang et al., 

2017). 

Karadge et al. pointed out  that in the FCC lattice, due to better-resolved shear 

stresses obtained with lower process applied normal forces, metals with  {110} texture 

are more favorable regarding  weldability  during linear friction welding . Conse-

quently, the more the orientation alters from this preferred direction, the higher forces 

are required during welding to achieve the critical resolved shear stress conditions 

(Karadge et al., 2008). Analy sis of Au nanowires showed that {110} nanowires have 

better ductility, while {111} nanowires have the highest elastic modulus, critical stress, 

and the associated strain, and overall best mechanical properties (Wen et al., 2010). 

As the impact of texture  is quite significant for the potential applicability, various 

experiments were made to utilize not only the stress and deformation -related attrib-

utes of metals. Bowen proved the orientation -dependent nature of titanium crack sur-

faces after fatigue (Bowen, 1975), while Yang showed that the thermal conductivity of 

-Ï3 could  increase up to 28% by changing the orientation (Jiang et al., 2013). The 

visible-light -induced photocurrent efficiency, e.g., the photon-to-current conversion 

rate of ,Á4É/.  thin films  is three times higher on (100) oriented surfaces than (112), 

which should be the energetically favored surface orientation, while five times higher 

than for its polycrystalline  version (Pichler et al., 2017). Due to the hexagonal sym-

metry  of beryllium photocathodes,  emission from the (0001) plane usually generates 

an isotropic transverse momentum distribution, while emission from ( ρπρπ) is quite 

anisotropic (T. Li et al., 2015). In extreme cases, even the Poisson ratio could be heavily 

affected. Its value may not only drop  by 0.4, but it could also turn negative (Jafari et 

al., 2020). 
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In 1955, Engell analyzed the orientation dependency of iron single crystals. Accord-

ing to his study, not only the corrosion resistance of iron grains but the form of the 

resulting corrosion imprint also strongly depend s on their orientation , as BCC iron 

with {100} orientation produced the fastest etching rate with both chemical and elec-

trochemical etching (Engell, 1955). Regarding reactivity, the corrosion type is also af-

fected, as pitting corrosion is more likely to develop close to {110} (Kruger, 1959). Sim-

ilar studies have also been published for austenitic stainless steel, where the corrosion 

rate for FCC in terms of orientation wa s compared for the main crystallographic ori-

entations. The best corrosion resistance was observed in {111} and {100} while pitting 

corrosion occurred only on grains close to {110} plane (Shahryari et al., 2009), (Tris-

nanto et al., 2022), (S. Wang & Wang, 2014), (Koroleva et al., 2007). The relation be-

tween the corrosion resistance of different orientations  was described in every case as 

follows  for FCC materials. 

 ρρρ ρππ ρρπ (7) 

Although from the practical aspect , most of our metals are either FCC or BCC, a 

large number of researchers tried to explore similar properties for  HCP materials as 

well. In the case of titanium, during micro -electrochemical etching, the tendency to 

oxidation is determined by the angle enclosed with the {1000} plane. Since this is the 

most densely packed plane, oxidation there will be the most disordered and slowest 

(Konig & Davepon, 2001). Park and Xing also reached similar conclusions from the 

chemical etching of zinc and sapphire crystals in terms of orientation  (Park et al., 2002), 

(Xing et al., 2020). Yamasaki used three different methods, namely the corrosion rate, 

mass-loss, and hydrogen gas evolution rate determination method to prove the de-

pendence of the deviation from the densest {1000} plane for  -Ç:Î9 and 

-ÇȢ:ÎȢ9Ȣ!ÌȢ  magnesium alloys (Yamasaki et al., 2022).  

In summary , the determination of orientation plays a key role in manufacturing, 

where the desired material properties are usually set, and in materials science, where 

the associated material characteristics are utilized and monitored.  Thus, measuring it 

is essential to describe material properties properly . 
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2.4. Orientation determination techniques 

Orientation affects material properties in various ways. To utilize this connection, 

however, the orientation must be measured first. For this  purpose, typically, a high 

energy beam is used. By shooting the surface of a crystalline material with a beam, it  

is either absorbed, passed through, or reflected. The ongoing reaction and the propor-

tion of these heavily depend on four factors: the material, the beam, the crystal struc-

ture, and the grain orientation. The applied beam could be various, such as an electron, 

or photon beam (i.e., light  or X-ray). Based on the utilized beam and the expected re-

action with the surface, multiple orientation deter mination techniques could be differ-

entiated. This and the following chapter will present different methods suitable for 

determining crystallographic orientation with various efficiency . 

2.4.1. X-RAY DIFFRACTOMETRY 

X-ray texture goniometry , or X-ray diffractometry  (XRD) is one of the oldest orienta-

tion determination technique s (Lutterotti et al., 2004), (Decker et al., 2004), (M. X. 

Zhang et al., 2000), (Van Der Pluijm et al., 1994), (Cullity, 1978), (Clark & Lewin, 1955), 

(Buerger, 1944). Crystals are made up of planes with  regularly spaced atoms, and these 

planes are separated by a constant distance. According to Bragg's law (Eq. 8), when a 

collimated beam of monochromatic X -rays of wavelength ‗ hits a crystal, the rays pen-

etrate and are partly dispersed from several successive planes (ά) inside the crystal 

(Whittig & Allardice, 1986) . 

 ςϽὈϽÓÉÎ‰ άϽ‗ (8) 

For every crystal with a certain interplanar distance (Ὀ), there is a critical angle ‰  

at which rays dispersed from succeeding planes will be in phase along a front. A suit-

able intensity diffraction maximum is produced by diffraction from a series of simi-

larly spaced lattice planes. In order to calculate the interatomic spacing and determine 

the angle of diffraction for each maximum, the diffracted rays must be registered on a 

film or plate that is physically positioned in reference to the sample. Particle size, crys-

tal impurities, chemical composition, crystal o rientation, and the presence of amor-

phous materials are some factors that affect these maxima. However,  the emerging 

geometric form of intensity (pole figure) is most characteristic of the given texture. By 

analyzing pole figures, the level of texture and the orientation of grains can be deter-

mined (Whittig & Allardice, 1986) . 
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Figure 10. XRD-pole figure at the Bragg angle corresponding to the Si (111) reflections (a). 

Schematic representation of the pole figure image (b), showing the important  contours 

and positions while  elucidating the different triads of points  (Khiangte et al., 2018)  

This orientation determination method is only suitable for highly textured or single 

crystalline materials  because the focusability of  X-ray is very poor . Although these ma-

terials may generate points or well -identifiable  areas with high intensity on the pole 

figure, an isotropic polycrystalline sample typically  result in contiguous Debye-Scher-

rer rings. As these rings are the sum of grains in various positions, the separation and 

identification of specific orientations are very  unlikely (Liss et al., 2003). 

2.4.2. ELECTRON BACKSCATTER DIFFRACTOMETRY 

Electron backscattered diffractometry (EBSD) is a high-performance method to deter-

mine individual grain orientations, local texture, point -to-point orientation correla-

tions, phase identification , and distributions over a surface in the scanning electron 

microscope (SEM) (Schwartz et al., 2009). First, Nishikawa and Kikuchi reported the 

discovery of backscattering diffraction patterns in 1928  (Nishikawa & Kikuchi, 1928) . 

Still, the method had to be gone through several development phases before it became 

one of the most widely  used orientation determination tool s as we know it . In 1954 the 

so-called wide -angle Kikuchi scattering was observed for the first time, but the break-

through happened when the crystal orientation was determined with it in the scanning 

electron microscope (Alam et al., 1954), (Venables & Harland, 1973). Although the 

technique was very promising, it required a high amount of computing, which was 

not available at the time. In the early ɀƝƔÚ, with the development of computers, the 

necessary computing capacity was finally provided, and its widespread use began. 

With the computer indexing of the diffraction patterns, the orientation of the individ-

ual measurement points could be determined within a few tenths or hundredths of a 

second, so even a high-resolution orientation map of complex surfaces could  be pre-

pared within an acceptable measurement time (S. Wright, 1993). 
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If  high-energy primer electrons in the electron beam collide with the ÚÈÔ×ÓÌɀÚɯÚÜÙɪ

face, they suffer elastic scattering between the crystallographic planes. !ÙÈÎÎɀÚɯÓÈÞɯȹ$Øȭɯ

8) states that these electrons will scatter from the lattice along a cone shell. By putting 

a detector (e.g., a fluorescent screen) in the path of the backscattered electrons, the 

Kikuchi pattern will be formed  (Figure 11.a). Despite the expectations, the Kikuchi 

pattern contains no curved lines but straight, bright bands. On the one side, the mag-

ÕÐÛÜËÌɯÖÍɯÛÏÌɯÊÖÕÌɯÚÏÌÓÓÚɀɯËÐÈÔÌter is the ρπ m, while a typical screen has a size of a 

few centimeters, thus, the Kikuchi cones look straight  (Figure 11.b-c). On the other side, 

the beam suffers additional scattering due to the periodicity of the lattice according to 

2ÊÏÙġËÐÕÎÌÙɀÚɯÌØÜÈÛÐÖÕȮɯÙÌÚÜÓÛÐÕÎ in the so-called Butterfly intensity distr ibution  (Kunio, 

1961). 

 
Figure 11. Illustration of how Kikuchi lines are generated with EBSD (a). 

Measured (b) and theoretic (c) Kikuchi patterns of silicon in the same position.  

The theoretic view shows all lines regardless of their visibility  in (b) (Winkelmann et al., 2020a) 

The identification of  the individual Kikuchi lines and their associated orientation  

happens with  the Hough transformation . This method separates the Kikuchi line pairs 

and assigns a straight line to them. Then, the detected lines are sorted into groups of 

three, and the angles between the given triplets are calculated. Based on the crystal 

system and the enclosed angles, Miller indices can be assigned to the three lines in 

various ways. If t he possible orientations for every triplet were calculated, the one with 

the highest probability could be determined (S. I. Wright & Nowell, 2006) . By using 

the orientation of individual measurement points, different maps  and graphs can be 

created. The most typical orientation map is the inverse pole figure.  This map shows 

the color-coded orientation of each point over the ÚÈÔ×ÓÌɀÚɯÚÜÙÍÈÊÌ (Davis et al., 2020). 
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2.4.3. ETCHING  TRACES 

As chapter 2.3.2 already presented, during etching , the dissolution rate (or its opposite , 

the corrosion resistance), the etching type, and the layer deposition rate  heavily de-

pend on lattice and crystallographic orientation.  At this moment, three methods exist  

in the literature that utilizes  these attribute s in different ways . The first and oldest is 

the determination of etch ing forms, as it was presented first in 1955 by Engell but uni-

versally applied only by Tassy-Betz in 1974 ÈÕËɯ#õÝõÕàÐɯÐÕɯƕƝƜƔ (Engell, 1955), (Tassy-

!ÌÛáɯȫɯ/ÙÖÏâÚáÒÈȮɯƕƝƛƘȺ, ȹ#õÝõÕàÐȮɯƕƝƜƔȺ. This method focuses on the different geo-

metric imprints during  chemical etching (Lauria et al., 2019). The second method that 

appeared in 2017 correlates the orientation to corrosion speed during chemical etching  

(Bland et al., 2017), (Z. Zhang et al., 2017), (Seita et al., 2017), (Gaskey et al., 2020), 

ȹ'ÌÙÕâÕËÌá-Maya et al., 2022). As this is a relatively new approach, only a few at-

tempts were made to realize it, and with  one exception, these were trials rather  than 

the proper foundation s of a new methodology. Due to the novelty of this method, its 

detailed description can be found  ÐÕɯÛÏÌɯÕÌßÛȮɯɁ2.5. State of the artɂ chapter. The third 

and final method is the subject of this thesis, as the orientation can also be calculated 

from the color contrast of the developing layer during color etching.  

To understand the working mechanism of the etching forms (and the methods be-

longing to this topic in general), the process must also be examined from an energetic 

point of view  (Jin et al., 2022). A possible description of the occurring phenomena dur-

ing etching is the density functional theory (DFT) (Parr, 1983). According to this model, 

the surface energy of the most densely packed crystallographic planes is generally 

lower, so they are more stable, and their dissolution rate will be lower than in other 

directions. Conversely, regardless of the etchant, the initiation of etching and the dis-

solution of the layer typically start at the so-called activation sites with the highest 

surface energy (e.g., lowest activation energy). Comparing  crystallites with di fferent 

orientations, their orientation -dependent activation energy will be different, thus, they 

will be etched at different rates. However, if the reaction is examined within a single 

crystal, such high-energy places are typically  the lattice defects, like grain boundaries, 

dislocations running onto the surface, or local inhomogeneities . As a result, the etching 

of the individual grains  will start from these sites. 

If a grain is large enough and the number of activation sites on the surface is neces-

sarily  small, etching starts simultaneously in several well -separated places, similar to 

pitting corrosion. As the process progresses, the dissolution from these activation sites 

continues to increase. Since the layer dissolution always takes place in the energetically 

most favorable direction , the developing surfaces under the activation sites take on the 

most stable form, that is, the orientation corresponding to the most densely packed 

plane (since the dissolution occurs last in this direction). When examined macroscop-

ically, the imprints developed at the activation sites will always have the same geo-

metric form characteristic of the given orientation  (Figure 12). By knowing the lattice 



  

22 

type and its most densely packed direction, every pitting corrosion imprint formed 

during etching can be assigned to an equivalent plane ȹ#õÝõÕàÐȮɯƕƝƜƔȺ. 

 
Figure 12. The development of etching forms in different directions  is illustrated  

on a tetragonal elementary unit cell (a) and on the surface of a single crystal. If  

the activation sites are too close to one another, the developing imprint s  

may lose their  characteristic form, as seen on the (100) surface 

With this technique, metals with various lattices were examined, such as BCC iron, 

FCC aluminum , copper, nickel, and ÛÌÛÙÈÎÖÕÈÓɯϕ-tin. (Engell, 1955), (Orem, 1957), (#õɪ

ÝõÕàÐȮɯƕƝƜƔȺ, (Koroleva et al., 2007), (S. Wang & Wang, 2014), (Scholten et al., 2021). 

Although the utilization of this phenomenon was a great scientific approach, its ap-

plicability was heavily limited . Most studies analyzed only the main crystallogra phic 

directions (usually on single crystals)  without considering the determination of grains 

ÞÐÛÏɯÈɯÔÖÙÌɯɁÎÌÕÌÙÈÓɂɯÖÙÐÌÕÛÈÛÐÖÕȭɯ ÊÊÖÙËÐÕÎɯÛÖɯÛÏÌɯÙÌÓÈÛÌËɯÓÐÛÌÙÈÛÜÙÌȮɯÖÕÓàɯ3ÈÚÚà-Betz 

ÈÕËɯ#õÝõÕàÐɯÔÈËÌɯÌÍÍÖÙÛÚɯÛÖɯÎÌÕÌÙÈÓÐáÌɯthe method with moderate success, as produc-

ing the necessarily large grains with minimal dislocations running onto their  surface 

was and still  is a challenging task. As a result, this technique has never spread more 

widely, and those who nowadays still run  into this phenomenon due to the fortunately 

ideal conditions during their investigations typically marvel at it rather than utilizing 

it (S. Wang & Wang, 2014), (Scholten et al., 2021). 
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2.5. State of the art 

2.5.1. ORIENTATION DETERMINATION WITH CHEMICAL ETCHIN G 

Although nowadays  chemical and electrochemical etching is still mainly used to de-

velop microstructure, increasingly advanced methods appear in various forms. Con-

secutive multiple etching as a technique has become more and more popular  to better 

highlight and separate phases from one another ȹ!ÖÕàâÙɯȫɯ2áÈÉĞȮɯƖƔƕƙȺ, (Dobras & 

Rutkowska-Gorczyca, 2018), (Pashangeh et al., 2021). The technique developed at a 

level that, in exceptional cases, it could even reveal the previous microstructure after 

recrystallization  (Gao et al., 2014), (Dobras & Rutkowska-Gorczyca, 2018), (Mandal et 

al., 2022). To utilize the corrosion dependency of etching, multiple attempts have been 

made in recent years. These studies mainly  used chemical and electrochemical etch-

ants and focused on the depth of corrosion pi ts rather than on the etching form s. This 

is a reasonable modification, as from now on, the ÏÐÎÏÌÙɯËÐÚÓÖÊÈÛÐÖÕɯËÌÕÚÐÛàɯËÖÌÚÕɀÛɯ

negatively affect the results. In addition, other etching types can also be used, like gen-

eral surface corrosion, rather than exclusively pitting corrosion. If the dominant etch-

ing mechanism is still pitting corrosion (similarly to etching forms),  due to the higher 

dislocation density,  the neighboring  etching pits will unite  relatively fast  and grow 

together, creating a united cavity , as presented in Figure 12, which could be suitable 

for  determin ing orientation  as well. 

First, in 2017 Bland et al. tried to connect the corrosion depth to the deviation from 

{1000} with electrochemical etching on magnesium. In terms of accuracy, however, the 

method was fraught with errors, as  properly removing the oxide layer and  drying  the 

surface turned out not to be trivial.  Thus, the technique was rather qualitative, as it 

could separate grains into different groups  depending on the enclosed angle with 

{1000}, but it could not  determine exact orientations (Bland et al., 2017). To upgrade 

ÛÏÌɯÛÌÊÏÕÐØÜÌȮɯ'ÌÙÕâÕËÌá-Maya et al. suggested a deterministic model based on the 

symmetric spherical harmonics . They replaced the Raman spectroscope with an 

atomic force microscope (AFM) to estimate the average pitting corrosion index  and 

connect it to orientations with  EBSD observations in four diff erent carbon steels. As a 

result, they could determine {100}, {110}, {111}, {112} oriented grains with high accuracy  

ȹ'ÌÙÕâÕËÌá-Maya et al., 2022). 

Although measuring the corrosion depth is suitable for determining  crystallo-

graphic orientation, there are other factors to be considered that might require less 

expensive equipment. The following  methods tried to substitute depth measuring 

techniques by focusing on other orientation -dependent attributes. A study from 20 17 

used copper due to its high reactivity with mercaptobenzothiazole anion. Cu surfaces 

with {100} and {111} rather form physical adsorption with the mentioned compound, 

while {110} tends to form chemical bonds on the copper surface. Depending on the 

enclosed angle with these directions, the amount of adsorbed and chemically bonded 
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anions may change, and the adsorption ratio could be connected to certain orienta-

tions. Although the results were promising and the main orientations could be de-

tected with high accuracy, no other direction was analyzed (Z. Zhang et al., 2017). In 

2019 Zou et al. found a similar approach by etching silicon wafers. They realized that 

the texture of the pitting -like surface corrosion generated during chemical etching has 

different  reflectance over the neighboring  grains under a scanning electron microscope 

(SEM). Deeper pits scattered the electron beam more, and the detector showed an over-

all darker color over these grains. Calculating the average light intensity of these grains 

showed that it is possible to connect grains to the main orientation s purely by analyz-

ing SEM images (Zou et al., 2019). 

As the DFT showed, the etching rate is the lowest in the direction of the most densely 

packed lattice, while it gradually increases away from it. This statement is supported 

by several sources since previous  experiments showed the same results (Q. Fan, 2016), 

(Baird & Sparks, 2022). The angle from which the etching rate depends in the case of 

BCC materials is {100}, in the case of FCC materials is {111} and {100} (as these planes 

have very similar  densities), while in the case of HCP materials, the most important  

plane from this aspect is {1000}. Unfortunately, almost none of the references above 

attempted to prove the generality of DFT beyond 3 -5 discrete directions, partly since 

determining the plane density of crystallographic orientations with non -general posi-

tions is not trivial  (Q. Fan, 2016), (Baird & Sparks, 2022). 

The final and most promising method using a chemical etchant is the only generally 

utilized and truly working model . Directional  reflectance microscopy (DRM) was pre-

sented by Matteo Seita, Michael M. Nimerfroh, and Michael J. Demkowicz in  2017 

(Seita et al., 2017). DRM analyses light reflected from the previously etched surface 

from multiple directions. During a measuring sequence, numerous images are made, 

while  both the incidence (5-ƛƔȘȺɯÈÕËɯthe direction (0-17ƔȘȺɯÖÍɯÛÏÌ light source change 

around the sample (Figure 13.a). Then, the intensity of the individual grains is calcu-

lated through numerical image analysis from the resulting black and white images  

(Figure 13.b). As previously presented, both the etching rate and the developing sur-

face structure depend on the orientation, as the direction of etching  growth  is usually 

not perpendicular  to the original surface but rather to the most densely packed plane. 

Thus, etched grains will reflect light with various results in different directions , de-

pending on their orientation. By measuring the  average light intensity from multiple  

directions over the individual grains, their directional reflectance profile could be cre-

ated (Figure 13.cῐd). In the final step, similarly to EBSD and XRD analysis, the direc-

tional reflectance profile is compared to a previously created database to determine 

the exact orientation (Figure 13.e). 
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Figure 13. Illustration of Directional reflectance microscopy. Creating images with the light source 

in different positions (a), then numerical image analysis (b). Depending on the orientation,  

the directional reflectance will change (c) as well as the directional reflectance profile (d). 

By assigning these profiles to orientations, the orientation map could be determined (e)  

(Seita et al., 2017), (Zhu & Seita, 2022) 

DRM is a relatively new technique, but already multiple materials were examined 

with it to create their associated database, like nickel, silicon, and aluminum (X. Wang 

et al., 2020), (Gaskey et al., 2020). The related experiments showed multiple advantages 

and only a few disadvantages. First, DRM requires no expensive equipment, the meas-

urements can be made on an optical microscope (OM) alone. In addition, due to the 

layer removal nature of etching, the process is way less sensitive for sample prepara-

tion. Thus, preprocessing of samples is faster and easier than for  other methods. Fi-

nally , the relatively long distance and position of the detector (OM)  result in finer dif-

ferences, as a slight  change in diffraction result s in significant changes in the direc-

tional reflectance profile. Consequently, t he theoretical accuracy of DRM is even 

higher  than that of EBSD. Even though this technique is very promising, it also has 

certain drawbacks. The geometry of the microscope heavily limits the size of illumina-

tion and the angle of incidence. As a result, etching time became a factor to be consid-

ered even more because deeper etching pits reflect no light and may falsify the calcu-

lations. In the case of more complex lattice structures, like FCC, where multiple 

densely packed planes exist simultaneously, DRM cannot differentiate between them. 

Planes with a slight  deviation from {100} and {111} could show identical density, which 

the method cannot separate from one another. 
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2.5.2. ORIENTATION DETERMINATION WITH COLOR ETCHING  

Although the connection between etching rate and orientation was already well 

known, color etching as a possible tool was utilized much later than chemical etch ants 

because the layer development  mechanisms were mostly unknown.  The possible con-

nection between grains and orientations is typically stuck ÈÛɯÛÏÌɯÓÌÝÌÓɯÛÏÈÛɯɁgrains with 

the ÚÈÔÌɯÊÖÓÖÙɯÉÌÓÖÕÎɯÛÖɯÛÏÌɯÚÈÔÌɯÖÙÐÌÕÛÈÛÐÖÕɂ without connecting colors to certain 

directions (Mandal et al., 2022), (Medina-Mendoza et al., 2022). In 2004 even Vander 

Voort, who is a respected pioneer in color etching, formulated the following s tate-

ments in Color MetallographyȯɯɁ(ÛɯÞÈÚɯÐÕÐÛÐÈÓÓàɯÛÏÖÜÎÏÛɯÛÏÈÛɯÛÏÐÚɯÍÐÓÔɯÝÈÙÐÌËɯÐÕɯÛÏÐÊÒÕÌÚÚɯ

from grain to grain, according to their crystallographic orientation, and that the bire-

fringent properties of the oxide film varied the ellipticity produced by the reflection of 

the beam. However, ȱthe coloration effects are due to double reflection from a fur-

rowed  surface, similar to certain chemical etchants. ȱ3ÏÜÚȮɯÊÖÓÖÙɯÌÛÊÏÐÕÎɯÊÈÕÕÖÛɯÛÌÓÓɯ

ÖÕÌɯÛÏÌɯÕÈÛÜÙÌɯÖÍɯÛÏÌɯ×ÙÌÍÌÙÙÌËɯÖÙÐÌÕÛÈÛÐÖÕɂ (Vander Voort, 2004). 

In the following decade , multiple attempts were made to understand color etching 

even deeper so that this statement might  be disproved. Kardos et al. showed that 

grains with the same color do have the same orientation by comparing the luminance 

values measured after color etching for cast iron with the orientation determined with  

EBSD (Kardos et al., 2007). (ÕɯƖƔƕƖȮɯ!ÖÕàâÙɯÈÕËɯ2áÈÉĞɯÔÌÈÚÜÙÌËɯÛÏÌɯÓÈàÌÙɯËÌÝÌÓÖ×ÌËɯ

during color etching with AFM. They found that t he layer is not homogeneous, and 

the growth occurs in both directions from the original plane of the surface, as the etch-

ant dissolves parts of the substrate and forms a film from their mixture ( Figure 14). If 

the etching rate of grains is slightly different, stopping the film  development at any 

moment will result  in different precipitation  thicknesses over the individual grains . 

ȹ!ÖÕàâÙɯȫɯ2áÈÉĞȮɯƖƔƕƖȺ. 

 
Figure 14. Thin film development on different grains  

before (a) and after (b) color etching ȹ!ÖÕàâÙɯȫɯ2áÈÉĞȮɯƖƔƕƖȺ. 

If the layer thickness differentiates according to the orientation, then both the layer 

thickness and the color resultin g from interference could provide the necessary infor-

mation to assign certain characteristics to orientation. Reisinger et al. chose the former, 

as they tried to determine the {100} orientation in bainite by measuring the thickness 

of the layer after Nital  ÈÕËɯ*ÓÌÔÔɯÌÛÊÏÐÕÎɯÍÖÙɯƜƔɯÚÌÊÖÕËÚȭɯ3ÏÌɯÓÈàÌÙɀÚɯÛÏÐÊÒÕÌÚÚɯÞÈÚɯ

39 nm in the {100} direction, while 29 nm in the {110} and {111} directions. They also 

measured luminance, showing that there is a 20-50% increase over {110} and {111} 
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grains compared to {100} (Reisinger et al., 2017). To utilize the latter, in 2013, Kardos 

proposed the idea that the luminance should be replaced by the intensity of discrete 

wavelengths, like Red (R), Green (G), or Blue (B) ȹ*ÈÙËÖÚɯȫɯ&âÊÚÐȮɯƖƔƕƗȺ. Analyzing 

RGB intensities should contain more information, and the separability of orientation -

dependent color-etched grains might  improve . This theorem motivated many re-

searchers, who made multiple attempts to determine certain orientations with color 

etching in the next few years. !ÖÕàâÙɯÈÕËɯ2áÈÉĞɯÚÜÊÊÌÚÚÍÜÓÓàɯËÌÛÌÊÛed ferrite grains 

close to {111} orientation. They realized that the {111} grains in spheroidal cast iron 

typically develop a light blue color after etching with BerahaῐI for 7 minutes. With the 

binarization of the microscope images using a properly set threshold, these grains 

could have been separated from all the others ȹ!ÖÕàâÙɯȫɯ2áÈÉĞȮɯƖƔƕƙȺ. Gao et al. tried 

ÛÖɯÈÚÚÐÎÕɯÛÏÌɯÖÙÐÌÕÛÈÛÐÖÕɯ×ÜÙÌÓàɯÉÈÚÌËɯÖÕɯ1&!ɯÊÖÓÖÙɯÉàɯÌÛÊÏÐÕÎɯÈÓÜÔÐÕÜÔɯÞÐÛÏɯ6ÌÊÒɀÚɯ

reagent. Based on their results, the method had a very high  standard deviation  with 

many uncertainti es (Gao et al., 2015). 

Although these attempts were very promising, their reproductivity was quite poor. 

Within two consecutive measurements , the detected luminance and layer thickness 

could easily change in a wide range, as there are more factors to be considered than 

etchant-material combination, orientation, and etching time. In addition,  similar inten-

sities caused by harmonics in Eqs. 1-3 were not considered different , as it was impos-

sible to decide which interference cycle the individual grains were in. To resolve these 

issues, Britz et al. proposed an innovative strategy for investigating color etching in 

real-time using a microfluidic cel l in a highly controlled environment . By controlling 

multiple factors, like temperature, etchant flow speed, or etching time, t hey provided 

an estimate to determine the general orientation of the grains based on the layer's color 

after a predetermined time while  successfully separating the sequential cycles of layer 

interference (Britz et al., 2016), (Britz et al., 2019). Their approach was a huge improve-

ment compared to the previous attempts, but it  still had flaws that made it impossible 

to determine grain orientation precisely. It will be shown later that t he etching rate or 

layer development rate is not constant over time as they estimated. It is heavily de-

pendent on the oxide breakthrough of the initial phase of etching , thus, time alone will 

not be suitable for assigning orientations to color. Other factors , such as illumination 

circumstances, are also hard to set twice the same way, as Reisinger also mentions 

(Reisinger et al., 2017). 
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3. PROBLEMS AND AIMS  

By analyzing previous attempts to utilize the orientation -dependent nature of color 

etching, the main reason these tests were unsuccessful is that the proper understand-

ing of the undergoing processes required time and effort . It is a relatively new ap-

proach to connect orientation to etching characteristics, thus, researchers neither con-

sidered all influencing factors with the necessary weight yet nor understood the pro-

cess in depth to be able to draw universal  conclusions. As a result, experiments show 

considerable deviation s in the examined properties. 

The typical approach for  most researchers was to examine only one or two critical 

factors, like etching time, luminance, or layer thickness, while trying to determine the 

direct connection between them. Other seemingly less critical  factors, such as etchant 

flow speed, temperature, ambient ligh t, or mechanical load on the developing layer , 

were not appropriately handled . They were either completely ignored (or at least not 

mentioned), or if considered, they might have been mistreated. 

In the ÊÈÚÌɯÖÍɯÚÛÜËÐÌÚɯÍÙÖÔɯ!ÖÕàâÙȮɯ*ÈÙËÖÚ, and Gao, color etching was performed 

with a single immersion. Although immersion is a fast and easy solution to etch sam-

ples, it results in multiple problems that may alter the ex amined parameters. First, 

considering a longer process typical for color etchants, the concentration of color etch-

ant will change as certain compounds are integrated into the layer. This change may 

result in slight  differences in the ongoing process. To eliminate their effect, additional 

factors must be considered (which they ignored), such as the volume of the used etch-

ant or the volume -surface ratio of the etchant and the sample ȹ!ÖÕàâÙɯȫɯ2áÈÉĞȮɯƖƔƕƙȺ, 

(Kardos et al., 2007), (Gao et al., 2015).  

Second, the developing layer is a precipitation , positioned right above the individual 

grains. If this layer suffers any kind of mechanical load , including the effect of gravity 

in case the sample is immersed upside-down , the liquid -phase layer may get damaged. 

Either it moves over other grains , mixes with the neighboring layers, or mov es away 

from the surface so much that it dissolves into the ÌÛÊÏÈÕÛȮɯÛÏÌɯÌßÈÔÐÕÌËɯÓÈàÌÙɯÞÖÕɀÛɯ

be suitable to formulate universal conclusions. As both the speed of immersion and 

the holding position of the sample cannot be repeated manually twice the same way, 

the reproducibility and reliability of immersion are very poor.  

Due to these considerations, Britz et al. created a microfluidic system to replenish 

the etchant over the ÚÈÔ×ÓÌɀÚɯÚÜÙÍÈÊÌȭɯThe sample is held in the microfluidic system in 

a stable position without moving it during the whole process. This way , the surface 

suffers no mechanical load, and the developing layer might not get damaged. In addi-

tion, w ith the control  of the etchant dosage, it is possible to sustain an optimal, con-

stant, and laminar flow while keeping the etchant concentration at the same level. De-

spite the controlled etching environment that ensured identical parameters during the 

examination, their evaluation did not consider the effect of ambient light, similarly  to 
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Kardos et al. ȹ*ÈÙËÖÚɯȫɯ&âÊÚÐȮɯƖƔƕƗȺ, (Britz et al., 2016). Measuring and evaluating lu-

minance or any light component  directly could also be misleading. Intensity parame-

ters are highly sensitive to ambient light. The evaluation of direct light measurement 

without proper standardizing  could show significant differences depending on the 

part of the day, season, weather, or the type and position of active light sources used 

in the laboratory.  

To properly utilize color etching as an orientation determination technique, first, the 

basic developing mechanisms must be explored. This requires both a measuring and 

an evaluating method that consider all possible influencing factors while allowing to 

monitor and understand these mechanisms. Only then do the detected but not yet ex-

ploited processes become comprehensible to use color etching for orientation analysis. 

In this work, I aim to reveal and explain the necessary but previously unexplored 

mechanisms of color etching. For this purpose, I will develop both the required meas-

uring tools and calculation methods suitable to combine them with various already 

existing microstructural testing equipment. After deeper understanding the funda-

mental principles of color etching, I will propose a new method , which leads to deter-

mine crystallographic orient ation with color etching under  an optical microscope 

without the need for EBSD. 
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4. EXPERIMENTAL  

The following chapter explains the conditions and equipment used to reach the previ-

ously determined goals. Despite some factors may significantly  impact the process, 

they will not be indicated everywhere one by one as they were considered constant. 

For example, experiments were performed in laboratories equipped with air condi-

tioners, thus, temperature was set to ƖƕǷƕ Ș"ɯin every case, regardless of the season. 

4.1. Equipment 

The experiments for the real-time monitoring of color etching with the microfluidic 

cell preseÕÛÌËɯÐÕɯÊÏÈ×ÛÌÙɯɁ5.1.1. Microfluidic cell for optical microsco pyɂɯÞere per-

formed on an Olympus BX51 optical microscope equipped with a DP72 digital camera 

and long working distance lenses. The objectives used were LMPlanFI type lenses with 

different magnification s as follows: 10 Ǻ /0.25, 20 Ǻ /0.40, and 50 Ǻ /0.50. Optical micro-

scope images and videos of the etching were recorded by capturing the computer 

screen during the process. The color-wise calibration of the monitor prior to examina-

tion was carried out by colleagues from the Electronic Failure Analysis Services Ltd. 

at the Department of Electronics Technology (EFI, 2023). 

For the measurement of the height difference between grains, a Veeco diInnova 

atomic force microscope (AFM) was used with an ART D160 type diamond probe  in 

contact ÔÖËÌȭɯ3ÏÌɯ×ÙÖÉÌɀÚ spring constant was 5 N/m. The maximal area to scan at a 

time is relati vely limited due to its 100  ϟÔ Ǻ 100 ϟÔɯÚÐáÌ. The obtained images were 

evaluated with the Gwyddion 2.36 software  to determine the relative height to the set 

reference. 

The orientation  determination of the individual grains as well as the inverse pole 

figure  maps were performed on a FEI QUANTA 3D scanning electron microscope with 

a TSL OIM electron backscattering diffraction system. The examinations occurred in 

ρπ ÍÂÁÒ vacuum, while t he electron beam was accelerated at 20 kV. The sample for 

every measurement was tilted at 70 degrees to the incident beam for two reasons. 

Firsts, a larger tilt angle usually results in greater intensity of backscattered electron 

diffraction. Second, single crystals of silicon with orientation {001} are the most widely 

ÜÚÌËɯÊÈÓÐÉÙÈÛÐÖÕɯÛÖÖÓɯÍÖÙɯÛÏÌɯ*ÐÒÜÊÏÐɯËÐÈÎÙÈÔȭɯ!àɯÚÌÛÛÐÕÎɯÛÏÌɯÛÐÓÛɯÈÕÎÓÌɯÛÖɯƚƝȭƜȘȮɯÛÏÌɯȻƕƕƘȼɯ

zone axis will fall in the middle of the fluorescent screen , ensuring a fast but precise 

calibrati on (Winkelmann et al., 2020b). 

The chemical composition of DC01 low-carbon steel and Cu99.9 copper was meas-

ured with a PMI -Master Sort optical spark emission spectrometer. This equipment de-

termines the chemical composition for solid, bulk samples by burn ing the sample in 

an approx. 5 mm diameter area. To eliminate any contamination  that may alter the 

results, the sÈÔ×ÓÌÚɀɯÚÜÙÍÈÊÌÚɯÞÌÙÌɯÎÙÖÜÕËɯ×ÙÐÖÙɯto examination, then, multiple meas-
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urements were performed at the same position. In the evaluation, only con sistent re-

sults were used, which  was usually the average of the last 5-10 measurements with 

negligible deviation . The accuracy of composition is highly depend ent on the atomic 

number of elements present. Although the determination of elements with high ato mic 

numbers is very accurate, the concentration of lower elements like carbon is highly 

questionable. Thus, the chemical composition of cast iron was not measured due to its 

higher carbon content. 

An optical spark emission spectrometer might be beneficial for bulk materials, but 

it is not suitable for removing  the upper few nanometers of material from its surface 

while measuring the chemical composition change along the thickness. For this pur-

pose, an X-ray photoelectron spectroscopy (XPS) was used. The XPS analysis was car-

ried out in ultrahigh vacuum ( ςϽρπ ÍÂÁÒ). The specimens were heat treated at 70 Ș"ɯ

for 48 h, which is the standard pre-processing method of the applied vacuum system. 

The X-ray radiation utilized to create the photoelectron spectra was generated from an 

Al anode with 15  keV excitation. The constant energy resolution of 1.5 eV was pro-

vided by a DESA 150-type special cylindrical mirror analyzer with retarding field. The 

spectra were recorded with 0.1  eV energy steps. The binding energy of the observed 

peaks was determined by using the 248.6 eV value of adventitious carbon as a refer-

ence peak. The observed XPS peaks contain information for the average composition 

of the Ú×ÌÊÐÔÌÕɀÚɯsurface. The information depth is determined by the inelastic mean 

free paths of photoelectrons, ranging between 1.4 nm (in the case of Fe) to 2 nm (in the 

case of S). To reveal and reach deeper layers, ion sputtering was applied multiple times 

to remove material . For the ion sputtering, a 1 keV Ar+ beam scanned over the surface 

ÞÐÛÏɯƛƙȘɯÐÕÊÐËÌÕÊÌȮɯÌÕÚÜÙÐÕÎɯÌÝÌÕɯÚ×ÜÛÛÌÙÐÕÎɯÖÍɯÛÏÌɯÖÉÚÌÙÝÌËɯÈÙÌÈ. The chemical com-

position was calculated assuming a homogeneous distribution of elements throughout 

the observed area. Peak intensities were obtained using the standard Shirley -back-

ground subtraction and fitting a GaussianɬLorentzian distribution to the peak shapes. 

Peak areas were used to compute elemental concentrations based on sensitivity factors 

from  the literature  (Crist, 2000). 

For the experiments to measure complex reflection coefficients of polarized light , 

and thus, calculate the refractive index, absorption , and layer thickness during and 

after color etching, a Woollam M -2000 DI rotating compensator spectroscopic ellip-

someter was used. This ellipsometer has a wavelength range of 190-1690 nm and can 

determine layer thickness with an accuracy of up to 1 @ɯÈÕËɯÙÌÍÙÈÊÛÐÝÌɯÐÕËÌß of up to 

0.001 (Houska et al., 2012). To prevent any unintentional dispositioning, both the sam-

ple and the microfluidic cell were fixed to the worktable prior experiment. Although 

SE is a suitable and highly accurate method to determine layer properties, some con-

siderations had to be made to compensate for its disadvantages. First, the light beam 

has approx. 3 mm diameter without focusing. Even if its size is reduced by the time 

ÛÏÌɯÓÐÎÏÛɯÙÌÈÊÏÌÚɯÛÏÌɯÚÈÔ×ÓÌɀÚɯÚÜÙÍÈÊÌȮɯÈɯÓÐÎÏÛɯ×ÈÛÏɯat least 3 mm in diameter must be 

ensured in both directions  from the sample. Second, depending on the measurement, 
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the angle of incidence may change between 50-ƛƔȘȮɯÙÌÚÜÓÛÐÕÎ in  an elongated spot on 

the surface. The bigger diameter of this elliptic spot is approx. 0.3 mm, thus, the aver-

age grain size must be chosen accordingly. By selecting a material with  significantly 

smaller grains, the average properties of the developed layer could be calculated. To 

determine the layer thickness of the individual grains, however, it requires 1 mm or 

bigger crystallites. 

For the evaluation and comparison of results obtained with different techniques , 

various software were used. To process the images of the recorded color etchings un-

der an optical microscope, a MatLab script was written. The script calculates the aver-

age RGB intensity  change of pixels in the chosen area as a function of time. The script 

was utilized in two ways. On the one hand, if the selected area is limited to one grain, 

the resulting intensity curves will describe its color change. On the other hand, if th e 

selected area contains multiple grains, the average of the surface can be determined. 

To determine crystallographic orientations and enclosed angles with different direc-

tions from Miller indices,  a Maple script was used. Then, the preprocessed data were 

compared and illustrated in Excel and OriginLab.  
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4.2. Etchant and materials 

4.2.1. BERAHAῐI 

Color etchants, as chapter 2.2.2 presented, have various possible applications based on 

the material to be examined. As my primary focus is the understanding and utilizing 

of underlying mechanisms of layer development, it is  preferable to choose an etchant 

that could react with different materials but has  a relatively slow reaction speed. If the 

etchant can attack multiple phases and materials, it will be applicable much more 

widely. Slower etching rate, on the other hand, increases the available time for exami-

nations, which may help better separate parts of the process.  

Based on these considerations, BerahaῐI, also known as Beraha 10/3, was chosen for 

our experiment. BerahaῐI is a mixture of 100 ml distilled water, 10  g sodium-thiosul-

phate, and 3 g potassium-ÔÌÛÈÉÐÚÜÓÍÐÛÌȮɯÛÏÈÛɯÐÚɯÈɯÔÖËÐÍÐÊÈÛÐÖÕɯÖÍɯ*ÓÌÔÔɀÚɯÙÌÈÎÌÕÛɯÉÜÛɯ

contains significantly less sodium -thiosulphate  (Vander Voort, 2004). In addition, this 

salt solution has no acidic component, thus, the etchant has a significantly slower re-

ÈÊÛÐÖÕɯÚ×ÌÌËɯÛÏÈÕɯ*ÓÌÔÔɀÚɯÙÌÈÎÌÕÛÚɯÖÙɯÈÕàɯÈÊÐËÐÊɯÊÖÓÖÙɯÌÛÊÏÈÕÛÚȭɯ2ÛÐÓÓȮɯÐÛɯÊÈÕɯÙÌÈÊÛɯÞÐÛÏɯ

low and moderate corrosion -resistant materials, like low -carbon steel, cast iron, or cop-

per ȹ)ÖÝÐðÌÝÐî-Klug et al., 2021). BerahaῐI belongs to the more advanced color etchants, 

as the developing film is more or less transparent instead of having phase-specific col-

ors, like in the case of 6ÌÊÒɀÚɯÙÌÈÎÌÕÛȭɯ3ÏÐÚɯËÌÝÌloped layer will interfere with the 

incoming light and result  in cyclic color change.  

To keep the etchant at a consistent quality, the components to be mixed were meas-

ured on an APX 200 type precision scale with 0.01 g graduation. Considering the aging 

and chemical decomposition of etchants due to long-term storage, a new batch of etch-

ants was mixed for each experiment. 

4.2.2. SAMPLES 

Since BerahaῐI color etchant can react with various metals, multiple materials were 

chosen to examine. This way, the etchant can represent its versatile applicability, while 

by comparing the obtained results, more general statements can be formulated about 

the ongoing process and the developing layer. 

The first sample was spheroidal graphite cast iron. This material contains three di f-

ferent microstructures, namely graphite, ferrite, and pearlite.  During the formation of  

spheroidal graphite cores, they create carbon-deficient zones around themselves. This 

results in the ferrite always being in the immediate vicinity of the spheroidal g raphite , 

like  a secondary, hollow sphere. Since these ferritic areas spread across the sample 

reach one another, pearlite fills the empty space between them, as only  these areas 

have the necessary level of carbon to form a eutectoid. In the case of cast iron, BerahaῐI 
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reacts with the ferritic phase both in ferrite and in pearlite, making it suitable for ex-

amination.  

The choice of cast iron is beneficial for three reasons. First, other researchers, like 

*ÈÙËÖÚɯÈÕËɯ!ÖÕàâÙ, have already color etched this material to analyze orientation ear-

lier, and their results could be used as a reference later (Kardos et al., 2007), (Kardos & 

&âÊÚÐȮɯƖƔƕƗȺ, ȹ!ÖÕàâÙɯȫɯ2áÈÉĞȮɯƖƔƕƙȺ. Second, cast iron has a partially visible micro-

structure without etching, as spheroidal graphite is distinguishable from other micro-

structures right after polishing. As the position of graphite is quite unique, it could 

help identify the same area without any marks or oth er damage made on the surface. 

Finally, this material has the necessary hardness that prevents unintentional over-pol-

ishing between experiments, allowing me to identify the same grains after multiple 

etching. 

The second material to be examined was DC01 low-carbon steel. DC01 contains only 

a ferrite phase with negligible alloying elements.  Similarly to cast iron, BerahaῐI re-

acts with the ferritic phase, allowing us to compare the reaction of the same phase in 

different materials.  The chemical composition of DC01 was measured with a spark 

optical emission spectroscope and is shown in Table 1. This material is more homo-

geneous than cast iron, consequently, greater areas without the influence of second-

ary or tertiary  phases could be examined. Due to its homogeneity, though , this struc-

ture require s marks to repeatedly identify the same area. 

Table 1. Chemical composition in at% of DC01 measured with optical spark emission spectrometer 

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 

 

Low-carbon steel is also suitable for modify ing its grain size with heat treatment . 

This material could be used for spectroscopic ellipsometry as the ellipsometer  requires 

coarse grained structure  for the characterization of the individual grains . The focused 

light coming from the ellipsometer has a diameter of approx. 0.3 mm on the surface of 

the sample, thus, the targeted average grain size must be at least three times higher 

than this. As a result, two different ly prepared  low -carbon samples were examined. 

To eliminate the effect of any previous deformation process, both samples were heated 

up to 850 Ș"ȭɯ3ÏÌɯfirst, fine-grained sample was kept at this temperature for one hour, 

then cooled in the air (normalized) to 21 Ș"ȭɯ3ÏÌɯÚÌÊÖÕËȮɯÊÖÈÙÚÌ grained sample was 

kept at 850 Ș"ɯÍÖÙɯƙɯÏÖÜÙÚȮɯÛÏÌÕɯÈÕÕÌÈÓÌËɯin the next 17 hours before finally reaching 

room temperature. The average grain size of the fine-grained ferritic sample was ap-

prox. 20 ϟÔȮɯÞÏÐÓÌɯÛÏÌɯÚÌÊÖÕËɯÚÈÔ×ÓÌɯÏÈÚɯÎÙÖÞÕɯÖÓÐÎÖɯÊÙàÚÛÈÓÚɯÞÐÛÏɯƕ-3 mm diameter 

(Raabe, 1995). 

For the final examinations, Cu99.9 industrial -grade pure copper (as the fourth ma-

terial) was chosen. Compared to ferrite and pearlite, pure copper has an FCC lattice 
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full of twins. The chemical composition measured with the spark emission spectrom-

eter showed no significant alloying e lements, as their value was comparable with the 

error of the equipment. Thus, the lack of alloying elements ensures that no precipita-

tion occurs in the material. Not knowing the previous state of copper, these samples 

were also recrystallized to eliminate any cold-forming  effect. The samples were heated 

up to 950 Ș"ɯÍÖÙɯƕɯÏÖÜÙȮɯÛÏÌÕɯÊÖÖÓÌËɯȹØÜÌÕÊÏÌËȺɯÐÕɯÞÈÛÌÙȭ 

With the analysis of copper, we can compare the behavior of layer development be-

tween FCC and BCC structures. If similar conclusions could be drawn for different 

lattices, we can formulate more universal statements about color etching. 

4.2.3. SAMPLE PREPARATION  

Sample geometry plays an important role in the designed and later presented micro-

fluidic cell s. Microfluidic cells are typically sealed with the sample from one side, con-

sequently, different samples must have the same geometric parameters to fulfill this 

purpose. As it is impossible to cut every workpiece for the same size, they were em-

bedded into vinyl,  form ing a cylinder with 30 mm in diameter. 

The embedded samples were then ground and polished to create the necessary 

smooth and even surface. Although color etching may not require the highest level of 

preparation, EBSD images are highly affected by any contamination, including the so-

called Beilby -layer (Inch et al., 1934). Thus, after using 1 ϟÔɯËÐÈÔÖÕËɯÚÜÚ×ÌÕÚÐÖÕȮɯÈÕɯ

additional step of polishing with 0.05  ϟÔɯÊÖÓÓÖÐË silica was applied for 1.5-3.5 hours, 

with a length depending on the material.  At the end of the final polishing, the samples 

were washed in both water and ethanol to remove the rest of the colloid silica. To fur-

ther minimize the possible contamination an d the effect of oxidation, sample prepara-

tion was applied right before examination. If multiple experiments were done on the 

same surface, each consecutive test was preceded by a repolishing. 



  

36 

5. RESULTS AND DISCUSSION 

Some of the experiments presented in the following chapters are already published in 

different scientific journals. They are assigned the corresponding chapter in its name 

to properly refer to them . 

5.1. Development of novel experimental methods (P2, P5) 

In order to gain a more detailed understanding of the processes, in-situ observation is 

necessary, for which the necessary equipment must be developed first.  As part of the 

design, a list of requirements was created that contains the expectations of the experi-

mental setup. 

First, compatibility is an important factor, as  the equipment must ensure the exami-

ÕÈÛÐÖÕɯÖÍɯÛÏÌɯÚÈÔ×ÓÌɀÚɯÚÜÙÍÈÊÌɯÞÐÛÏɯÛÏÌɯÎÐÝÌÕɯÖÉÚÌÙÝÈÛÐÖÕɯÔÌÛÏÖËɯÞÏÐÓÌɯÛÏÌɯÌÛÊÏÈÕÛɯÐÚɯ

flowing over its surface. Thus, the equipment must contain a relatively small , closed 

cavity where the etchant will flow.  By minimizing the size of the system, the experi-

ments require less reagent, resulting in smaller diffusion distances, better controlled 

flow  properties, and faster reactions. Additionally, the closed system protects other 

parts of the experimental setup from unnecessary corrosive damage. Those parts of 

the equipment that are getting into contact with the etchant must be made from a 

chemically inert material to avoid any cross-reaction. Reproductivity of the experiment 

is also crucial, thus, influencing factors, like etchant flow , sample positioning,  or flow 

type (laminar, turbulent) must be controllable. The samplesɀ geometry may also differ,  

but by embedding samples into vinyl, a general shape can be created that is suitable 

for  examination regardless of the original form.  Manufacturability, replacement of the 

sample, and cleaning of the system should also be considered. 

The two utilized in -situ observation methods will be optical microscopy  (OM) and 

spectroscopic ellipsometry (SE). As many of the requirements are similar, most parts 

of the setup will be the same for these experiments. For example, a computer-guided 

syringe pump  provides  the controlled etchant flow. Depending on the diameter of the 

used syringe, this allows to change and maintain a stable etchant flow from 1 ϟÓɤÔÐÕɯ

up to 2500 ϟÓɤÔÐÕȭ On the other hand, the differences between OM and SE (especially 

how the light path should be treated inside them) will result in changes in the main 

part of the setup, the so-called microfluidic cell. In the following chapters, the design, 

manufacture, and application of the microfluidic cells and their corresponding exper-

imental setups will be presented. 
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5.1.1. M ICROFLUIDIC CELL FOR OPTICAL MICROSCO PY 

For the manufacturing of the microfluidic cell, chemically inert materials must be cho-

sen. Multiple previous studies showed that polydimethylsiloxane (PDMS) is not only 

chemically inert, but it is tr ansparent and flexible enough to resist any occurring me-

chanical load ȹ!ÖÕàâÙɯÌÛɯÈÓȭȮɯƖƔƕƔȺ. PDMS is created by mixing its pre-polymer with the 

curing agent from a Sylgard 184 elastomer kit in a 10:1 ratio. The mixture was then put 

in ρπ ÍÂÁÒ vacuum to  remove dissolved air, preventing bubble formation during 

curing. After the mixture was filled into the previously 3D printed and assembled 

mold, it was put into a pre -heated furnace at 100 Ș"ɯÍÖÙɯƚƔɯÔÐÕȭɯ ÚɯÈɯÍÐÕÈÓɯÚÛÌ×ȮɯÛÏÌɯ

PDMS was bonded to a 0.5 mm thick glass sheet by treating both with corona dis-

charge for 120 s. This way, the glass sheet seals the microfluidic cell from one side 

while allowing t he examination of ÛÏÌɯÚÈÔ×ÓÌɀÚɯÚÜÙÍÈÊÌɯÛÏÙÖÜÎÏÖÜÛɯÐÛȭ To complete the 

microfluidic system, the other side of the inner cavity must also be closed with the 

embedded sample (Figure 15.a). 

Observation with an optical microscope requires that the sample can be placed 

wit hin the focal length of the objective, otherwise, no sharp images can be taken. The 

working distance though is getting smaller as the magnification increases. Considering 

the working distance provided by the optical microscope at the highest magnification,  

the maximal thickness of the sealing and the inner cavity of the microfluidic cell was 

determined to be 1.5 mm. As the glass sheet is already 0.7 mm thick, the inner height 

of the cavity was chosen to be 0.4 mm, ensuring that even an improperly inserted sam-

ple could be observed (Figure 15.b). 

 
Figure 15. Schematic figure of the microfluidic cell (a) and its position under the optical microscope (b) 

The fabricated microfluidic cell and the measur ement setup created for in-situ opti-

cal microscopic analysis are presented in Figure 16. The glass sheet in the microfluidic 

cell allows the observation of large areas under the optical microscope while t he sam-

ple (and the cell) is fixed to the worktable  with its surface looking upside. If the etchant 

flow is laminar, then this way , the developing layer suffe rs no mechanical load, in-

cluding the influence of gravity.  
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Figure 16. Experimental setup for the observation of in -situ color etching with an optical microscope 

To provide the etchant flow through the inner cavity, one of the microfluidic ports 

is connected to the syringe pump with a silicon tube. During experiments, the syringe 

pump ensured a constant 50 ϟÓɤÔÐÕɯÌÛÊÏÈÕÛɯÍÓÖÞɯÙÈÛÌȭɯFor fixed-time experiments, a 

secondary syringe pump was also connected, where the syringe was filled with dis-

tilled water. After the predetermined etching time ha d expired, by switching to the 

secondary pump, BerahaῐI was flushed out of the system at 500 ϟÓɤÔÐÕ, stopping the 

ongoing reaction. To drain and collect the used etchant, the other fluidic port was con-

nected to a waste reservoir. 

As preparation for every experiment, the microfluidic cell was cleaned with ethanol 

and then dried with high -pressure air. After inserting the sample and assembling the 

setup, the area of interest was determined and put into focus. Since the ongoing reac-

tion results in a significant loss in light intensity, the initially detected image was 

ÚÓÐÎÏÛÓàɯÖÝÌÙÌß×ÖÚÌËɯÖÕɯÛÏÌɯÔÐÊÙÖÚÊÖ×ÌɀÚɯÊÖÔ×ÜÛÌÙȭɯ3ÏÐÚɯÞÈàȮɯÍÐÕÌÙ differences can 

also be detected later when the intensity drops. 

5.1.2. M ICROFLUIDIC CELL FOR SPECTROSCOPIC ELLIPSOMETRY 

For typical  light -based measurement methods, the media boundaries should be placed 

perpendicular to the light path. Otherwise, a significant intensity loss occurs, while 

additional reflections could even alter the results. For the microfluidic cell used with 

OM, meeting this requirement was not a problem, as the light path was already per-

×ÌÕËÐÊÜÓÈÙɯÛÖɯÛÏÌɯÚÈÔ×ÓÌɀÚɯÚÜÙÍÈÊÌȭɯ(ÕɯÊÖÕÛÙÈÚÛ, for SE, the angle of incidence of the 

ÐÕÊÖÔÐÕÎɯÓÐÎÏÛɯÐÚɯÈ××ÙÖßȭɯƙƙȘȭɯ"ÖÕÚÌØÜÌÕÛÓàȮɯÛÏÌɯÕÌÞɯÔÐÊÙÖÍÓÜÐËÐÊɯÊÌÓÓɯÔÜÚÛɯÉÌɯËÌɪ

signed so that every occurring  boundary in the light path is perpendicular to it . By 

altering the geometry to achieve this goal, the volume of the inner cavity will increase 

significantly, as now the thickness of the cavity cannot be kept at 0.4 mm anymore. 

The redesigned microfluidic cell for SE is pr esented in Figure 17. Similarly to the 

previously presented one, the cell itself was also created by curing PDMS in a 3D-
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printed mold, and it closes the system from o ne side. To seal the cavity with the em-

bedded sample, a welded frame with four springs compresses the sample and the 

PDMS. However, in this case, the 3 mm wide light path is positioned on the two op-

posite sides of the cell, closed by two small, glued glass sheets. In addition, the inlet 

and outlet ports of the cell are positioned  asymmetrically  at different ends of the inner 

cavity. On the one hand, this way,  the etchant must completely  fill the inner cavity  

before leaving the system. Additionally, this pla cement prevents air bubbles getting 

stuck in the system that would bend the incoming light at the air-etchant boundary 

surface. On the other hand, though,  this asymmetry int roduces turbulent flow inside 

the cell. 

 
Figure 17. Schematic figure of the microfluidic cell (a) and the inner structure of the PDMS cell (b)  

Despite the cell being created specifically for spectroscopic ellipsometry, some draw-

backs must be noted. Due to the manufacturing inaccuracies, it is possible that the 

glass plates closing the light path may not be exactly perpendicular to the surface, 

which might result in some intensity loss. To correct this, the angle of incidence should 

be changed, however, it is fixed  ÈÛɯƙƙȘ by the geometry. As a result, the incidence can-

not deviate significantly from it  (approx. ǷƙȘȺȭ During the experiments, the optimal 

ÈÕÎÓÌɯÞÈÚɯËÌÛÌÙÔÐÕÌËɯÈÕËɯÚÌÛɯÛÖɯƙƗȘɯÉàɯÓÖÊÈÛÐÕÎɯÛÏÌɯ×ÖÚÐÛÐÖÕɯÞÏÌÙÌɯÛÏÌɯËÌÛÌÊÛÖÙɯÙÌɪ

ceived maximal intensity in the available incidenc e range. In addition, the cell does not 

allow simultaneous optical observation, thus , the precise positioning of the targeted 

surface area is almost impossible. To visually confirm the correct placement, the only 

possible way is to look through the light p ath. Regardless of the 0.3 mm spot size, since 

the diameter of the light path  is 3 mm, finding a single grain is only possible if the 

grain size is even larger (i.e., oligo or single crystal samples). Otherwise, the measure-

ment will always show the average of the examined area somewhere in the light path . 
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Figure 18. Experimental setup for in -situ color etching with spectroscopic ellipsometer  

The experimental setup for in -situ observation with SE is shown in Figure 18. The 

microfluidic cell is fixed on the worktable in the position where the light intensity was 

found to be maximal. The etchant arrives from the syringe pump and leaves through 

a silicon tube. To ensure that the microfluidic cell was properly sealed, and no air bub-

bles remained in the cavity, the system was previously filled with distilled water. Start-

ing the experiment from a  hydrated state has two effects. First, the incoming etchant 

will mix with the distilled water and cause a quick but not immediate concentration 

shift. As a result, it may be harder to accurately determine the beginning and the end 

of the etching. Fortunately, in the beginning, a noticeable change in the recorded light 

intensity indicates that the etchant has reached the observed surface since BerahaῐI and 

distilled water have different refractive indices. At the end of the process , though, the 

developed precipitation  must be protected, so the etchant will be flushed out with wa-

ter at a slower rate to stop the process and stabilize the layer. This way, the intensity 

change will  be less remarkable, and the concentration shift  will take even longer time. 

Second, it is necessary to increase the initial flow rate to 1000 ϟÓɤÔÐÕɯto completely  

replace water with BerahaῐI. The volume of this  microfluidic cell  is approx. 

ωπ ÍÍ ωπ АÌ, therefore filling it at this rate will take at least 6 s econds. After 10 s of 

the previously explained intensity change that indicates the presence of BerahaῐI, the 

etchant flow rate was reduced to 50 ϟl/min  to keep similar circumstances with the pre-

vious experiments. At the  end of the experiment, the flushing flow rate was set to 

500 ϟl/min.  
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5.2. Analysis of the connection between the crystallographic orientation and the 

color of the developed layer on etched surfaces (P1) 

In the first experiment, spheroidal graphite cast iron  was etched with BerahaῐI for 600 s 

to formulate the initial  kinetic  model of color etching and  demonstrate that the deter-

mination of crystallographic orientation  is possible with this method . Cast iron is a 

beneficial choice for various reasons (as earlier presented), while its moderate corro-

sion resistance elongates the etching process enough to ensure even finer changes in 

ÐÕÛÌÕÚÐÛàɯÊÈÕɯÉÌɯËÌÛÌÊÛÌËȭɯ%ÖÙɯÌßÈÔÐÕÈÛÐÖÕÚȮɯÛÏÌɯÌß×ÌÙÐÔÌÕÛÈÓɯÚÌÛÜ×ɯ×ÙÌÚÌÕÛÌËɯÐÕɯɁ5.1.1 

Microfluidic cell for optical microsco pyɂɯÞÈÚɯÜÚÌËȭɯ3ÏÌɯÊÖÓÖÙɯÊÏÈÕÎÌɯÖÍɯÛÏÌɯÚÜÙÍÈÊÌɯ

during OM observation is presented in  Figure 19. 

The color change concerning the microstructure shows that no reaction occurs be-

tween BerahaῐI and graphite. Pearlite and ferrite, on the other hand , are etched quite 

spectacularly. The color of ferrite in pearlite changes much faster than pure ferrite, 

indicating that the etching rate also depends on the microstructure. Due to the higher 

reaction speed and the hard determination of grain boundaries in pearlite, only the 

ferrite phase will be analyzed. Since ferrite is also present in low-carbon steel, this way, 

the results will be comparable to later experiments. 

 
Figure 19. Color change of spheroidal graphite cast iron during OM observation  
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5.2.1. FUNCTIONAL KINETIC MODEL  

To understand and later utilize color etching, first , the kinetic of etching must be un-

derstood. For that purpose, a model will be formulated based on the following  obser-

vations and other researchersɀɯ×ÙÌÝÐÖÜÚ work s (Kardos et al., 2007), (*ÈÙËÖÚɯȫɯ&âÊÚÐȮɯ

2013), ȹ!ÖÕàâÙɯȫɯ2áÈÉĞȮɯƖƔƕƙȺ, (Britz et al., 2016), (Britz et al., 2019). Although the initial  

model may not be flawless in every aspect, moreover it utilizes certain assumptions, 

later, as the experiments prove or disprove certain parts of the etching process, it  will 

be reviewed and changed accordingly.  

Eqs. 1-3 indicate that the most important factors during color etching that affect the 

resulting color are the wavelength -dependent refractive index and the layer thickness. 

Assuming that the precipitation is homogeneous , and the refractive index is constant 

over the individual grains regardless of their orientation, the only difference that re-

sults in different colors is the layer thickness (Ὠ), which  is calculated for a given etching 

time (ὸ ) as follows: 

 Ὠ ᷿ ὺὸȟὨȟὺȟ—ȟὝȟὺȟὅȟὧȟὨὸ (9) 

The etching development rate (ὺ) in Eq. 9 is influenced by several factors. Since in 

the initial phase a possible oxide layer (Ὠ) protects the surface, ὺ will continuously 

increase until the oxide is completely broken through. L ater as the layer grows, the 

diffusion speed (ὺ) will hinder the process, as the etchant requires time to get in con-

tact with the substrate. Thus, the etching rate is not expected to remain constant, and 

the process must be considered time-dependent (ὸ). It is also supported  by Figure 19, 

as no significant color change occurs in the first 30 seconds. In addition, p revious stud-

ies have shown that the progress of film development is greatly influenced by the crys-

tallographic orientation ( —) of the individual grains  ȹ*ÈÙËÖÚɯȫɯ&âÊÚÐȮɯƖƔƕƗȺ, ȹ!ÖÕàâr & 

2áÈÉĞȮɯƖƔƕƙȺ. The temperature (Ὕ) and etchant flow rate (ὺ), among other variables, 

such as material composition (ὅ) and etchant concentration (ὧ) can also have an impact 

on the layer's thickness, as Britz et al. explained (Britz et al., 2016), (Britz et al., 2019). 

Most of their effect , however, will not be investigated in my work , as their values were 

kept constant for most of the experiments. To minimize their influence, the tempera-

ture was controlled by the air conditioner in the laborat ory, while the flow rate was set 

to the same value in every case. Finally, the etchant concentration was constantly re-

freshed by the syringe pump.  Consequently, for a given surface, the conditions men-

tioned above must be the same for every grain,  and the only differentiating  factor is 

their orientation.  

By measuring the intensity of different wavelengths over the individual grains, the 

RGB intensity  change can be visualized, as Figure 20.a presents for a randomly selected 

grain. The intensity curves show a sinusoidal character with decreasing amplitude. To 

reduce noise and to determine the local extrema more conveniently , a 5ῐterm sum of 
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sines function was fitted on the curves, which  was considered as a good approxima-

tion. Since precisely  controlling the illumination from the environment is relatively 

hard, the intensity curves were normalized to eliminate its effect. It is important to 

highlig ht that the time  values associated with the local minima and maxima of the 

curves, which correspond to specific layer thicknesses fulfilling the destructive and 

constructive interference conditions, are the only quantity  used in the soon-presented 

model. This way, the change of RGB intensities is not utilized in any way, and t he local 

peaks of the normalized curves always characterize the necessary time needed for a 

specific layer thickness to develop. Therefore, experimental parameters like the spec-

tral composition of the light, CCD sensitivity, or exposure length will not have an im-

pact on the conclusions. 

 
Figure 20. Color change of a randomly selected ferrite grain in cast iron 

during  color etching and the fitted sine functions for the different components  

With the analysis of etching time at local extrema on the resulted intensity curves, 

both the basic kinetic of layer development over a single grain, and  the comparability 

of multipl e grains can be formulated. 

By examining a single grain, reaching the first minim um requires significantly more 

time than it elapses between the following two or three extrema. As described  later, it 

is the effect of the oxide layer protecting the surface at the start of the process. After 

one or two half-cycles, however, the elapsed time will begin to increase again, indicat-

ing that diffusion through the growing layer  is also a factor to be considered. Thus, the 

etching process can be divided into three partially overlapping but well -detectable do-

mains, as Figure 21 shows. 
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Figure 21. Functional kinetic model with the di fferent regions of etching 

presented on the normalized red component of a randomly selected grain in cast iron  

(ÕɯÛÏÌɯÍÜÕÊÛÐÖÕÈÓɯÔÖËÌÓȮɯÓÌÛɀÚɯÈÚÚÜÔÌɯÛÏÈÛɯÛÏÌɯÌÛÊÏÐÕÎɯÙÈÛÌɯÐÕɯÛÏÌɯÐÕÛÌÙÔÌËÐÈÛÌɯËÖÔÈÐÕɯ

is constant and can be characterized by the constant cycle etching rate (ὺ) and the half-

cycle time (ὸ ). Half -cycle time can be determined by measuring the elapsed time be-

tween the first interference minimum and maximum , as in Eq. 10.  

 ὸ ὸ ὸ  (10) 

Considering the effects of oxide breakthrough (Ὣὸ) and diffusion (ύὸ), the time-

dependent etch rate can also be formulated . 

 ὺὸ
ὺϽὫὸȟ                   π ὸ ὸ
ὺȟ                     ὸ ὸ ὸ

ὺϽύὸȟ                         ὸ ὸ
 (11) 

In Eq. 11, Ὣὸ and ύὸ are weight functions with a value between 0 and 1. They 

represent the change in the etch rate compared to the steady-state etching observed 

between the first minimum and maximum . Thus, the additional time  that the half-

cycles required to reach the next extremum can be calculated as in Eqs. 12-13, where 

the time delay caused by the oxide breakthrough is ὸ, and the time delay caused by 

diffusion is ὸ . 

 ὸ ὸ ὸ  (12) 

 ὸ ὸ ὸ ὸ  (13) 

Although the e ffect of ὸ is unavoidable and more significant than ὸ  (as its mag-

nitude is comparable to ὸ , its effect can be easily eliminated by ignoring the first half -
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cycle of etching. The delay in half -cycle time caused by diffusion, on the other hand, is 

significantly smaller than ὸ . During  the color etching of cast iron, it  ranged between 

0.1-0.2 (ὸ Ⱦὸ ). The generated layer thickness, which in turn depends on the orienta-

tion -dependent etch rate, determines how long this ὸ  will last. The green and red 

components are more susceptible to that than the blue component, as the blue compo-

nent with the lowest wavelength will reach its extrema faster. Consequently, to mini-

mize the effect of this delay (as it complicates calculations significantly), it is preferable 

to stop the process after the first interference maximum (ὸ ) regarding every grain 

in the observed area and not continuing etching into this domain.  

To utilize  the previously presented kinetic  model, a second etching was performed 

with an etching time of 445 s. This way, the process stops before reaching the diffusion-

limited region, thus, its effect can be neglected for the blue light component. In this 

new area, the comparison of intensity curves of the same wavelength was performed 

on multiple  grains. The grains show similar characteristics as explained earlier, how-

ever, the time required to reach their extrema will differ  (Figure 22). Since the intensity 

curves were previously normalized, the layer thickness for each grain should be the 

same at a given extrema. Consequently, the half-cycle time could be suitable to differ-

entiate grains based on their etching rate without knowing the exact layer develop-

ment rate. 

 
Figure 22. The intensity of the red component over grains with different crystallographic ori entations 

To support this statement, both an OM, and an EBSD analysis were carried out on 

the same area in cast iron. After that , 20 grains were selected so that they could be 

identified on both images.  Using the normalized intensity curves of these grains , their 

corresponding half -cycle time and delay time were determined. Figure 23 shows the 

selected grains on both images, and Table 2 their  corresponding values. 
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Figure 23. OM image after 445 s etching and inverse pole figure obtained by EBSD 

from the same area. The selected 20 grains are numbered and are easily identifiable on both images 

Then, the correlation of ὸ and ὸ  with the main crystallographic directions, namely 

<100>, <110>, and <111> were presented, as seen in Figure 24. IÕɯÛÏÌÚÌɯÍÐÎÜÙÌÚȮɯϛɯÙÌ×ÙÌɪ

sents the enclosed angle betwÌÌÕɯÛÏÌɯÎÙÈÐÕɀÚɯÖÙÐÌÕÛÈÛÐÖÕɯÈÕËɯÛÏÌɯÎÐÝÌÕɯËÐÙÌÊÛÐÖÕȭɯ!àɯ

analyzing the images, it is obvious that ὸ  correlates best (ὶ πȢω) with <100>, mean-

ing that the etching rate is highest over grains with {100} orientation . The ὸ  values 

also show a slightly w orse (ὶ πȢψυ), but still strong negative correlation with <111>, 

indicating that the slowest etching grains are the ones with {111} orientation. These 

statements are also supported by various studies, although in those, only the main 

orientations were compared to one another without any grain in the intermediate po-

sition  (Seo & Chiba, 2001), (Fushimi et al., 2010), (Yule et al., 2019), (Jin et al., 2022). 

Table 2. The EBSD and characteristic time results measured for the selected 20 grains in Figure 23 

Nr. 

Enclosed angles (o) Characteristic times ( s) 

<100> <110> <111> 
tmin1  

(R) 

tmin1  

(G) 

tmin1  

(B) 

tmax1 

(B) 

t hc 

(B) 

t d 

(B) 

1 14.07 30.98 44.76 285.5 281.8 260 350 90 170 

2 49.35 32.86 5.39 328 320 308 425 117 191 

3 31.60 21.80 25.64 310 302 295 393 98 197 

4 45.10 29.13 9.97 332.4 324.6 314 434 120 194 

5 37.25 9.92 30.49 335.1 326.1 318.1 440.1 122 196.1 

6 42.60 17.40 19.20 330 323 305 422 117 188 

7 39.12 18.62 20.51 313 296.8 284.5 385 100.5 184 

8 30.20 27.27 24.88 314.4 300.2 288.5 390 101.5 187 

9 10.39 37.67 44.38 274 264.2 250 335 85 165 

10 27.27 19.47 33.49 296.3 288.8 278.7 380 101.3 177.4 

11 15.62 31.65 40.13 278.8 270.1 260 344 84 176 

12 20.81 30.77 34.16 285.1 271.1 256.3 340 83.7 172.6 

13 24.10 25.35 32.51 282.7 275.4 267.5 365 97.5 170 

14 11.31 36.46 43.56 258.9 252.5 245.7 330 84.3 161.4 

15 45.12 3.67 31.59 348 338.3 320 424 104 216 

16 20.51 30.25 34.62 291.7 278 268 354 86 182 

17 26.57 18.43 39.23 279.4 276.1 270 n.a. n.a. n.a. 

18 34.51 24.21 21.43 300 290 283 380 97 186 

19 52.37 32.91 2.75 335.9 330.1 315 445 130 185 

20 49.20 28.93 7.03 343 333.8 310 440 130 180 
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Interestingly, no strong correlation (ὶ πȢςω) can be observed between ὸ  and 

<110>, that is, according to the DFT, the most densely packed plane in BCC. On the 

other hand, ὸ shows a moderately strong but definite negative correlation with <110>, 

meaning the oxidation processes are faster for grains close to this direction, as Wang 

et al. also explained (J. Wang & Wang, 2014). In addition, the observation that these 

grains have the highest ὸ supports our previous assumption, namely , the delay at the 

beginning of the process is caused by the oxidation of the surface. 

   
Figure 24. Correlation between characteristic times (half-cycle time (ὸ ) and delay time (ὸ)) 

for the blue component and the three main crystallographic orientations.  

Indirectly though, but the last statement was also proved in another way. For later 

Ìß×ÌÙÐÔÌÕÛÚɯÈÚɯËÌÚÊÙÐÉÌËɯÐÕɯÊÏÈ×ÛÌÙɯɁ5.2.3 Quantitative determination of orientation 

with co lor etchingɂȮɯƕƔɯÎÙÈÐÕÚɯÞÌÙÌɯÊÏÖÚÌÕɯÖÕɯÛÏÌɯÚÜÙÍÈÊe of the first sample etched for 

600 s, and both their characteristic times (ὸȟὸ ȟὸ ȟὸ) with OM, and orientation 

with EBSD were determined.  The selected grains are shown in Figure 25, while the 

associated characteristic times are listed in Table 3. 

 
Figure 25. OM image (a) of the selected 10 grains after 600 s color etching from Figure 19 

and inverse pole figure (b) obtained by EBSD from the same area 
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Table 3. The characteristic time results measured for the selected 10 grains in Figure 25 

Grain 

No. 

Characteristic times ( s) 

tmin1  

(R) 

tmin1  

(G) 

tmin1  

(B) 

tmax1 

(B) 

t hc 

(B) 

t d 

(B) 

1 251 236 225 306 81 144 

2 246 236 218 325 107 111 

3 300 278 266 394 128 138 

4 251 238 233 314 81 152 

5 264 250 234 342 108 126 

6 253 242 220 320 100 120 

7 246 235 220 311 91 129 

8 256 245 228 342 114 114 

9 240 226 214 296 82 132 

10 254 243 228 346 118 110 

 

It is shown that a longer time between the final polishing step and etching results in 

a thicker oxide layer, thus, the delay time will increase. Since the only difference in 

circumstances for the first and second etching was the idle time required to prepare 

the experimental setup, only the delay times changed, but not the half -cycle times. In 

the first etching, the elapsed idle time due to the assembly was around 2 min, while in 

the second experiment, it took almost twice  longer as the cell had to be cleaned. As 

seen in Figure 24 and Figure 25, the average delay time in the blue component for the 

10 grains during  the first experiment was 128 s, while in the second one for the 20 

grains, it was 185 s. Considering that the idle time cannot be reduced significantly 

more (like under 2 min) due to the complexity of the assembly, the minimal delay time 

for cast iron is approx. 80 s. Consequently, oxidation and sample preparation are crit-

ical factors that should be considered when utiliz ing the kinetic model of color etching. 

That is why previous attempts were unsuccessful in reliably quantify ing grain orien-

tation, as they tried to utilize the total elapsed time that included the oxide -limited 

domain at the beginning of etching  ȹ*ÈÙËÖÚɯȫɯ&âÊÚÐȮɯƖƔƕƗȺ, (BonyâÙɯȫɯ2áÈÉĞȮɯƖƔƕƙȺ, 

(Britz et al., 2016). 

If we can eliminate the effect of delay time, however , the half-cycle time is independ-

ent of the oxide-breakthrough, thus, due to the strong correlation with {100} and {111}, 

it can be used to quantitatively det ermine grain orientation. Prior to the quantification , 

though, the steady-state etching rate and the refractive index at given wavelengths 

must be determined. 

  



  

49 

5.2.2. DETERMINATION OF STEADY -STATE ETCHING RATE AND LAYER REFRACTIVE INDEX  

By assuming the existence of the presented steady-state etching rate (ὺ), then based 

on the interference criteria for a given wavelength described in Eqs. 1-3, the ὲ ‗Ͻ

Ὠ product must be the same for π ὸ ὸ  and ὸ ὸ ὸ , as Eq. 14 presents. 

 ᷿ ὺὸὨὸ ᷿ ὺὸὨὸ (14) 

By substituting Eq. 11 into Eq. 14, the delay caused by oxidation can be. 

 ὺϽ᷿ ὫὸὨὸ ὺϽὸ  (15) 

This means that for the determination of steady -state etching rate, any Ὣὸ weight 

function can be used as long as Eq. 15 is fulfilled. Thus, to simplify the equations, Ὣὸ 

will be used as a simple step function. 

 Ὣὸ
πȟ       ὸ ὸ
ρȟ       ὸ ὸ 

 (16) 

With this simplification, Eq. 11 changes as follows: 

 ὺὸ
πȟ       ὸ ὸ
ὺȟ       ὸ ὸ 

 (17) 

Now that the etching rate is simplified,  the effective etching time (ὸ ) for the initial 

20 grains can be calculated by subtracting the delay time (ὸ) from the experiment time 

(ὸ ), thus, eliminating the effect of oxide breakthrough.  

 ὸ ὸ ὸ (18) 

Now for  calculating the etching rate from Eq. 9, only the thickness of the developed 

layer (Ὠ) is required. To incorporate the dependency on the crystallographic orienta-

tion I introduce parameter Ὓ— representing the ratio between the half-cycle time (or 

etch rate) and a reference direction, that is, in this case the <100> direction. 

 Ὓ—
ȿ

ȿ

ȿ

ȿ
 (19) 

The reference value of ὸȿ  can be determined by fitting a linear regression on 

the correlation diagram presented in Figure 24.a. According to the dataset, for the se-

lected 20 grains, ὸȿ φωȢωρ ίὩὧ. With it, all Ὓ— can be calculated. 

Since the layer develops in both direction s ÍÙÖÔɯÛÏÌɯÚÜÉÚÛÙÈÛÌɀÚɯÐÕÐÛÐÈÓ surface, the 

direct thickness measurement over grains is not possible. This would require the pre-

cise, partial removal of a submicron sized layer. That, without damaging the layer , is 

hardly feasible. To circumvent the problem, the following solution was developed 

based on AFM  measurements to a reference grain. Let us consider two grains, namely 

A and B, with different crystallographic orientation s. Assuming the orientation of 

grain A is closer to <100> than the orientation of B, then ὺ ὺ  and Ὠ Ὠ . To 

calculate the height difference (ῳὨ) between the layers over A and B, the following 

equation can be formulated: 
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 ῳὨ Ὠὃ Ὠὄ ὺὧὃϽὸὩὪὪὃὺὧὄϽὸὩὪὪὄ (20) 

By using Eq. 19, ὺȿ  can also be expressed for both grains. 

 ὺȿ ὛϽὺ ὛϽὺ  (21) 

By organizing the equation, the steady-state etching rate of B can be described: 

 ὺ ὺ  (22) 

As a final step, Eq. 22 must be placed in Eq. 20, resulting in an equation in which 

every parameter is calculable except for ῳὨ. 

 ὺ  (23) 

AFM is suitable for  determin ing height differences between A and B, although it is 

important to highlight that the layer develops in both direction s from the original 

plane. Thus, the height difference must be measured two times, prior  to and after re-

moving the developed layer , as Figure 26 presents. To remove the layer after the first 

AFM measurement, the sample was immersed into a mild, 0.5% (3/  aqueous solu-

tion for 2  s. This immersion is enough the remove the layer but not damage the sub-

strate ȹ!ÖÕàâÙɯȫɯ2áÈÉĞȮɯƖƔƕƖȺ. 

 
Figure 26. Illustration of interference layer structure for A and B with the measured heights right after 

color etching (ὢȟὢ ) and after removing the developed layer with sulfuric acid ( ὣȟὣ) 

Although the height differences before (ὢ ὢ ) and after (ὣ ὣ) the sulfuric acid 

immersion can be calculated with high precision, without a common reference point, 

they are not comparable one another. To resolve this issue, the following equation can 

be formulated using Ὠ as the common part of the layer thickness for A and B to deter-

mine the height difference. 

 ῳὨ Ὠὃ Ὠὄ ὣὄ ὣὃ Ὠὧ ὢὄ ὢὃ Ὠὧ (24) 

Since the scan size with AFM is very limited  (100 ϟÔ Ǻ 100 ϟÔȺ, a small area with 

multiple (possibly fine) grains close to one another was chosen from  Figure 23. The 

AFM measurements are shown in Figure 27, where the height difference of grains 1-6 

is also presented. To compensate for height fluctuation, the average grain height was 

determined  at the geometrical center of each grain in an approx. 10 ϟÔ Ǻ 10 ϟÔ area. 

For calculations, grain #1 was selected as a reference since its orientation was closest 
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to {100} according to the EBSD analysis. The so-determined heights and average height 

differences are listed in Table 4. 

 
Figure 27. AFM images of the same color etched area before (a) and after (b) removing the 

developed layer. The height measurements were performed along the marked line over grains 1-6 

Now that all necessary parameters are known, the steady-state etching rate can be 

calculated for the five remaining grains (not for  the reference). The results are pre-

sented in Table 4. 

Table 4. The results of AFM measurements along with the calculated steady-state etching rate and re-

fractive indices for grains #1-6 

Grain 

no. 

AFM (nm)  
Image 

processing (s) 
Calculated parameters  

X Y ͅ7 ͅ8 ͅË 
◄▐╬ 

(B) 
◄▀ 

(B) 
◄▄██ 

(B) 
╢Ᵽ 

○╬ 

(nm/s) 
▪█░■□ 

(R) 

▪█░■□ 

(G) 

▪█░■□ 

(B) 

1 128.3 180.9 0.0 0.0 0.0 90 170 275 1.29 n.a n.a n.a n.a 

2 221.0 315.2 92.7 134.3 41.6 117 191 254 1.67 0.40 1.93 2.05 2.37 

3 168.0 245.7 39.7 64.8 25.1 98 197 248 1.40 0.49 1.90 2.01 2.33 

4 229.7 331.8 101.4 150.9 49.5 120 194 251 1.72 0.43 1.77 1.87 2.17 

5 200.0 305.9 71.7 125.0 53.3 122 196 249 1.75 0.43 1.73 1.83 2.12 

6 262.5 360.0 134.2 179.1 44.9 117 188 257 1.67 0.45 1.74 1.84 2.13 

 

By using Eq. 25, the corresponding refractive indices (listed in the previous table) 

can be determined as well. 

 ὲ ‗
ȿ ȿ

 (25) 

To use this equation, it must be considered how the RGB values are computed from 

the optical microscope images. For that purpose, the CIE standard observer reference 

functions were chosen (Stockman, 2019). It is accurate to say that the estimated RGB 

components do not match a single wavelength and that spectral information cannot 

be reconstructed from the RGB values. Nevertheless, only  the locations of the normal-

ized intensity extrema were used, and neither the spectral composition nor the relative 

intensities of the components were utilized . These relate to certain layer thicknesses, 



  

52 

which in turn match the strongest wavelength component of the CIE standard ob-

server color spectra. In other words, the wavelength with the peak positions of the CIE 

standard observer reference spectra can be approximated for the three color compo-

nents, namely red (600 nm), green (540 nm), and blue (445 nm) at the local minima and 

maxima of the curves shown in Figure 22, where the interference criteria are fulfilled.  

 
Figure 28. Calculated refractive indices of the developed film  

at the characteristic peaks of CIE standard observer spectra 

In Figure 28 the refractive indices of RGB wavelengths are plotted. Given that it in-

corporates the relative errors from all experiments, the error bars represent the stand-

ard deviation for the six measured grains. In addition, the extrapolation of the data 

was performed using the two -term Cauchy dispersion in Eq. 26. This extrapolation 

shows a really  good fit with p arameters ὃ ρȢσρ, and ὄ πȢρψ ‘ά . 

 ὲ ‗ ὃ  (26) 

To calculate the steady-state etching rate for all grains, there are two possible ap-

proaches. First, ὺ can be calculated using AFM results and Ὓ— parameters as in Eq. 

23. Second, the etching rate can also be determined by combining the previously de-

ÛÌÙÔÐÕÌËɯÙÌÍÙÈÊÛÐÝÌɯÐÕËÐÊÌÚɯÈÕËɯÛÏÌɯÎÙÈÐÕÚɀɯÏÈÓÍ-cycle time as in Eq. 25. Although both 

approaches should result in similar etching rates, the latter one was utilized as it re-

quires no additional AFM measurements. The steady-state etching rates for all 20 

grains are shown in Figure 29. By fitting a linear regression, the orientation -dependent 

etching rate can be determined. Based on the fitting function, grains with {100} orien-

tation are etched the fastest, at the rate of 0.655 nm/s. 
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Figure 29. Orientation -dependent steady-state etching rate calculated for 20 grains for <100> 

In conclusion, it is possible to calculate the orientation-dependent steady-state etch-

ing rate and the refractive index of the developed film using the presented functional 

kinetic model in combination with O M image processing, EBSD, and AFM. Thus, it is 

time to test the model whether it is also suitable to determine grain orientation based 

on previously calculated etching characteristics and optical data only.  

5.2.3. QUANTITATIVE DETERMINATION OF ORIENTATION WITH CO LOR ETCHING  

To prove that the presented model is suitable to determine crystallographic orientation 

purely based on OM image processing, first, ὸ  was calculated as a function of en-

closed angle with <100> and <111> from the previous experiment by rearranging 

Eq. 25. The resulting characteristic functions are presented in Figure 30. The linear 

equations given in these figures are suitable for  calculating the orientation of a ran-

domly selected grain by measuring its half -cycle time for different wavelengths.  

 
Figure 30. Orientation -dependent steady-state etching rate calculated for 20 grains for <100> 
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Following that, the orienta tion of the 10 grains in Figure 25 etched for 600 s was cal-

culated. The calculation results are shown in Table 5 with the absolute errors compared 

to the EBSD measurements. 

Table 5. The enclosed angle between the selected 10 grains and the crystallographic orientations  

{100} and {111}, calculated from OM image processing and validated with EBSD  

ȽƕƔƔȾɯȹȘȺ 
Grain 

No. 

EBSD Blue Green Red Average 

Angle  Angle  Ƿ$ÙÙÖÙ Angle  Ƿ$ÙÙÖÙ Angle  Ƿ$ÙÙÖÙ Angle  Ƿ$ÙÙÖÙ 

1 7.61 10.73 3.13 14.47 6.86 13.87 6.26 13.02 5.42 

2 32.90 35.89 2.99 27.58 -5.32 26.18 -6.71 29.88 -3.01 

3 46.69 56.21 9.53 55.18 8.49 43.78 -2.91 51.72 5.04 

4 11.90 10.73 -1.17 15.16 3.25 16.22 4.31 14.03 2.13 

5 36.52 36.86 0.34 32.41 -4.11 29.70 -6.81 32.99 -3.53 

6 24.31 29.12 4.81 23.44 -0.88 22.08 -2.23 24.88 0.57 

7 20.05 20.41 0.36 15.16 -4.89 16.80 -3.24 17.46 -2.59 

8 42.49 42.66 0.18 35.86 -6.63 34.39 -8.09 37.64 -4.85 

9 8.48 11.70 3.22 9.63 1.16 8.59 0.11 9.98 1.50 

10 38.16 46.28 8.13 37.24 -0.92 32.64 -5.52 38.72 0.56 

{11ƕȾɯȹȘȺ 

Grain 

No. 

EBSD Blue Green Red Average 

Angle  Angle  Ƿ$ÙÙÖÙ Angle  Ƿ$ÙÙÖÙ Angle  Ƿ$ÙÙÖÙ Angle  Ƿ$ÙÙÖÙ 

1 47.29 48.70 1.41 44.27 -3.02 44.88 -2.41 45.95 -1.34 

2 29.71 22.85 -6.86 30.80 1.09 32.23 2.52 28.63 -1.08 

3 8.05 1.97 -6.08 2.44 -5.61 14.15 6.10 6.19 -1.86 

4 44.31 48.70 4.39 43.56 -0.75 42.47 -1.84 44.91 0.60 

5 34.19 21.86 -12.34 25.84 -8.36 28.61 -5.58 25.43 -8.76 

6 34.23 29.81 -4.42 35.05 0.83 36.44 2.22 33.77 -0.46 

7 37.56 38.76 1.20 43.56 6.00 41.87 4.31 41.40 3.83 

8 29.34 15.89 -13.45 22.29 -7.04 23.79 -5.55 20.66 -8.68 

9 46.74 47.71 0.96 49.23 2.49 50.30 3.56 49.08 2.34 

10 16.58 11.91 -4.67 20.87 4.29 25.60 9.02 19.46 2.88 

 

Compared to the average of the three components, the absolute error of the calcu-

lated orientation is greater for a single color component. As shown in Figure 20, the 

reason for this is that even after fitting, the determination of the  local minima and max-

ima has some error  since the raw color information of a single wavelength  is noisy. 

These added errors could be reduced by averaging the results of the three channels. 

By averaging the results of the different components , the presented model using ex-

clusively  optical image processing has an error ÍÖÙɯȽƕƔƔȾɯÐÕɯÛÏÌɯǷƙȘɯÙÈÕÎÌɯÞÐÛÏɯÈÕɯaver-

age error of  ƖȭƝȘȮɯÞÏÐÓÌɯÍÖÙɯȽƕƕƕȾɯÐÕɯÛÏÌɯǷƝȘɯÙÈÕÎÌɯÞÐÛÏɯÈÕɯaverage ÌÙÙÖÙɯÖÍɯƗȭƖȘ. 

In conclusion, it was proved that the presented functiona l kinetic model is suitable 

not only to calculate half -cycle time and steady-state etching rate for any given grain 

but also to determine the crystallographic orientation of ferrite in spheroidal cast iron 

by etching with BerahaῐI with relatively high prec ision. Specially since the model was 

validated so that the steady-state etching rate and refractive indices were determined 
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in a separate experiment from the one where the crystallographic orientation was cal-

culated. Additionally, it was shown that the ste ady-state etching rate and half-cycle 

time are independent of the experimental and preparational conditions (not like the 

delay time) and are affected only by the orientation. Based on our results, it was re-

peatedly confirmed that for BCC ferrite, the fast est etching orientation is {100}, while 

grains close to {110} develop oxide on their surface the fastest. 
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5.3. Chemical composition and homogeneity of the developed layer (P4, P6, P7) 

Although the functional model presented in the previous chapter is a relatively accu-

rate method to determine crystallographic orientation, certain hypotheses  and meth-

ods must be reevaluated to ensure the resulting error is not derived from them. Such 

as, the previous method required the indirect measurement of layer thickness wit h 

AFM, and from that, the calculation of refractive index  (RI). Additionally, the previous 

model assumed that the chemical composition and thus, the refractive index are ho-

mogeneous for the whole developed layer. As the refractive index strongly influences 

the observed color, any derivation  would result in a significant variance and reduce 

the accuracy of orientation estimation. Hence, the purpose of the following  experiment 

was to investigate the homogeneity and chemical composition of the developed layer. 

For that purpose, X-ray photoelectron spectroscopy (XPS) and spectroscopic ellipsom-

etry (SE) were used. 

SE is suitable for  directly measur ing refractive index and layer  thickness over sur-

faces without any microfluidic cell if the developed layer is solidified. Thus, in this 

experiment, the surface mapping with SE was performed without any microfluidic 

cell, and the one designed for OM analysis was utilized only to etch  for 60 s in a highly 

controlled environment.  As earlier mentioned , though , SE has a limited resolution as 

the diameter of the spot is approx. 0.3 mm. To resolve this issue, among the possible 

mixing of the different phases, and mak ing direct thickness and refractive index meas-

urements for individual grains  available, the sample material was replaced with  

coarse-grained DC01 low-carbon steel. 

Although DC01  is more beneficial than cast iron as it has only  one homogeneous 

ferritic phase, certain disadvantages must also be considered, such as poor corrosion 

resistance or badly  identifiable areas if the surface is not marked. Due to its bad corro-

sion resistance, this material is highly sensitive to an aqueous environment. As a result, 

the drying and stabilization of the developed layer after etching require additional 

steps. To aid in de-watering and faster drying after etching, the sample was immersed 

in alcohol for 15 s, then the surface was dried with compressed air.  

5.3.1. SPECTROSCOPIC ELLIPSOMETRY ON COLOR-ETCHED SURFACES 

Spectroscopic ellipsometry is the main optical method used to characterize developed 

thin films  (Fujiwara, 2003), (Aspnes, 2014), (Fujiwara & Collins, 2018). During the 

measurement, the SE illuminates the surface with a light of known polarization while 

measuring the changes in polarization due to reflection (Vedam, 1998). SE is substan-

tially more sensitive than traditional reflectometry since it can measure the phase dif-

ference between the two polarization direc tions. The modeling of complex layer struc-

tures and the identification of their characteristics are achievable as SE measures on a 

wide spectral range. Larger surfaces can also be mapped in a reasonable amount of 
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time since a measurement for a single point requires only a few seconds (Lohner et al., 

2015). 

During the experiment, the  etched ÚÈÔ×ÓÌɀÚɯÚÜÙÍÈÊÌɯÞÈÚɯÔÈ××ÌËɯÐÕ the wavelength 

range of 190-1690 nm over a 14 mm Ǻ 14 mm area with a step size of 175 ϟÔȭɯ$ÈÊÏɯÚÛÌ×ɯ

lasted for 2 Ǻ 16 s, which  is sufficient to minimize  noise. Then, the surface was repol-

ished prior  to the EBSD measurement. The assembled images of OM right after stabi-

lizing the layer, the layer thickness map of SE, and the orientation maps from EBSD 

are presented from the same area and are seen in Figure 31. The thin film developed 

during etching above the ferrite grains is approximately  100 nm thick, but as the layer 

thickness varies above different grains, it is easy to distinguish them on the ellipsom-

etry layer thickness map. On the whole surface, thus, 35 grains were selected that were 

easily identifiable on all images. Since the size of the sample is almost unnecessarily 

large, multiple EBSD images were made and assembled to find the required grains.  

The proper consideration of the surface is crucial for estimating the bulk refractive 

index (RI) of materials since ellipsometry is an extremely surface-sensitive technique. 

However, the substrate's refractive index may not be constant, considering that  grains 

with different orientation s have various optical properties. Thus, during etching, the 

thickness of the developed layer should not be the only variable. To analyze this pos-

sibility , an optical model was created by using polynomial Cauchy dispersion and Lo-

rentz oscillators to describe the dispersions of the developed layer and the low-carbon 

steel substrate, respectively (Gooch, 2011). 

 
Figure 31. a) OM image of the color-etched ferritic steel specimen with the label of the grains selected 

for further investigation. b) The layer thickness map (Ὠ) determined by SE while using a constant ὃ 

Cauchy dispersion parameter. c) Inverse pole figures obtained with electron backscatter diffraction  

To characterize the depth-dependent nature of the refractive index (ὲ), two different 

approaches were applied . In both approaches, the applied polynomial Cauchy disper-

sion formula was the following:  

 ὲ ὃ  (27) 

For the first method, ὃ was considered as constant for  the whole layer. For the sec-

ond approach, though, it was described with a monotonously decreasing exponential 

function along the thickness (Figure 32). Considering t he nature of Cauchy dispersion, 

the parameter ὃ is a good approximation of the refractive index . Thus, in the first case, 



  

58 

the refractive index is assumed constant (similarly, as in the previous chapter), while 

in the second case, RI continuously decreases as it moves away from the ÚÜÉÚÛÙÈÛÌɀÚɯ

surface. Due to this change, the RI is not suitable for  properly compar ing the two  fitting 

methods. For that purpose, the value of ὃ at the substrate-layer interface will be used , 

where its value for both approaches is maximal. 

 
Figure 32. Change of parameter ὃ in the exponential Cauchy dispersion  

To investigate the original hypothesis of constant RI along the layer, the first ap-

proach was used to determine layer thickness (Ὠ), refractive index (RI) , and mean 

square error (MSE) of the fitted model with SE. The maps obtained with it are pre-

sented in Figure 31 and Figure 33. As it can be seen in these figures, the average grain 

size is large enough so that even with the used scanning 175 ϟÔɯÚÛÌ×, most of the 

grains are properly distinguishable. For smaller  grains or for grain boundaries , 

though, where multiple adjacent particles are simultaneously present in the light spot, 

SE results in their average value. That is why grain boundaries are less sharp compared 

to OM or EBSD. By analyzing Figure 33, the individual grains can be identified not 

only in the layer thickness map but also in the RI and MSE map as well. Although the 

difference in layer thickness was expected, the varying RI contradicts the initial model 

to calculate layer development and steady-state etching rate. In addition, the mean 

square error of model fitting on the measured psi -delta values also strongly correlates 

with the obtained RI, meaning that the f itting of constant ὃ may fit well on a vast 

amount of the grains. 
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Figure 33. Refractive index map of the red component (a), 

layer thickness (b) and mean square error of fitting (c) 

To further investigate the phenomenon, the second Cauchy dispersion was also fit-

ted on the data, but now with an exponentially decreasing ὃ along the layer thickness. 

The mean square error of these two fittings is shown in Figure 34. As can be seen from 

the comparison, the new approach significantly reduced the error of model fitting 

along the whole surface, leaving only the averaged grain boundaries with moderate 

error. As a result, it seems that RI is highest at the substrate-layer interface and de-

creases in the direction of the surface. 

 
Figure 34. MSE of fitting using constant (a,c) and exponentially decaying (b,d)  

Cauchy dispersion parameter over the entire surface (a,b) and at the marked points (c,d) 

To quantify and compare the results, the correlation between the angle enclosed 

with the main crystallographic directions, the obtained layer thickness, and the Cau-

chy dispersion parameters at the substrate-layer interface were calculated, as seen in 

Figure 35.  
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Figure 35. Correlation coefficients between the main crystallographic directions  

and the results obtained with SE for the selected 35 grains. 

By analyzing data, the enclosed angle with <110> shows no correlation with the in-

vestigated parameters (as expected from the former experiment), while <100> and 

<111> support previous statements, like  the layer development rate is highest in the 

<100> direction and strongly correlate with the enclosed angle with it. The investiga-

tion , on the other hand, showed new information about the refractive index, namely, 

that it  also strongly correlates with <100> and <111>, similarly to the layer development 

rate. This conclusion can be drawn from both fitting models, as their results are rela-

tively close to one another. Their main difference, though , lies in the correlation be-

tween MSE and parameter ὃ. The exponential model has a negligible dependency on 

the error, while the constant model indicates that MSE has a significant influence over 

the measured refractive index. It is also important to mention that even if a moderately 

strong correlation can be observed between MSE and layer thickness, this positive cor-

relation can be considered normal for ellipsometry since measurement inaccuracy will 

increase as the layer thickens. 

Consequently, the results indicate that the etching rate and layer thickness are pri-

marily determined by the crystallographic orientation . Considering the continuously 

changing refractive index along the thickness of the layer, the RI is also affected by 

them. 
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5.3.2. ANALYSIS OF THE DEVELOPED LAYERɀS CHEMICAL COMPOSITION  

WITH X-RAY PHOTOELECTRON SPECTROSCOPY 

To investigate the source of refractive index change, XPS was performed to measure 

the chemical composition change of the layer in the lateral direction.  Since the focusa-

bility of X -ray is very limited, the spot size on the surface was determined by the area 

of the analyzer, an approx. 5 mm in diameter.  Thus, the resulting composition will 

represent the average of the layer than the individual grains. The measured XPS peaks 

and their corresponding binding energy is listed in Table 6. 

Table 6. The binding energy of observed XPS peaks for different elements 

Element and top shell  Fe 2p 1/2 Fe 2p 3/2 N 1s O 1s C 1s S 2p 

Binding energy (eV)  720 707 399 532 285 164 

 

To remove any initial contamination, a small ion sputtering was performed prior to 

the experiment. Between measurements, a more intensive sputtering was applied to 

reveal larger depths along the thickness. Although the precise determination  of how 

much material was removed from the layer is not possible, a good approximation can 

be made based on previous experiments (Vincent Crist, 1999). Thus, the calculated 

chemical compositions of the layer in different depths are presented in Table 7. 

 

Table 7. Chemical composition in atomic% of the layer measured by XPS in different depths 

Approx. depth  Fe N  O C S 

1 nm 19.0 1.5 68.2 7.5 3.8 

20 nm 31.7 0.7 61.5 1.6 4.5 

40 nm 29.7 0.9 63.5 1.3 4.6 

60 nm 54.1 0.7 40.7 1.3 3.3 

80 nm 70.5 0.4 27.0 0.7 1.4 

 

The surface contamination, which mostly consists of simple organic carbon chains 

(284.6 eV), may be distinguished from #/  (289 eV), which  is the real component of the 

layer since the binding energies of carbon with various chemical bonds differ. Conse-

quently, the table only includes the #/  type carbon, which decreases with depth. It is 

important to note that the binding energy of certain carbon atoms in the carboxyl state 

(ῐOῐC=O) are also considered contaminants, and they may overlap with the inorganic 

#/ . Hence, the computed #/  value may be a little higher near the surface (marked 

as 1 nm in Table 7). Similarly, due to contamination, the observed oxygen peaks are 

probably higher  than the real amount present in the layer. 

Moreover, to calculate chemical composition, XPS is suitable for  revealing the chem-

ical state of components too. This measurement supports the previous statement, as 

the exposure to air oxidized the layer's top nanometers, resulting in an increased oxy-

gen concentration. In the measured range (around 5-6 nm), the Fe peak could be iden-

tified as a near stoichiometric &Å/ . In the deeper ranges, it is rather a mixture of 
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different forms, such as Fe, Fe3+, and Fe2+. At the bottom of the layer, the metallic Fe 

state finally becomes dominant. The Fe-related peaks at different depths are shown in 

Figure 36. 

 
Figure 36. Normalized Fe 2p 3/2 peak measured at different depths. 

Nominal positions of the peaks in metallic Fe and in &Åς/σ are presented by black lines. 

The binding energy of S atoms indicates that sulfur was present mostly in an oxi-

dized state. According to the analysis, the sulfur  in the layer is a mixture of 3/  and 

3/ , where the latter domina tes. Since the kinetic energy of S peak is double that of Fe, 

the statements of S compounds concern around 8-10 nm. This range also leaves room 

for a somewhat free interpretation regarding the location of these compounds. It is not 

obvious whether it is more of a homogeneous mixture of 3/  and 3/  in the whole 

layer, or rather a dominant 3/  at the top with decreasing concentration along the 

thickness. What is sure that the oxidation state changed with depth as S became less 

oxidized in the deeper parts of the layer. As the measurement moved deeper, the pre-

vious mixture of 3/  and 3/  is dominated by 3/ , as seen in Figure 37. At the bot-

tom of the layer, the ratio of 3/  and 3/  is 20%-80%, respectively. Determination of 

this ratio involves a higher error rate as sulfur is a minor component pres ent in approx. 

4%. 
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Figure 37. XPS spectra corresponding to sulfur-related peaks detected in 1 nm and 20 nm depths 

5.3.3. RE-EVALUATION OF THE OPTICAL MODEL  

As presented, during color etching, Fe atoms dissolve from the substrate and create 

various compounds over the grain that compose the interfering layer. The etching rate 

is heavily influenced by the crystallographic orientation of grains, therefore, they have 

a direct effect on the Fe dissolution rate. To form these compounds and build up the 

layer, the process requires the necessary amounts of anions from the solution. As the 

layer thickens, these anions must diffuse through the film, causing the earlier p re-

sented diffusion limitation. This limitation results in the concentration shift of different 

elements along the thickness, like Fe-rich regions close to the substrate-layer interface 

and Fe-poor regions at the top of the layer. The XPS measurements carried out at dif-

ferent depths confirmed the variations in the Fe content and composition of Fe com-

pounds, the transition from sulfate to metabisulfite, and the decreasing oxygen con-

tent. This explains why the ellipsometry data are better fit by the exponentia lly decay-

ing RI model. Since Fe and Fe compounds have a higher refractive index, the RI of the 

layer will  decrease from the substrate-layer interface hand in hand with the Fe content.  

The initially proposed  RI model and the modified one for  the interfering  layer de-

veloped during  color etching are shown in Figure 38. The former  model assumed that 

the RI is constant across all grains and the layer is homogeneous along its thickness 

(Figure 38.a). In this way, the color difference that appeared after etching for a certain 

amount  of time was only the product of the varying layer thickness originat ing from  

the orientation -dependent etching rates. The rate of etching increased with decreasing 

the enclosed angle between grain orientation and <100> direction.  As SE showed in 

Figure 33, however, for this fitting, the RI varies over the grains. Moreover, optimal 

modeling of the collected ellipsometry data demonstrated that it i s not constant along 
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the thickness but rather decreases from the substrate-layer interface. Based on various 

fitting models, the exponential decaying one showed the best fit. XPS data also con-

firmed that the decrease in RI can be associated with the changing chemical composi-

tion and Fe content. 

 
Figure 38. Illustration of the refractive index model as the function of position  

within the layer thickness. Initially assumed constant RI along the whole layer (a),  

the exponential decaying model based on XPS (b), and the exponential decaying, 

but also orientation -dependent RI model based on SE, XPS, and correlation analysis (c) 

Considering the differences in etching rates as a function of orientation and the weak 

correlation of parameter ὃ and the main crystallographic directions ( Figure 35), the 

individual ferrite grains may have distinct ὲὃ Ὠ characteristics, depending on their 

orientation . If the RI index was solely dependent on the etching time, then ὲὃ Ὠ 

curve would be the same for all grains, while parameter ὃ would not differ among 

grains (Figure 38.b). Additionally, ὃ and Ὠ would have a strong negative correlation, 

suggesting that thicker layers may have lower RI. The fact that the exponentially de-

caying model reduces the correlation  between them to a weak but positive  0.3 shows 

that distinct grains cannot share the same ὲὃ Ὠ characteristics (Figure 38.c). These 

findings show that quicker layer development and faster Fe dissolution rate are re-

lated, resulting in  an inhomogeneous chemical composition  and RI along the thickness 

of the layer. 

In summary, with this experiment, it was shown that during color etching , the chem-

ical composition and refractive index of the  developed layer is not constant, as earlier 

assumed. Although it was well known that the chemical composition of the layer is 

heavily dependent on the grainɀs diffusion rate, up to this experiment it was not di-

rectly connected to orientation (Boggs et al., 1967), (Dhole et al., 2022). It  was also 

proved that the refractive index  has a maximum value at the substrate-layer interface, 

and then, it decays as an exponential function along the thickness. Moreover, similarly 

to the etching rate, the nature of exponential change also depends on the crystallo-

graphic orientation of the gra in underneath it.    
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5.4. Over-etching (P3, P8) 

For the latest experiment, where specific parts of the functional model were investi-

gated, cast iron was replaced with DC01 low-carbon steel. Since there is a significant 

change in chemical composition and microstructure, the similarities and differences 

must be considered. For that purpose, DC01 low-carbon steel was color etched in the 

microfluidic cell for OM to see whether ferrite was etched the same way in both mate-

rials. As in this case, the presence of oligo crystals is not necessary, the normalized, 

fine-grained version of DC01 was used. On the one side, it allows measuring the color 

change of significantly more grains than the annealed, coarse-grained variation of it. 

On the other side, this way, the experiment can be later utilized also for in -situ ellip-

sometry, where the fine-grained low -carbon steel is more advantageous. 

5.4.1. ETCHING OF FERRITE GRAINS IN LOW -CARBON STEEL 

To reproduce the etching circumstances of cast iron, DC01 low-carbon steel was color 

etched for 550 s, as Figure 39 presents. Ferrite in low-carbon steel behaves very simi-

larly to what was observed earlier. The individual grains produce the same cyclic color 

change, although at a much higher pace. After some time, though, the grains became 

over-etched, and the surface turned dark brown without any relevant color change. 

This results in that no difference occurs over the individual grains after approx. 300  s. 

 
Figure 39. Color change of DC01 low-carbon steel during OM observation  
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In the observed area, 25 grains were selected for further evaluation (Figure 40). The 

evaluation consisted of two steps. First, the extrema for these grains were determined 

from the normalized intensity curve s, to compare them to cast iron. Second, as this 

surface is obviously over-etched, the end of visibly observable color change was deter-

mined to see whether the occurrence of over-etching can be directly connected to a 

certain part of the intensity curve.  

 
Figure 40. Color-etched DC01 low-carbon steel after 80 s with the selected 25 grains 

The results showed that ferrite in low -carbon steel behaves very similarly to what 

was observed in the case of cast iron, although -as expected- its corrosion resistance is 

almost negligible. The intensity curves show the same cosine-like behavior with fading 

amplitude, but the necessary time to reach consecutive intensity extrema  (which is in 

close connection with etching rate) is significantly smaller , resulting in a much faster 

etching rate. 

 
Figure 41. Normalized color intensity changes of a randomly selected  

ferrite grain with the developing color at discrete moments  
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As Figure 41 shows, ferrite has been etched significantly  faster in DC01, thus, multi-

ple extrema can be determined for all components. Although for most grains , four or 

even five extrema could have been calculated, only the first three local extrema were 

investigated for various reasons. First, this experiment aimed to compare ferrite in dif-

ferent materials. Since cast iron could not have reached even the second minimum in 

most cases, it was unnecessary to find more here as well. Second, extrema over grains 

with the lowest etching rate may not be identified properly as they are relatively close 

to the end of the process. Finally, the decay in amplitude is much more intense in gen-

eral, resulting in higher uncertainties for the determination process. This effect is visi-

ble for the third minima and maxima of the red and blue component s in Figure 41. The 

elapsed time to reach the first three extrema, along other characteristic times, are pre-

sented in Table 8. 

Table 8. Characteristic times in s of the selected 25 grains at different wavelengths and the necessary 

time to reach the over-etched state (to) with the corresponding normalized luminance ( L) 

Grain 

No. 

t min1  

(R) 

t max1 

(R) 

t min2  

(R) 

t min1  

(G) 

t max1 

(G) 

t min2  

(G) 

t min1  

(B) 

t max1 

(B) 

t min2  

(B) 

t hc 

(B) 

t d 

(B) 

L 

(-) 

t o 

(B) 

1 72 130 190 70 115 170 62 103 147 41 21 0.088 250 

2 50 87 147 43 70 122 35 57 107 22 13 0.052 345 

3 130 220 370 120 200 330 107 167 287 60 47 n.a n.a 

4 37 70 115 35 55 105 35 45 95 10 25 0.122 195 

5 37 70 115 32 55 102 32 45 92 13 19 0.101 200 

6 140 255 405 127 225 375 117 182 330 65 52 n.a n.a 

7 70 120 180 60 110 160 60 80 142 20 40 0.070 345 

8 60 110 160 55 87 145 50 70 130 20 30 0.076 310 

9 40 75 115 37 60 105 35 50 95 15 20 0.115 197 

10 40 70 112 37 55 102 35 47 90 12 23 0.101 200 

11 90 170 265 85 155 240 75 125 205 50 25 0.023 480 

12 70 132 195 60 115 175 55 90 160 35 20 0.059 350 

13 75 145 215 70 130 185 65 105 170 40 25 0.047 385 

14 90 165 260 90 147 225 80 120 190 40 40 0.030 465 

15 75 135 210 70 115 185 60 95 160 35 25 0.038 385 

16 37 62 107 35 50 100 35 45 85 10 25 0.134 205 

17 50 80 125 45 65 112 40 55 100 15 25 0.131 215 

18 60 115 170 55 100 155 50 75 135 25 25 0.061 320 

19 47 87 130 45 70 120 40 60 105 20 20 0.113 220 

20 95 165 260 90 152 225 80 120 200 40 40 0.023 460 

21 60 110 170 55 92 152 50 70 135 20 30 0.048 315 

22 70 130 200 65 110 180 60 80 160 20 40 0.040 380 

23 50 95 145 47 75 125 45 62 115 17 28 0.096 250 

24 50 95 145 45 85 135 40 65 120 25 15 0.079 270 

25 75 135 195 65 115 175 60 100 157 40 20 0.060 370 

 

By comparing half -cycle times in Table 2 and Table 8, it is obvious that the etching 

rate will be at least three times higher in low -carbon steel, while the calculated delay 

times indicate that the oxide breakthrough time is reduced to approx. its third, overall 
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requiring less than a minute. Thus, the determination of orientation -dependent etch-

ing rate for ferrite in low -carbon steel based on the results of cast iron is not possible. 

This is at least partially the result (as earlier proved) of the difference in chemical com-

position, as the concentration of ferrite in the substrate will lead to not only different 

etching rates, but also to different refractive indices, and thus, different colors. Beyond 

this difference, however, the functional kinetic model can be applied for low -carbon 

steel as well since the characteristic times and developed colors indicate the same be-

havior. Consequently, the two processes are similar enough to utilize DC01, as the 

same process occurs in both cases, but they must be treated like  different material -

etchant combinations. 

5.4.2. EFFECT OF OVER-ETCHING IN TERMS OF COLOR 

Ferrite in low -carbon steel was etched significantly faster than in cast iron, thus, the 

thickness of the developed layer also increased much faster. As stated earlier, the pro-

cess was prolonged so far that most of the grains became over-etched. But what do we 

mean by over-etching in terms of color etching and layer development?  

Although over -etching is a widely used expression in various fields, it is nowhere 

ËÌÍÐÕÌËȮɯÞÏÈÛɯÐÚɯÊÈÓÓÌËɯɁÖÝÌÙ-ÌÛÊÏÌËɂɯÈÕËɯÞÏÈÛɯÐÚɯÛÏÌɯÓÐÔÐt after that a surface will 

reach this state (Hashimoto et al., 2002), (Qian & Sigmund, 2013), (Gasvoda et al., 2020). 

The most accurate description was made by Diener Electronic, who defined it for 

×ÓÈÚÔÈɯÌÛÊÏÐÕÎɯÈÚɯÍÖÓÓÖÞÚȯɯɁ.ÝÌÙ-etching is an excessively long and overly intensive 

surface treatment that results in increasing decomposition of the surface of the sub-

ÚÛÙÈÛÌɂɯ(Diener Electronic, 2023). In terms of color etching, though, this statement is 

non-existent yet, thus, it should be defined fir st. 

Considering the previous experiment, the observed cyclic color change occurs once 

or twice for each grain. First, they develop a light -brownish color that turns into 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 distin-

guishable from one another as their height difference begins to decrease. Conse-

quently, the previous definition could be altered so that Ɂin color etching, the onset of 

over-etching is the point, from that the layer development rate decreases so much that 

the surface produces no significant color change, and the separability of grains began 

to decreaseɂȭɯ!àɯÜÚÐÕÎɯÛÏÐÚɯËÌÍÐÕÐÛÐÖÕɯȹÌÝÌÕɯÐÍɯÐÛɀÚɯÕÖÛɯÊÖÔ×ÓÌÛÌȮɯÈÕËɯÔÈàɯadditional  

factors should be considered), the onset of over-etching can now be approximated. 

The intensity of different light components could depend on various extrinsic fac-

tors, such as the direct light that illuminates the surface, the brightness of the environ-

ment, the time of day, or the reflective and light -absorbing ability of surrounding s ur-

faces. Due to these factors, the direct comparison and evaluation of intensity curves 
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may not show a fully representative image of the surface area. To eliminate these dif-

ferences, 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 compari-

son. In Eq. 28, ὒ represents the luminance, while Ὑ, Ὃ, and ὄ are the normalized inten-

sity of red, green and blue light component s, respectively. 

 ὒ πȟςωωϽὙ πȟυψχϽὋ πȟρρτϽὄ (28) 

The investigation of observable color change revealed an interesting connection be-

tween intensity change and over-etching. 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 intensit ies. The moment these intensity curves loses their cosine-like 

characteristic as the absorption will be too high to distinguish the following extrema 

(seen in Figure 41), the related luminance will also become quasi-linear. As a result, 

luminance curves can be split into two parts, separating them with the onset of the 

over-etched state. 

The ferrite grains in low -carbon steel will be over-etched after reaching their fourth 

local, or the third real maxima, considering that the beginning of the process should 

not be treated as an extremum. For the selected 25 grains, Table 8 shows at which mo-

ment the grains become over-etched (ὸ). During the experiment, only grain s 3 and 6 

did not reach this state, as their etching rate was low enough to produce the required 

color change even at the end of the observation process. Figure 42 presents the differ-

ence in luminance between the over-etched grain 1 and grain 3 that did not reach this 

state yet. 

 
Figure 42. Luminance curves of grains 1 and 3 with important characteristic times on it  

By comparing these curves, three additional observations should be highlighted. 

First, the half-cycle time in low -carbon steel will slowly but steadily increase between 

consecutive extrema, as it requires more and more time to reach the next one due to 
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diffusion. This further supports the previous statement that the color etching of cast 

iron and low -carbon steel is very similar in terms of the ongoing process. Second, it 

can be stated that the luminance intensity at the onset will be less than 15% of the 

initially measured value, but reaching it alone is not enough for the surface to become 

over-etched. Its value will previously drop below the intensity of the onset, conse-

quently, the measured luminance intensity is not suitable to determine the moment of 

over-etching. As from now on , it is easier to decide whether a surface was over-etched. 

Luminance curves can be used as a simple tool to determine how advanced the etching 

process is and potentially prevent the occurrence of over -etching. 

5.4.3. OPTICAL ANALYSIS OF LARGE CONTI NUOUS AREAS 

Although the investigation of the individual grains made it possible to define their 

etching state, it is worth proposing a solution that extends the magnitude o f investiga-

tion for larger surface areas. Thus, a simple intensity measurement over a larger area 

may be sufficient to draw conclusions rather than identifying and measuring multiple 

grains. Moreover, this way , we can later evaluate the results of in-situ ellipsometry as 

well, where the focusability is heavily limited and hence, the average of various grains 

will be measured. 

As the form and size of the investigated area with SE is known, working in advance, 

an area with approximately the same size and similar shape was selected on the mi-

croscope image. This area is shown with red color in Figure 43.  

 
Figure 43. Optical microscopic images from  the investigated area at 105 s. The areas, in which  

the average intensity curves were evaluated, are shown with red (a) and turquoise (b).  

On the chosen area, the average intensities at different wavelengths were measured 

in every 5 seconds. The resulting normalized intensity curves are shown in Figure 44. 

They show many similarities compared to what can be obtained from examin ing an 

individual grain. The  functions have a cosine-like characteristic with decreasing am-

plitude, although the decay has a significantly greater influence compared to a single 

grain, as it will be the sum of dozens, if not hundreds of grains.  
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Figure 44. Normalized intensity changes of different RGB components along  the luminance 

from the recorded optical microscope images. The areas on which the measurements 

were performed are shown in Figure 43 with red (a) and turquoise (b)  

A single grain in low carbon steel etched with BerahaῐI usually has typically  three 

whole cosine periods before the characteristic becomes quasi-linear due to the in-

creased absorption of the layer. While layer interference and absorption together de-

termine 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 , the average of 

multiple grains ( N) is calculated, which in  the case of the red area is over 300, and in 

the case of the turquoise area 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 rate (i.e., for ferrite grains with {100} orientation ) reach their first min-

ima and their functions start to increase, the average intensity (ὍӶ) at every wavelength 

will be the sum of various tendencies. This results in much more flattened curves with 

fewer and less noticeable extrema. Consequently, for the average intensity curves, only 

the first local minima and extrema can be determined with high precision.  

By comparing intensity with the observed color , the onset of over-etching cannot be 

determined the same way as for a single grain. Nonetheless, it can be stated with great 

confidence that if the average intensity left the first minim um behind, most of the 

grains have reached their first minimum, thus , the steady-state etching occurs. Addi-

tionally, prior to the first real maximum, the surface is not over -etched yet, as the in-

tensity is still increasing, which is atypical for that domain.  To support these state-

ments, another image was made from the observed area with smaller time steps until 

the average intensity reached its first maxima around 180 s. Figure 45 illustrates  the 

color change of the surface prior to completely  over-etching, based on the larger sur-

face evaluation. 
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Figure 45. Color change of low-carbon steel during OM observation prior to completely over-etching 

Although the characteristics of a single grain and the mean of a larger area are sim-

ilar, the difference still raises the question of how reliable the chosen area is for com-

paring it with SE , so over-etching can be avoided in that experiment later. To answer 

this question, a second independent area was selected and evaluated, which had a dif-

ferent size and contained completely different grains. The second area is shown with 

turquoise in Figure 43, while its intensity curves are shown in Figure 44.b. 

 
Figure 46. Comparison of normalized luminance curves of the investigated areas 

The comparison of Figure 44.a and b show that the functions are almost completely  

identical. Although the curves may not coincide perfectly, their values at the critical 

points (which are the extrema) are the same (Figure 46). Consequently, as long as the 

sampling size is significantly bigger than the average grain size in a homogeneous ma-

terial, the resulting functions used for the evaluation can be considered the same re-

gardless of the place of observation.  
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5.5. In situ observation of color etching via spectroscopic ellipsometer (P1, P8) 

After the refractive index and chemical composition were revised  in chapter 5.3, the 

next step is to investigate layer development by directly measuring its growth during 

etching. By doing so, it can reveal previously unknown relations hips, while it can also 

prove whether the functional kinetic model requires additional modification . For that 

purpose, the second microfluidic cell will be used, presented in  the ÊÏÈ×ÛÌÙɯɁ5.1.2 Mi-

crofluidic cell for spectroscopic ellipsometry Ɂȭ 

As mentioned earlier, SE scans a relatively large surface at the same time, so the 

measurement will always reflect the mean properties of this area. Moreover, to create 

the necessary perpendicular interfaces, a compromise had to be made for the micro-

fluidic cell designed for in -situ spectroscopic ellipsometry  so that the precise position-

ing of the sample may not be possible in the same way as for OM. Since no available 

material has a significantly larger average grain size than 3 mm (as this is the diameter 

of the light path in the cell), it is rather preferable to use  homogeneous, fine-grained 

materials, like the normalized DC01 low-carbon steel. 

By using fine-grained low -carbon steel, it is important to keep in mind some previ-

ously highlighted considerations. First, the microfluidic cell must be filled with dis-

tilled water prior to etching, to ensure proper sealing and the removal of any air bub-

bles from the light path. The hydrated initial state of the surface may result in a faster 

oxide breakthrough , reducing the necessary time to reach the first minimum. Second, 

the geometry of the inner cavity is asymmetric. By combining it with the increased 

flow rate to replace media at the beginning and the end of the process, turbulent flows 

may occur. This concentration shift also hinders the precise determination of etching 

time, as the etchant needs time to completely repl ace water. Finally, DC01 has very 

low corrosion resistance, thus, the etching time should be chosen so that the over-

etched state will not be reached. 

Based on previous experiments, it is crucial to monitor intensity change, and if pos-

sible, stop the etching process between the first local minimum and maximum  in the 

state of steady etching. As the latest surface analysis presented, the average luminance 

of low -carbon steel reached its first minimum 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 slip-

ping 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  minim um but not 

long enough that any grain would be over -etched. The presented measurements will 

show the process as follows. The etching will start from the moment when the BerahaῐI 

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 on for 

110 s (120 s total), before distilled water was infused into the cavity to stabilize the 
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layer (another approx. 10 s concentration shift). The rehydrated state was held for up 

to 150 s to stabilize the layer, before the measurement was stopped. 

5.5.1. INFLUENCE OF ABSORPTION-RELATED PENETRATION DEPTH  

SE requires an optical model to calculate   and ῳ spectra, and to fit the parameters of 

the model to have a good agreement between the measured and the calculated spectra. 

Although SE is suitable for in -situ measuring the layer growth, due to its limitations, 

only the average of a larger area can be measured. Hence, a new model must be formed 

to describe the average of various grains properly , so that the comparison with OM 

would be feasible. 

The model used for the in-situ characterization consisted of a metal substrate, a sur-

face layer, and the etchant 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 (Johs & Hale, 2008). This approach gains increasing interest 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 (Agocs et al., 2014), (Petrik, 2014), (Likhachev, 2021), (Likhachev, 2022). 

In the B-spline model , the dispersion was described by connected polynomials with 

adjustable node distance. Due to the absorption of water and BerahaῐI along the UV 

light absorption of the glass plates, only the wavelength range of 445-1360 nm was 

used for the evaluation.  

 
Figure 47. Layer thickness change during in-situ SE observation 

From the fitted model, layer thickness was determined, as shown in Figure 47. First, 

a constant increase occurs up to a thickness of almost 170 nm. After 120 s, a slight but 

continuous decrease starts. This indicates that the flow rate was increased to flush out 
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the etchant. Unfortunately, though, this resulted in the continuous detachment of the 

ÓÈàÌÙɀÚɯÕÖÛɯàÌÛɯÚÛÈÉÐÓÐáÌËɯ×ÈÙÛÚȭɯ ÓÛÏÖÜÎÏɯÐÕɯÛÌÙÔÚɯÖÍɯÓÈàÌÙɯËÌÝÌÓÖ×ÔÌÕÛȮɯÛÏÐÚɯÔÐÎÏÛɯÉÌɯ

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 there with a purple line.  

From the measured intensity values at different wavelengths, the luminance was 

determined using Eq. 28. Figure 48 shows that the measurement stopped at the desig-

nated 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 neglectable. 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.  

 
Figure 48. Luminance change of the DC01 low-carbon steel surface as a function of time 

Similarly to previous evaluation s of SE in chapter 5.3.1, the quality of the fitted spec-

tra was described with the mean square error (MSE), which is a weighted sum of 

squared differences between the measured and calculated   and ῳ values for all the 

wavelengths. The error of fitting is presented in  Figure 49. Since MSE below 15 is con-

sidered to be a very good fit , our model is a highly accurate approximation o f the real 

process, even after the etching was stopped (Lohner et al., 2015). 

 
Figure 49. The mean square error of the fitting function  
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The variations of the MSE below 120 s show an evolving structure in which the ac-

curacy of the model changes substantially, followed by a saturation in value between 

7 and 8 at the end of the etching. The same fluctuations can be seen in the refractive 

indices shown in Figure 50.a for the wavelengths of 445, 540, and 600 nm, respectively. 

They are saturating 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. These values were calcu-

lated from a B-Spline fit that uses a node separation of 0.03 eV by selecting the corre-

sponding point of the spectrum for the temporal behavior. By comparing the range of 

ÛÏÌɯÙÌËɯÊÖÔ×ÖÕÌÕÛɀÚɯÙÌÍÙÈÊÛÐÝÌɯÐÕËÌßȮɯÐt is very similar to those measured in the previ-

ous experiment for coarse-grained low -carbon steel, ultimately showing that both 

models are equally reliable and operate with minimal error.  

 
Figure 50. The average refractive index ( a) and extinction coefficient (b) during in -situ SE observation 

While the investigation of the refractive index range for in-situ ellipsometry look s 

very straightforward,  as it corresponds well to previous examinations, the explanation 

of the observed changes is not so trivial.  Initially, the refractive index changed as ear-

lier expected, meaning its value decreased as the layer grew. Around 50  s, though , not 

only the direction of these curves but the relative position of  the components to one 

another also changed. 

To understand this phenomenon, an additional, previously unexplored factor must 

be investigated. The decrease in measured light intensity can be attributed to the in-

creased absorption of the layer, as the layer interference and absorption determine the 

color of the individual grains together. If the former is more dominant, the layer can 

be considered as 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 interfer-

ence. 

In an ideal film with a purely real refractive index ( ὲ), the interference criteria 

(Eqs. 1-3) connect the thickness and refractive index of the developed film to the wave-

length of the incident light. This means that at a fulfilled wavelength where ὧέί‰  is 

considered to be 1, the ὲϽὨ product should be the same for all grains. However , if at 
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these local extrema the normalized intensity significantly differ s for the various grains  

(as in certain cases occur), the complex refractive index of the layer (ὲ) has a significant 

contribution from the extinction  coefficient (‖), that defines the layer's extinction , as 

Eq. 29 explains (where Ὥ is the imaginary unit) . 

 ὲ ὲ Ὥ‖ (29) 

For the individual ferrite grains, the effect of extinction  was less dominant. Even if a 

significant intensity drop  would have  occurred (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, though, 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 simul-

taneously utiliz ing the refractive index and the extinction coefficient  (Figure 50). Thus, 

the determination of the closely related penetration depth to  ‖ is possible, as Eq. 30 

presents (Ziang et al., 2015), (Del Bianco et al., 2002). The calculated penetration depths 

for different wavelengths along the layer thickness are shown in Figure 51. 

 
Figure 51. 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 begins to grow 

To understand the figure, first , the penetration depth must be explained. As the light 

travels through any medium, it loses some of its intensity. The loss depends on the 

extinction  of the medium to the wavelength of light (Feynman et al., 1965). Penetration 

depth (Ὠ  defines the measure of how deep a certain light component can penetrate 

a medium and is calculated as in Eq. 30. 

 Ὠ ‗
ϽϽ

 (30) 
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It is important to highlight that a given penetration depth does not necessarily mean 

that light cannot be reflected from below that distance, but it s measured intensity will 

drop to 1/e compared to the original signal. Hence, if the layer thickness overpasses 

this value for a given wavelength,  a significant increase in uncertainty occurs (Douplik 

et al., 2013). 

After leaving the transition range (52ῐ60 s) and the layer thickness surpassing the 

penetration depth for the last light component, the error of Ὠ  starts a moderate 

growth , as Figure 51 shows. At the end of the etching, this begins to increase drastically 

since the fitting model was designed for BerahaῐI rather than distilled water, which 

results in an unexpected change in reflection characteristics. Later, when the etchant 

was completely flushed out of the system, the increment of error start ed 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 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 in-

dices 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.  

The occurrence of this phenomenon proves that the number of free charge carriers 

in the layer is decreasing during etching  because the extinction  should increase to-

wards the blue component in metallic materials and increase towards the longer wave-

lengths (like red) in dielectrics. As a result, this also supports the previous statement 

that the chemical composition of the layer during the etching proc ess is inhomogene-

ous, and it changes as the layer grows. 
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5.5.2. COMPARISON OF DIRECTLY AND INDIRECTLY MEASURED ETCHING RATES 

As chapter 5.3.3 explained, not only the layer development rate but also the refractive 

index is heavily dependent on the orientation. Thus, the etching rate alone may not be 

sufficient  to properly describe orientation, as its corresponding refractive index must 

also be considered. To do so, the ὲϽὨ product was calculated for each measurement 

point  and presented in Figure 52.a. Unfortunately, t he direct measurement of layer 

thickness is only available with spectroscopic ellipsometry, hence, the determination 

of the same parameter for optical microscope results required another approach. By 

rearranging Eq. 1-2, the ὲϽὨ product can be expressed with ‗, ὧέί‰ , and ά, for both 

constructive and destructive interference. Additionally, ὧέί‰ ρ at each extremum, 

and the value of ά depends on the order of interference that is also known. Thus, the 

desired product can be calculated for these extrema. By using the RGB components in 

Figure 44.a, the value of ὲϽὨ was calculated for three points, as seen in Figure 52.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 corresponding do mains. 

 
Figure 52. Comparison of the ὲϽὨ product calculated for DC01 with SE (a) and OM(b) analysis 

Since ὲϽὨ was presented as a function in time for both cases, to determine the etch-

ing rate, the derivate of these curves must be calculated, as in Eq. 31. 

 
Ͻ

ὺὸϽὲὸ ὨὸϽ  (31) 

Eq. 31 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 differentiating the refractive 

index and layer thickness values in Figure 47 and Figure 50.a. 

For the OM results, the determination of th e 
Ͻ

 derivate is trivial, as only the slope 

must be measured between three points. For in -situ SE results, however, it  must be 

calculated 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, 
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like the derivate s of the refractive ind ices (as seen in Figure 50.a), are even change 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. Figure 53 pre-

sents the derivate functions for the blue component. 

 
Figure 53. Derivates of the blue component as a function in time based on SE measurements 

By analyzing these functions, the ὺϽὲ and the 
Ͻ

 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. These 

more or less constant values are also expected as Figure 47 and Figure 52.a 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 av-

erage derivates were determined for the steady etching state. The calculated values are 

presented in Table 9. 

Table 9. The ὲϽὨ derivate of RGB wavelengths in different domains for OM and SE  

Examination type  Domain  Component  
Value  (nm/ s) 

R G B 

Spectroscopic 

Ellipsomet ry  

Steady-state etching 

(10ῐ115 s) 

ὺϽὲ 1.80 1.81 1.79 

‬ὲϽὨ

‬ὸ
 1.85 1.77 1.70 

Optical  

Microscopy 

Steady-state etching 

(between ὸ  and ὸ  ‬ὲϽὨ

‬ὸ
 

2.000 2.077 2.023 

Diffusion limited etching 

(between ὸ  and ὸ ) 
1.652 1.697 1.647 
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Based on these average values, the ὺϽὲ term has a major influence on the 
Ͻ

 deri-

vate, as it is significantly larger than ὨϽ . The difference is so significant that the sec-

ond partial derivateɀÚ absolute value is almost negligible but always less than 3% of 

what was observed for ὺϽὲ. Moreover, the ὨϽ  derivate changes from negative to 

positive  around 45 s, thus, the error of the average value determined as earlier would  

be higher. Hence, the average values for ὨϽ  were determined by subtracting ὺϽὲ 

from 
Ͻ

, as it should be reasonably more accurate method. 

As seen in Table 8 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 

DC01. Consequently, the derivate determined for the 10ῐ115 s interval is most likely 

the steady etching state. This statement is also supported by the intensity curve of the 

whole surface (Figure 48) because it barely left its  first minimum, and hence, the pro-

cess did not reach the diffusion -limited domain yet. That is why the layer thickness 

growth is almost linear  in Figure 47. Thus, by knowing that t he time interval between 

ὸ  and ὸ  should also be considered as the steady etching state, the OM and the 

SE results become comparable. 

The comparison of the calculated 
Ͻ

 derivates show multiple similar ities. Regard-

less of the method utilized , the resulting values are very close to one another. Their 

average value is 1.90 nm/s for DC01 during the steady -state etching with a deviation 

of ǷƔȭƕƙ nm/s. 

Moreover,  for OM, a second time interval  was also calculated between ὸ  and 

ὸ . Considering that ὸ τσπ Ó for the red component  here, the domain between 

ὸ  and ὸ  contains large over-etched areas, where the etching rate has already 

begun to decrease (Figure 39). The measurements show an obvious decrease in the 

etching rate compared to the earlier stages, indicating the continuously increasing ef-

fect of diffusion as the process develops. Here, the average of the derivates was 

1.67ǷƔȭƔ3 nm/sec, showing a large drop compared to what was calculated for the do-

main of the steady-state etching. 
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5.5.3. ETCHING RATE OF FERRITE IN DIFFERENT MATERIALS 

In chapter 5.2.2, the extrema of the intensity curves, the average etching rate, and the 

refractive indices were also determined for cast iron . However, at that time, the func-

tional kinetics mod el based on the optical microscope and the atomic force microscope 

was used instead of SE. Additionally, in that experiment, individual grains were in-

vestigated instead of large areas. 

First, the characteristic times of the local extrema must be determined to calculate 

the same derivates for cast iron. To do so without altering the results due to the influ-

ence of pearlite and graphite on the surface, the average intensity was calculated for 

the previously investigated ferrite grains, as seen in Figure 54. 

 
Figure 54. Normalized intensity curves of cast iron determined  

by averaging the intensities of previously monitored ferrite grains  

Then, based on the so-determined intensity values, the ὲϽὨ products can be as-

signed to discrete time values, similar to Figure 52. The ὲϽὨ change in the function of 

time for cast iron is presented in Figure 55. 

 
Figure 55. The ὲϽὨ product calculated for ferrite in spheroidal graphite cast iron  with O M analysis 
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A direct comparison between ferrite in cast iron and low -carbon steel shows that 

compared to DC01, 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, how-

ever, the second local maximum could not be found, as the process did not reach it 

during the observation.  

Since the ὲϽὨ product shows no decrease in the slope, and the increment looks more 

or less linear, indicating that for cast iron, even this domain can be considered as the 

steady etching state. Consequently, its investigation may not result in new conclu-

sions, thus, only the first interval must be investigated in depth. To do so, the  derivates 

of the steady-state etching domain for cast iron were determined and presented in Ta-

ble 10. 

Table 10. The ὲϽὨ derivate of RGB wavelengths for cast iron 

Examination 

type 
Characteristic value  

Value  

R G B 

Optical  

Microscopy 

Average etching rate (nm/s) 0.49 

Average refractive index ( -) 1.81 1.92 2.22 

Domain  Component  (nm/s) (nm/s) (nm/s) 

Steady-state etching 

(between ὸ  and ὸ  

ὺϽὲ 0.89 0.94 1.09 

‬ὲϽὨ

‬ὸ
 0.94 0.96 1.06 

 

Similarly to previous observations, the  ὺϽὲ product will mostly influence the value 

of the derivate, while the influence of ὨϽ  is only around 5%. Additionally, the 
Ͻ

 

ËÌÙÐÝÈÛÌɯÏÈÚɯÈÕɯÈÝÌÙÈÎÌɯÖÍɯƔȭƝƝǷƔȭƔƚ nm/s, which is approx. half 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 sec, which is almost twice as much as low-

carbon steel required. Finally, a slower layer buildup rate result s in the effect of diffu-

sion appearing later, as the etchant has a longer time to react with the substrate. That 

is why the influence of over -etching is neglectable between ὸ  and ὸ , and why  

cast iron is required  almost twice the time  to reach over-etching compared to DC01. 

In summary, the in-situ SE observations proved the existence of a steady-state etch-

ing rate in the early phases of the process. This etching rate will later decrease as the 

diffusio n becomes relevant enough to hinder the process. The chemically inhomoge-

neous nature of the developed layer was also supported with the addition  that not 

only the refractive index but the extinction coefficient with the related penetration 
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depth will also change as the layer grows. Penetration depth showed that the extinc-

tion  must also be considered during observations, even if its effect may look negligible. 

If the penetration depth becomes comparable in size to the layer thickness, the meas-

urement error will increase, which may distort the results.  

The determination of the 
Ͻ

 derivate showed that for the DC01 material  with dif-

ferent microfluidic cells  (even if the circumstances may not be perfectly identical , but 

the etchant flow rate is similarly slow ), the derivate that is in close connection to the 

layer buildup rate  could  be determined with  very  high accuracy. According to our 

measurements, the derivate moved around  1.90ǷƔȭƕƙ nm/s for the steady-state etching 

ËÖÔÈÐÕɯÈÕËɯƕȭƚƛǷƔȭƔ3 nm/s for the observed part of the diffusion -limited domain . By 

calculating the derivate for cast iron as well, it was show n that the steady-state etching 

rate is approx. half for ferrite in cast iron due to its better corrosion resistance. In addi-

tion to that, the etching rate of cast iron was nearly constant until 550 s, as the derivate 

between ὸ  and ὸ  had neglectable differences compared to what was obtained 

between ὸ  and ὸ . For the steady etching state, the derivate for cast iron was 

ƔȭƝƝǷƔȭƔƚ nm/s. 
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5.6. Color etching of copper (P9) 

In the previous chapters, only materials with ferritic phase were investigated. Alt-

hough the color etching with BerahaῐI has been thoroughly detailed, it would be un-

wise to assume that the process would be the same for all materials regardless of their 

lattice structure. For that purpose, Cu99.9 was chosen as it can also be etched by Be-

rahaῐ(ȭɯ"Ö××ÌÙɯÈÕËɯÐÛÚɯÊÖÔ×ÖÜÕËÚɯÏÈÝÌɯÈÕɯ%""ɯÓÈÛÛÐÊÌɯÊÖÔ×ÈÙÌËɯÛÖɯÛÏÌɯÍÌÙÙÐÛÌɀÚɯ!""ɯ

lattice. This results in some relevant differences for the etching process and for the 

resulting colors , although most of these differences can be explained with already de-

scribed connections. 

Preliminary etching  showed that in contrast to ferritic materials, pure copper has 

high corrosion resistance against BerahaῐI and a moderately large grain size of approx. 

90 ϟÔȭɯTo compensate for this, the etching time was elongated up to 3000 s. At first, 

the experiment looks unreasonably long since as later presented, a moderately long 

etching of ~600 s could be perfectly suitable to develop distinguishable colors. Still, it 

was necessary to properly describ e the whole process. The optical microscope images 

of etching in the microfluidic cell are shown in Figure 56. 

 
Figure 56. Optical microscopic images of the investigated area on copper during color etching  
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5.6.1. THE CONNECTION BETWEEN ORIENTATION  AND THE ETCHING RATE  

By looking at the surface, copper reacts similarly to ferrite during color etching. Over  

the individual grains, a longer but dominantly cyclic color change occurs. Although 

this periodic change is detectable on multiple grains, some may behave differently.  

Certain grains seem to develop a color early in the process, which they keep for the 

rest of the experiment. Based on this behavior, grains could be divided into three dif-

ferent groups. First, there are grains over which  the cyclic color change occurs, as ex-

pected from previous experiments. The second and third groups both include grains 

wit h a single developed color, which doesn't undergo any significant change later. For 

these grains, the resulting constant color is either white or dark brown.  

To further investigate the phenomenon, an EBSD mapping was performed after re-

polishing. Then, 50 grains were selected which were properly identifiable in both im-

ages. The selected grains in the OM images and in the inverse pole figure are shown 

in Figure 57. 

   

   
Figure 57. Optical microscope image (a) with the selected grains of the investigated area  

after 1500 s etching. The simple binary thresholding (b) helps distinguish  the darkest 

(i.e., with the lowest planar densit ies) and brightest (i.e., with the highest planar densities) 

grains. EBSD image of the area presents the orientations of the individual  grains (c). Finally,  

grains with specific  orientation  were selected from the EBSD map to highlight  

the connection between specific orientation s and the developed color (d-f) 

Comparing the color information of the grains after etching with their crystallo-

graphic information from EBSD reveals  some intriguing relationships. To help identify 

and separate these grains, a simple binary thresholding was applied in Figure 57.a, 

ÚÌ×ÈÙÈÛÐÕÎɯɁÙÌÎÜÓÈÙɂɯȹÚÌÌÕɯÈÚɯÓÐÎÏÛɯÉÓÜÌȺȮ ɁwhiteɂɯȹÚÌÌÕɯÈÚɯÞÏÐÛÌȺȮ and Ɂdark brownɂɯ








































































