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SAAB AB coats a part of their magnetron with black chromium to 
enhance its ability to radiate thermal radiation. Today an 
electrodeposition process that has hexavalent chromium as its main 
component is used, but hexavalent chromium is carcinogenic and 
will be prohibited. This project examines if an electrolyte based 
on trivalent chromium can result in a black chromium coating.

The project was divided into in four experimental parts: 
investigation of the adhesion on copper, the effect on color if 
copper was added to the electrolyte and investigation of the 
process parameters with and without cooling of the electrolyte.

It was concluded that a black chromium coating can be deposited 
from a trivalent electrolyte. Heating the sample after plating and 
addition of iron or copper in the electrolyte darkens the color 
but addition of copper can not produce a coating on copper 
substrates with good adhesion.

To examine how the coating thickness and emissivity vary with the 
current density, electrolyte temperature and plating time, the 
coatings thickness and emissivity were measured for different 
settings. It was shown that the coating thickness increased with 
plating time and current density until a critical value was 
reached and the coating started to peel off. No correlation 
between the emissivity and process parameters could be shown. It 
is suggested that further experiment are conducted to investigate 
if a variation in pH- value effects the emissivity. Based on the 
results and conclusions it is recommended that the addition of 
iron to the electrolyte is further examined.
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Validering och utveckling av en elektrolytisk deponeringsprocess för 

att deponera ett svartkromsskikt ifrån en trivalent elektrolyt 

 
Josefin Sjöberg 

Genom att belägga en komponent med ett skikt kan man förbättra en egenskap. SAAB AB belägger 

delar av sin magnetron med svartkrom. Svartkrom är bättre på att utstråla värme än järn och koppar 

eftersom att det har en högre emissivitet, ett mått på hur bra en yta är på att utstråla värme, och 

förbättrar därför magnetronens kylningsförmåga. 

Skiktet deponeras genom att doppa ner magnetronen i en elektrolyt som innehåller kromjoner, så 

kallad elektroplätering. Idag används hexavalent krom i elektrolyten men då denna jon av krom är 

cancerogen och kommer att förbjudas måste SAAB AB ersätta processen. Detta projekt har 

undersökt ifall en elektropläteringsprocess som använder trivalent krom som huvudkomponent i 

elektrolyten kan ersätta den nuvarande processen. 

Då varje pläteringsprocess är anpassad till sin elektrolyt och har egna optimala processparametrar så 

går det inte att använda samma inställningar som vid den nuvarande processen. De 

processparametrar som påverkar beläggningen är strömdensitet, elektrolytens temperatur, hur länge 

pläteringen pågår och elektrolytens pH- värde. 

För att undersöka hur inställningarna påverkade skiktet delades projektet in i fyra experimentella 

delar: skiktets vidhäftning på kopparsubstrat, processparametrarnas inverkan på skiktet med och 

utan kylning av elektrolyten, samt tillsats av koppar i elektrolyten. 

Det visade sig att ett svartkromsskikt kan beläggas utifrån en trivalent elektrolyt. Uppvärmning av 

provet och addition av koppar eller järn i elektrolyten resulterade i svartare skikt, men addition av 

koppar gav otillräcklig vidhäftning på kopparsubstrat. 

Genom att analysera tvärsnitt av skikten i ett svepelektronmikroskop, som använder elektroner 

istället för ljus för att avbilda ytor och därför når högre förstorningar än ljusmikroskop, kunde det 

konstateras att elektrolytens sammansättning och temperatur starkt påverkar mikrostrukturen. 

Hur processparametrarna påverkar skikten undersöktes genom att mäta skiktens tjocklek och 

emissivitet för varierande inställningar på strömdensitet, tid och elektrolytens temperatur. Genom 

att variera en inställning i taget kunde deras enskilda påverkan undersökas. Det visade sig att en ökad 

pläteringstid och ökad strömdensitet resulterade i tjockare skikt, men vid ett visst kritiskt 

tjockleksvärde började skiktet att avflagna. Inga samband mellan processparametrar och 

emissiviteten kunde påvisas. Det föreslås att vidare undersökningar görs för att undersöka ifall 

elektrolytens pH-värde varierar mellan pläteringarna och om detta isåfall har någon inverkan på 

skiktets emissivitet. 

Baserat på resultaten från de experimentella delarna är rekommendationen att undersöka vilken 

koncentration av järn i elektrolyten som resulterar i bäst skikt och därefter optimera 

processparametrarna för den elektrolyten.  
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1. Introduction 
Deposition of coatings on metal substrates are widely used today, with modern technology and 

analyze methods highly advanced and adjustable coatings can be deposited. The coatings can for 

example functionalize a surface or work as corrosion protection. 

In spin-tuned magnetrons with rotating parts, one important mean of improving the cooling is by 

heat radiation. Some interior parts of the magnetron are black chromium coated to enhance its 

thermal radiation. Magnetrons work in high temperature and vacuum, thus cooling can only be 

achieved by emission of thermal radiation for these interior parts. Black chromium has a high 

emissivity and therefore emits thermal radiation efficiently. Magnetrons are a part of the Swedish 

company SAAB AB’s production portfolio. 

Today electroplating is used to deposit the black chromium coating and the electrolyte that is used 

has chromium trioxide (CrO3) as its main component. CrO3 is based on hexavalent chromium (Cr(VI)) 

and this ion of chromium (Cr) is a CMR (carcinogenic, mutagenic and toxic for reproduction) 

substance. Therefore the use of CrO3 will be prohibited in the European Union from September 2017 

and as a consequence of this SAAB AB has to develop a new deposition process [1]. 

The new process has to be environmentally, economically and socially sustainable. The process has 

to be able to deposit a coating that satisfies the following requirements, which are the same as for 

the present coating: 

 Emissivity ≥ 0.6 

 Work in vacuum and temperatures up to 500°C. 

 Good resistance to thermal fatigue. 

 Good adhesion on both copper (Cu) and iron (Fe). 

In order to find a new process that can replace the present one previous project carried out in 2015 

at SAAB AB has compared different depositions methods resulting in high emissivity coatings. That 

project recommended replacing the present electrolyte with an electrolyte based on chromic 

chloride (CrCl3), CrCl3 consists of trivalent chromium (Cr(III)), which is nontoxic. Electroplating with 

Cr(III) is more similar to electroplating with nickel (Ni) than with Cr(VI) hence no knowledge from the 

present process is applicable and a new process has to be developed [2]. 

1.1 Purpose and aims of this thesis 
The purpose of this thesis is to investigate if an electrolyte based on CrCl3 can result in a coating that 

satisfies the requirements listed above. 

The aim of this thesis is to: 

 Verify that the electrolyte based on CrCl3 can produce a high emissivity coating. 

 Establish a deposition process producing a uniform and good quality coating by optimizing 

process parameter such as the current density, temperature and deposition time. 
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2. Background 

2.1 Black chromium 
Chromium is a metallic element that has a silver shine in its metallic state. It exists in a wide range of 

compounds and oxidation states, with Cr(III) and Cr(VI) being the most stable oxidation states where 

Cr(III) is the most common. 

Cr(VI) compounds are genotoxic carcinogens [3]. CrO3, which is a Cr(VI) compound, has a dark blue, 

purple color. Cr(III) compounds are considered to be nontoxic, examples of these are chromium 

oxide (Cr2O3), chromium hydroxide (Cr(OH)3) and CrCl3, and they have a green/yellow color. Density 

and color for some chromium compound of interest are presented in Table 1. 

Table 1. Physical properties for chromium compounds of interest [3]. 

Chromium compound Density Color 

Cr 7.19 Grey 

CrCl3· 6H2O 2.8 Green or violet 

Cr2O3 5.2 Green 

CrO3 2.7 Red 

 

So what is black chromium? The answer is that there is no general definition of what black chromium 

is or of its structure. In the literature the majority of black coatings that contain chromium are called 

black chromium coatings and different composition and depositions methods leads to variation in 

microstructure and content. In addition to Cr, the coatings can contain a high density metal, for 

example Co, Ni or Fe. 

Often black chromium coatings made from electroplating are porous with micro cracks in the 

structure, for example Eugénio et al [4], shows that a black chromium coating from an ionic Cr(III) 

solution is a mix of chromium oxides, chromic hydroxide and metallic chromium in an amorphous or 

nano-crystalline structure. Aguilar et al [5], shows that black chromium coatings made from a Cr(VI) 

solution has a lamellar morphology and becomes darker at annealing when the amount of chromic 

hydroxide is reduced and the amount of chromium oxide is increased.  

2.2 Heat transfer emissivity 
Kirchhoff’s law (equation 1) states that at equilibrium the absorption (A) of the incoming radiation is 

equal to the emissivity (ε). Emissivity is a measure on how effectively a surface emits thermal 

radiation relative to an ideal black body. 

𝐴(𝜆, 𝜏) =  𝜀(𝜆, 𝜏)     (1) 

where λ is the wavelength and τ is the temperature. 

All bodies aim to be in thermal equilibrium with its surroundings and there are three mechanisms to 

achieve this, namely emission of thermal radiation, convection and conduction. Convection and 

conduction use a transmitting medium and because the magnetron works in vacuum these 

mechanisms are not possible and so interior parts of the magnetron can only be cooled by thermal 

radiation. 

Thermal radiation is the radiation a surface emits because of its temperature when the surface 

temperature is different from its surroundings. A body that neither transmits (T) or reflects (R) a 

certain wavelength of the incoming radiation will absorb that wavelength as a consequence of 

energy conservation (equation 2) [6]  
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𝐴(λ) + 𝑅(λ) + 𝑇(λ) = 1    (2) 

Opaque materials do not transmit any radiation and by using equation 1 and 2 the absorption, and 

hence the emissivity is (3) 

𝐴 = 𝑅 − 1     (3) 

at thermal equilibrium.  

A body that absorbs all wavelengths is called an ideal black body and has ε of one. All real bodies 

have an ε lower than one because it is not possible to create an ideal black body. Bodies with ε close 

to one are sometimes referred to as grey bodies and their ε depends on, besides the temperature, 

the surface morphology and chemical composition [7]. These grey bodies often appear black, since 

they absorb most of the wavelengths, and they are also characterized by an amorphous structure, 

which inhibits reflection. 

2.3 Electroplating with trivalent chromium 
When a metal, M, is lowered in a solution containing Mz+ ions an exchange between the phases 

occurs according to 

Mz+ + ze ↔ M 

The reaction going towards the right is called reduction while the reaction going towards the left is 

called oxidation. In electroplating the reduction reaction is used to deposit a metal onto a metal 

substrate as illustrated in Figure 1. 

 

Figure 1. Illustration of a reduction cell. Copper, Cu, is deposit on a metal, Me [8]. 

Deposition can occur without any external power but to increase the efficiency of the deposition 

process a power supply is connected to the cell. The difference between the potential over the cell 

with a power supply and its equilibrium potential is called over potential (η). η is the factor that 

determines the coating structure, deposition velocity and other properties. Each process has its 

specific optimal η and its value depends on the current density, temperature, pH, agitation and 

composition of the electrolyte. Generally, a high over potential gives a fine grained and dense coating 

[9]. 

The current density strongly affects the surface morphology and chemical composition, which in turn 

determines the surface optical properties [10].  A higher current density gives a higher efficiency, 

with respect to deposit material, but reduces the coating quality due to increased hydrogen 

evolution (N2). N2 reduces the quality but also results in a rougher surface, which is preferred in black 

coating plating because it prohibits reflection [11]. Low current densities results in low efficiency and 



4 
 

enhances the cracks in the porous structure of black chromium [12]. For Cr(III) electrolytes the 

optimal current density varies between 35-50 A/dm2 [11] [12] [13] [14]. 

High temperatures improves solubility and conductivity of the electrolyte, but it also accelerates 
evaporation of the electrolyte and adsorption of additives on the substrate. Low temperatures 
requires low current densities and reduces the diffusions kinetics, which result in internal tensions in 
the coating [9]. Bayati et al [13], shows that temperatures below room temperature give higher 
emissivity and better adhesion. 
 
The pH value affects the current efficiency and evolution of N2. It also determines the equilibrium 

concentrations of the substances that participates in the reduction. When plating with Cr(III) a low 

pH value (pH= 0.1) is preferred to achieve a coating as dark as possible [13]. When electroplating 

with Cr(III) it is difficult to keep the pH value constant at a low value since some of the side reactions 

increase the pH value. A pH buffer can be added to the electrolyte to maintain a constant pH, for 

instance ammonium chloride (NH4Cl). 

Summarizing, the optimal process parameters for a trivalent bath are: 

 A current density that is low enough to produce a coating of good quality but as high as 

possible so that a rough surface is achieved. 

 An electrolyte temperature below room temperature. 

 A pH-value of 0.1. 

The composition of the electrolyte depends on the metal that is to be deposited. Some electrolytes 

are easier to electroplate with than others; electroplating with Cr(III) is much more complicated than 

electroplating with Cr(VI) because Cr(III) forms very stable compounds with water. The stability arises 

from the octahedral structure (with the Cr atom in the middle) [15]. To overcome this problem a 

weak complexing agent, L, is added to the electrolyte. The complexing agent replaces one water 

molecule and makes deposition possible, see Figure 2. 

 

Figure 2. The complexing agent replaces a water molecule in the octahedral structure. In the figure the complexing agent 
are formate, COOH-. The chromium atom is placed in the middle of the structure [15]. 

The complexing agents mainly used are sodium hypophosphite (NaPO2H2), sodium dihydrogen 

phosphate (NaPO2H4), formic acid (HCOOH) or glycine (NH2CH2COOH). There is an optimal 

concentration of the complexing agent with respect of thickness and effectivity [16]. Glycine is used 

both for depositing bright and black coatings, the color of the coating depends on the current density 

and becomes darker with higher current density [12] [15]. 
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In addition to the complexing agent, sodium chloride (NaCl) can be added to the electrolyte to 

reduce the water molecules ability to isolate charged particles from each other. Other compounds 

can also be added depending on the desired properties of the coating or to improve some factors of 

the process, for instance the adding of a pH buffer. 

If the anode used in the cell is inert, which means that it does not participate in the reaction itself, 

the electrolyte contains the deposition metal in some chemical compound, often as a salt. When 

electroplating with Cr inert anodes are always used since Cr metals has a higher anodic efficiency 

than the cathode current efficiency which increases the chromium concentration in the electrolyte 

and using an inert anode also prevents Cr(III) from oxidizing to Cr(VI) [2]. 

The inert anodes are mainly made of graphite, lead (Pb), platinum (Pt) or mixed metal oxide (MMO). 

MMO anodes have a surface of different metal oxides and prohibit Cr(III) from oxidizing to Cr(VI). 

Another factor that influences the properties of the coating is the plating time, it determines the 

thickness (h) of the coating and the thickness increases with increasing plating time. The thickness 

can be approximated by weighing the object before and after plating and then use equation 4 

ℎ =  
∆𝑤

𝑆𝜌
     (4) 

where Δw is the difference in weight before and after the plating, S is the objects area and ρ is the 

density of the coating material. 

Polymerization and olation (metal ions forming polymeric oxides) reactions are side reactions that 

are hard to avoid when electroplating with Cr(III). These side reactions determine the maximum 

thickness that can be achieved because they increase the internal stress in the coating which finally 

result in peeling [17]. Since the emissivity increases with increasing thickness finding the optimal 

thickness is of great importance when depositing a black coating [12]. These side reactions also 

increases the electrolyte temperature and pH value, which make it hard to keep a low pH value and 

the electrolyte at room temperature during plating. 

Side reactions at the substrates give a high contamination level in the coatings, this decreases the 

coating quality, mainly due to N2 contamination. N2 may after the plating evaporate from the coating 

or diffuse into the substrate, resulting in internal stress (tensile or compression) and bad adhesion. 

It is possible to calculate the amount of deposit material (w) with Faraday’s lag (equation 5) but good 

agreement is rarely achieved because the reduction reaction is not the only reaction occurring at the 

cathode and the other reactions occur at the expense of the reduction reaction and consequently 

less material is deposited [18]. 

𝑤 =  
𝐼𝑡𝑚

𝑧𝐹
     (5) 

where I is the current, t is the time, m is the mole mass for the deposit metal, z is the valence number 

for the deposit metal and F is Faradays constant. 
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3. Experiment 

3.1 Electroplating 
Two electrolyte compositions were tested and a total of 63 Fe substrates and 14 Cu substrates were 

electroplated. The Cu substrates were electroplated to investigate the adhesion. In addition two 

reference samples were made in the Cr(VI) electrolyte. An overview of all samples and electrolytes is 

seen in Figure 3. Electrolyte A1 and A2 were cooled by a water bath, the others were cooled by a 

cooling device, Julabo Ft402. 

 

Figure 3. Sample overview. Four A electrolytes and four B electrolytes were made. Totally 63 iron substrates and 14 copper 
substrates were electroplated. 

The samples are named according to the electrolyte they were tested in (A or B), which bath (1-4) 

and then a number representing the order. Cu substrates have a K between the electrolyte letter and 

the bath number. For example A2.9 is the ninth (9) Fe sample plated and it is plated in the second (2) 

made A electrolyte (A), AK2.9 is the ninth Cu sample plated and it is plated in the second made A 

electrolyte. 

3.1.1 Pretreatment of substrates 
The samples were pretreated according to the steps in the present process. 

Cu substrates were pretreated according to following steps: 

 Anodic degreasing in 9 A/dm2 for 3 minutes 

 Rinsed with deionized water 

 Immersed in hydrogen chloride (HCl) for 30 seconds 

 Rinsed with deionized water 

 Dipped in acetone 

 Dried with N2 

Fe substrates were pretreated according to following steps: 

 Cathodic degreasing in 9 A/dm2 for 3 minutes 

 Rinsed with deionized water 

 Immersed in HCl for 30 seconds 

 Rinsed with deionized water 

 Dipped in acetone 

 Dried with N2 
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3.1.2 Preparation of electrolytes 
The composition of the Cr(VI) electrolyte is presented in Table 2, this bath was pre-prepared and so 

the preparation is unknown. 

Table 2. Composition of present electrolyte. 

Component CrO3 
[g/l] 

CH3COOH 
[g/l] 

 300 5 

 

The composition of each A, without Cu, and B, with Cu, electrolyte is presented in Table 3. 

Electrolytes A2 and A4 has the same composition, and it is the one recommended from the previous 

project. 

Table 3. The composition of the different electrolytes that have been tested. 

Component CrCl3 

[g/l] 
NH2CH2COOH 
[g/l] 

NaCl 
[g/l] 

NaFe(CN)6 

[g/l] 
Cu 
[g/l] 

Name of 
electrolyte 

     

A1 230 18.75 unknown unknown  

A2 230 18.75 60   

A3 230 18.75 60  unknown 

A4 230 18.75 60   

B1 230 18.75 60  0.5 

B2 230 18.75 60  5 

B3 230 18.75 60  1 

B4 230 18.75 60  2 

 
The substances were weighed and diluted in deionized water to a volume less than one liter. The 

solution was heated to 70°C to accelerate the dissolution of the substance and cooled down to room 

temperature. The solution was degassed in an ultra-sonic bath for 2 minutes and finally the solution 

was diluted to 1 or 1.8 l. When changing from a water bath to using a cooling device the electrolyte 

volume was changed from 1 to 1.8 l for practical reasons. Cu, in the case when used, was added as 

the last step while the solution was magnetic stirred. 

3.1.3 Cell set-up and settings of process parameters 
The electroplating experiments consist of five parts according to: 

 Reference samples from hexavalent bath. 

 Cu substrates in electrolyte A1 and A2 without temperature control (only water bath) to 

investigate the adhesion on copper. 

 Fe substrates in electrolyte A2 without temperature control (only water bath). 

 Fe substrates in electrolyte A4 with temperature control. 

 Fe substrates in electrolyte B1-B4 with temperature control to investigate which Cu 

concentration that gave the best color and adhesion. 

The set-up of the electroplating cell when using a water bath is seen in Figure 4. The experiments 

were made in a cleanroom with a degree of 8 according to Swedish Standard. An inert MMO anode 

was used for all experiments. 
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Figure 4. Set-up of the electroplating cell with water bath. 

The parameter settings from each part are presented below. The current density, electrolyte 

temperature (when controlled) and time were changed one at a time. Some parameter settings were 

repeated so that repeatability of the experiment could be investigated. To control that adhesion on 

Cu was acceptable a Cu substrate were electrolyte in each part. Samples A1.1-A1.8, A2.18-A2.19 and 

A3.20-A3.24 are excluded from the tables. The η were not measured since the equilibrium potential 

could not be measured due to practical reasons. 

3.1.3.1 Reference samples from hexavalent bath 

Two reference samples, ref#1 and ref#2, were electroplated in the Cr(VI) electrolyte. The settings 

were: 

 Temperature: 5°C 

 Current density: 190 A/dm2 

 Time: 15 minutes 

3.1.3.2 Copper substrates in electrolyte A without temperature control 

The Cu substrates in electrolyte A1 and A2 were electroplated with the parameter settings presented 

in Table 4. 

Table 4. The parameter setting for the copper substrates electroplated in A1 and A2. 

Sample 
name 

Current density 
[A/dm2] 

Time 
[minutes] 

Start 
temperature 
[°C] 

AK1.1 40 7 16.6 

AK1.2 45 7 16.2 

AK1.3 50 7 18.2 

AK1.4 55 7 12 

AK1.5 60 7 12.9 

AK1.6 60 9 16.9 

AK1.7 60 11 16.5 

AK1.8 60 16 15.6 

AK1.9 60 18 16.1 



9 
 

AK2.10 60 11 16.4 

AK2.11 60 11 14.4  

AK2.12 70 20 15.9 

 

3.1.3.3 Iron substrates in electrolyte A without temperature control 

The Fe substrate without the cooling device in electrolyte A2 were electroplated with the parameter 

settings presented in Table 5. 

Table 5. The parameter settings for the iron substrates that were electroplated in electrolyte A2 without temperature 
control. 

Sample 
name 

Current density 
[A/dm2] 

Time 
[minutes] 

Start- 
temperature 
[°C] 

A2.9 70 8 16.5 

A2.10 70 10 15.5 

A2.11 70 16 13.4 

A2.12 70 20 15.6 

A2.13 70 8 15.8 

A2.14 70 20 15.5 

A2.15 70 20 15.1 

A2.16 70 20 16.0 

A2.17 70 18 16.1 

 

3.1.3.4 Iron substrates in electrolyte A with temperature control 

The Fe substrates with the cooling device in electrolyte A4 were electroplated with the parameter 

settings presented in Table 6. 

Table 6. The parameter settings for the iron substrates that were electroplated in electrolyte A4 with temperature control. 

Sample 
name 

Current density 
[A/dm2] 

Time 
[minutes] 

Temperature 
[°C] 

A4.25 70 13 15 

A4.26 70 11 15 

A4.27 70 15 15 

A4.28 70 15 20 

A4.29 70 13 20 

A4.30 70 11 20 

A4.31 70 15 10 

A4.32 70 13 10 

A4.33 70 11 10 

A4.34 65 11 10 

A4.35 65 9 10 

A4.36 65 7 10 

A4.37 60 11 10 

A4.38 60 9 10 

A4.39 60 7 10 

 

3.1.3.5 Iron substrates in electrolyte B with temperature control 

The Fe substrates in electrolytes B1-B4 were electroplated with the parameter settings presented in 



10 
 

Table 7. 

Table 7. The parameter settings for the samples that were electroplated in electrolyte B1-B4 with temperature control. 

Sample 
name 

Current density 
[A/dm2] 

Time 
[minutes] 

Temperature 
[°C] 

B3.47 60 7 10 

B3.48 60 5 10 

B3.49 65 5 10 

B3.50 65 7 10 

B3.58 55 5 10 

B3.59 55 3 10 

B4.51 60 5 10 

B4.52 60 7 10 

B4.53 60 3 10 

B4.54 55 5 10 

B4.55 55 3 10 

B4.56 55 1 10 

B4.57 50 5 10 

B3.59 55 5 10 

B3.60 55 3 10 

B3.61 55 5 5 

B3.62 55 3 5 

B3.63 55 3 5 

 

3.1.4 Post-treatment 
Directly after the electroplating the samples were dipped in ionized water and dried with paper. The 

substrates were placed in a crucible furnace with a temperature of 500°C for one hour, partly 

because it is a simple test to see if the coating manage the magnetron work temperature and partly 

to see if the heating could result in darker coatings. After one hour they were taken out and left to 

cool down to room temperature. For comparison between heated and non-heated sample A2.16 was 

not placed in the furnace. 

Samples A4.36 and B4.54 were placed in a vacuum furnace at 700 °C after the crucible furnace since 

this is a step in the magnetron production. 

3.2 Analysis method 
To examine the effect of current density, electrolyte temperature and plating time the thickness and 

emissivity of each coating were measured. Scanning Electron Microscopy (SEM) and Electron 

Dispersive X-Ray Spectroscopy (EDS) analysis were conducted on one or two samples from each 

experimental part. 

The uniformity, quality and adhesion of the samples were judged by visual inspection.  

3.2.1 Thickness measurements 
Thickness measurements were made by using an Elcometer 456, which is a digital non-destructive 

measuring instrument and the set-up is seen in Figure 5. It uses electromagnetic induction for non- 

magnetic coatings on ferrous substrates and the eddy current principle for non-conductive coatings 

on non-ferrous substrates. Probes for ferrous and non-ferrous substrates were used for Fe and Cu 

samples, respectively. 
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Figure 5. Set-up for the thickness measurements with the Elcometer 456. 

Measurements were done on 29 points over the samples and the presented values are the mean 

value and standard deviation. The probe was calibrated between every sample. 

The substrates were weighed before and after the electroplating. The coating thickness is 

approximated by using equation 3 and density values from Table 1, see Appendix 1 for results. 

When applicable the thickness values are compared to the ones measured in SEM. 

3.2.2 Emissivity measurements 
Emissivity measurements were made by using a Testo 845 thermometer, data sheet is available at 

[19]. The substrate was placed on a heating plate and heated to a specific temperature. By using both 

an IR and a temperature sensor, the emissivity could be determined by matching the two 

temperature values. 

Initially the temperature was set to 200°C but to avoid that radiation from the heating plate affected 

the measurement a screen to shield off the radiation from the heating plate was constructed. At the 

same time the contact area between sensor and sample was enhanced by smearing cooling paste on 

the temperature sensor. The temperature was lowered to 160°C since the maximum temperature for 

the cooling paste is 180°C. The measurement set-up are seen Figure 6. Not all samples could be 

measured at 160°C since some of them had been destroyed during SEM preparation. 
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Figure 6. Set-up for emissivity measurement at 160°C and 200°C at the top and bottom, respectively. 

3.2.3 Scanning Electron Microscopy and Energy Dispersive X-ray Spectroscopy 
SEM was used to visualize the coatings on a microscopic level and compare if the different 

electrolytes and post-treatments had different microscopic effects. Thickness values from the 

Elcometer were compared with the ones measured in SEM. 

SEM is an electron microscope that produces images of a surface by sweeping electrons over it. 

When the incoming electrons hit the surface they interact with the surface and send back secondary 

and backscattered electrons. Secondary electrons give a topographical contrast and backscattered 

electrons both give contrast due to the atomic number, since heavier elements have a higher 

emission of backscattered electrons, and topographical contrast. 

From the EDS analysis information of which elements the coatings contain was obtained. This was 

used to compare the effects of the different electrolytes and post-treatments had on the coating 

content. 

EDS analysis is an analytic method used for element analysis. The method is based on detecting 

characteristic X-rays which are emitted as an electron beam collide with the sample atoms in a SEM. 

EDS analysis is not used for chemical composition or crystal information and it is mainly used as a 

qualitative and not as a quantitative method. 

The SEM and EDS analysis were made with a SU3500 Hitachi. 
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4. Results and discussion 
In this section results of significance are presented. All values from the thickness measurements are 

presented in Appendix 1 and the emissivity values are presented in Appendix 2. 

4.1 Reference samples 
An image of ref #1 is seen in Figure 7. The color is matt black with a tendency of dark grey and the 

coating is uniform over the substrate.   

 

Figure 7. Reference sample 1. 

SEM images, see Figure 8, of ref #1 implies a thickness around 2 μm. It also shows that the coating is 

porous, as expected from literature, and has good adhesion to the substrate. 

 

Figure 8. SEM image of reference sample 1. 

  



14 
 

The EDS analysis shows that the coating contains Cr and oxygen (O), see Figure 9. 

 

Figure 9. EDS analysis of the reference sample 1 show that the coating consist of chromium and oxygen. 

Emissivity and thickness values for the two reference samples are presented in Table 8. 

Table 8. Emissivity and thickness values for the two reference samples. 

Sample 
name 

Thickness by 
Elcometer (σ) 
[μm] 

Emissivity 
@200°C 

Emissivity 
@160°C 

Ref #1 0.14 (0.54) 0.44 - 

Ref #2 0.89 (0.64) 0.50 0.53 

 

The thickness is below 1 μm for both samples and the high standard deviation, calculated by the 

Elcometer, is a result from a few negative thickness values, which is not realistic. Error may occur if 

the angel between the probe and sample is not 90°, this is hard to achieve since the substrates are 

cylindrical. 

The difference between SEM and Elcometer values is not notable since a small difference is to be 

expected because the Elcometer gives a mean value over the complete sample while SEM only gives 

a value that is specific for the area that is analyzed. 

4.2 Copper substrate in electrolyte A without temperature control 
Sample AK1.7 showed one of the highest emissivities (0.84 @ 200°C, note that this is way higher than 

the reference samples) and best quality of the samples. Photos of AK1.7 before plating, after plating 

and after heating are seen in Figure 10. It is seen that the heating darkens the color of the coating 

and makes it more uniform, which is consistent with literature. 
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Figure 10. Images of AK1.7 showing a) the uncoated copper substrates, b) after electroplating and c) after heating. 

AK2.10 and AK2.11 are a reproduction of AK1.7, although different electrolytes compared to AK1.7 

were used, and they are shown in Figure 11. 

 

Figure 11. Images of AK2.10 (left) and AK2.11 (right). Both samples are reproductions of AK1.7 but electroplated in 
electrolyte A2 instead of A1. 

The adhesion on AK2.10 is not as good as on AK1.7 and AK2.11 even though the parameter settings 

(60 A/dm2, 11 minutes) for the three samples are the same. The coating shows a tendency to fall off 

but for sample AK1.7 and AK2.11 the adhesion is experienced to be adequate, no explanation has 

been concluded. The uncoated part around the hole is a consequence of the Cu wire the substrate 

was suspended from. 

4.2.1 SEM and EDS analysis 
In Figure 12 SEM images of samples AK1.7 and AK2.11 are seen, note the different length scale. None 

of the samples shows good adhesion to the substrate, which contradicts the visual examination of 

the adhesion, and the coatings are porous. That the coatings differ from the reference sample is not 

surprising since a Cr(III) coating is expected to be different from a Cr(VI) coating. AK2.11 has a 

dendritic growth which AK1.7 do not show to the same extent. The microstructural difference 

between AK1.7 and AK2.11 is explained by that they are electroplated in different electrolytes. A1 

contains an unknown concentration of NaFe(CN)6 which A2 does not. This could explain why AK2.11 

is thicker than AK1.7 although they were electroplated with the same parameter settings. 
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Figure 12. SEM picture of sample AK1.7 (left) and AK2.11 (right). Note the different magnification and length scale. 

In Figure 13 the EDS analysis for sample AK1.7 and AK2.11 are seen, note that the colors do not 

represent the same element for the different samples. Both samples contain chloride (Cl) and silicon 

(Si). The Cl is a residue from the bath and the Si is a residue from the SEM preparation. Interesting to 

note is that the coating on AK1.7 contains Fe, which the coating on AK2.11 does not; this is explained 

by the different electrolyte composition.   

 

Figure 13. EDS analysis for sample AK1.7 (left) and sample AK2.11 (right). Note that AK1.7 contains iron which AK2.11 does 
not. Both samples also contain chloride and silicon. 

4.2.2 Coating thickness versus plating time 
The coating thickness for samples AK1.5-AK1.8 versus the plating time is seen in Figure 14. As 

expected the thickness increases over time. The coating thickness for the sample plated for 18 

minutes could not be measured since most parts of the coating had fallen off. 
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Figure 14. Coating thickness for AK1.5-AK1.8 versus plating time. 

When comparing the thickness values from the Elcometer with the values from SEM the values for 

AK1.7 differ by almost 50 μm (75 and 27 respectively) and the values for AK2.11 differ by 10 μm (48 

and 57 respectively). The differences is most likely a consequence from the errors mentioned in 4.1 

and variety in thickness (low uniformity). 

4.2.3 Emissivity versus the coating thickness 
The emissivity at 160 °C for sample AK1.5, AK1.6 and AK1.8 versus coating thickness is seen in Figure 

15. The emissivity does not increase with increasing thickness for these three samples, this may imply 

that the structure and/or composition, which also affects the emissivity together with the thickness, 

is different between the samples even though they were electroplated with the same current density 

and electrolyte composition. Current density, electrolyte composition, pH and temperature are the 

factors determining structure and coating composition. Since the temperature and pH is 

uncontrolled during the plating process, this could be an essential cause to the deviation. Another, 

more probably cause, to the deviation is that the thickness has already reached such a high value so 

that the emissivity has stabilized.  

 

Figure 15. Emissivity at 160°C for sample AK1.5, AK1.6 and AK1.8 versus coating thickness, they were electroplated with the 
same current density but for different times. 



18 
 

4.3 Iron substrate without temperature control 
Sample A2.14 was considered to satisfy the requirements the best of the samples plated without 

temperature control. It shows good uniformity and an emissivity at 200°C (0.87 @ 200°C) above the 

required (although one of the lowest emissivity for the samples electroplated in this experimental 

part). 

After the heat-treatment the samples plated in A2 obtained a dark grey color with a green/yellow 

touch (this could unfortunately not be captured on picture). Before the heat-treatment they had a 

silver grey color. For all samples the coating showed a tendency to fall off at the bottom, most 

probably because the coating there became too thick (the critical thickness was reached) but besides 

this the adhesion of the coating is experienced to be adequate. 

The three Cu substrates electroplated in A2 without temperature control, show darker color than the 

Fe substrates but do not have as good adhesion as on the Fe substrate. 

Fe substrates electroplated in A1 became blacker than substrates electroplated in A2, see Figure 16. 

A1 contained an unknown concentration of NaFe(CN)6 and this is probably the cause to the 

difference in color and properties, consistent with literature that co-deposition of high density metals 

results in darker coatings. It is noted that the Cu substrates do not show this difference in color. 

 

Figure 16. The image shows the difference in color between iron samples electroplated in electrolyte A1 (left, A1.3) and A2 
(right, A2.13). 

4.3.1 SEM and EDS analysis 
To examine the effect of the heat treatment on the microstructure, A2.14 and A2.16 were 

electroplated with the same parameter settings but A2.16 was not heated in the furnace. SEM 

images of samples A2.14 and A2.16 are seen in Figure 17. There is no notable microstructural 

difference in the coatings, both coatings are porous and have flaked off the substrate, implying bad 

adhesion, which contradicts the visual examination of the adhesion. Both samples show a dendritic 

growth, this could benefit the resistance to thermal cracks since it allows thermal expansion without 

creating internal tensions when cooling and hence the coating can return to its original state without 

further cracking. 

The thickness values measured in SEM for sample A2.14 and A2.16, 40 μm and 100 μm respectively, 

are consistent with the Elcometer values, 54 (8.5) respective 79 (10.7) μm. As explained in 4.1 a 

difference is to be expected. The difference between the samples is on the other hand noteworthy 

considering the samples have been electroplated with the same settings (20 minutes and 70 A/dm2) 

and in the same electrolyte. This may be an effect from the uncontrolled temperature but it could 

also be an effect from the absence of heat-treatment for sample A2.16. 
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Figure 17. SEM images of A2.14 (left) and A2.16 (right). They were electroplated with the same settings but A2.16 has not 
been heated afterwards. 

The results from the EDS analysis are seen in Figure 18. A2.16 contains sodium (Na) and Cl which 

A2.14 does not. Both Na and Cl are residues from the bath and probably, depending on their 

chemical surrounding, they are evaporated or diffused from the coating during the heat-treatment.  

 

Figure 18. EDS analysis for sample A2.14 (the left picture) and A2.16 (the right picture). Note that the same substance has 
different color depending on sample. 

4.3.2 Coating thickness versus plating time 
The coating thickness for sample A2.10-A2.13 and A2.17 versus the plating time is seen in Figure 19, 

a small increase in thickness with increasing time might be distinguished. They were electroplated 

with the same current density (70 A/dm2) but for different plating times. The bath temperature 

started at 13-16°.  
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Figure 19. Coating thickness for sample A2.10-A2.13 and A2.17 versus the plating time. The current density was 70 A/dm2. 

4.3.3 Emissivity versus coating thickness 
Emissivity at 160°C for sample A2.10-A2.13 and A2.17 versus coating thickness are seen in Figure 20. 

It is not obvious if the emissivity increases or not with the thickness. For the samples with the lowest 

thicknesses it seems to be the case but the highest thickness values diverges. The temperature 

deviation between the samples could be the cause to this inconsistency since the temperature 

affects the structure and composition and hence the emissivity. The cause can also be a changed pH 

value between the samples, the pH value has not been measured and it also affects the structure and 

composition. As mentioned in 4.2.3 the coatings may have reached a thickness were the emissivity 

has stabilized, which could also have caused the deviation. 

 

Figure 20. Emissivity at 160°C for sample A2.10-A2.13 and A2.17 versus coating thickness, they were electroplated with the 
same current density but for different times. 

4.4 Iron substrate with temperature control 
Most of the samples electroplated with temperature control has an emissivity at 160°C above the 

required, see Appendix 2. They show a silver shiny color before heat treatment and dark grey with a 

green/yellow touch after the heat treatment. Darker coatings after the heat treatment are consistent 

with literature. The samples show good adhesion, but some of the coatings reach a critical thickness 

at the bottom of the substrates and start to flake. A4.39, shown in Figure 21, was the sample 

showing best uniformity and quality. 
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Figure 21. An image of sample A4.39, the color is dark grey with a touch of green/yellow. 

A4.36 was placed in a vacuum furnace at 700°C and afterwards it did not show any color change or 

tendency to fall off. A Cu substrate electroplated in A4 (60 A/dm2, 7 minutes and 10°C) shows good 

adhesion and color. 

4.4.1 SEM and EDS analysis 
A SEM image of sample A4.39 is seen in Figure 22, the appearance differs from the SEM images taken 

of samples electroplated without temperature control, see section 4.3.1, which implies that the 

electrolyte temperature has a great impact on the microstructure since A4.39 does not show a 

dendritic growth like A2.14 and A2.16 does. The coating of sample A4.39 also seems to have better 

adhesion to the substrate and is not as porous. 

It is believed that this dense microstructure without dendrites leads to an inferior thermal cracking 

resistance compared to coatings electroplated without temperature control since the thermal 

expansion may cause internal tension during cooling and hence result in cracking. 

The thickness value measured in Figure 22 is about 24 μm and the thickness value measured by the 

Elcometer is 21 μm, so the values agrees well. 

 

Figure 22. SEM image of sample A4.39. 
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The coating of sample A4.39 contains Cr and O, as seen in Figure 23. 

 

Figure 23. EDS analysis of sample A4.39. 

4.4.2 Coating thickness versus plating time 
Coating thickness for samples A4.25-A4.33 versus plating time is seen in Figure 24, they were 

electroplated at the same current density (70 A/dm2) but for three different times (11, 13 and 15 

minutes) and three different electrolyte temperatures (10, 15 and 20°C). 

 

Figure 24. Coating thickness for sample A4.25-A4.33 versus plating time. They have been electroplated at 70 A/dm2 but at 
different temperatures. 

Samples plated at 10°C seems to have stabilized at a thickness value although a small increase in 

thickness with time can be distinguished. For samples plated at 15°C the thickness first increases 

slowly but than with a much higher deposition. Samples plated at 20°C seems to have stabilized at a 

thickness value and then decrease when the plating time increases further, this should be confirmed 

by a coating plated longer than 15 minutes in 20°C. Generally a small increase in coating thickness 

with plating time can be distinguished for all electrolyte temperature except 20°C. 

In Figure 24 it is also seen that 10°C is more efficient, with respect to thickness, than 15 and 20°C, 

and that 20°C is more efficient than 15°C. This implies that there is some temperature between 10 

and 20°C where the efficiency is at a minimum and that there may exist a temperature with better 

efficiency than those tested. Note that higher efficiency not equals better quality of the coating. 
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Coating thickness for sample A4.31-A4.39 versus plating time is seen in Figure 25. No samples were 

tested at 70 A/dm2, 7 minutes and 70 A/dm2, 9 minutes because the samples plated at 60 and 65 

A/dm2 show better uniformity and adhesion with the same efficiency and color. It is seen that the 

thickness increases over time and with current density, but that the thickness seems to stabilize the 

longer the plating time. 

 

Figure 25. Coating thickness for sample A4.31-A4.39 versus plating time. They have been electroplated at a constant 
electrolyte temperature (10°C) but at different current densities. 

4.4.3 Emissivity versus coating thickness 
Emissivity at 160°C for samples A4.25-A4.33 versus coating thickness is seen in Figure 26. The 

emissivity does not increase with the thickness. This implies, when considering the relative high 

thickness and results in section 4.2.3 and 4.3.3, that the coating has reached a thickness where the 

emissivity has already stabilized. No correlation between temperature and emissivity is seen. 

 

Figure 26. Thickness versus emissivity for sample A4.25-A4.33, they were electroplated with the same current density but at 
different temperatures. 

Emissivity at 160°C for sample A4.31-A4.39 versus coating thickness is seen in Figure 27. The samples 

were electroplated at the same electrolyte temperature (10°C) but for three different current 

densities (60, 65 and 70 A/dm2). The emissivity does not increases with thickness, and no other 

correlation with current density can be seen. 
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Figure 27. Thickness versus emissivity for sample A4.31-A4.39, they were electroplated at the same temperature (10°C) but 
at different current densities. 

4.5 Iron substrate in electrolyte B with temperature control 
Four Cu concentrations were tested, 0.5 g/l gave the same appearances as the A samples but 1, 2 and 

5 g/l resulted in blacker color, some with a touch of blue. The coatings from the B electrolytes could 

be wiped off after the plating, this is not noticed for the samples electroplated in A electrolytes. After 

the heat treatment the coating solidifies but still discolor when touched. 

Sample B4.56, see Figure 28, showed the best uniformity and adhesion with an emissivity above the 

required (0.87 @ 160°C). Sample B3.49 also shows good uniformity and one of the highest emissivity 

but at one end of the cylinder the coating has peeled off. Both B4.56 and B3.49 have a coating that 

did not discolor after heat treatment. 

 

Figure 28. An image of sample B4.56 that shows the best uniformity of the B samples and an emissivity (0.87) above the 
required. B4.56 was electroplated for 1 minute, 55 A/dm2 and 10°C. 

B4.54 was placed in a vacuum furnace at 700°C, the coating did not change color or showed any 

tendency to fall off afterwards. A Cu substrate electroplated in B4 did not result in a coating with 

good adhesion. At cooling after heat treatment the coating fell off.   

4.5.1 SEM and EDS analysis 
Due to practical reasons a sample from electrolyte A3, with unknown Cu concentrations, and not one 

of the B samples were analyzed in SEM. SEM image of sample A3.22 is seen in Figure 29, the 
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appearances differs from the SEM images taken of the reference sample and from the ones taken of 

samples electroplated in electrolyte A1, A2 and A4. The Cu concentration in electrolyte A3 is 

unknown. The coating shows good adhesion to the substrate, but the handling of the sample shows 

that the coating discolor upon touching. This implies that the adhesion between substrate and 

coating is adequate but the cohesion within the coating is not adequate. Note the irregular surface 

and dendrite growth. 

 

Figure 29. SEM images of sample A3.22. 

In Figure 30 the EDS analyze of A3.22 is seen, the coating contains Cr, Cu and O. 

 

Figure 30. EDS analysis of sample B3.22. 

4.5.2 Coating thickness versus plating time 
Coating thickness for samples B3.47-B3.50, B3.59-B3.60 and B4.51-B4.56 versus plating time is seen 

in Figure 31, they were electroplated at 10°C but for different plating times, Cu concentrations and 

current densities. The standard deviation for the thickness values has been excluded in the figure but 

can be found in Appendix 1. From the figure it can be seen that the thickness increases over time for 

all current densities and that a higher current density does not result in a thicker coating if plated for 

the same time, hence the efficiency do not increase with increasing current density. It is also noted 

from Figure 31 that a lower Cu concentration gives a thicker coating.   
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Figure 31. Coating thickness for sample B3.47-B3.50, B3.59-B3.60 and B4.51-B4.56 versus plating time. They were all 
electroplated at 10°C but with different plating times, electrolytes and current densities. The Cu concentration were 1 and 2 
g/l for B3 and B4 respectively.  

4.5.3 Emissivity versus coating thickness 
Emissivity for samples B3.47-B3.50, B3.59-B3.60 and B4.51-B4.56 versus coating thickness is seen in 

Figure 32, it is seen that the emissivity does not increase with thickness and that the emissivity 

neither increases or decreases with Cu concentration. This implies that the emissivity of the process 

has stabilized and that it is not sensitive for process parameters and electrolyte concentrations. 

 

Figure 32. Emissivity at 160°C for sample B3.47-B3.50, B3.59-B3.60 and B4.51-B4.56 versus thickness. They were 
electroplated at 10°C. 
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.  

Sample B3.59-B3.63 were electroplated with the same current density (55 A/dm2) but at two 

different temperatures (5 and 10°C). In Figure 33 it is seen that the emissivity increases with 

thickness for each temperature and that the emissivity for the samples plated at 5°C is higher. This 

implies that a lower electrolyte temperature gives a thinner coating with a higher emissivity than a 

higher electrolyte temperature. It may also imply that the thickness has not reached a value were the 

emissivity stabilizes. 

 

Figure 33. Emissivity for sample B3-59-B3.63 versus coating thickness, they were electroplated at 55 A/dm2 but different 
electrolyte temperatures. 

Conclusions 
 It is possible to deposit a black chromium coating from an electrolyte based on chromium 

chloride both on copper and iron substrate, but when copper is added to the electrolyte 

acceptable adhesion on copper substrates is not possible. 

 Heat treatment after the plating darkens the color. Addition of copper or iron to the 

electrolyte also darkens the color. 

 Emissivity can be high. 

 The emissivity for the coating does not increase with increasing thickness. 

 The electrolyte temperature should be 5 or 10°C to produce a coating with good quality. The 

optimal current density should be 60 A/dm2 and 55 A/dm2 if Cu is added to the electrolyte. 

 The SEM images reveals that the microstructure depends on electrolyte composition and 

temperature. Without temperature control the coatings has a dendritic growth. When the 

trivalent electrolyte temperature is controlled the coating achieves better adhesion, is less 

porous and does not show a dendritic growth. Adding copper to the trivalent electrolyte 

results in a new micro structural appearance, with better adhesion between coating and 

sample than without copper. The coatings plated in the hexavalent electrolyte has a 

completely different microstructural appearance compared to those electroplated in the 

trivalent electrolyte. 

 The coating thickness increases with increasing plating time and increasing current density. 

 There is a critical thickness value where the coating peels off. Its value depends on the 

current density and electrolyte temperature but further experiments need to be conducted 

to establish any correlation. 
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 EDS analysis shows that the coatings contains chromium and oxygen, and iron or copper 

when added. 

Future outlook 
Since the electrolyte with added copper does not show acceptable adhesion on copper substrates it 

is recommended that addition of iron in some form of salt (but not sodium ferrocyanide since it is 

toxic) is added to electrolyte A2/A4 so that electrolyte A1 can be re-constructed. 

When A1 has been reconstructed successfully it is recommended that following step are executed: 

 Investigate the optimal concentration of glycine, sodium chloride and chromium chloride. 

 Measurements of the pH value between the samples and its effect on emissivity. 

 The optimal settings for current density, electrolyte temperature, time and pH value. 

 Repeatability of the sample fulfilling the requirements the best. 

 Investigate the sustainability of the electrolyte over time. 

 Investigate the sustainability of the coating over time. 

Moreover it is important to verify that the coatings to not contain any hexavalent chromium, the 

color and weight of samples electroplated in electrolytes A2 and A4 indicate that they are made of 

chromium oxide but to confirm the structure and chemical composition an X-ray Diffraction and X-

ray Photoelectron Spectroscopy analysis or equivalent should be conducted. 

Further experiments are needed to clarify if the efficiency of the chromium chloride electrolyte 

depends on current density, temperature and concentrations of substance in the electrolyte. 
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Appendix 1 
In Appendix 1 all thickness values from the Elcometer and thickness estimated based on weighing 

values are presented. The table also include an approximated coating thickness for coating of 

chromium, chromium trioxide or chromium oxide respective for comparison, the values have been 

calculated by using equation 3 and density values from Table 1. 

Sample 
name 

Thickness by 
Elcometer 
[μm] 

Standard 
deviation 
[μm] 

First 
weighing 
[g] 

Second 
weighing 
[g] 

Chromium 
[μm] 

Chromium 
trioxide 
[μm] 

Chromium 
oxide 
[μm] 

AK1.1 - - 40,762 40.892 7.99 21.29 11.01 

AK1.2 - - 40.46 40.624 10.08 26.85 13.89 

AK1.3 - - 40.626 40.823 12.11 32.26 16.68 

AK1.4 50.37 6.08 40.968 41.156 11.56 30.78 15.92 

AK1.5 55.17 5.50 40.776 41.623 52.08 138.69 71.73 

AK1.6 59.60 7.75 40.765 41.02 15.68 41.75 21.60 

AK1.7 75.08 9.46 41.017 41.467 27.67 73.68 38.11 

AK1.8 87.83 15.10 40.441 40.984 33.39 88.91 45.99 

AK1.9 - - 40.73 41.304 35.29 93.99 48.61 

A1.1 60.88 14.60 71.999 72.212 16.63 44.29 22.91 

A1.2 66.34 10.90 71.999 72.234 18.35 48.86 25.27 

A1.3 82.99 6.70 71.873 72.400 41.15 109.58 56.68 

A1.4 - - 71.644 71.725 6.32 16.84 8.71 

A1.5 71.94 16.40 71.573 72.034 35.99 95.85 49.58 

A1.6 - - 71.739 72.162 33.03 87.95 45.49 

A1.7 - - 71.361 71.793 33.73 89.82 46.46 

A2.9 - 5.27 71.280 71.518 18.58 49.49 25.60 

A2.10 24.10 3.92 71.168 71.414 19.21 51.15 26.46 

A2.11 36.38 8.32 71.481 71.837 27.80 74.02 38.29 

A2.12 46.42 6.14 70.869 71.347 37.32 99.39 51.41 

A2.13 30.62 5.62 71.008 71.304 23.13 61.59 31.86 

A2.14 54.47 8.50 71.118 71.692 44.85 119.43 61.78 

A2.15 89.14 27.50 71.308 72.041 57.27 152.52 78.89 

A2.16 78.82 10.70 70.393 71.018 48.83 130.05 67.27 

A2.17 81.77 36.69 70.218 70.730 40.01 106.53 55.10 

A2.18 - - 71.212 71.448 18.44 49.11 25.40 

A2.19 - - 71.345 71.388 3.36 8.95 4.63 

AK2.10 32.36 11.20 40.442 40.719 17.03 45.36 23.46 

AK2.11 48.89 9.83 40.98 41.398 25.70 68.44 35.40 

AK2.12 -   40.783 41.151 22.63 60.26 31.17 

A3.20 35.16 5.72 71.249 71.491 18.91 50.35 26.05 

A3.21 5.04 2.71 72.102 72.193 7.44 19.83 10.25 

A3.22 13.47 2.31 71.973 72.052 6.46 17.21 8.90 

A3.23 17.57 7.34 72.051 72.181 10.64 28.32 14.65 

A3.24 20.86 17.70 71.912 72.017 8.59 22.88 11.83 

A4.25 22.91 2.84 71.797 71.994 16.12 42.92 22.20 

A4.26 21.90 2.22 71.938 72.144 16.85 44.88 23.21 

A4.27 34.76 5.14 71.828 72.182 28.96 77.12 39.89 
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A4.28 30.71 6.00 71.876 72.220 28.14 74.95 38.76 

A4.29 32.97 6.07 71.910 72.230 26.18 69.72 36.06 

A4.30 32.52 8.24 71.801 72.061 21.27 56.64 29.30 

A4.31 42.45 5.61 72.135 72.507 30.43 81.05 41.92 

A4.32 42.62 9.18 - - - - - 

A4.33 40.93 5.30 71.816 72.112 24.22 64.49 33.36 

A4.34 35.78 6.63 72.038 72.330 23.89 63.62 32.91 

A4.35 35.34 4.17 71.926 72.189 21.52 57.30 29.64 

A4.36 27.31 4.63 72.012 72.225 17.43 46.41 24.00 

A4.37 28.25 4.10 71.725 71.997 22.25 59.26 30.65 

A4.38 25.98 4.45 71.889 72.147 21.11 56.21 29.07 

A4.39 21.75 3.07 71.933 72.137 16.69 44.44 22.99 

A4.40 21.05 4.67 71.845 72.027 14.89 39.65 20.51 

AK4.13 22.07 5.55 81.088 81.272 14.38 38.29 19.80 

A4.45 21.41 3.19 72.464 72.663 15.55 41.41 21.42 

B1.41 19.33 3.77 72.563 72.723 13.09 34.86 18.03 

B1.42 12.22 3.79 72.402 72.52 9.65 25.71 13.30 

B1.43 23.58 8.04 71.604 71.787 14.29 38.05 19.68 

B2.46 8.50 2.48 72.309 72.38 5.55 14.77 7.64 

B3.47 21.63 6.31 72.675 72.841 12.97 34.54 17.87 

B3.48 17.18 4.05 72.445 72.568 9.61 25.59 13.24 

B3.49 16.43 4.20 72.609 72.742 10.39 27.67 14.31 

B3.50 25.04 5.44 71.812 71.988 13.75 36.62 18.94 

B4.51 14.36 5.49 72.431 72.538 8.36 22.26 11.52 

B4.52 16.84 3.59 72.353 72.498 11.33 30.17 15.61 

B4.53 3.31 1.43 72.516 72.559 3.36 8.95 4.63 

B4.54 9.40 2.96 72.444 72.521 6.02 16.02 8.29 

B4.55 7.40 2.43 72.319 72.368 3.83 10.20 5.27 

B4.56 2.55 1.84 71.598 71.618 1.56 4.16 2.15 

B4.57     72.623 72.645 1.72 4.58 2.37 

BK4.14 - - - - - - - 

B4.58 - - - - - - - 

B3.59 15.14 5.52 71.539 71.64 7.89 21.02 10.87 

B3.60 8.29 3.60 72.913 72.95 2.89 7.70 3.98 

B3.61 9.42 2.87 72.347 72.412 5.08 13.52 7.00 

B3.62 7.54 1.83 72.482 72.531 3.83 10.20 5.27 

B3.63 7.50 2.29 27.697 27.804 7.05 18.78 9.71 
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Appendix 2 
In Appendix 2 all measured emissivity values are presented. 

Sample 
name 

Emissivity 
@ 200°C 

Emissivity 
@ 160°C 

AK1.1 - - 

AK1.2 - - 

AK1.3 - - 

AK1.4 0.81 - 

AK1.5 0.79 0.59 

AK1.6 0.8 0.67 

AK1.7 0.84 - 

AK1.8 0.85 0.65 

AK1.9 - - 

A1.1 0.95 - 

A1.2 0.97 - 

A1.3 1.04 - 

A1.4 - - 

A1.5 1.16 - 

A1.6 - - 

A1.7 - - 

A2.9 1.07 - 

A2.10 0.99 0.54 

A2.11 0.92 0.59 

A2.12 0.97 0.72 

A2.13 0.83 0.55 

A2.14 0.87 - 

A2.15 0.96 - 

A2.16 - - 

A2.17 0.98 0.69 

A2.18 - - 

A2.19 - - 

AK2.10 0.96 0.76 

AK2.11 0.94 - 

AK2.12 - - 

A3.20 35.16 - 

A3.21 5.04 - 

A3.22 13.47 - 

A3.23 17.57 - 

A3.24 20.86 - 

A4.25 0.97 0.84 

A4.26 0.90 0.84 

A4.27 0.83 0.66 

A4.28 0.75 0.57 

A4.29 0.72 0.55 

A4.30 0.92 0.73 
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A4.31 0.76 0.67 

A4.32 0.78 0.57 

A4.33 0.80 0.63 

A4.34 0.85 0.67 

A4.35 0.94 0.65 

A4.36 0.90 0.66 

A4.37 0.93 0.53 

A4.38 0.94 0.7 

A4.39 0.84 0.67 

A4.40 0.74 - 

AK4.13 0.98 - 

A4.45 0.93 - 

B1.41 0.95 - 

B1.42 0.86 - 

B1.43 0.75 - 

B2.46 1.16 - 

B3.47 1.07 0.84 

B3.48 0.97 0.84 

B3.49 1.20 0.99 

B3.50 0.94 0.9 

B4.51 1.02 0.91 

B4.52 0.96 0.88 

B4.53 0.94 0.78 

B4.54 0.96 0.95 

B4.55 1.11 0.96 

B4.56 0.87 0.87 

B4.57 - 0.81 

BK4.14 - - 

B4.58 - - 

B3.59 - 0.79 

B3.60 - 0.78 

B3.61 - 0.96 

B3.62 - 0.93 

B3.63 - 0.98 
 

 


