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ABSTRAKTI  
  

 

Hilseenmuodostumisen vaikutus austeniittisten ruotumattomien teräksien 

emissiivisyyteen hehkutusuunissa  

Erno Lassila  

Oulun Yliopisto, Prosessitekniikan koulutusohjelma  

Diplomityö 2023, 65 sivua + 3 liitettä  

Ohjaajat: Ville-Valtteri Visuri, Apulaisprofessori, TkT, and Susanna Airaksinen, DI.  

 

Tämän työn tavoitteena oli kehittää matemaattinen malli kuvaamaan austeniittisten 

terästen hilseenkasvun vaikutusta emissisiivisyyteen hehkutusprosessin aikana. Malli on 

tarkoitettu sopivaksi teolliseen käyttöön, joten hehkutuskokeissa käytetyt lämpötilat, 

atmosfäärit ja pitoajat valittiin vastaamaan ruostumattoman teräksen valmistuksen 

teollisia olosuhteita.  

 

Työn kokeellisessa osassa simuloitiin kylmävalssatun AISI 316L:n hehkutusta teollisen 

mittakaavan hehkutus- ja peittauslinjalla. Kokeet suoritettiin pystyputkiuunissa ja 

näytteiden analysointiin käytettiin GDOES- ja FESEM-EDS-mikroskopiaa. 

Emissiivisyysmittaukset suoritettiin samoissa olosuhteissa kuin hehkutuskokeet, jolloin 

saatiin selville, miten muodostunut hilsekerros vaikuttaa emissiivisyyteen. Kaikissa 

tapauksissa havaittiin, että korkeampi lämpötila ja pidempi pitoaika aiheuttivat 

enemmän hapettumista. Vastaavasti emissiivisyyden arvot kasvoivat hilsekerroksen 

kasvaessa. Kokeellisen työn tulokset sovitettiin matemaattisiin malleihin, joiden toteutus 

suoritettiin käyttämällä Python ohjelmointikieltä. Erilaisia hapettumisen aikalakeja 

testattiin, josta parhaiten suoriutunut valittiin lopulliseen malliin. Tasapainovakioiden, 

aktivoitumisenergioiden ja taajuustekijöiden laskemiseen käytettiin Arrheniuksen 

yhtälöä. Mallissa emissiivisyyden ennustamiseen käytettiin regressiosuoraa, joka 

määritettiin mittausdatan pohjalta monimuuttujaregressioanalyysillä.  
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The aim of this thesis was to develop a mathematical model to describe the effect of scale 

growth of austenitic stainless steels on the emissivity during the annealing process. The 

model is intended to be suitable for industrial use, so the temperatures, atmospheres and 

holding times used in annealing tests were chosen to match industrial conditions in 

stainless steel making.  

 

The experimental work consisted of simulating the annealing of cold rolled AISI 316L 

on an industrial scale annealing- and pickling line. The experiments were performed in a 

vertical tube furnace and the analysis was performed using a GDOES and FESEM-

EDS microscope. Emissivity measurements were performed under the same conditions 

as the annealing experiments, which made it possible to find out how the formed scale 

layer affects the emissivity. In all cases it was noted that a higher temperature and longer 

holding time would cause a higher amount of oxidation. Correspondingly, the emissivity 

values increased as the thickness of the scale layer increased. The results of the 

experimental work were fitted into mathematical models executed using the Python 

programming language. Different oxidation time laws were tested, of which the best 

performing one was selected for the final model. The Arrhenius equation was used to 

calculate equilibrium constants, activity coefficients and frequency factors. In the model, 

a regression line was used to predict emissivity, which was determined from the 

measurement data by multivariate regression analysis.  
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1 INTRODUCTION 

The aim of the continuous annealing line is to improve the strength properties of cold-

rolled steel, modify its microstructure and improve its corrosion resistance. In the 

annealing process, steel strip flows through a furnace consisting of several zones. One 

way to control the operation of annealing furnace is to adjust those heating zone 

temperature setpoints based on the predicted grain size of the steel strip. The most 

important heat transfer mechanisms are convective heat transfer and radiation heat 

transfer. The emissivity of the steel strip is an essential issue in terms of the annealing 

process, as it affects the efficiency of radiation heat transfer and thus the accuracy of the 

temperature measurement.   

The aim of the work was to develop a mathematical model suitable for predicting the 

effect of scale layer growth on the emissivity of austenitic stainless steels in an annealing 

furnace. In the work, simulated annealing tests are carried out in the laboratory, the scale 

formed is characterized and emissivities were measured from oxidizing steel surfaces 

during annealing tests. In addition, experimental material previously collected in the 

Process Metallurgy Research Unit and material found in the literature were used. Python 

language is used for the programmatic implementation of the model.  
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2 CONTINUOUS ANNEALING 

Annealing is a heat treatment process to modify the physical properties of a steel strip. 

Annealing can be used for modifying the microstructure, mechanical properties, and 

corrosion resistance of the steel. Different types of steel have different requirements when 

it comes to annealing. Several factors must be adjusted to suit the quality in order to 

achieve the desired microstructure and mechanical properties. The most significant 

factors are temperature, holding time and cooling rate. [1] 

Based on their microstructure, stainless steels are divided into austenitic, ferritic, and 

martensitic stainless steels. Austenitic steels have austenite as a primary crystalline 

structure. The structure is achieved by alloying a sufficient amount of nickel, manganese, 

and carbon to liquid steel. Nickel allows steel to remain austenitic even at room 

temperature, improves the toughness and corrosion resistance of steel, especially in 

reducing conditions. [2] The carbon content of austenitic steels is very low, because at 

high temperatures for example when welding steel it can separate at the grain boundaries 

into chromium carbides. This results in reduced corrosion resistance as a depleted 

chromium-containing zone forms around the formed carbides. [2] 

There are many different types of annealing processes. Recrystallization annealing is used 

to soften steel hardened in cold rolling. Annealing temperature is typically 600 – 700 °C 

and during the process, the cold formed structures are replaced by new crystals and the 

steel is restored to its original properties [2]. Stress relief annealing reduces internal 

tensions caused by manufacturing methods. Internals tensions increase the risk of brittle 

fracture and fatigue fracture and cause deformation during further processing. Annealing 

temperature is 500 – 600 °C and cooling is slow, about 15 °C /h all the way to room 

temperature [2]. One of the most important heat treatments for stainless steels is solution 

annealing for austenitic grades and uniform annealing for ferritic grades. The goal of the 

solution annealing (austenitizing) is to make all the separations dissolve and thus improve 

the uniformity of the microstructure, which is necessary for good mechanical properties 

and good corrosion resistance. Austenitizing is done at temperatures of 1050 – 1200 °C 

with a fast cooling in a continuous draft furnace [2].  
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Both cold- and hot rolled stainless steel products must be annealed and pickled at some 

point in the process chain. For strip products, the procedure is usually done on a 

continuous annealing and pickling line (Figure 1). The hot strip is pre-annealed and 

pickled so that the surface of the strip is clean for cold rolling or other further processing. 

Annealing must also be carried out after cold rolling. During cold rolling, the structure of 

the material changes and it becomes significantly strain-hardened. Annealing is used to 

restore the desired properties and recrystallize the microstructure that was deformed [4]. 

Continuous annealing and pickling line usually include one or multiple annealing 

furnaces, cooling zone, mechanical descaling (usually shot blasting) step and pickling 

system (Figure 1). The purpose of mechanical descaling is to remove most of the scale 

formed during annealing. The remaining scale is removed with mixed acid pickling. In 

the pickling process, the steel strip is run through acid pools. In acid pools, the strip is in 

contact with high turbulence mixed acid baths, which effectively removes the remaining 

scale. The acid treatment is followed by high-pressure water rinsing. After rinsing, the 

tape is dried before rewinding [4]. 

Figure 1. CAPL-line. Modified from [3]. 

 

RAP-lines are CAPL-lines that have one or multiple rolling mills that can be used before 

and after heat treatment to adjust the thickness of the strip (Figure 2).  
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Figure 2. RAP-line. Modified from [3]. 

 

 

2.1 Control principle of the annealing furnace 

The continuous annealing furnace consists of a preheating section (PS), an annealing 

section (AS) and a cooling section (CS). In the preheating section, the strip is heated 

before actual annealing [1]. Preheating is carried out using flue gases. In the annealing 

section, the temperature of the strip is adjusted to the desired annealing temperature. The 

thermal energy needed to heat the furnace is obtained by burning gaseous fuels and all 

the heating sections are strictly insulated to minimize heat losses. The annealing 

temperature and holding time depend on the steel grade and it is important that the 

temperature is quickly raised to the target temperature. In a continuous furnace, the 

holding time is adjusted by changing the speed of the strip [5]. The cooling section often 

consists of several consecutive cooling zones. Cooling of the strip is carried out with air 

or water, depending on the desired cooling rate [1]. The whole process is kept continuous 

by welding the end of the previous strip and the beginning of the next strip together [6]. 

Monitored geometrical strip parameters are length, thickness, and width. Monitored 

material strip parameters are thermal capacity, density, and emissivity [5].  

Accurate temperature control is essential for the process and the strip temperature is 

monitored at the outlet of each furnace. Control is made challenging by changes in strip 

thickness or width or reference temperature. More challenges are created by e.g., delay 

time and temperature interactions between the strip and the structures of the furnace such 

as the rollers supporting the strip. Several control systems have been created to overcome 

these challenges. Most of these systems employ physical mathematical models of the 

plant where the parameters are fixed for on-line control. Figure 3 illustrates the control 
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system created by Yoshitani et al. [36]. The process is controlled by a computer program 

that follows the hierarchical structure shown in the figure. The optimal preview control 

performs preset control. Preset control includes the calculation of the speed reference Vrn 

after an approaching setup change, calculation of optimal speed change timing tvc and 

calculation of the target strip temperature Tst. Data for preset control is obtained from 

production orders and the data includes strip dimensions, quality, and reference 

temperatures. Self-tuning control performs parameter estimation and feedback control. 

The controller calculates the rate of the total fuel flow (F) in the heating furnace. The 

desired temperature profile of the furnace is obtained by dividing F for each zone. Tst is 

the control target and Y includes the measured values of plant variables which are F, Ts, 

Tf and V. Ts is the outstrip temperature, Tf is the furnace temperature, and V is the line 

speed. 

Figure 3. Annealing furnace temperature control system. Modified from [36]. 

 

2.1.1 Furnace control based on grain size 

Accurate grain size control is an essential part of high-quality annealing process due to 

its importance towards steels formability, strength, and hardness. At Outokumpu Tornio 

steel plant, grain size-based annealing furnace control was created [37]. Grain size growth 

was modeled with isothermal heating experiments. Numerous heating experiments were 

carried out on most austenitic steel grades. The data obtained from the experiments 
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allowed to create a dependence between time, temperature, and grain size growth. The 

determined dependence parameters were introduced in the control of the modern 

annealing line. On-line calculation enables the right heating cycle for different grades and 

the standard deviation of 0.2 ASTM-units is achieved [37]. 

The final grain size after a certain annealing time can be calculated by using equations 

(1) and (2).  

                                                     𝑑𝑓 = (𝐾1 𝑛⁄ 𝑡ℎ + 𝑑𝑖
1 𝑛⁄

)
𝑛

,                                                    (1) 

where n is constant, th is annealing time and di is initial grain size. 

                                                               𝐾 = 𝐴exp(−
𝑄

𝑅𝑇
),                                                            (2)                

where A is constant, R is gas constant and Q is the activation energy. The parameters 

needed for the equations were determined by the heating tests. Tests were performed at 

different temperatures and annealing times for six main austenitic steel grades. Isothermal 

heating tests were executed in thermo-mechanical simulator Gleeble 1500. Figure 4 

shows the predicted final grain size as a function of annealing time and temperature and 

grain size as a function of hardness using model parameters determined with Gleeble tests 

[37]. 
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Figure 4. Grain size as a function of annealing time for AISI 304 and AISI 316. Modified 

from [37]. 

The implementation of the model on the annealing line requires a lot of planning. The 

following aspects were taken into account when designing the model-based control 

system: the order-based grain size control, strip temperature model for the furnace 

atmosphere control, quick and robust calculation algorithm, on-line control of the furnace 

for dimensional changes, parametrization for the offline adaption, and quality monitoring 

[37]. Figure 5 shows the basic control of the model. 
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Figure 5. The scheme of annealing furnace control based on grain size. Modified from 

[37]. 

The model receives data on the basic dimensions and order information of every coil in 

the process area. The measurement data produced by the line automation and the coil data 

are used to calculate the set-points. The on-line model calculates new set-points cyclically 

to maintain the optimal process speed, to control the furnace temperature, and to minimize 

grain size deviations. On-line calculation for the strip temperature and grain size model 

requires fast calculation. Strip temperature calculation was done using Newton’s method 

and the grain size calculation was done using its derivative. The model calculates not only 

the set values but also the final grain size based on the actual line speed and temperatures.  
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2.2 The effect of emissivity on furnace control 

There are two methods for measuring the steel temperature: direct physical measurement 

from the steel surface and radiation thermometry. In the continuous annealing process, 

the steel strip is constantly in motion, so the temperature of the steel is measured by 

radiation thermometry. However, there is one problem with temperature measurement. 

The scale layer formed on the surface of the steel affects the spectral emissivity of the 

steel [7]. A change in spectral emissivity causes inaccuracy when measuring temperature. 

Shi et al studied the effect of the oxide layer on the emissivity of steel. The study was 

carried out by measuring the spectral emissivity of 316L stainless steel in the temperature 

range of 800–1100 K. Emissivity was measured every minute up to 180 minutes. The 

study shows that the formation of an oxide layer significantly increases the spectral 

emissivity of 316L steel in the initial phase of heating. The oxide layer begins to saturate 

when the heating time is about 150–250 min, and the change of spectral emissivity 

becomes slow. At the beginning of the heating there is a strong oscillation of the normal 

spectral emissivity (Figure 3). The oscillation is caused by radiation difference between 

the substrate and the scale layer. Moreover, oxidation does not only change the 

composition of the surface but also its structure. The structure of the formed oxide is 

usually rougher than the surface of the metal. A rougher surface leads to less radiation 

reflection and increases its absorption. Therefore, the emissivity of the surface also 

increases [8]. As a result, Shi et al [7] found that the scale layer creates a measurement 

error of 4.1–11.7 K at a temperature of 800–1100 K. The effect of oxidation on spectral 

emissivity should therefore be taken into account in processes where accuracy of 

temperature is essential. 
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Figure 6. Normal spectral emissivity of 316L steel versus heating time at 1040 K. 

Modified from [7]. 

 



16 

3 OXIDE SCALE FORMATION 

During annealing in an oxygen atmosphere, the steel oxidizes, I.e., scale is formed on 

steel surface. The oxidation occurs when metal and oxygen in the atmosphere react with 

each other. Oxidation reaction between metal and oxygen:  

 

                                              M(s) + O2(g) = MO2(s).                                                 (3)      

  

For oxidation to occur, the oxygen potential of the atmosphere must be higher than the 

equilibrium partial pressure of oxygen associated with the metal. Equilibrium oxygen 

pressure or dissociation pressure in equilibrium with the metal. Dissociation pressure can 

be determined from the standard free energy of the oxide formation. The standard free 

energy for an oxidation reaction can be written as:  

                                                ∆𝐺° = −𝑅𝑇ln
𝑎MO2

𝑎M𝑝𝑂2

,                                                             (4)      

where 𝑎MO2 and 𝑎M are the activities and 𝑝O2
 is the partial pressure of the oxygen gas [9]. 

The first oxygen molecules that come into contact with the metal surface dissociate into 

oxygen atoms. Then surface metal atoms bond chemically with oxygen atoms. Oxygen 

atoms form a monolayer covering the entire metal surface [10]. The chemisorbed layer 

becomes over saturated with oxygen and the nucleation of oxides begins at favorable 

locations such as dislocation sites and grain boundaries [1]. Nucleation is slow at low 

temperatures and faster at high temperatures. The formed oxide layer is not protective if 

it has a porous structure, gasps or cracks. In such case, molecular oxygen diffuses from 

the cracks and fissures onto the metal surface to form more oxide at the metal-oxide 

interface. The protectiveness of the oxide can be described by the Pilling-Bedworth ratio 

[10]. 

                                        𝑃 − 𝐵 𝑟𝑎𝑡𝑖𝑜 =
𝑉𝑜𝑥𝑖𝑑𝑒

𝑛⋅𝑉𝑚𝑒𝑡𝑎𝑙
=

𝑀𝑜𝑥𝑖𝑑𝑒 ⋅𝜌𝑚𝑒𝑡𝑎𝑙

𝑛⋅𝑀𝑚𝑒𝑡𝑎𝑙⋅𝜌𝑜𝑥𝑖𝑑𝑒
,                                               (5) 

where M is molecular mass, n is number of atoms of metal per molecule of the oxide, p 

is density and V is molar volume. If the P-B ratio is less than one, the oxide layer is too 

thin to be protective. If volume of the oxide is greater than volume of the metal and the 

ratio is greater than two, the brittle oxide scale layer cracks or flakes due to compressive 

stresses that increase as the scale layer grows. This is called breakaway oxidation [10]. 
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The oxidation reactions of stainless steels are complicated due to the alloying elements it 

contains, such as chromium, manganese, and silicon. Oxidation during annealing begins 

with the formation of chromium oxide, as its formation requires the lowest partial oxygen 

pressure compared to other alloys [1]. Austenitic steels form a two-layer surface oxide 

film when oxidized, according to studies. The two-layer oxide film consists of a Fe-rich 

outer oxide layer and a Cr-rich inner oxide layer [11]. The mechanism of chromium oxide 

formation is called primary oxidation. During the primary oxidation, the chromium ions 

move towards the surface of the steel and react with the oxygen forming chromium oxide 

by nucleating at the grain boundaries. The distance between the Cr2O3 nuclei decreases 

as the grain size of the steel decreases. Smaller grain size causes chromium oxide to 

spread faster along the surface of the steel [11]. Chromium oxide spreads by diffusion in 

the direction of the surface, forming a uniform protective oxide layer [12]. Because of 

diffusion, a chromium poor zone is formed under the protective layer. It should be noted 

that the chromium content of the steel must be high (18 – 20% for 304 and 16-18% for 

316) so that the formed oxide layer is protective [13,14]. 

The oxidation does not stop at the formation of a protective oxide layer. When annealing 

is continued, the iron starts to diffuse towards the surface. Iron diffuses through the 

protective layer, reacts with atmospheric oxygen, and begins to form an iron oxide layer 

on top of the protective layer. The outer oxide layer is growing outwards as the Fe-cation 

diffuses through both layers to the interface between the outer oxide layer and the gas 

atmosphere. The inner oxide layer grows inwards as oxygen diffuses through both oxide 

layers to the interface between the inner oxide layer and the metal [11]. However, often 

the structure is not that simple. Under certain conditions, scale can form inside the steel 

(Figures 7 and 8). Internal oxidation occurs when the mass transfer caused by the 

downward diffusion is greater than the mass transfer caused by the upward diffusion of 

chromium [15]. Chromium oxide and iron oxide also tend to form iron-chromium spinels 

due to the solubility of chromium oxide in iron oxide.  
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Figure 7. Oxide nodule with internal oxidation. Modified from [16]. 

Figure 8. Layered oxide structure. Modified from [17]. 

 

 

3.1 Experimental observations on the kinetics of scale formation 

The properties and thickness of the oxide layer formed during annealing can be influenced 

by the annealing conditions. The most significant factors are temperature, holding time 

and atmosphere. The microstructure of steel also has a great influence on scale formation. 

The greater the disorder of atoms in the material, the faster the diffusion rate. Controlling 

the microstructure of stainless steel can be used to influence its corrosion resistance. 

Studies show that a large grain size leads to a small grain boundary volume and 

correspondingly a small grain size leads to large boundary volume. Larger grain boundary 

volume equals faster diffusion rates. Thus, fine-grained steels have better mechanical 

properties and corrosion resistance [16]. 

The atmosphere plays a major role in the formation of oxide scales. Scale is formed during 

annealing almost without exception if there is oxygen in the atmosphere. Scale formation 

can be prevented by annealing in a vacuum or in a non-oxidizing protective gas such as 

nitrogen or argon [18]. However, industrial scale annealing processes almost always take 

place in oxygen atmospheres, as the equipment and procedures required for scale-free 

annealing are significantly more expensive than traditional natural gas/air furnaces [18]. 

The atmosphere often also contains water vapor due to the burning of natural gas or 



19 

moisture in the air [17]. Studies show that water vapor has a significant effect on the 

formation of the scale. Cheng et al. [17] investigated the effect of water vapor on scale 

formed during annealing. The study simulated the annealing of AISI 316 austenitic steel 

strip in a dry and humid air atmosphere at a temperature of 1030 °C. Results showed that 

in the initial phase of oxidation (<0.5 h holding time) atmospheric humidity had almost 

no effect on scale formation. However, when increasing the holding time, scale formation 

accelerated, and the graph shows that the oxidation is parabolic (Figure 9). 

Figure 9. AISI 316 SS weight gain versus time curves. Modified from [17]. 

 

Oxidation in dry air is clearly different from oxidation in moist air. The graph shows a 

phase where the slow and steady (wet air) oxidation changes to fast breakaway oxidation. 

Figures 10 and 11 shows an SEM-micrographs taken after half an hour of oxidizing heat 

treatment (austenitic 316 SS oxidized in air with 0.1 atm H2O at 1030 °C). Chen et al. 
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[17] estimated that the disappearance of dense Cr2O3 layer (Figures 10 and 11) was the 

reason for the start of breakaway oxidation. 

Figure 10. SEM-micrographs taken after half an hour of oxidizing heat treatment (316 SS 

oxidized in air with 0.1 atm H2O at 1030 °C). Cross section morphology. Modified from 

[17]. 

 

Figure 11. SEM-micrographs taken after half an hour of oxidizing heat treatment (316 SS 

oxidized in air with 0.1 atm H2O at 1030 °C). Surface morphology. Modified from [17]. 
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Cheng et al [19] investigated the effect of atmosphere on scale formation of martensitic 

AISI 410 stainless steel during annealing. The tests were performed by annealing the 

samples in a tube furnace at a temperature of 850 °C with a holding time of two hours. 

The tests were performed in different atmospheres, which were: humid air, dry air, pure 

nitrogen, and a mix of nitrogen and hydrogen (10% H2 and 90% N2). The cooling of the 

annealed samples was carried out by furnace cooling the samples to 400 °C, after which 

they were air-cooled to room temperature. The results showed that atmosphere had a great 

influence on the composition of the scale formed.  Scanning electron microscope, EDS 

mapping and XRD analysis were used to analyze the scales. In Figure 12A, a relatively 

thick scale of iron oxide has formed when annealed in dry air. Based on XRD-analysis, 

the scale was found to consist mainly of Fe2O3. The scale of the sample annealed in moist 

air was found to consist of two layers (Figure 12B). The outer layer consisted mainly of 

Fe2O3 and the inner one contained a significant amount of chromium. Samples annealed 

both in nitrogen and in combinations of nitrogen and hydrogen formed a loose 

multilayered scale (Figure 12C and 12D). The scale formed in the pure nitrogen 

atmosphere consisted of two layers, the outer one was mainly Fe2O3 and the inner one 

consisted of (Fe, Cr)3O4. Figure 12D (reducing 10% H2 and 90% N2 atmosphere) shows 

a bit more complex structure, as it shows both porous and loose scale structure. When 

analyzing the scale, it was found that the outer layer does not contain oxygen. However, 

oxygen was detected in the inner structure. The absence of oxygen in outer layer suggests 

the presence of a metallic Fe phase.  

 

Figure 12. Effect of atmosphere on scale formation AISI 410. Modified from [19]. 
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Many studies show that the presence of water vapor affects the formation of the iron oxide 

containing outer scale layer and promotes the breakaway oxidation of Fe-Cr steel alloys 

at 900-1000 °C. In addition, water vapor has been found to cause chromium to evaporate. 

Chromium forms CrO2(OH)2 when evaporated [19]. 

Industrial annealing furnaces are usually heated by combustion of natural gas. The ratio 

of air and natural gas has an effect on the forming scale. Visnapuu et al [20] investigated 

the effect of the air-methane ratio on scale formation. The study was performed by 

annealing AISI 304 stainless steel at 1120 °C. The holding times used were: 20 s, 40 s, 1 

min, 3 min and 9 min. Atmospheric air-methane ratios were 10:1, 14:1 and 18:1. Figure 

13 shows a graph of the thickness of the scale layer with different air to methane ratios. 

The graph shows very clearly that the amount of the formed scale is significantly higher 

with a ratio of 10:1 than with other ratios. This implies that the scale layer formed with a 

smaller ratio (10:1) is not protective, as the oxidation continues to be significant even 

after three minutes. Correspondingly, the scale layers formed with higher ratios (18:1 and 

14:1) are protective as oxidation seems to slow down over time.  

Figure 13. Effect of the air-methane ratio on the scale layer thickness. Modified from 

[20]. 
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The effect of annealing temperature on scale formation has been studied a lot. Figure 14 

shows the temperature dependence of the scale formation of AISI 316 stainless steel 

during annealing in a moist 0.1 atm H2O atmosphere [17]. The graph clearly shows that 

the higher the annealing temperature, the more scale is formed. It is also apparent that the 

growth of the scale layer exhibits a similar non-linear trend irrespective of the temperature 

employed. At low temperatures (≤ 900 °C) scale formation is very low and at a 

temperature above 1000 °C, breakaway oxidation occurs. The graph also shows the 

importance of holding time, because with a short holding time (≤ 0.5 h), scale formation 

is very little at all temperatures. The scale layer formed in half an hour at the highest 

(1030 °C) temperature was on only 2-3 µm thick. 

Figure 14. Weight gain vs time curves in different moist atmospheres for AISI 316 SS. 

Modified from [17]. 

 

Many studies show that the grain size has an effect on the oxidation behavior of stainless 

steel. In the study of austenitic steel pipes, it was found that steel with a smaller grain size 

has better corrosion resistance. Austenitic stainless-steel forms a uniform and protective 

chromium-rich scale layer if its grain size is finer than number 8 ASTM [21]. According 

to Moroish's research, fine-grained steel has good corrosion resistance up to a chromium 

content of 20 %. At chromium content above 23 %, the corrosion resistance was found to 

be good regardless of the grain size. In the case of steel with a coarser grain size, the scale 

is formed irregularly, and the scale layer is not protective. H. Fujikawa and Y. Iijima [21] 
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studied the effect of grain size on high temperature oxidation. The material under 

investigation was grade 316 stainless steel and the test temperatures were 700 °C, 850 °C 

and 1000 °C. Figure 15 shows that the increase in grain size increases mass gain 

especially at lower temperatures. In the study it was found that the cracking and 

detachment of the scale was high with the coarse grain size (over 850 °C). 

 Figure 15. AISI 316 stainless steel oxidation behavior and effect of grain size in different 

temperatures. Modified from [21]. 

 

3.2 Mathematical modelling of the kinetics of scale formation 

The Arrhenius equation describes the temperature dependence of the reaction rate 

constant. The general form of the equation is given as follows:  

                                                   𝑘 = 𝐴 exp(−
𝐸𝑎

𝑅𝑇
),                                                                    (6) 

where k is the kinetic reaction rate, A is the rate constant, e is Euler 's number, Ea is the 

activation energy, R is the universal gas constant and T is temperature. Another general 

form for the equation is obtained by taking the natural logarithm of both sides of the 

equation: 

                                               ln(𝑘) = ln(𝐴) −
𝐸𝑎

𝑅𝑇
.                                                            (7) 
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Oxidation reactions and rates depend on several factors such as temperature, partial 

pressure of oxygen, composition of surface such as crystal structure, microcracks and 

porosity [9].  The kinetics of oxidation can be described by the following laws: 

The oxidation of some metals occurs linearly. In linear oxidation, the rate of the oxidation 

reaction remains constant over time. The thickness of the oxide layer can be thought of 

as directly proportional to time and rate of the oxidation is independent of the amount of 

gas and/or metal already consumed in the reaction. [9,10] 

                                           
dx

dt
= 𝐾1𝑡 or 𝑥 = 𝐾1𝑡  +  𝐷,                                                      (8) 

where x is the change of weight as a result of oxidation or thickness of the oxide formed. 

K1 is the linear rate constant of the reaction, t is time and D is constant of integration. 

Linear reactions often occur as surface and phase boundary reactions and the linear rate 

law is usually followed in situations where the protective oxide layer or scale cracks, 

allowing the oxidizing gas to encounter the metal. The situation leads to fast linear 

oxidation, also called breakaway oxidation. 

The logarithmic oxidation law describes oxidation in thin layers and is usually observed 

with protective layers at low temperatures (<1000 °C). With most metals, the kinetics of 

oxidation occur logarithmically if the metal is heated at low temperatures [10]. In 

logarithmic oxidation, the reaction is very fast at the beginning and after some time it 

slows down and becomes almost constant and oxidation almost does not occur [10]. 

                                                 𝑥  = 𝐾  log 𝑡   + 𝐴,                                                               (9) 

where t is time and K is rate constant for logarithmic process [9]. According to parabolic 

oxidation, the rate of the oxidation reaction decreases with the growth of the oxide layer 

I.e., is inversely proportional to the thickness or weight of the oxide formed [9]. This 

parabolic model is referred to as Wagner's theory. Wagner's theory is suitable for 

modeling thicker (> 1 µm) oxide layers [22].   

                                                        𝑥2 = 𝑘P𝑡 + 𝐶,                                                                 (10) 

where x is the change of weight as a result of oxidation or thickness of the oxide formed, 

t is time and kp is parabolic rate constant. These models are simplified with different 



26 

assumptions, for example, assuming the chemical potential of oxygen to be constant. The 

models are mainly indicative and not directly applicable to real-world applications. 

Stoneham and Tasker have created one valid dimensionless, logarithmic derivative model 

to compare the rate of oxidation and the thickness of the oxide layer formed [23]: 

                                                        𝑔  =  
−𝑑[log(

dL

dt
)]

𝑑[log 𝐿 ]
,                                                         (11)  

where dL/dt is oxidation velocity as a function of thickness L. The Mott-Cabrera theory 

is applied to the modeling of thin (<20 nm) oxide layers [22]. The model assumes that 

thermal ionic emission or tunnel effect acts as the driving force for electrons to go through 

the oxide film. The transport of ions during the growth of the oxide layer is assisted by 

an internal electric field. The electric field is created when electrons create an electrostatic 

potential at gas-oxide and metal-oxide interfaces by ionizing adsorbed oxygen atoms. The 

electric field causes the oxidation rate to increase by lowering the energetic barrier for 

metal ion diffusion towards the oxide-gas interface [24]. Mott-Cabrera model can be 

written as follows:  

                                                 
dL

dt
= Ω𝑜𝑥𝑛𝑣  exp (−

𝑤

𝑘𝑇
) exp (

𝑞𝑎𝐸

𝑘𝑇
),                                         (12)  

where Ωox is the volume of oxide formed per diffusing ion, n is the number of ions per 

unit area in the position to jump over the rate limiting energy barrier W, v is the ionic 

attempt frequency of the jump, a is the distance between the energy barrier maximum and 

minimum, and E is the electric field in the oxide film. E can be determined as follows: 

                                                      𝐸 = −
𝜙𝑀

𝐿
,                                                                   (13) 

where ϕM is potential created by electrons in the oxide film (Mott potential). Jander's 

equation (14) and Anti Ginstling Braunstein equation (16) are diffusion-controlled 

reactions that can be used on the modeling of the oxide formation. According to Jander's 

model, the reaction rate of component A is limited by the diffusion of component B which 

covers the product layer AB. The model assumes that the concentrations of component B 

are constant at the interfaces [25]. 

                                                 [1 − (1 − 𝑎)
1

3]
2

=
2𝑘𝐷0

𝑟0
2 𝑡,                                                  (14) 
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where a is the degree of conversion, k is the rate constant, D0 is the diffusion coefficient 

of the reactant B through the product layer and r0 is the initial radius of the reactant A. In 

the anti Jander model (15), the reaction rate is limited by the diffusion of component A 

through the product layer to the interface AB/B. 

                                                   [(1 + 𝑎)
1

3 − 1]
2

=
3𝑘𝐷0

𝑟0
2 𝑡,                                                      (15) 

Anti Ginstling Braunstein equation is diffusion-controlled reaction model: 

                                                  1 +
2

3
𝑎 − (1 + 𝑎)

2

3 = 𝑘𝑡,                                                (16) 

where a is the degree of conversion, k is the rate constant, and t is time [25]. Vaarala [23] 

studied the scale formation of different stainless-steel grades in his master's thesis. In the 

experimental work, cold-rolled AISI 304, AISI 309, and AISI 441 steels were annealed 

under conditions corresponding to industrial scale annealing and pickling lines. The 

purpose of the simulation was to collect information on the effects of the atmosphere and 

the annealing temperature on scale formation. The collected data was adapted to 

mathematical models, the purpose of which is to be able to predict the scale formation. 

The equations used to calculate the predicted scale growth which were found to be 

suitable were parabolic model (17), cubic model (18), quadratic model (19), and 1.7-

model (20). Activation energies and frequency factors were calculated using the 

Arrhenius equation (6) and the data was raised to power of the equivalent model (e.g to 

the power of three with the cubic model). 

                                                           ∆𝑚 = (𝑘𝑝 ⋅ 𝑡)
1

2                                                           (17) 

                                                           ∆𝑚 = (𝑘𝑐 ⋅ 𝑡)
1

3                                                              (18) 

                                                           ∆𝑚 = (𝑘𝑞 ⋅ 𝑡)
1

4                                                         (19)    

                                                           ∆𝑚 = (𝑘1.7 ⋅ 𝑡)
1

1.7                                                   (20) 
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Where kp is the parabolic reaction rate constant, kc is the cubic reaction rate constant, kq 

is the quadratic reaction rate constant, k1.7 is the “1.7” reaction rate constant and t is time. 

Exponent 1.7 was iterated using the Solver tool of Microsoft excel. 

Table 1. Kinetic oxidation models for different steel grades 

Grade Atmosphere Model Equation Reference 

304 H2 oxyfuel Parabolic 
Δ𝑚 = (𝑘𝑝 ⋅ 𝑡)

1
2 

K. Vaarala [23] 

304 CH4-Air ”1.7 model” 
 Δ𝑚 = (𝑘1.7 ⋅ 𝑡)

1

1.7 
K. Vaarala [23] 

304 Air Linear 

+Parabolic 

 Δ𝑚 = 𝑘1𝑡 + 𝑤0 D. Lussana [29] 

309 CH4-Air Parabolic 
Δ𝑚 = (𝑘𝑝 ⋅ 𝑡)

1
2 

K. Vaarala [23] 

316 Air Parabolic 
 
∆𝑚

∆𝑡
=

𝑘𝑝

𝑚
 

H. Us [30] 

321 Air Parabolic 
 
∆𝑚

∆𝑡
=

𝑘𝑝

𝑚
 

A. Movahedi-

Rad [31] 

409 Air Parabolic 
 
∆𝑚

∆𝑡
=

𝑘𝑝

𝑚
 

A. Movahedi-

Rad [31] 

441 H2 oxyfuel Parabolic, 

Cubic, 

Quadtratic 

Δ𝑚 = (𝑘𝑝 ⋅ 𝑡)
1
2 

Δ𝑚 = (𝑘𝑐 ⋅ 𝑡)
1
3 

Δ𝑚 = (𝑘𝑞 ⋅ 𝑡)
1
4 

 

K. Vaarala [23] 
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4 EMISSIVITY OF STAINLESS STEEL 

Emissivity is an important parameter in terms of radiation heat transfer and temperature 

measurement. Emissivity is the measure of an objects ability to absorb, transmit and 

emit infrared energy. Emissivity is defined as the ratio of the energy radiated from a 

material's surface to that radiated from a perfect emitter (blackbody), at the same 

conditions. Emissivity is a surface phenomenon, but it is still affected by some physical 

properties such as wavelength and temperature [8]. The spectral emissivity of an object 

is presented as follows: 

                                                              ℇ𝜆  =  
𝑃2

𝑃1
,                                                                (21)  

where P1 is the radiance stemming from perfect blackbody emitter and P2 is the radiance 

stemming from material's surface. Both values are at the same temperature and 

wavelength. The radiation of a perfect black body is given by the Stefan-Boltzmann law: 

                                                            𝑊 = 𝜎𝑇4,                                                             (22) 

where 𝜎 is the Stefan-Boltzmann constant and T is the temperature. The value of Stefan-

Boltzmann constant is given by: 

                               𝜎 =
2𝜋5𝑘4

15𝑐2ℎ3 = 5.670374419  ⋅ 10−8𝑊𝑚−2𝐾−4,                                  (23)  

where k is the Boltzmann constant, h is the Planck’s constant and c is the speed of light 

in a vacuum. 

The spectral emissivity of materials is measured by comparing the radiation intensities of 

the examined surface and the blackbody with a radiation thermometer or spectrometer. 

For the radiation thermometer, the normal spectral emissivity of material is given by: 

                                ɛ(𝜆, 𝑇)  =   [exp (
𝑐2

𝜆𝑇
) − 1] [exp (

𝑐2

𝜆𝑇𝑎
) − 1]⁄ ,                                     (24) 

where λ is the operating wavelength of the radiation thermometer [26]. 
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4.1 Emissivity measurement method 

The measurement of emissivity is strongly linked to the measurement of temperature, as 

the emissivity describes the ability of the material surface to emit energy as thermal 

radiation. Emissivity can be measured, for example, with infrared cameras or pyrometers 

whose emissivity value for the sensor can be adjusted. The emissivity setting tells the 

sensor of the device used in the measurement how emissive the surface is, and thus 

improves the accuracy of the measurement when it is set correctly. The emissivity can be 

measured by means of the temperature of the examined object and the emissivity setting. 

The actual temperature of the material is determined by a sensor such as a resistance 

temperature detector (RTD) or thermocouple. At the same time, the temperature of the 

object is measured with pyrometer or IR camera, and the actual temperature and the 

measured temperature are set to match each other by adjusting the emissivity setting. 

When the temperatures match, the correct emissivity value can be read. 

4.2 Wavelength dependence of emissivity 

The wavelength used in the measurement has a significant effect on the measured 

emissivity because some materials emit energy at some wavelengths while absorb energy 

at others. According to electromagnetic theory, the emissivity of metals decreases as the 

wavelength increases. Ariceta [33] studied the spectral emissivity of different materials 

and metals for solar thermal applications. One of the materials studied was AISI 321 

stainless steel. Spectral emissivity was measured at different wavelengths and 

temperatures at slightly reducing atmosphere (5% H2 and 95% N2). Figure 16 shows the 

temperature dependence of the emissivity at different wavelengths. It can be stated that a 

longer wavelength leads to a lower spectral emissivity in the case of AISI 321 steel. A 

change in the emissivity behavior can also be observed from the figure. At longer (5 µm, 

10 µm, and 15 µm) wavelengths, the increase in spectral emissivity is linear with 

temperature, whereas no linear growth is observed at the short wavelength of 2.4 µm. 
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Figure 16. Temperature dependence of the emissivity of AISI 321 at different 

wavelengths. Data from [33]. 

Figure 17 shows the wavelength dependence of the emissivity of AISI 347 stainless steel. 

The measurement was made at 87 °C and the steel surface was polished. The Figure is 

drawn based on the research data of Bogaard et al [34]. Based on the Figure 17 it can be 

concluded that AISI 347 also follows the same trend, where a longer wavelength gives 

lower emissivity values. Similar results have also been obtained when studying the 

emissivity of AISI 304 stainless steel (Figure 18). Measurement data for the graph is 

obtained from Japanese thermophysical properties database system site [35].  
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Figure 17. Wavelength dependence of the emissivity of AISI 347 stainless steel. Data 

obtained from [34]. 

 

Figure 18. Wavelength dependence of the emissivity of AISI 304 stainless steel. Data 

obtained from [35]. 
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4.3 Emissivity models 

Zhu et al. [27] studied the analytical relationship between spectral emissivity and the 

wavelength during the growth of oxide layer on the surface of steel. The investigated steel 

was 309S grade stainless steel and the measurements were performed at different 

temperatures in 20-degree increments in the temperature range of 800K–1100K. The 

wavelengths used in the measurement were 1.4, 1.5, 1.6, 1.7, 1.8, 1.9, 2.0, 2.1 µm. The 

aim of the study was to place the measured results in emissivity models and evaluate their 

validity to predict temperatures of steel 309S. Obtained spectral emissivity data at 

different wavelengths were used to estimate the variation in the spectral emissivity at a 

given temperature using the least-squares fitting program. Ten emissivity models were 

examined, and they are summarized in Table 2. The models were divided into four 

groups: log-linear emissivity models (LLWE), linear wavelength emissivity models 

(LWE), log-linear root-wavelength emissivity model (LLRWE), and log-linear 

wavelength temperature emissivity model (LLWTE). a1, a2, a3, and a4 are fitting 

parameters of the emissivity models [27]. 

Table 2. Emissivity models for 309S [27] 

MODEL FUNCTION 

LLWE  

1-1 ℇ𝜆 =   exp(𝑎0 + 𝑎1𝜆) 

1-2 ℇ𝜆 =   exp(𝑎0 + 𝑎1𝜆 + 𝑎2𝜆𝑥2) 

1-3 ℇ𝜆 =   exp(𝑎0 + 𝑎1𝜆 + 𝑎2𝜆𝑥2 + 𝑎3𝜆3) 

1-4 ℇ𝜆 = exp(𝑎0 + 𝑎1𝜆 + 𝑎2𝜆2 + 𝑎3𝜆3 + 𝑎4𝜆4) 

LWE  

2-1 ℇ𝜆 = 𝑎0 + 𝑎1𝜆 

2-2 ℇ𝜆 = 𝑎0 + 𝑎1𝜆 + 𝑎2𝜆2 

2-3 ℇ𝜆 = 𝑎0 + 𝑎1𝜆 + 𝑎2𝜆2 + 𝑎3𝜆3 

2-4 ℇ𝜆 = 𝑎0 + 𝑎1𝜆 + 𝑎2𝜆2 + 𝑎3𝜆3 + 𝑎4𝜆4 
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LLRWE  

3 ℇ𝜆 = exp(𝑎0 + 𝑎1√𝜆) 

LLWTE  

4 ℇ𝜆 = exp(𝑎0𝜆 + 𝑎1𝑇) 

 

As expected, the results show that the more parameters there are in the model, the better 

the fitting quality. Figure 19 shows the fitting curves obtained by different models. 

Figure 19. Fitting curves obtained by different emissivity models 309S. Modified from 

[27]. 

The same results were also obtained for other temperatures and in summary it was found 

that the five parameter LWE and LLWE models can be used to accurately predict the 

surface temperature of steel 309S. The difference between the temperatures measured 

with the thermocouple and the values obtained using the models was within 10 K during 

the whole six hours of heating [27]. 

Xing et al [28] conducted a similar study with the ferritic steel grade 430. They studied 

how the growth of oxide layer affects the spectral emissivity of the steel in the 
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temperature range 800-1100 K at a wavelength of 1.5 µm. The aim was to investigate the 

functionality of different emissivity models by fitting experimentally measured data to 

the models and comparing the results with experimental results. The 11 emissivity models 

evaluated in the study are presented in Table 3. The models are divided into four groups: 

polynomial function emissivity model (PFE), polynomial log emissivity model (PLE), 

polynomial exponential emissivity model (PEE), and log exponential emissivity model 

(LEE).  

Table 3. Emissivity models for 430 [28] 

MODEL FUNCTION 

PFE  

1-1 𝑎1 + 𝑎2𝑡 + 𝑎3𝑡2 

1-2 𝑎1 + 𝑎2𝑡 + 𝑎3𝑡2 + 𝑎4𝑡3 

1-3 𝑎1 + 𝑎2𝑡 + 𝑎3𝑡2 + 𝑎4𝑡3 + 𝑎5𝑡4 

PLE  

2-1 𝑎1 + 𝑎2𝑡 + 𝑎3 ln 𝑡 

2-2 𝑎1 + 𝑎2𝑡 + 𝑎3𝑡2 + 𝑎4 ln 𝑡 

2-3 𝑎1 + 𝑎2𝑡 + 𝑎3𝑡2 + 𝑎4𝑡3 + 𝑎5 ln 𝑡 

PEE  

3-1 𝑎1 + 𝑎2 exp(𝑎3𝑡) 

3-2 𝑎1 + 𝑎2𝑡 + 𝑎3 exp(𝑎4𝑡) 

3-3 𝑎1 + 𝑎2𝑡 + 𝑎3𝑡2 + 𝑎4 exp(𝑎5𝑡) 

LEE  
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4-1 𝑎1 + 𝑎2 ln 𝑡 + 𝑎3 exp(𝑎4𝑡) 

4-2 𝑎1 + 𝑎2𝑡 + 𝑎3 ln 𝑡 + 𝑎4 exp(𝑎5𝑡) 

 

The results show that models with more parameters performed better. All five-parameter 

models as well as the four-parameter LEE model were found to be able to fit the variation 

of spectral emissivity with heating time at a constant temperature (Figure 20). In addition, 

all PEE models and model 3-1 were found to give good fitting results. Temperature error 

caused by steel oxidation was estimated to be approximately 4.1-10.7K [28]. 

Figure 20. Fitting curves obtained by different emissivity models 430. Modified from 

[28]. 

Shi et al. [32] performed the same study for the austenitic steel grade 316L. The goal of 

the study was to find suitable models to describe the effect of heating and the formation 

of an oxide layer on the spectral emissivity of steel. The experimental part of the study 

was carried out using the same methods and conditions as in the previously presented 

study of a grade 430 steel. Emissivity data was collected in 20 K steps from 800 K to 

1100 K. Two emissivity models were found to have suitable fitting quality for the 

collected data (Figure 21).  
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                                           ɛ𝜆 = 𝑎1 + 𝑎2𝑡 + 𝑎3 ln(𝑎4 + 𝑎5𝑡)                                                   (25)  

                                         ɛ𝜆 = 𝑎1 + 𝑎2𝑡 + 𝑎3 ln 𝑡 + 𝑎4 exp(𝑎5𝑡)                                             (26) 

Figure 21. Fitting curves obtained by different emissivity models 316L. Modified from 

[32]. 

 

Based on the figure, it can be concluded that the fitting quality of both models is at a good 

level. The parameters needed for fitting are visible at [32]. 
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5 MATERIALS AND METHDOS 

5.1 Materials 

In the experimental part of the work, the annealing of austenitic AISI 316 steel was 

simulated. The annealing tests were performed in a tube furnace located in the process 

metallurgy laboratory at the University of Oulu. The sample material used in the 

annealing tests were austenitic AISI 316 cold rolled stainless steel from Outokumpu 

Stainless Oy in Tornio. The 2 mm thick steel sheets were cut into suitable sample pieces, 

approximately 30 mm x 25 mm using a Struers Secotom-10 cutter. Before the annealing 

tests, holes were drilled in the samples and the samples were washed with acetone and 

dried with paper towels. Table 4 shows the composition of the sample material. 

 

  

Table 4. Composition of cold rolled AISI 316 test material. 

5.2 Furnace 

The annealing experiments were carried out in the tube furnace shown in Figure 22. The 

sample was hung on a hook made of platinum wire. The hook/platinum wire is connected 

to the height adjustment equipment. Thermocouple below the hook measures the 

temperature from the center of the sample. The platinum wire and the thermocouple wires 

are protected by a ceramic tube.  

                                                 Composition (wt-%) 

C Si Mn P S Cr Ni Mo N 

0.02 0.5 0.9 0.033 0.001 17.0 10.0 2.0 0.04 
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Figure 22. Tube furnace at the Process Metallurgy Research Unit. 

The temperature in the furnace varies depending on the depth. Therefore, vertical 

temperature profiles have been defined for the furnace and the annealing programs are 

built based on temperature profiles. 
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5.3 Experiments 

5.3.1 Annealing 

The annealing tests were performed in a tube furnace using three different temperatures 

and three different holding times. The experiments were performed at three temperatures 

(1100 °C, 1150 °C and 1200 °C) using three holding times (1 min, 3 min and 5 min). The 

atmosphere used in the annealing experiments imitated the annealing atmosphere or 

industrial annealing lines. In addition, 5-minute annealing tests in inert and inert/reducing 

atmospheres were performed. The compositions of the atmospheres used are shown in 

the table 6. The amount of gas fed into the furnace was 2 l/min. The program created for 

the annealing tests controlled the vertical position of the sample and the atmosphere in 

the furnace. The driving program enabled the annealing to be divided into pre-annealing, 

annealing, and cooling phases. In the pre-annealing, the temperature of the sample was 

raised to about 950 °C by lowering the sample in the furnace. During the annealing phase, 

the temperature of the sample was raised close to the target value and the annealing was 

continued according to the desired holding time. During the cooling phase, the 

temperature of the sample was lowered by raising the sample back to the top part of the 

furnace. Figure 23 shows temperature profiles of the samples at 1200 °C. The performed 

annealing tests are summarized in a table 5.  

Figure 23. Temperature profiles for 1200 °C annealing temperature. 
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Table 5. Annealing tests 

Grade: AISI 316  

Number  Sample  Atmosphere  Temperature (°C)  Holding time (min)  

1  316–1100-1min-CH4-Air CH4-Air  1100  1  

2  316–1100-3min -CH4-Air  CH4-Air  1100  3  

3  316–1100-5min -CH4-Air  CH4-Air  1100  5  

4  316–1150-1min -CH4-Air  CH4-Air  1150  1  

5  316–1150-3min -CH4-Air  CH4-Air  1150  3  

6  316–1150-5min -CH4-Air  CH4-Air  1150  5  

7  316–1200-1min -CH4-Air  CH4-Air  1200  1  

8  316–1200-3min -CH4-Air  CH4-Air  1200  3  

9  316–1100-5min -CH4-Air  CH4-Air  1200  5  

10  316–1200-5min-N2  
 

N2  1200  5  

11  316–1200-5min-N2-CO  
 

N2-CO  1200  5  

 

The “CH4-Air” atmosphere describes the combustion of methane in industrial line 

annealing using a 20 % excess air, while the “N2-CO” atmosphere describes inert or 

slightly reducing atmosphere. Carbon monoxide was added to the atmosphere to prevent 

oxidation, as the surface of the steel oxidized in nitrogen atmosphere. The annealing 

furnace is open, so the oxidation was probably caused by oxygen in the air. The gas 

composition of the atmospheres is shown in the Table 6. 

Table 6. Annealing atmospheres 

  Gas (volume-%)  

Atmosphere  Air  CO2  H2O  N2  CO  

CH4-Air  15,33  8  16,1  60,57  -  

O2: 3,22  

N2: 12,11  

N2  -  -  -  100  -  

N2-CO  -  -  -  99  1  

 

5.3.2 Emissivity 

The emissivity of the steel was measured during annealing. The emissivity measurements 

were performed in the same furnace as the annealing tests with the set up shown in Figure 

24. The emissivity measurement is based on the difference between the temperature given 
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by the pyrometer and the actual temperature given by the thermocouple. The 

thermocouple is located at the bottom of the sample holder as shown in Figure 24. The 

pyrometer measures the temperature from the top surface of the sample. Figure 25 shows 

the schematic structure of the system. 

Figure 24. Emissivity measurement setup. 
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Figure 25. Schematic structure of the emissivity measurement system. 

The five-minute annealing programs used earlier in the annealing tests were used in the 

emissivity measurements. The programs were modified so that whenever the desired 

annealing times (1 min, 3 min, and 5 min) were reached, nitrogen was fed into the furnace 

for 30 seconds, during which the emissivity was measured. The purpose of the supplied 

nitrogen was to interrupt the oxidation reaction during the measurement in order to reduce 

the error of the emissivity measurement. Emissivities were measured using the method 

explained in section 4.1. The measurements were performed in a 30-second time windows 

by adjusting the emissivity value of the pyrometer so that the temperature given by the 

pyrometer and the thermocouple matched. The correct emissivity value was read when 
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the temperatures matched. The measurements were made at temperatures, holding times, 

and atmospheres corresponding to annealing experiments. The wavelength of the 

pyrometer used was 1.6 µm. Emissivity results are presented in Section 6.4. 

5.4 Analysis 

The annealed samples were analyzed using Field Emission Scanning Electron 

Microscopy (FESEM), Energy Dispersive Spectroscopy (EDS) and Glow Discharge 

Optical Emission Spectroscopy (GDOES). The FESEM used was a Zeiss ULTRA plus 

with equipped EDS. Before FESEM-analysis, the samples were epoxied, cut to 

appropriate sizes, and polished. The resulting finished FESEM-sample is presented in 

Figure 26. 

Figure 26. Sample ready for FESEM inspection. 
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5.5 Modeling 

The aim of the modeling was to develop a mathematical model to describe the effect of 

the scale layer formed during annealing on the emissivity of the steel. The Python 

language was used for the programmatic implementation of the model. Python is one of 

the most popular programming languages and can be used from very simple calculations 

to very demanding scientific calculations. 

 

The modeling started by developing a model that utilizes different oxidation time laws, 

which can be used to predict the growth of the scale layer at different annealing 

temperatures and holding times. The predictive performance of the time laws was 

evaluated by comparing the results they gave with the experimental results determined in 

the annealing tests. The evaluated time laws were parabolic (equation 10), logarithmic 

(equation 9) and linear (equation 8). The parabolic time law was chosen because, 

according to the literature, many steel grades follow this kind of oxidation mechanism. 

Parabolic scale growth is based on diffusion on the steel surface. As the scale layer 

increases, the diffusion distance increases, and diffusion slows down. Therefore, 

scale growth slows down as the scale layer grows. The logarithmic time law is a general 

description of oxidation for thin layers and the linear time law was chosen because in the 

annealing experiments it was found that breakaway oxidation occurred at an annealing 

temperature of 1200 °C. Differential forms of time laws and the Arrhenius equation were 

used for calculation. Arrhenius curves were also drawn for each model to calculate 

activation energies and frequency factors. Activation energies and frequency factors for 

different time laws are collected in Table 7. The 4th order Runge-Kutta method known as 

rk4 was used to solve the differential equations in the model. For the differential equation: 

                                                             �̇� = 𝑓(𝑡, 𝑦),                                                            (27) 

where: 

                                                             𝑦(𝑡0) = 𝑦0,                                                           (28) 

the generalization of the explicit rk4 method used in the calculations is defined using the 

following recursion formula: 

                                          𝑦𝑛+1 = 𝑦𝑛 +
ℎ

6
(𝑘1 + 2𝑘2 + 2𝑘2 + 𝑘4),                                       (29) 

where: 

                                                          𝑘1 = 𝑓(𝑡𝑛, 𝑦𝑛),                                                         (30) 

                                                  𝑘2 = 𝑓(𝑡𝑛 +
ℎ

2
, 𝑦𝑛 +

ℎ

2
𝑘1),                                              (31) 
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                                                𝑘3 = 𝑓(𝑡𝑛 +
ℎ

2
, 𝑦𝑛 +

ℎ

2
𝑘2),                                                    (32) 

                                                𝑘4 = ℎ𝑓(𝑡𝑛 + ℎ, 𝑦𝑛 + ℎ𝑘3).                                              (33) 

 

The step size h used in the calculation was one second. Figure 27 shows the growth of the 

scale layer predicted by the model at a temperature of 1200 °C with three different step 

sizes. The Figure shows that the 1s step size used in the modeling does not affect the 

accuracy of the calculation, since the 1s curve is identical to the 0.1s curve. 

Correspondingly, the curve with a larger step size of 10s differs from the others, and 

modeling with such a large step size would not be reliable. 

 

Figure 27. Predicted scale growth with three different step sizes (AISI 316L at 1200 °C 

in the CH4 Air atmosphere). 

 

Table 7. Activation energies and frequency factors for models for AISI 316 annealed in 

the CH4 Air atmosphere.  

Parabolic  Logarithmic  Linear  

EA(J/K·mol)  A  EA(J/K·mol)  A  EA(J/K·mol)  A  

136851.2  6.86E-07  65446.7  0.002337  185405  2.18  

  

After creating the model that uses different oxidation time laws to predict the scale layer 

growth, the next step was to develop a simple two-parameter model for predicting the 

emissivity as a function of scale formation and temperature. Modeling started by 

performing a multivariate regression analysis on experimental emissivity data obtained 
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from emissivity tests. The regression lines obtained from the regression analysis were 

placed in Python code. The equation for emissivity placed in the code is as follows:  

 

                                                ɛ = 𝐴1 + 𝐵1𝑚 + 𝐶1𝑇,                                                          (34) 

  

where m is the scale layer mass predicted by the model (g/mm2), T is the annealing 

temperature (K) and A1, B1 and C1 are the defined regression coefficients. Regression 

coefficients are presented in Table 8.  When comparing the emissivities predicted by the 

model and the actual measured emissivities, it was noticed that at temperatures below 

1423.15 K the linear regression model is not suitable. In order to predict the emissivity 

on a wider scale, a linear-log model was created for lower temperatures: 

 

                                                    ɛ = 𝐴2 + 𝐵2𝑚 + 𝐶2 ln 𝑇,                                                          (35) 

 

 Table 8. Regression coefficients. 

Regression coefficients 

A1 A2 B1 B2 C1 C2 

-0.54382  -7.62938 1700.71  1698.504 0.000795  1.131844 

 

The values entered into the model for calculation are activation energy Ea, frequency 

factor A, general gas constant R and temperature T. After running the code, the model 

asks for the time at the beginning of the calculation t0, the mass of the scale layer at the 

beginning m0, the annealing time tn and the number of steps in the calculation. As a result, 

the model gives an excel table where the first column contains the time, the second 

column contains the predicted mass of the scale layer, and the third column contains the 

predicted emissivity. The Python code for the model is in Appendix 3.  
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6 RESULTS 

6.1 Annealing results 

This chapter presents the results of the annealing tests. The results consist of photographs, 

FESEM-images, EDS analyzes and results from the GDOES analysis. FESEM was used 

to examine the structure of the scale layers. It provided a good overview of the scale layer 

structure and differences between the experiments. To compare the surface differences, 

pictures of the sample surfaces were taken with the same magnifications. Magnifications 

were 250X, 1000X, and 3500X. EDS-maps and point analysis were used to examine how 

the elements are distributed in the scale layers and the GDOES results were used to 

determine the thickness of the scales. 

6.2 Effect of temperature and holding time 

The effect of the temperature on the thickness of the scale layer was studied based on the 

results of GDOES. The annealing temperature was found to have an effect on the 

thickness of the scale layer formed with a constant holding time (see Table 9). For all 

three holding times employed, an increase in the annealing temperature led to an increase 

in the scale layer thickness. 

Table 9. Summary of scale layer thicknesses. 

Sample  Scale layer 

thickness (µm)  

316-1100-1min  0.26  

316-1150-1min  0.46  

316-1200-1min  0.44  

316-1100-3min 0.48 

316-1150-3min 0.59 

316-1200-3min  1.03 

316-1100-5min 0.64 

316-1150-5min 0.79 

316-1200-5min-N2  0.55  

316-1200-5min-N2CO  0.36   

 

The same conclusion can be drawn from FESEM images. Figures 28 a - c show samples 

annealed for three minutes at different temperatures. For comparison, all figures are at 
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1000X magnification. Similar results can be observed with one- and five-minute holding 

times (Appendixes 1 and 2). 

Figure 28. FESEM images of three-minute annealed samples. a) 1100 °C, b) 1150 °C, 

and c) 1200 °C. 

The Figures show that there is not a big difference between the samples annealed at 1100 

°C and 1150 °C. Both formed a thin and continuous scale layer with occasional small 

oxide deposits as shown in Figure 28 (a). At the highest annealing temperature of 1200 

°C, larger oxide deposits were found on the entire surface area. 

The annealing holding time was found to influence the scale layer formed. A longer 

holding time resulted in a thicker scale layer at all temperatures (Table 7). Figures 29 

shows samples annealed at 1200 °C with different holding times at a 1000X 

magnification. 
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Figure 29. Samples annealed at 1200 °C with holding times of a)1 min, b) 3 min, and   

c) 5 min. 

With the shortest holding time of one minute (in Figure 29a), a very thin oxide layer 

formed on the sample surface. With a holding time of three minutes, the entire surface 

was full of oxide deposits (in Figure 29b). The five-minute sample formed clearly thicker 

scale layer, which had a two-layer structure. The outer scale layer is partially detached 

from the surface as seen in Figure 29c. Most of the outer layer had peeled off when the 

sample cooled after annealing (Figure 30). 

Figure 30. Mostly detached outer scale layer. 
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6.3 Characterization of the scale layer 

The composition of the scale layers was examined with an EDS map and point analyses. 

Samples that were annealed for on one minute formed a very thin scale layer at all 

temperatures. Figure 31 shows the surface of the sample and the distribution of elements 

in the scale with an annealing time of one minute at 1200 °C. Based on the Figure, it can 

be concluded that the formed thin layer of scale is mainly chromium oxide. Similar 

observations were made for the one-minute samples annealed at 1100 °C and 1150 °C 

(llite).  

Figure 31. Sample surface and EDS-map of the scale (1200 °C, 1 min). 

The samples annealed for three minutes formed a clearly thicker scale layer and more 

complex structures. At a temperature of 1100 °C, a constant chromium oxide layer was 

formed (Figure 32). In addition to the chromium oxide layer, small iron oxide nodules 

were observed on the surface (Figure 33). 

Figure 32. Sample surface and EDS-map of the scale (1100 °C, 3 min). 
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Figure 33. Iron oxide nodule and its elemental composition. 

At higher temperatures (three-minute holding time), the amount of iron oxide was found 

to increase. The amount and size of iron oxide noduled increased at 1150 °C compared to 

1100 °C. At 1200 °C, larger piles of iron oxide were formed covering almost the entire 

surface (Figure 34). The figure shows very clearly how the formed piles are very rich in 

oxygen and iron, while under the piles there is a thin chromium-rich layer. Therefore, the 

formed piles or the outer oxide layer is iron oxide, and the inner layer is a protective 

chromium-oxide layer. 

Figure 34. Sample surface and EDS map of the scale (1200 °C, 3 min). 

The sample annealed for five minutes at 1100 °C formed a chromium oxide layer covering 

almost the entire surface (Figure 35) and occasional iron oxide nodules (Figure 36). The 

results of the point analysis of the Figure are in the Table 10. 
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Figure 35. Sample surface and EDS-map (1100 °C, 5 min). 

 

Figure 36. Iron oxide nodule on the surface of the sample (1100 °C, 5 min). EDS 

analyzes of points 1-4 collected in Table 10. 

 

Table 10. Results of the point analysis (1100 °C, 5 min) 

   Elements    

Phase  0 (m-%)  Si (m-%)  Cr (m-%)  Mn (m-%)  Fe (m-%)  Ni (m-%)  

1  23.9  -  2.5  1.23  69.79  2.33  

2  20.22  0.16  4.7  0.83  74.1  -  

3  22.05  0.25  64.87  2.71  10.11  -  

4  24.11  1.58  61.06  -  12.04  1.21  

 

Based on the Table 10, the structure in points 1 and 2 is iron oxide and is chromium oxide 

in points 3 and 4. The same conclusion is reached when examining the EDS element map 

of the same structure (Figure 37). Based on the EDS map, it can be concluded that the 

thin layer covering the entire surface and continuing under the iron oxide nodule is 
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chromium oxide. The EDS map also reveals some silicon deposits visible in yellow 

deeper in the matrix. 

Figure 37. EDS map of the nodule. 

 

Figures 38 and 39 shows the surface of the sample annealed five minutes at 1150 °C. The 

surface of the sample mainly follows the structure shown in figure 34, i.e., several large 

oxide deposits have formed on it. Much larger deposits were also found on the surface, 

as in the Figure 39 where most of the scale has peeled off. 

Figure 38. Sample surface (1150 °C, 5 min). 

Figure 39. Sample surface 2 (1150 °C, 5 min). 

Based on the EDS map (Figure 40), the deposits formed are iron oxide and there is a 

protective chromium oxide layer under the deposits. Nickel and silicon rich areas can also 

be observed under the deposits.  
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Figure 40. Sample surface and EDS-maps (1150 °C, 5 min). 

The sample annealed for five minutes at 1200 C formed the thickest and most complex 

scale layer of all samples. The GDOES analysis of the sample failed, so the thickness of 

the scale layer could not be determined. Figure 30 shows how most of the scale has peeled 

off and how thick the layer has been. FESEM image (Figure 41) shows the two-layer 

structure of the scale. The upper, mostly detached scale layer is iron oxide (points 1 and 

7). The grey areas of the lower scale layer are an oxide consisting of oxidized iron and 

oxidized chromium (points 2 and 3). The lighter area of the structure consists of metallic 

iron, chromium, and nickel (points 4 and 5) The elemental compositions of the scale 

layers were determined using the EDS map and point analysis. The results are shown in 

Figure 42 and in Table 11. 



56 

Figure 41. Two-layer scale structure (1200 °C, 5 min). 

Figure 42. EDS-map of the two-layer scale (1200 °C, 5 min). 

Table 11. Results of the point analysis (1200 °C, 5 min). 

   Elements     

Phase  0 (m-%)  Si (m-%)  Cr (m-%)  Mn (m-%)  Fe (m-%)  Ni (m-%)  Mo (m-%)  

1  26.84  0.29  2.64  0.44  69.79  -  -  

2  26.92  -  26.31  -  38.69  0.62  7.45  

3  23.82  1.49  30.27  0.96  37.37  6.09  -  

4  8.89  0.74  12.27  -  54.23  23.86  -  

5  4.37  0.19  5.88  -  59.23  26.28  4.05  

6  -  0.66  17.91  1.06  70.22  10.15  -  

7  24.98  -  0.9  1.79  72.33  -  -  

8  26.86  -  41.32  -  31.19  0.63  -  
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6.4  Emissivity results 

Table 12 contains the results of emissivity measurements. The results show that a higher 

temperature and longer holding time led to a higher emissivity value in all tests. The test 

performed in an inert nitrogen atmosphere differs significantly from the test performed in 

CH4-Air atmosphere. Based on this, it can be concluded that oxidation plays a role in the 

emissivity of the steel. The thickness column of the table consists of the thicknesses of 

the scale layers previously determined in the annealing tests. Three measurements were 

made per sample and the reproducibility was at a good level, excluding the 1200 °C 

samples where there was clearly more dispersion between the measurements.  

Table 12. Emissivity measurements. 

Sample  
Temperature 

(°C)  

Thickness 

(µm)  
Atmosphere  Time  Emissivity  Average  

Run 1  Run 2  Run 3  

1100-1  1100  0.26  CH4-Air  1min  0.59  0.59  0.6  0.59333 

1100-3  1100  0.48  CH4-Air  3min  0.61  0.6 0.62  0.61 

1100-5  1100  0.64  CH4-Air  5min  0.61  0.61  0.64  0.62 

1150-1  1150  0.46  CH4-Air  1min  0.64  0.65  0.64  0.64333 

1150-3  1150  0.59  CH4-Air  3min  0.68  0.68  0.65  0.67 

1150-5  1150  0.79  CH4-Air  5min  0.73  0.75  0.72  0.7333 

1200-1  1200  0.44  CH4-Air  1min  0.69  0.68  0.7  0.69 

1200-3  1200  1.03  CH4-Air  3min  0.74  0.75  0.78  0.75667 

1200-5  1200  NA CH4-Air  5min  0.77  0.78  0.83  0.79333 

1200-1-N2 1200 NA N2 1min 0.58    

1200-3-N2 1200 NA N2 3min 0.58    

1200-5-N2 1200 NA N2 5min 0.62    

 

Figures 43, 44 and 45 describes the relationship between emissivity and the thickness of 

the scale layer. The effect of the oxide layer on the emissivity is clearly evident from the 

graphs as all of them are curves are rising. Measurements in a nitrogen atmosphere 

support this statement, as the measured emissivity values are clearly lower than in an 

oxidizing atmosphere. Since the temperature and holding time in the nitrogen atmosphere 

are the same as in the oxidizing atmosphere, there is no other explanation for the increase 

in emissivity than the growth of the scale layer.  
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Figure 43. Emissivity vs scale layer thickness for AISI 316 annealed for 5 minutes 

at 1100 °C. 

Figure 44. Emissivity vs scale layer thickness for AISI 316 annealed for 5 minutes 

at 1500 °C. 
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Figure 45. Emissivity vs scale layer thickness for AISI 316 annealed for 5 minutes  

at 1200 °C. 

6.5 Modeling results 

The first stage of the modeling was to develop a model that can predict scale growth at 

different temperatures and annealing times. Figures 46, 47 and 48 show how the different 

models predicts the scale layer growth as a function of time at different temperatures. For 

comparison, the orange graph shows the actual measured scale growth. The quantity to 

be measured was the thickness of the scale layer and not the mass. The thicknesses of the 

scale layers have been converted into masses by calculating the scale density from 

Vaarala's [23] results and assuming that AISI 304 and AISI 316 scale densities are 

equivalent. The results show that the parabolic model succeeds well in predicting scale 

growth at temperatures of 1100 °C and 1150 °C. Oxidation at a temperature of 1200 °C is 

a so-called break-away oxidation, so it behaves quite linearly, especially during a very 

short annealing time (3 minutes). However, it is quite likely that the parabolic model 

describes the growth of the scale layer the best also at a temperature of 1200 °C if the 

annealing time were longer. Therefore, the final model uses a parabolic shape to predict 

scale growth.  
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Figure 46. Comparison of measured and predicted scale growth (AISI 316L at 1100 °C 

in the CH4 Air atmosphere). 

 

Figure 47. Comparison of measured and predicted scale growth (AISI 316L at 1150 °C 

in the CH4 Air atmosphere). 
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Figure 48. Comparison of measured and predicted scale growth (AISI 316L at 1200 °C 

in the CH4 Air atmosphere). 

 

The next stage of the modeling was to predict how the emissivity of the steel changes 

during annealing. The regression equation created for the prediction now uses the scale 

mass growth predicted by the parabolic model. Figures 49, 50 and 51 shows the predicted 

and measured masses and emissivities of the scale layers for AISI 316L stainless steel. 

The model is good at predicting both scale layer growth and emissivity at a temperature 

of 1100 °C. At a temperature of 1150 °C, the model predicts scale growth well and 

emissivity moderately. Poorer predictability may be due to measurement uncertainty, as 

the measured emissivity curve differs greatly from the 1100 °C and 1200 °C curves. In 

the emissivity measurements, only three repetitions were made per sample, so presumably 

the shape of the 1150 °C emissivity curve is closer to the 1100 °C and 1200 °C curves 

than the Figure 50 suggests. At a temperature of 1200 °C (Figure 51), oxidation turns into 

break-away oxidation, so the growth of the scale layer is linear in time. In this case, the 

model is not able to predict very precisely, but is rather indicative. 
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Figure 49. Comparison of measured and predicted scale growth & emissivity (AISI 

316L at 1100 °C in the CH4 Air atmosphere). 

Figure 50. Comparison of measured and predicted scale growth & emissivity (AISI 

316L at 1150 °C in the CH4 Air atmosphere). 
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Figure 51. Comparison of measured and predicted scale growth & emissivity (AISI 

316L at 1200 °C in the CH4 Air atmosphere). 

 

6.5.1 Summary of the modeling 

The goal of the work was to create a mathematical model capable of predicting the growth 

of the scale layer and its effect on emissivity during annealing. The model was created 

based on experimentally determined measurement data. At lower annealing temperatures 

of 1100 °C and 1150 °C, the values predicted by the model are reasonably close to the 

measured values. However, the model is primarily indicative and not necessarily suitable 

for direct industrial use. Due to the limited time of the work, the number of repetitions in 

the experimental part remained small, and for the validation of the model, more annealing 

tests and emissivity measurements should be performed. In the literature, there are very 

few studies on the effect of annealing on emissivity with short annealing times of less 

than 5 minutes. There is therefore no good comparison data, so in order to predict the 

scale layer and emissivity of other steel grades, corresponding tests and measurements 

should be performed for each steel grade. However, as a result, it can be stated that the 

scale layer significantly affects the emissivity of the steel and the relationship between 

them can be modeled mathematically. 
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7 CONCLUSIONS 

The aim of this study was to create a mathematical model to describe the effect of scale 

growth of austenitic stainless steels on the emissivity during the annealing process. The 

material used in the experiments was austenitic 316L stainless steel and the experiments 

were carried out using a tube furnace that simulates the annealing conditions used in 

industrial scale annealing furnaces. Annealing tests and emissivity measurements were 

performed at three different temperatures with three different holding times. 

Temperatures were 1100 °C, 1150 °C, and 1200 °C. Holding times were 1 minute, 3 

minutes, and 5 minutes. The main atmosphere used in the experiments is an oxidizing 

atmosphere used in industry that simulates the atmosphere of methane combustion with 

20 % excess air. Another used atmosphere was inert nitrogen atmosphere, which was used 

to compare the effect of oxidation with the thickness of the scale layer and the emissivity 

of the steel. The annealed samples were analyzed using Field Emission Scanning Electron 

Microscopy (FESEM), Energy Dispersive Spectroscopy (EDS) and Glow Discharge 

Optical Emission Spectroscopy (GDOES). 

The GDOES analysis results showed that a higher temperature and longer holding time 

causes more oxidation in all cases. FESEM-EDS was used to determine the structures and 

elemental compositions of the scale layers formed during annealing. FESEM-EDS made 

it possible to precisely determine how to structure and composition of the scale layer 

changes according to holding time and temperature. For example, it showed that with 

short holding times of one minute, a thin uniform chromium oxide layer was formed at 

all temperatures, while with longer annealing times the most common scale structure 

consisted of iron oxide deposits of different sizes with a protective chromium oxide layer 

underneath. 

Emissivity measurements were performed in the same furnace, at the same temperatures, 

holding times and atmospheres as the annealing tests. The measurement was performed 

using a manual method, where the temperature measured by the pyrometer and the actual 

temperature measured by the thermocouple were set to match each other by adjusting the 

emissivity setting of the pyrometer. The emissivity results show that a higher temperature 

and longer holding time led to a higher emissivity value in all tests. The results also 

showed that the emissivity values were clearly lower in the nitrogen atmosphere than in 
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the oxidizing atmosphere. Based on this, it was concluded that the effect of the scale layer 

has a significant effect on the emissivity of the surface. 

Various oxidation models were investigated for the purpose of this study and the best 

performing one was the parabolic oxidation time law which was used in the final model. 

Input values for different models were obtained by utilizing the Arrhenius equation and 

Arrhenius plots. The model was implemented using the python programming language 

and the explicit 4th order Runge-Kutta method was used to solve the differential equations 

in the model.  The model obtained was able to predict annealing scale growth well, 

especially at temperatures of 1100 °C and 1150 °C. Multivariate regression analysis was 

performed on experimentally collected emissivity data and the obtained regression line 

was placed in the code of the model. At lower temperatures, the model manages to predict 

scale growth and emissivity reasonably well. Overall, however, the model is more 

indicative and improving its accuracy and predicting other steel grades would require 

more experiments.  
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Annealed AISI 316L samples at CH4-air atmosphere for 1 min (1100 °C, 1150 °C and 

1200 °C from top to bottom) 
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Annealed AISI 316L samples at CH4-air atmosphere for 5 min (1100 °C, 1150 °C and 

1200 °C from top to bottom) 

 

 

 

 

 

 

 

 

 

 



APPENDIX 2 

 

Dynamic scale model 

"""  

Dynamic scale model  

February 26, 2023  

Ville-Valtteri Visuri & Erno Lassila  

Process Metallurgy Research Unit  

University of Oulu  

"""  

import math  

   

# RK-4 method python program  

# function to be solved  

def f(t,m,model)  

    # Parabolic  

    if model == 1:  

        A   = 6.86E-07  

        dG  = 136851.1688  

        R   = 8.3145  

        T   = furnacetemperature(t)  

        k_p = A * math.exp(-dG/(R*T))  

        if m==0:  

           return k_p/(1E-5)  

        else: return k_p/m  

          

def furnacetemperature(t):  

    T = 1473.15  

    return T  

# or  

# f = lambda x: x+y  

# RK-4 method  

def rk4(x0,y0,xn,n,model):  

    import numpy as np   

   

    # Initialize tables  

    x_n_store    = np.empty(n)  

    y_n_store    = np.empty(n)  

      

    # Fill initial values  

    x_n_store[0] = x0  

    y_n_store[0] = y0  

      

    # Calculating step size  

    h = (xn-x0)/n  

      

    # Loop over time  

    for i in range(n):  

        k1  = h * (f(x0      , y0       , model))                           



APPENDIX 3 

        k2  = h * (f((x0+h/2), (y0+k1/2), model))  

        k3  = h * (f((x0+h/2), (y0+k2/2), model))  

        k4  = h * (f((x0+h)  , (y0+k3)  , model))  

        k   = (k1+2*k2+2*k3+k4)/6  

        yn  = y0 + k  

        y0  = yn  

        x0  = x0+h  

          

        # Store values  

        x_n_store[i] = x0  

        y_n_store[i] = yn  

          

    # Print results and return values      

    return x_n_store, y_n_store  

   

# Inputs  

print('Enter initial conditions:')  

t_0 = float(input('t_0 = '))  

m_0 = float(input('m_0 = '))  

   

print('Enter calculation point: ')  

t_n = float(input('t_n = '))  

   

print('Enter number of steps:')  

step = int(input('Number of steps = '))  

   

# RK4 method call  

t, m_scale_1 = rk4(t_0,m_0,t_n,step, 1)  

# determination of the regression equation and its coefficients  

# at lower temperatures (<1423.15 K) a different regression equation and coefficients are 

used  

   

T = 1473.15  

if T >= 1423.15:  

    A = -0.543819143  

    B = 1700.709616  

    C = 0.000795277  

else:   

    A = -7.62937825  

    B = 1698.503794  

    C = 1.131844101  

   

def E(A, B, C, m_scale_1, T):  

    if T >= 1423.15:  

       E = A  + m_scale_1*B + T*C  

       return E  

      

    if T < 1423.15:  

       E = A  + m_scale_1*B + math.log(T)*C  

       return E  

emissivity = E(A, B, C, m_scale_1, T)  

# Print results to Excel  
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import csv  

with open('results.csv', mode='w') as results:  

    results_writer = csv.writer(results, delimiter=',', quotechar='"', lineterminator='\r', 

quoting=csv.QUOTE_MINIMAL)  

      

    # Header  

    results_writer.writerow(['Time [s]', 'm_1 [g/mm2]', 'Emissivity'])  

    # Print mass change as a function of time + emissivity  

    for i in range(step):  

        results_writer.writerow([t[i], m_scale_1[i], emissivity[i]])  

    results_writer.writerow([])  

 

 


