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Abstract 
 
A martensitic stainless steel of the AISI 420 class was heat treated, using an hardening and a 
tempering step. The hardening treatment was identical for all treated samples and in the tempering 
step only time was varied. After the heat treatment the samples were stored for several days in a 
chamber, where the relative air humidity was kept constant. The influence of tempering time 
regarding oxide layer growth and its perceived color has been studied using optical microscopy and 
confocal microscopy. Also, the influence of relative air humidity during storage was studied, using 
optical microscopy and confocal microscopy.  
By a theoretical thin-film interference model an estimate for the oxide layer thickness was made, 
using tempering color as an indicator. Using previous estimate for the oxide layer thickness, a 
theoretical diffusion model was used to determine the diffusion constant of Fe in Fe2O3. In the 
diffusion model an estimate for the oxidized surface was made, using optical images and analyzing 
them with computer software. It was found that changing the tempering time made sure that 
different temper colors became observable each corresponding to a different oxide layer thickness: 
first showing yellow, then brown/bronze, red, purple and lastly blue. Storing the samples for the 
timespan used, held no observable difference. The confocal images showed no significant difference 
after tempering, this was also observed for storage. The experiment showed that oxidation is grain 
dependent, some grains are more oxidized than others. This is dedicated to the difference in crystal 
orientation between the grains. Finally, the found prefactor of the diffusion coefficient was much 
larger than the reference value for crystalline layers.  
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1 Introduction  
 
Philips Consumer Lifestyle (CL) Drachten is part of Royal Philips (commonly known as Philips). With 
133.000 employees in over 60 different countries and more than 60.000 patents Philips is one of the 
largest companies handling health, lifestyle and technology [1].  
hƴŜ ƻŦ tƘƛƭƛǇǎ /[Ωǎ Ƴƻǎǘ ǎǳŎŎŜǎǎŦǳƭ ǇǊƻŘǳŎǘǎ ƛǎ ǘƘŜ ŜƭŜŎǘǊƛŎ ǎƘŀǾŜǊΣ tƘƛƭƛǇǎ ǎǘŀǊǘŜŘ ōǳƛƭŘƛƴƎ these 
shavers in 1939 and is world market leader in electric shavers since 1960. In order to keep it that 
way, Philips still wants to improve their product and keep her customers satisfied. 
One of the components that Philips is eager to improve is the steel cap of the shaving heads. The 
caps separate the rotating razor blades from the skin. The caps are made from a stainless steel (class 
AISI 420), a type of steel that is easily deformable in the ferritic phase. 
 
Philips heat treats her products via an hardening step and a tempering step. And then stores them 
for an amount of time, a schematic representation is given in chart 1. The metal that comes directly 
from the factory (former in chart 1), goes into an hardening process at 1040Јὅ for 30 minutes. The 
hardening treatment is deprived of oxygen, thus the oxidation layer should be very small after this 
step (clean in chart 1). Also increasing temperature will increase diffusion effects and when the step 
is deprived of oxygen, decrease the passive layer. After the hardening step the samples are left to 
cool in air while traveling to the tempering step, this takes ten to fifteen minutes (step (b) in the 
chart). In (b), the sample comes in contact with oxygen and the temperature of the sample decreases 
to ambient temperature. This will force the iron and chromium ions to diffuse back to the surface 
and come in contact with oxygen to start a process called passivation. 
When the sample reaches the tempering step it should have a passivation layer but not additional 
oxidation. At the tempering step the samples are tempered, in air, at 250Јὅ for fifteen minutes. The 
contact with oxygen during this step will create a thin oxide layer and a color will be perceivable (e). 
After tempering, the caps are stored, in air, for several days in a room with <60% relative humidity. It 
is expected that the oxide layer continues to grow during this step. 
 
When the products exit these heat treatment steps with a noticeable oxidation layer, indicated by a 
color. Philips has to spend a lot of money, time and effort to remove this because the costumer does 
not want a tainted product. So it is very important to know what happens to the oxidation layer 
during these processes, in this research only the tempering step will be the main focus. This is the 
same for storage, if storing the samples in certain conditions stimulate the oxide layer to grow;  then 
that should be prevented. The goal of this research is to get a little more insight in how the oxide 
layer develops itself during these processes. In the process, an estimate will be made of the 
temperature independent diffusion coefficient of iron in iron oxide.  
  

(a) (b) (c) 

Color Clean 

(d) 

Former Hardening Tempering Storage 

(e) 

Color 

(f) 

Chart 1: Flow chart representing the sample treatment steps of Philips 
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2  Theory  
 
2.1 Tempering Heat Treatment  
 
Martensitic steel is obtained when an iron-carbon alloy is heated to the temperature at which its 
ferrite (body-centered cubic) structure transforms into (face-centered cubic) austenite (this process 
is called hardening) and is then rapidly cooled to a low temperature. The change from austenite to 
martensite is a transformation without diffusion, rapidly cooling austenite prohibits carbon diffusion 
to form ferrite and cementite phases.  
Martensite is the hardest, strongest but most brittle of all steel alloy microstructures [2]. Martensite 
steel owes this to the effectiveness with which the interstitial carbon atoms hinder dislocation 
motion and for having few slip systems because of its BCT (body centered tetragonal) structure. The 
hardness of martensite steels depends on the carbon content, hardness increases as the carbon 
content increases [2].  
 
Even though martensite is very hard, it is brittle. By tempering the material, the ductility and 
toughness are increased and internal stresses relieved. Tempering is done by heating the material to 
a temperature below the eutectoid (temperature at which, upon heating, ‌ iron starts to transforms 
into ‎ iron or a combination of the two) for a certain amount of time. This is done to prevent the 
formation of cementite, a microstructure that makes the material brittle. Temper temperatures are 
usually in the range of 250Јὅ to 650Јὅ, internal stresses may even be released at 200Јὅ [2]. 
Tempering allows diffusional processes to happen, transforming martensite to tempered martensite 
which has phases ‌ ferrite (BCC) and iron and chromium carbides. The material is still strong, but 
much more ductile than martensite. 
 
Because durƛƴƎ ǘŜƳǇŜǊƛƴƎ ǘƘŜ ƳŜǘŀƭΩǎ ǎǳǊŦŀŎŜ ƛǎ ƛƴ Ŏƻƴǘact with air, an oxidation process is expected 
ǘƻ ǘŀƪŜ ǇƭŀŎŜΦ ! ƭŀȅŜǊ ƻŦ ƻȄƛŘŜǎ ǿƛƭƭ ŦƻǊƳ ƻƴ ǘƘŜ ƳŜǘŀƭΩǎ ǎǳǊŦŀŎŜ ōŜŎŀǳǎŜ ƻŦ ǘƘŜ ǎǘƛƳǳƭŀǘŜŘ ŘƛŦŦǳǎƛƻƴŀƭ 
processes. For stainless steel of type 420, this layer is expected to consist of chromium oxide and iron 
oxide. This oxide layer can either be formed crystalline or amorphous, this means that it can be well 
structured or chaotic, respectively. The oxidation layer made during tempering is expected to be 
amorphous because no attempt is made to regulate the crystallization.  
Because of the disordered structure of amorphous layers the diffusion constant is expected to be 
much higher than the diffusion constant regarding crystalline layers. This expectation will be 
explained in chapter 2.4.  
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2.2 Oxide Growth With Heat Treatment  
 
Metal oxidation is a large scale observed phenomenon, which appears in many different forms. 
Probably the best known form is the rusting of iron. Oxidation is an electrochemical process, it can be 
represented by a reaction of the form: 

ὥὓ
ὦ

ς
ὕ  O ὓ ὕ  

 
IŜǊŜ ΨaΩ ǊŜǇǊŜǎŜƴǘǎ ŀ ƳŜǘŀƭ ǎǳŎƘ ŀǎ ƛǊƻƴ όCŜύ ƻǊ ŎƘǊƻƳƛǳƳ ό/ǊύΦ ¢ƘŜ ŦƻǊƳ ŀōƻǾŜ Ŏƻƴǎƛǎǘǎ ƻǳǘ ƻŦ ŀƴ 
oxidation and a reduction half-reaction. For instance with the forming of iron oxide: 
 

ὊὩ O ὊὩ ςὩ   
 ὕ τὩ ᴼςὕ  

 
The first reaction above (oxidation) takes place at the metal-film interface and the second (reduction) 
reaction takes place at the film-gas interface. Figure 1 is a schematic representation of the process at 
the interfaces. 

 
For the oxide film to grow, the electrons present in the oxidation reaction at the metal-film interface, 
have to travel through the film towards the film-gas interface for the reduction reaction to occur. 
Also the metal ions from the oxidation reaction have to diffuse through the film towards the film-gas 
interface, and/or the oxygen ions must diffuse towards the same interface [2].  

 
Stainless steel is alloyed with at least 10.5% chromium. When in contact with oxygen, iron oxides and 
chromium oxides will form at the materials surface to form an oxidation layer. Due to this layer of 
oxidation, known as the passive layer, stainless steel has a high corrosive resistance. The formed 
passive layer is chromium rich, protects the material from further oxidation and is about 3 to 5 
nanometers thick. Found in research by S. J. Kerber and J. Tverberg [3]. 
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In the case of stainless steel, the layer most likely 
consists out of two or more oxides. The theory remains 
the same for oxidation as stated above but in this case 
the diffusion through different metals will start to play 
an even bigger role in the formation of the oxidation 
ƭŀȅŜǊΦ CƻǊ ƛƴǎǘŀƴŎŜΥ ŎƘǊƻƳƛǳƳΩǎ ŀǇǇŀǊŜƴǘ ŘƛŦŦǳǎƛƻƴ 

coefficient (ADC) in ὅὶὕ (τȢχ ρπ ) is larger 

ǘƘŀƴ ƻȄȅƎŜƴΩǎ !5C in ὅὶὕ  (ψȢφ ρπ ) at 900Јὅ 

[4]. These diffusion rates are different for each ion and 
electron in each medium. This is the reason stainless 
steel has such a high corrosive resistance, the chromium 
enriched passive layer of stainless steel is very resistant 
to diffusion of, especially, oxygen from the film-gas 
interface (graph 1). Thus, protecting the metal 
underlying this passive film by preventing oxygen 
diffusion towards the metal-film interface [5]. 
 
During heating the oxidation is greatly increased as long as a 
sufficient amount of oxygen is present. Since the partial pressure of oxygen has no influence on the 
oxidation of chromium at 900Јὅ and 1000ЈὅΣ ƛǘ ƛǎ ŀǎǎǳƳŜŘ ǘƘŀǘ ǘƘƛǎ ŘƻŜǎƴΩǘ Ǉƭŀȅ ŀ ǊƻƭŜ ŀǘ ƭƻǿŜǊ 
temperatures either [6]. This great increase in oxidation is because diffusion rates increase and speed 
up the kinetic process. 
 
During hardening in this experiment, argon (99,999% pure) is used as a shielding gas and will prevent 
oxygen from reacting with iron and chromium. Therefore almost no oxide growth can be expected 
during hardening. However during tempering in air, the oxygen from the air will have full access to 
the surface of the sample and induce iron- and chromium oxides. Assuming iron and AISI 420 steel 
share the same kinetic dependencies: Increasing the temper time and temperature can be expected 
to form more oxidation on the materials surface [7][8].  
 
Temper Color 
 
When a metal is tempered in air at a certain temperature 
ŀƴŘ ŦƻǊ ŀ ǎǳŦŦƛŎƛŜƴǘ ǘƛƳŜΣ ǎƻ ŎŀƭƭŜŘ ΨǘŜƳǇŜǊ ŎƻƭƻǊǎΩ ōŜŎƻƳŜ 
visible on the metal (figure 2). These colors change with 
different temperatures, but the same color can also be 
reached by tempering at a lower temperature for a longer 
time (kinetic process). This is due to the formation of a thin 
oxide film during the tempering process [10][11]. In research done by W.H.J. Vernon (1935), it was 
shown that there is a critical temperature at which colors appear. With tempering above this critical 
temperature, temper colors will show but with tempering below this temperature the colors do not 
show but the metal still oxidizes [12].   
In papers by Paul Gordon (1979), therefore the ASM handbook, and A. Freiburg (1991)  ƛǘΩs shown 
that the color is due to the thickness of the oxide layer. This is confirmed in the paper by R.L. 
Higginson (2015) [13]: temper color depends on the oxidation film and varies with at least: time 
(logarithmically), temperature and material. This verifies the kinetics expectation made earlier and 
adds that the oxide film thickness is responsible for the different colors. The above researchers 
investigated the thickness of an oxide layer with respect to the color and also dedicates the colors to 
a pƘŜƴƻƳŜƴƻƴ ŎŀƭƭŜŘΥ άǘƘƛƴ-ŦƛƭƳ ƛƴǘŜǊŦŜǊŜƴŎŜέ[14]. 
According to Higginson, the colors appear in the following order for 304 type steel: yellow, red and 
blue. It is expected that the colors appear in the same order for 420 type steel. 

Figure 2: Temper colors on a piece of steel [9] 

Graph 1:  Comparison of the oxygen, iron and chromium 
ion diffusivities in chromia (Cr2O3) grown on 
Feς15%Cr [8]. 
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2.3 Thin -film Interferen ce 
 
Thin-film interference can be explained by a  
simplified model shown in figure 3. In this 
ŦƛƎǳǊŜΣ ΨὲΩ ƛǎ ǘƘŜ ǊŜŦǊŀŎǘƛǾŜ ƛƴŘŜȄ ƻŦ ǘƘŜ 
ƳŀǘŜǊƛŀƭ ǿƛǘƘ ΨŀΩ ōŜƛƴƎ ŀƴ ƛƴǘŜƎŜǊ ŦǊƻƳ ƻƴŜ ǘƻ 
ǘƘǊŜŜ ŀƴŘ ΨŘΩ ǊŜǇǊŜǎŜƴǘǎ ǘƘŜ ǘƘƛŎƪƴŜǎǎ ƻŦ ǘƘŜ 
film. The incident angles are represented by 
Ψ—bΩ ǿƛǘƘ ΨōΩ ƛǎ ƻƴŜ ŦƻǊ ǘƘŜ ƛƴŎƛŘŜƴǘ ŀƴƎƭŜ ŀǘ Ψ!Ω 
ŀƴŘ ǘǿƻ ŦƻǊ ǘƘŜ ƛƴŎƛŘŜƴǘ ŀƴƎƭŜ ŀǘ Ψ.ΩΦ ¢Ƙƛǎ 
model is simplified in several ways: First of all, 
not all the light follows the path (red line) 
described here. Some of the light stays in the 
ƳŀǘŜǊƛŀƭ ōȅ ǊŜŦƭŜŎǘƛƴƎ ŀǘ Ψ/Ω ƛƴ ǘƘŜ ŦƛƎǳǊŜΣ ƎƻƛƴƎ 
back to the boundary between n2 and n3. From 
there it can reflect again and exit the film later, 
this can repeat itself an infinite amount of 
times. Secondly, in the model the layers are parallel to each other but that is not the case for a real 
surface, there is at least a wedge. Thirdly, since the oxidation layer can exist out of one, two or more 
layers, the one layer model might not be accurate enough to use in a calculation for the layer 
thickness. Fourthly, the interface between the layer and the bulk is expected to be fully reflective.  
Fifthly, the oxide layer is considered to be homogeneous.  
 
!ǎ ǎƻƻƴ ŀǎ ǘƘŜ ƭƛƎƘǘ ŜȄƛǘǎ ŀǘ Ǉƻƛƴǘ Ψ/Ω ƛƴ ŦƛƎǳǊŜ оΣ ƛǘ ƛƴǘŜǊŦŜǊŜǎ ǿƛǘƘ ǘƘŜ ŘƛǊŜŎǘƭȅ ǊŜŦƭŜŎǘŜŘ ƭƛƎƘǘ ƻŦ Ψ!ΩΦ 
Because the beams did not travel the same path length there will be a phase difference, this will 
ǊŜǎǳƭǘ ƛƴ ŎƻƴǎǘǊǳŎǘƛǾŜ ƻǊ ŘŜǎǘǊǳŎǘƛǾŜ ƛƴǘŜǊŦŜǊŜƴŎŜΦ ¢ƘŜƛǊ ƻǇǘƛŎŀƭ ǇŀǘƘ όΨὰΩύ ŘƛŦŦŜǊŜƴŎŜ ƛǎΥ  
 

Ўὰ  ὲϽὃὄ ὄὅ ὲϽὃὈ ςὲϽὃὄ ὲϽὃὈ 
ςὨϽὲ

ÃÏÓ—
ςὨϽὲϽÔÁÎ— ϽÓÉÎ— ςὨὲÃÏÓ —  

 

The last step was produced by using the law of Snellius: ὲÓÉÎ— ὲÓÉÎ — , ÔÁÎ—  

and ρ ÓÉÎ— ÃÏÓ— . The path difference brings forth a phase difference of: 
 

Ў‰ ςὲὨὧέί—  

 
Note that, when light goes from a medium with ὲ to a medium with ὲ and ὲ ὲ , the reflected 
waves undergo a 180Ј ǇƘŀǎŜ ǎƘƛŦǘΦ {ƻ ŀǘ ōƻǘƘ ƛƴǘŜǊŦŀŎŜǎΣ Ǉƻƛƴǘǎ Ψ!Ω ŀƴŘ Ǉƻƛƴǘ Ψ.Ω ƛƴ ŦƛƎǳǊŜ оΣ ǘƘŜǊŜ ǿƛƭƭ 
be a 180Ј phase shift [16]. That means if:  

 
ςὲὨὧέί—  ά‗ 

 
όΨƳΩ ƛǎ ŀƴ integer), there is constructive interference and will lead to an interference maximum. But 
when: 
 

ςὲὨὧέί— ά ‗ 

 
There will be destructive interference which leads to an interference minimum. 
 

Figure 3: Schematic picture of thin-film interference [15]. 

(3) 

(1) 

(2) 

(4) 
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White light contains all visible wavelengths, ranging from 380 nm to 750 nm wavelengths, shown in 
figure 4. At the right thickness, one wavelength will constructively interfere and be perceived while a 
part of the rest of the spectrum destructively interferes and dies out. Thus one can expect the colors 
with the shorter wavelengths to have more interaction, either constructive or destructive, at smaller 
film thickness than the colors with a longer wavelength. As the thickness of the layer increases, the 
colors repeat themselves, figure 5. For example: the first blue color will be 1st order interference 
maximum (ά ρ in equation (3)), the second blue color will be 2nd order interference maximum 
(ά ς in equation (3)), etcetera.  
 
According to this model, if the metal turned yellow after heat treatment it means its oxide layer 
should be thicker compared to blue metal, assuming a layer of 1st order (ά  ρ). 
 
To make a prediction of the thickness of the oxide film 
with this model, one needs to know which interference 
fringe shows up on the metal. Leading to the following 
prediction, assuming the layer only consists of ὅὶὕ  or 
ὊὩὕ and that the angle of the light incident on the 
surface (— in equation (3)) is πЈ: that the thickness 
corresponding to the first order blue color is about 45 

nm (Ὠ
Ͻ

 , (3)), since the refractive index of ὅὶὕ  

and ὊὩὕ  are 2.47 and 2.5, respectively [18]. The 
refractive indices of iron and chromium are: 2.87 and 
3.51, respectively [19]. Therefore: ὲ ὲ ὲ is 
satisfied.  
It is possible that the blue color is not observed at this 
thickness and that the thickness at which colors start to 
be visible is yellow (about 580 nm), corresponding to a 
film thickness of about 58 nm. This would be in 
agreement with the earlier theory about temper color, 
expecting yellow as the first color to show. The next blue color would be the interference maximum 
with: ά ς in equation (3), corresponding to a film thickness of 90 nm. So it is unclear at which 
interference fringe one is looking and to confirm this, research must be done. 
 
For this final prediction to be accurate, a few assumptions have to be made based on earlier stated 
theory. First, there has to be a critical point at which oxidation starts to become visible [12]. 
Secondly, stainless steel 304 corresponds to AISI 420 when it comes to oxidation color sequence [13]. 
That way it is possible for yellow to show up first instead of blue. The second assumption is made 
based on the similarities between 304 type steel and 420 type steel. The most significant difference 
is the chromium content which is 18-20% for 304 type steel. 
 

Figure 5: Interference colors, each color resembling a 

different film thickness [20] 

Figure 4: The visible spectrum, with wavelength and color [17]. 
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Lastly, there can also be optical absorption but this can be neglected since the absorption constant of 
Fe2O3 ͯ ρπ ὧά  [21]. And the oxide layer is of a nanometer thickness so the absorption in a layer 
this thin will be negligible. 
 
2.4 Diffusion model  
 
In order to get a value for the temperature independent diffusion constant of iron in iron(III)oxide 
(Fe2O3), a model is used that needs a few assumptions to work. The first assumption is that an 
observation is used to determine color and its corresponding wavelength. Secondly, a surface 
average is taken of that color, here it is estimated how much of the surface is covered by this 
particular color. The third assumption being the volume estimate, by using the thin-film interference 
model (equation (3)) the thickness will be determined and therefore the volume, so it is assumed the 
equation is correct and unaffected by the models assumptions. The final assumption is that the oxide 
layer only consists of Fe2O3. This last one is partially proven by using XPS (X-ray Photoelectron 
Spectroscopy) of the surface of a blue sample and a yellow sample. In both cases there were only 
iron oxides found, it is important to note that the difference between iron oxides could not be 
determined. The graphs only showed that chromium oxide was little to not present and that the 
surface consisted of iron oxides (Fe2O3, Fe3O4, etc.), the graphs are shown in appendix A. 
The formula for the flux ὐ ά ί  of matter through a surface per unit of time is ƎƛǾŜƴ ōȅ CƛŎƪΩǎ 
first law [22]: 
 

ὐ Ὀ   

 

Here Ὀ is the diffusion coefficient dependent of temperature with unit . ὅ ὧά  is the number 

density of particles with units number per meter cubed and ᾀ ὧά is the diffusion distance. The 
diffusion distance is related to the layer thickness in the experiments problem. 

Using the molar mass (ὓ ȟ ) of Fe2O3, density (”ȟ ) of Fe2O3 and AǾƻƎŀŘǊƻΩǎ ƴǳƳōŜǊ 

(ὔȟάέὰ ) the number of molecules Fe2O3 in a volume (ὔ ) of oxide layer can be found as a 

function of the layer thickness (ᾀȟὧά. 
 

ὔ ὔ  

 
Lƴ Ŝǉǳŀǘƛƻƴ όсύΣ ǘƘŜ ΨὛΩ ƛǎ the surface covered by the oxidation, determined from the experiment. 
Another assumption is made that allows the number of molecules to be related to the number of Fe 

ions that are diffusing: ὔ Ͻὔ . Taking into account that tƘŜǊŜΩǎ ƴƻǘ ƻƴƭȅ ƛǊƻƴ ŘƛŦŦǳǎƛƻƴ ōǳǘ 

also oxide diffusion, it is assumed that the average diffusion distance of iron ὼ is half the thickness 

of the oxide layer: ὼ ᾀ. It follows that oxygen supply is considered unlimited and graph 1 raises 

the expectation that the diffusion constants of iron and oxide ions are roughly of the same order of 
magnitude. 
 With the result of equation (6), the flux of Fe can be determined: 
 

ὐ
ὔ

Ὓὸ

ς”ὼ

ὓ ὸ
ὔ  

 

To determine ΨὈΩΣ ǘƘŜ ƻƴƭȅ ƳƛǎǎƛƴƎ ǘerm is Φ !ǎǎǳƳƛƴƎ CŜΩǎ ǇǊŜǎŜƴŎŜ ƛƴ ǘƘŜ ƭŀȅŜǊ ŘŜŎǊŜŀǎŜǎ ƭƛƴŜŀǊƭȅ 

to zero, the slope  is found. Assuming the presence of Fe at the metal-oxide interface is 85% of ὔ 

and 0% at the oxide-air interface (based on the material weight percentage, given later in the 

(5) 

(6) 

(7) 
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experimental setup), the ratio becomes: 
Ȣ

ὢ. Note that ὔ  is chosen here as a 

number of ions per unit volume, it follows that: 
 

Ὀ  

 
Now that the temperature dependent coefficient is found, the temperature independent coefficient 
can be calculated with the formula [2]: 
 

Ὀ ὈὩ   
 

With Ὀ  being a temperature-independent pre exponential ( ), Qd is the activation energy for 

diffusion ( ). R is the universal gas constant (8.31 
Ͻ

) and T is the temperature in Kelvin. 

¢ƘŜ ǳƴƛǾŜǊǎŀƭ Ǝŀǎ Ŏƻƴǎǘŀƴǘ ƛǎ ǳǎŜŘ ƛƴǎǘŜŀŘ ƻŦ .ƻƭǘȊƳŀƴƴ Ŏƻƴǎǘŀƴǘ ōŜŎŀǳǎŜ ŎŀƭŎǳƭŀǘƛƴƎ ǿƛǘƘ ƳƻƭŜΩǎ 
instead of molecules offers a practical preference. In order to use equation (9), ὗ  must be known. It 
is important to note that ὗ  has to be the value found for diffusion of Fe in Fe2O3. Literature of 

Atkinson and Taylor (1985) [23] gives: ὗ υχψ  and Ὀ ρȢφϽρπ  in crystalline hematite 

(Fe2O3). The found values for the density and molar mass of Fe2O3 are υȢςτς  [24] and ρυωȢφω , 

respectively. 
 
The Amorphous layer 
 
In the first paragraph of this chapter it was mentioned that it is expected that the prefactor Ὀ  is 
larger for an amorphous layer. The values found in the research done by Atkinson and Taylor, are 
values found for a crystalline layer. Since it is unclear what the composition is of the layer formed 
during tempering, the possibility of an amorphous layer will be taken into account.  
When considering diffusion as a process driven by atoms jumping from one interstitial site to the 
next and Ὕ ᴼπ, equation (9) gives Ὀ . In terms of diffusion entropy ɝὛ, Ὀ  can be written as: 
 

Ὀ ὫὪὺὥὩ  
 

Where Ὣ is a geometrical factor, Ὢ is the correlation factor, ὺ is the jump attempt frequency and ὥ is 
some lattice parameter [25]. Considering direct interstitial diffusion to derive a physical meaning of 
the activation parameters,  the diffusion entropy can be related to the migration entropy: ɝὛO Ὓ . 
Here Ὓ  denotes the migration entropy. It is derived from the Gibbs free energy of migration Ὃ  
through: 
 

Ὃ Ὄ ὝὛ  
 

Here Ὄ  is the enthalpy of migration. Equation (11) denotes the difference in the Gibbs free energy 
when a diffusing atom is between two atoms in the crystal structure (saddle-point) and the 
equilibrium state (interstitial sites). 
 
From analysis of equation (10), the factor that will have the most influence on Ὀ  is Ὓ  (when the 
difference between amorphous and crystalline layers is considered). Thus the terms in front of the 
exponent in equation (10) is the same for both layers. The entropy of migration can be interpreted as 
the change in lattice vibrations between the interstitial sites and the saddle-point sites when an atom 
jumps between these states. For an amorphous layer this entropy will be much larger than that of a 
crystalline layer [26]. This results in a much larger Ὀ  for amorphous layers.  

(9) 

(8) 

(10) 

(11) 
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3  Experimental Setup  
 
3.1 Used Material  
 
The stainless steel used in all experiments 
and treatments is martensitic AISI 420 
stainless steel, ferritic composition is 
shown in table 1 [27]. The second column 
in table 1 shows a typical AISI 420 metal 
and the third column gives the 
composition of the metal used in the 
experiments 420 [28]. This is the metal 
currently used by Philips. As discussed in 
chapter 2; martensite is the hardest, 
strongest but most brittle of all steel alloy 
ƳƛŎǊƻǎǘǊǳŎǘǳǊŜǎΦ пнлΩǎ corrosive 
resistance, due to the chromium, and its 
micro structural properties after heat 
treatment are ideal for Philips her shaving 
caps. Before the heat treatment and creating the samples, the steel was delivered in a long strip (50 
mm wide and 0.5 mm thick). The metal was delivered in the same state as the metal delivered at 
Philips, so the strip came straight from the steel factory (untreated).  
 
3.2 Sample Preparation  
 
From the long strip of metal, small samples (approximately ρπρυ άά  are cut by a Buehler Delta 
Abrasimet abrasive cutter. The rough edges after this cutting were smoothed down with sandpaper. 
The sample surfaces are highly contaminated with dirt because of the treating and touching of the 
samples. Therefore the samples are cleaned, using acetone followed by ethanol. After thoroughly 
cleaning the samples, they undergo a hardening, tempering and storage process. After every 
treatment process and every time the sample was touched or placed under a microscope for 
observation, the sample was cleaned with acetone and ethanol. 
 
In order to investigate a relation between roughness and oxide growth, various prepared samples are 
used. Some of the samples were polished to ρ ‘ά after hardening and partially sputtered with 
argon. Also a few metal strips were used to determine argon flow dependency on the oxide growth 
during hardening, these strips are ρπτπ άά .  
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3.3 Hardening  

Before starting the tempering treatment, all samples are hardened at 1050 Јὅ under argon for ten 

minutes followed by rapid cooling through radiation. The hardening step is done by using a 
Thermolyne HTF (High Temperature Furnace) 46100. The temperature, 1050Јὅ, is chosen because it 
ensures that most of the ferrite has turned into austenite, this transition happens roughly at 830 Јὅ 
and is free of chromium or iron carbides at 1075Јὅ for AISI 420 Steel [11]. However, hardening at 
1050Јὅ ŘƻŜǎƴΩǘ ŎƭŜŀǊ ǘƘŜ ǎǘŜŜƭ ƻŦ ŎŀǊōƛŘŜǎ ŜǾŜƴ ŀŦǘŜǊ мр Ƴƛƴǳǘes [6]. Rapidly cooling in argon instead 
of water is sufficient because earlier research determined that the cooling rate is high enough to 
prevent the forming of pearlite [28]. For the samples to not be destroyed by oxidization processes, 
they are put in a quartz tube, sealed and a flow of argon (99.999% pure) acts as a shielding gas. 
Before heating the samples the tube is flushed with argon for five minutes, repelling most of the O2. 
One batch consists of three samples which do not touch each other during the hardening process. 
Earlier hardening attempts showed that even with the argon flow, the first sample was still affected 
ōȅ ƻȄƛŘŀǘƛƻƴΦ ¢ƘŜǊŜŦƻǊŜ ŀ ǘƛǘŀƴƛǳƳ άŘǳƳƳȅέ ǎŀƳǇƭŜ ƛǎ ǳǎŜŘ ƛƴ ŦǊƻƴǘ ƻŦ ǘƘŜ ǎŀƳǇƭŜǎ ǘƻ absorb any 
contamination left over in the tube. Figure 6 shows a schematic view of the set up. The 
thermocouple is placed above the middle sample to minimize the temperature difference between 
the samples. The dummy sample will be a different strip when hardening the metal strips. From here 
on the titŀƴƛǳƳ ōƭƻŎƪ ƛǎƴΩǘ ǳǎŜŘ ōŜŎŀǳǎŜ ƛǘ ƳƛƎƘǘ ƛƴŦƭǳŜƴŎŜ ǘƘŜ ŀǊƎƻƴ Ŧƭƻǿ in the form of turbulence 
inside the tube. 
 
It appears that the furnace itself shows a different temperature than the thermocouple [28]. This 
difference of about 20 Јὅ is mostly because of the temperature gradient inside the oven. Near the 
entrance of the tube the temperature will be lower than at the closed end. To account for this, the 
thermocouple and therefore the samples are placed in the middle of the furnace. This led to a 
difference in temperature between the thermocouple and the furnace of at most 8Јὅ. It must be 
noted that this almost blocks the exit hole of the tube if not careful. Because of this temperature 
gradient in the furnace it is also possible that there is a slight difference in temperature between the 
samples and the thermocouple. Because ǘƘŜ ǘƘŜǊƳƻŎƻǳǇƭŜ ŘƻŜǎƴΩǘ ǘƻǳŎƘ ǘƘŜ samples and the 
samples touch the tube, which has an unknown temperature [28]. This problem is very difficult to 
solve but the attempt is made to place the thermocouple as close to the samples as possible without 
touching them.  
 
After cleaning the samples they are put in the tube, the precautions described above are taken and 
the tube is put in the furnace as described above. As soon as the tube is in the furnace, the 
temperature will rise and it takes a few minutes to stabilize to 1050 Јὅ. As mentioned above, the 
hardening time is ten minutes. The starting point of the hardening process is as soon as the 
thermocouple hits 950Јὅ. In this way a part of the stabilization time is not taken into account. 950Јὅ 
is chosen ōŜŎŀǳǎŜ ǘƘŀǘΩǎ ǿŜƭƭ ŀōƻǾŜ ǘƘŜ ǘŜƳǇŜǊŀǘǳǊŜ ŀǘ ǿƘƛŎƘ ŦŜǊǊƛǘŜ ǿƛƭƭ ǘǳǊƴ ƛƴǘƻ ŀǳǎǘŜƴƛǘŜΦ 
 
  

Figure 6: Schematic view of the samples in the quartz tube. ¢ƘŜ ǎƘŀǇŜ ƛƴ ŦǊƻƴǘ ƻŦ ǘƘŜ ǎŀƳǇƭŜǎ ƛǎ ǘƘŜ ǘƛǘŀƴƛǳƳ άŘǳƳƳȅέ ǎŀƳǇƭŜΦ 
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3.4 Tempering  
 
The tempering treatment is done in a Linkam T95-PE chamber, guided by a Linkam LNP-95 that 
regulates temperature, humidity and the time of the tempering treatment. The chamber can reach a 

maximum tempering temperature of 350Јὅ with a ramping rate of σπ
Ј

. It can keep that 

temperature constant for 99 hours, 99 minutes and 99 seconds, if needed. Picture 1 shows the used 
tempering setup. 
 

 
During the procedure, the chamber keeps the temperature stable, and tries to keep the humidity, of 
ǘƘŜ ǎŀƳǇƭŜ Ŏƻƴǎǘŀƴǘ ŦƻǊ ŀ ŎŜǊǘŀƛƴ ŀƳƻǳƴǘ ƻŦ ǘƛƳŜΦ IŜǊŜ ǘƘŜ ǿƻǊŘ άǘǊƛŜǎέ ƛǎ ǳǎŜŘ ŦƻǊ ƪŜŜǇƛƴƎ ǘƘŜ 
humidity constant, this is due to the fact that once the chamber brings the temperature up, the 
humidity drastically changes and the chamber is unable to keep it constant. The differences can go 
up to 30% Relative Humidity (RH). So during the 
tempering treatments, the device is always set to 
50% RH, keeping RH as constant as possible.  
 
As shown in picture 1a, the sample is observed 
during the treatment by using an Olympus BX51M 
microscope with a 50x magnification objective. 
The objective has a relatively long working 
distance so it is able to focus thŜ ǎŀƳǇƭŜΩǎ ǎǳǊŦŀŎŜ 
even when it is in the chamber. In order for the 
working distance to be sufficient, the sample 
needs to be heightened within the chamber. This 
is done by putting the sample on top of a copper 
block of 5 millimeters thick, shown in picture 1b. 
Copper is chosen because it is a good conductor. 
Retrieving surface images is dƻƴŜ ōȅ ŀ ά±wa/ у-

Picture 1a: Tempering setup. To the right: the microscope with the tempering chamber. Left of the microscope: the 

chamber controller and the humidity regulator. All the way to the left: the resulting picture from the microscope shown 

on the computer. 

Picture 1b: schematic picture of the tempering set-up 
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tǊƻ ƘƛƎƘ ǊŜǎƻƭǳǘƛƻƴ /ah{ ŎŀƳŜǊŀέΣ ŀ ŎŀƳŜǊŀ ǘƘŀǘ ƛǎ ǇƭǳƎƎŜŘ ƛƴǘƻ ŀ ŎƻƳǇǳǘŜǊ ōȅ ŀ ¦{. ǇƻǊǘΦ 
 
During the tempering treatment the time will be varied and the temperature investigated will be 
350Јὅ. And the time window will vary from 90 minutes to 64 hours. Two samples are done every 
treatment, two is chosen as a compromise between accuracy and time efficiency. 
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Tempering Experiment, Time Variation 
 
Hardened 420 steel, tempering temperature will be 350Јὅ, time steps: 1.5, 3, 5, 7, 16, 22, 64 hours. 
Time steps have been chosen mostly based on practical convenience but keeping in mind the 
ŜȄǇŜŎǘŜŘ ƻȄƛŘŀǘƛƻƴ ƎǊƻǿǘƘΩǎ ƭƻƎŀǊƛǘƘƳƛŎ ŘŜǇŜƴŘŜƴŎȅ ƻƴ ǘƛƳŜΦ Lƴ ǘƘƛǎ ŜȄǇŜǊƛƳŜƴǘ ƛǘ ƛǎ ǎǘǳŘƛŜŘ Ƙƻǿ 
the tempering time influences the oxide layer growth. 
 
3.5 Storage  

The storage process is conducted in a special chamber that regulates the humidity in that chamber to 
a great precision (±1% RH) [29]. The samples will be placed in this chamber (in air and at room 
temperature) for at least three days, different samples at different humidity. The goal of this is to 
find whether humidity during storage of the metal has an influence on the oxidation growth. 
Humidity will vary from 50% to 80%, this is chosen because the humidity at Philips ranges from 40% 
to 60% RH. 50% RH represents the average humidity at Philips and 80% RH represents an extreme in 
the humidity region. 
 
Storage experiment 
 
Hardened and tempered 420 steel, put in storage for 3 days at 50% RH and 80% RH. 
In this experiment it is studied how the humidity of the air influences the oxidation growth at room 
temperature. 
 
3.6 Coverage Experiment  
 
Knowing that the color of the surface is related the oxide layer thickness, a series of samples will be 
studied by SEM (scanning electron microscope). The used samples will be hardened, tempered and 
stored. By observation with the bare eye, sharp or easily distinguishable colors are chosen and 
observed by SEM. With the SEM, an estimation of the oxidized surface is made and connected to its 
perceived color, hereby a model can be made connecting oxidation growth to color.  
 
Diffusion Experiment 1 
 
With the content of chapter 2 and results from the coverage experiment, an estimation of the 
oxidized volume can be made using a corresponding layer thickness (calculated by equation (3)). 
With the information about the temper time, temperature and volume of the oxide layer, an 
estimate of the diffusion constant of iron in iron oxide can be made. 
 
3.7 Surface Estimation Using Optical Images  
 
This experiment is based on the same principle and set-up as chapter 3.6 but the samples will be 
observed via an optical microscope. By observation with the bare eye, sharp or easily distinguishable 
colors are chosen and photographed using an optical microscope. Knowing the resolution of the 
pictures and with Adobe Photoshop CS6, an approximation of the surface with a certain color can be 
made. 
 
Diffusion Experiment 2 
 
With the information obtained from the optical images regarding the oxidized surface area, a volume 

estimate can be made via equation 3. Following the same procedure as in 3.6, an estimate of the 

diffusion constant of iron in iron oxide can be made.  
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4 Results and Discussion  
 
4.1 Tempering experiment  
 
Figure 8 shows optical and confocal pictures of tempering for 90 minutes at 350Јὅ, left is the picture 
before tempering and right is the picture after tempering. Note that, one representative sample is 
shown per tempering time. The surface of the sample in figure 8 was facing down in the quartz tube 
during hardening, the importance of this will become clear in the discussion. 
 

 

 

 

 

 

  

Figure 8: (a) Optical image (100x magnification) of sample tempered at 350Јὅ for 90 minutes. (b) roughness and profile of 

surface, made with confocal microscope, corresponding to the optical image of (a). (c) the measure line along which the 

roughness plot of (b) has been made. Left picture is always before tempering and the right picture always after tempering. 

(a) 

(b) 

(c) 
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Figure 9 shows optical pictures of tempering for 3 hours at 350Јὅ, left is the picture before 

tempering and right is the picture after tempering. Some samples lack the confocal images, the 

reason for this will become clear in the discussion. The pictures in figure 9 are from two samples. (a) 

and (b) belong to a surface of the sample that was facing down during hardening and (c) and (d) 

ōŜƭƻƴƎ ǘƻ ŀ ǎŀƳǇƭŜΩǎ ǎǳǊŦŀŎŜ ǘƘŀǘ ǿŀǎ ŦŀŎƛƴƎ ǳǇ ŘǳǊƛƴƎ ƘŀǊŘŜƴƛƴƎΦ ¢Ƙe importance of this will be 

made clear in the discussion.  

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
  

Figure 9: Optical images (100x magnification) of samples tempered at 350Јὅ for 3 hours. (a) and (b) are the same sample. (c) 

and (d) are the same sample. Left is the before tempering picture and right: the after tempering picture. 

(a) (b) 

(c) (d) 
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Figure 10 and 11 show optical snapshots of samples tempered at 350Јὅ for 5 hours and 7 hours, 
respectively. The surface of these samples was facing up during hardening. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
  

Figure 10: Optical images (100x magnification) of a sample tempered at 350Јὅ for 5 hours, facing up during hardening. 

Figure 11: Optical images (100x magnification) of a sample tempered at 350Јὅ for 7 hours, facing up during hardening. 
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Figure 12 shows optical and confocal snapshots of a sample tempered at 350Јὅ for 16 hours. This 
ǎŀƳǇƭŜΩǎ ǎǳǊŦŀŎŜ ǿŀǎ ŦŀŎƛƴƎ Řƻǿƴ ŘǳǊing hardening. 
 
 
 

  

(a) 

(b) 

(c) 

Figure 12: (a) Optical image (100x magnification) of sample tempered at 350Јὅ for 16 hours. (b) roughness and profile of 

surface, made with confocal microscope, corresponding to the optical image of (a). (c) the measure line along which the 

roughness plot of (b) has been made. Left picture is always before tempering and the right picture always after tempering. 
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Figure 13a, 13b, 14a and 14b show optical and confocal snapshots of samples tempered at 350Јὅ for 

нн ƘƻǳǊǎΦ ¢ƘŜ ǎŀƳǇƭŜΩǎ ǎǳǊŦŀŎŜ ƛƴ ŦƛƎǳǊŜǎ моŀ ŀƴŘ моō ǿŜǊŜ ŦŀŎƛƴƎ Řƻǿƴ ŘǳǊƛƴƎ ƘŀǊŘŜƴƛƴƎΣ ŦƛƎǳǊŜ мпŀ 

and figure 14b were facing up during hardening.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 13a: (a) Optical image (100x magnification) of sample tempered at 350Јὅ for 22 hours. (b) roughness and profile of 

surface, made with confocal microscope, corresponding to the optical image of (a). (c) the measure line along which the 

roughness plot of (b) has been made. Left picture is always before tempering and the right picture always after tempering. 

(a) 

(b) 

(c) 
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Figure 13b: (a) Optical image (100x magnification) of sample tempered at 350Јὅ for 22 hours. (b) roughness and profile of 

surface, made with confocal microscope, corresponding to the optical image of (a). (c) the measure line along which the 

roughness plot of (b) has been made. Left picture is always before tempering and the right picture always after tempering. 

(a) 

(b) 

(c) 
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(a) 

(b) 

(c) 

Figure 14a: (a) Optical image (100x magnification) of sample tempered at 350Јὅ for 22 hours. (b) roughness and profile of 

surface, made with confocal microscope, corresponding to the optical image of (a). (c) the measure line along which the 

roughness plot of (b) has been made. Left picture is always before tempering and the right picture always after tempering. 
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Figure 14b: (a) Optical image (100x magnification) of sample tempered at 350Јὅ for 22 hours. (b) roughness and profile of 

surface, made with confocal microscope, corresponding to the optical image of (a). (c) the measure line along which the 

roughness plot of (b) has been made. Left picture is always before tempering and the right picture always after tempering. 

(a) 

(b) 

(c) 
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Figure 15 shows optical pictures of two samples tempered at 350Јὅ for 64 hours. The first sample 

((a) and (b) in figure 15) shows the side of the sample that was facing down during hardening, the 

second sample ((c) and (d) in figure 15) shows the side of the sample that was facing up during 

hardening. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

(a) (b) 

(c) (d) 

Figure 15: Optical images (100x magnification) of samples tempered at 350Јὅ for 64 hours. (a) and (b) are the same sample. 

(c) and (d) are the same sample. Left is the before tempering picture and right: the after tempering picture.  
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Figure 16 shows the before and after tempering photos of the polished samples. The sample in (a) 

and (b) has been tempered for 3 hours at 350Јὅ, the sample in (c), (d) and (e) has been tempered for 

16 hours at 350Јὅ. Both samples have been partly sputter cleaned with argon, this means 

bombarding the surface of the sample with argon and sputtering away a small piece of the surface 

layer. (e) SƘƻǿǎ ǘƘŜ ǎǇǳǘǘŜǊ ōƻǳƴŘŀǊȅΣ ǘƘŜ ŎƭŜŀǊ ǇŀǊǘ ƻŦ ǘƘŜ ǎŀƳǇƭŜΩǎ ǎǳǊŦŀŎŜ ƛǎ ǎǇǳǘǘŜǊŜŘ ǿƛǘƘ ŀǊƎƻƴ 

and the darker part was not. 

  (a) (b) 

(c) (d) 

Figure 16: optical results before (left) and after (right) tempering. (a) and (b) belong to one sample that has been tempered 

for 3 hours at 350Јὅ, (c), (d) and (e) belong to a second sample that has been tempered for 16 hours at 350Јὅ. (e) Shows the 

sputter boundary. 

(e) 



27 
 

Figure 17 shows optical results of the tempered samples that were in the shape of strips. The image 
on the left is the left side of the sample, the middle one represents the middle of the strip and the 
right one represents the right side of the strip. The argon flow during hardening was from left to 
right. Both strips have been tempered for 90 minutes at 350Јὅ. The first strip shown ((a) through (f)) 
is tempered using the surface facing up during the hardening process. The second strip ((g) through 
(l)) is tempered using the surface facing down during hardening. 

(a) (b) (c) 

(d) (e) (f) 

(g) (h) (i) 

(j) (k) (l) 

Figure 17: optical results of the tempered strips. (a), (b) and (c) are before tempering strip 1 ((a) through (f)), (g), (h) and (i) 

are before tempering strip 2 ((g) through (l)). Strip 1 shows the surface facing up during hardening and strip 2 shows the 

surface that faced down during hardening. The left images are taken left of the strip, the middle images are taken in the 

middle of the strip and the right images are taken at the right of the strip. The argon flowed from left to right during 

hardening, so the left image is hit by the argon first. 
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4.2 Discussion of the tempering results  
 
When observing the results from the tempering experiment a few things become clear. First of all, as 
mentioned before, not all series include confocal images. This is because all confocal images taken 
showed that there was no change in the surface roughness after tempering, as shown in figures 8, 
12, 13a, 13b, 14a and 14b. There is a small discrepancy in some roughness graphs but this can be due 
to the line chosen. It is attempted, in the experiment to take the exact measure line before and after 
tempering but this is impossible to do perfectly. A measure line that is slightly off, will create a 
different roughness graph. Nevertheless, the same pattern is visible in all confocal images before and 
after tempering, with the same magnitude of about 1 ‘ά. So tempering at this temperature and for 
these times has no influence on the surface roughness and profile. As soon as this was concluded, no 
more confocal images were taken. 
 
Secondly, the hardening process is can be improved. The figures contain remarks about whether the 
surface of the sample was facing up or down during hardening. Fortunately a sample accidentally got 
turned around and showed that the hardening process is not uniform. The difference between the 
surface facing up or down during hardening can be seen in figures 13 and 14. In figure 14a and 14b 
the surface is greatly affected by oxidation while in figure 13a and 13b the surface is hardly affected. 
Even after 64 hours of tempering (figure 15(b)) the surface that was facing down during hardening is 
hardly affected by oxidation, compared to the one that was facing up during hardening (figure 15(d)). 
The reason that this hardening procedure is not uniform might be because argon is heavier than air. 
The argon flow remains on a low level in the hardening tube with air above this flow. Flushing for five 
minutes is obviously not enough to clear the contamination. Figure 18 shows an image of the 
hypotheses.  In figure 18 the oxygen that is causing the contamination is represented by a red color 

and the argon flow by a blue color. During hardening the 
oxide that remains in the tube comes in contact with the 
surface of the sample that is facing up. However, the 
surfaces that are facing down will not come in contact with 
this contamination and will mostly be shielded by the argon 
ƎŀǎΦ ¢ƘŜ ǿƻǊŘ ΨƳƻǎǘƭȅΩ ƛǎ ǳǎŜŘ ōŜŎŀǳǎŜ ǘƘŜǊŜ ƛǎ ŀ ǎƳŀƭƭ 
oxidation edge visible, these edges show on the down faced 
ǎǳǊŦŀŎŜǎ ƻƴ ǘƘŜ ŜŘƎŜǎ ǘƘŀǘ ŘƻƴΩǘ ǘƻǳŎƘ ǘƘŜ ǘǳōŜΦ ¢ƘŜ ǎƘŀǇŜ 
of the oxidized edges shows characteristics of a flow, figure 

19. The oxygen comes in contact with the edges of the 
surface facing down due to turbulence, this strengthens 
the hypotheses. The middle of the sample is relatively 
unaffected because there is not enough oxygen dragged under the samples to affect the entire 
surface. The conclusion that the hardening process had a great impact on the results of the 
tempering treatment made it very difficult to really draw conclusions about the oxidation growth 
during tempering. Because oxidation effects happen very easily at hardening temperatures, even the 
slightest contamination can really influence the result of the tempering treatment. 
 

Figure 18: contaminated hardening tube. Red is the contamination, blue is the argon flow 

Figure 19: sample showing signs of argon flow 

influence at the edges of the sample. 
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Several things can be done in future experiments to prevent this oxidation during hardening.  One 
can try to drastically increase the flushing time of the tube or use a different shielding gas. Because it 
ƛǎ ŜȄǇŜŎǘŜŘ ǘƘŀǘ ǘƘŜ ŀǊƎƻƴ ŘƻŜǎƴΩǘ ŦƭǳǎƘ ǘƘŜ ǘǳōŜ ŎƻƳǇƭŜǘŜƭȅΣ ŀ ƳƛȄ ƻŦ ƘŜƭƛǳƳ ŀƴŘ ŀǊƎƻƴ ƳƛƎƘǘ ǿƻǊƪ. 
This would create a three layer mixture and keep the oxygen slightly further away from the samples. 
The best solution to this problem might be to cover the surfaces of the sample with a material to 
ƳŀƪŜ ŀ ǎŀƳǇƭŜ ǎŀƴŘǿƛŎƘΦ ¢Ƙƛǎ ǿŀȅ ǘƘŜ ƻȄȅƎŜƴ ŎŀƴΩǘ ŎƻƴǘŀƳƛƴŀǘŜ ŀƴȅ ƻŦ ǘƘŜ ǎǳǊŦŀŎŜǎ ŀƴŘ ǘƘŜ 
material that is put on the surfaces should be easily recognizable if it contaminates the surfaces by 
diffusion. Note that the tube will probably never be completely contamination free because at 
ρπυπЈὅ: hydroxide groups that are ΨǎǘǳŎƪΩ όŀǘ ǊƻƻƳ ǘŜƳǇŜǊŀǘǳǊŜύ ŀǘ ǘƘŜ ǘǳōŜΩǎ ƛƴǎƛŘŜǎ ǿƛƭƭ ōŜ ŦǊŜŜŘ 
and enter the tube. 
 
The third observation is that: as temper time increases the oxide layer increases in thickness. This 
remark seems trivial but because of the imperfect hardening treatment it is worthy of noting that 
this remark is still correct. Judging from the tempering results in the time range of 90 minutes to 64 
hours and using the theory that layer thickness is related to color, it can be seen that the oxide layer 
thickness increases because a different color is perceived. This is mostly observed on the surfaces of 
ǘƘŜ ǎŀƳǇƭŜǎ ǘƘŀǘ ǿŜǊŜ ŦŀŎƛƴƎ ǳǇ ŘǳǊƛƴƎ ƘŀǊŘŜƴƛƴƎΣ ǘƘŜ ǎŀƳǇƭŜǎ ǘƘŀǘ ǿŜǊŜ ŦŀŎƛƴƎ Řƻǿƴ ŘƛŘƴΩǘ ǎƘƻǿ 
anything other than tints of yellow and brown (for example seen in figures 9(b) and 15(b)). Oxidation 
during hardening results in a thicker oxide layer before tempering. Tempering increases the oxide 
layer thickness even further but the increase of layer thickness that is due to tempering is hard to 
distinguish from the hardening oxidation. So a part of this different color perception is due to 
oxidation during hardening but in either case: varying the temper time leads to a different color and 
therefore a different oxide layer thickness, this indicates a separate process. 
 
Fourthly, regardless of whether the sample surface was facing up or down during hardening, the 
oxidation during tempering seems to target particular grains more than others. For example figures 
9(d), 10, 14a and 15(b) seem to indicate that certain grains are more susceptible to oxidation than 
other grains. There is a distinct difference between grains observable regarding their color and 
therefore probably the oxidation layer thickness. The reason for this may be due to a difference in 
crystal orientation. Grain boundaries are the location at which different crystalline orientations meet 
[3]. It is possible that a certain crystal orientation allows oxygen, iron or chromium diffusion slightly 
more than the next orientation. Another hypotheses is that the substrate differs at certain grains 
between, possibly, ferrite and martensite.  
 
The possibility that the substrate varies has been tested by indentation, in an attempt to find 
hardness information about the substrate. The sample that has been indented is shown in figure 14a. 
The goal of the indentation experiment is to find a difference in hardness between the red grains and 
the blue grains in figure 14a. Therefore grains of different color are selected prior to the indenting, 
using figure 14a. The experiment is conducted by indenting eight red grains and eight blue grains in 
the area shown in figure 14a. The results of the indentation experiment are given in table 2.  
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Table 2 shows the results of indenting the surface of the sample in figure 14a. The first eight values 
correspond to the blue grains and the results nine through sixteen belong to red grains. It can be 
seen from the column: Hardness from unload, that the blue grains hardness ranges from 0.055 ς 
0.712 GPa and the red grains hardness ranges from 0.07 ς 1.244 GPa. This is very inconsistent and 
leads to a very large standard deviation of 0.25 and 0.38 for blue and red grains, respectively. The red 
grains show values almost equal to the values at the blue grains or vice versa. Along with the values 
found for the standard deviation it is shown that this experiment was inconclusive. 
Additional research is recommended to find information about the substrate and perhaps define a 
reason for the grain selective oxidation growth. 
 
To see whether roughness has influence on the oxidation growth after the tempering process, 
polished samples have been investigated; shown in figure 16. Unfortunately not enough samples 
have been investigated to draw a real conclusion about the oxidation of polished samples. The 
investigated samples show no change regarding oxidation compared to the samples that had no 
polishing. It is noticeable that the grains have disappeared due to polishing and therefore the grain 
selective oxide growth as well, the oxide growth seems to be equal everywhere on the surface. 
However, there is a very large difference in the parts that are sputter cleaned with argon and the 
parts that are not; figure 16(e). This could be due to oxidation during hardening. Since sputtering 
removes a part of the surface, it is possible that the sputtering removed a part of the thin oxide layer 
that was already present after hardening. A simple explanation is that the part that is not sputtered 
ƘŀŘ ŀ ΨƘŜŀŘ ǎǘŀǊǘΩ ŎƻƳǇŀǊŜŘ ǘƻ ǘƘŜ ǇŀǊǘ ǘƘŀǘ ƛǎ ǎǇǳǘǘŜǊŜŘΦ  ¢Ƙƛǎ ǿƻǳƭŘ ƳŀƪŜ ǘƘŜ ƭŀȅŜǊ ǊŜƭŀǘƛǾŜƭȅ 
thicker than the sputtered layer and therefore have a noticeable difference in appearance.  
 
Figure 17 shows the strips that were tempered to see the influence of the argon flow on the surface 
of the samples. Even though a dummy sample was used in front of the strips, the surface was still 
affected by the argon flow. Judging from figure 17(d)-(f), the first barrier in the argon flow; is oxidized 
the most. When looking from left to right along the surface, it can be seen that there is a gradient 
along the surface. The samples hit by the argon flow first are more oxidized, while the samples at the 
end of the tube will show relatively less oxidation. The same thing cannot be said for the sample that 
faced down during the hardening process, figure 17(j)-(l). The down facing sample shows a slight 
difference when comparing the middle to the sides but that could be area dependent. When taking a 
different point in the middle of the sample it might look the same as the sides of the sample. Thus 
ǘƘŜ ŀǊƎƻƴ ŦƭƻǿΩǎ ƛƴŦƭǳŜƴŎŜ ƻƴ ǘƘŜ Řƻǿƴ ŦŀŎƛƴƎ ǎǳǊŦŀŎŜ ƻŦ ǘƘŜ ǎŀƳǇƭŜ ƛǎ ƳǳŎƘ ƭŜǎǎ ǘƘŀƴ ǘƘŜ influence 
on the up facing surface. The reason that the flow is of influence is related to the earlier discussed 
contamination and turbulence of the tube used in the hardening process. 
 

Test E Average Over Defined Range H Average Over Defined Range Modulus From Unload Hardness From Unload Drift Correction

GPa GPa GPa GPa nm/s

1 0,171 -0,005 17,617 0,055 -0,036

2 **** **** 0 **** ****

3 0,131 -0,007 22,687 0,085 0,002

4 0,295 -0,008 66,747 0,655 0,025

5 0,293 -0,008 67,422 0,712 0,014

6 0,396 -0,01 58,414 0,482 0,016

7 0,118 -0,008 45,286 0,351 0,025

8 0,383 -0,011 32,934 0,167 0,031

9 **** **** 0 **** ****

10 0,315 -0,005 18,893 0,07 0,036

11 0,376 -0,008 50,892 0,432 0,021

12 0,27 -0,009 79,13 1,244 0,025

13 0,374 -0,009 44,345 0,256 0,035

14 0,234 -0,006 72,937 0,947 0,018

15 0,172 -0,009 51,254 0,4 0,021

16 0,168 -0,009 53,049 0,39 0,016

Mean 0,264 -0,008 48,686 0,446 0,018

Std. Dev. 0,099 0,002 19,855 0,346 0,018

% COV 37,41 -22,43 40,78 77,55 100,9

Table 2: Results of the indentation experiment of the sample shown in figure 14a. 
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Finally, the time related to the tempering process seems to depend on the presence of the copper 
block. Because of the geometry of the strips, the copper block used to elevate the sample was not 
used. After 90 minutes of tempering the strips at 350Јὅ, they showed oxidation equal to the samples 
that were tempered for 22 hours at the same temperature. This gives reason to believe that the 
copper block is of influence on the tempering process and especially the time component of the 
treatment. All experimental samples, apart from the strips, are tempered using the same 
circumstances (with copper block). So the tempering time scale is still valid but most likely very 
stretched. An approximate test using a thermometer showed that the temperature difference 
between the heating element in the tempering chamber and the copper block on top of the heating 
element was 30Јὅ. A difference of 30Јὅ would be disastrous for the temperature accuracy of the 
tempering treatment. This means that the sample on top of the copper block most likely never 
reached the temperature of 350Јὅ but a temperature significantly lower. Further investigation into 
this is necessary to determine the exact influence of the copper block. The influence could be due to 
the copper block affecting the air flow within the tempering chamber, such that the flow is partly 
blocked and thus the flow cannot reach the surface. This problem can be solved by removing the 
copper block, however this will not allow the surface of the sample to be observed during tempering. 
Observation during tempering was not useful because, as shown in picture 1aΣ ǘƘŜ ƳƛŎǊƻǎŎƻǇŜΩǎ 
platform (the tempering chamber rests on this) is not rigid enough to keep the chamber on the exact 
same place. Therefore a large drift of the surface is noticed when observing during tempering. This 
means that taking pictures during the tempering will lead to pictures of a different part of the surface 
each time. This can be solved by, for instance, finding a different microscope and making sure the 
platform is restricted of movement. Also the microscopes brightness had to be adjusted every 10 
minutes to get a good picture, probably as a result of the mentioned drift and the color change of the 
sample. This made the observations during tempering very unpractical. A picture of this noticed drift 
is shown in figure 20. 

 

  

Figure 20: Drift during tempering. Left is the picture before tempering 90 minutes and the right picture is after 

tempering. The triangular dot formation seen here, has drifted from top right corner to the lower left corner. 
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4.3 Storage Results 
 
The storage experiment is done for three different settings: three day storage in air, with 50% RH and 
80RH and samples stored for 6 days at 80RH. One sample is shown for each setting, optical and 
confocal images can be found in figures 21, 22 and 23. 

 
 
 
 

 

 

 

 

 

  
Figure 21: (a) Optical image (50x magnification) of sample stored for three days in 80RH after tempering. (b) roughness 

and profile of surface, made with confocal microscope, corresponding to the optical image of (a). (c) the measure line 

along which the roughness plot of (b) has been made. Left picture is after tempering and the right picture always after 

storage. 

 

(a) 

(b) 

(c) 
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Figure 22: (a) Optical image (50x magnification) of sample stored for six days in 80RH after tempering. (b) roughness and 

profile of surface, made with confocal microscope, corresponding to the optical image of (a). (c) the measure line along 

which the roughness plot of (b) has been made. Left picture is after tempering and the right picture always after storage. 
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Figure 23: (a) Optical image (50x magnification) of sample stored for three days in 50RH after tempering. (b) roughness 

and profile of surface, made with confocal microscope, corresponding to the optical image of (a). (c) the measure line 

along which the roughness plot of (b) has been made. Left picture is after tempering and the right picture always after 

storage. 

 

(a) 

(b) 

(c) 
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4.4 Storage Results Discussion 
 
From figures 21, 22 and 23 several things can be said regarding the storage process. Judging from the 
confocal images taken in all figures, storage (for this time range) has no to little influence on the 
ǊƻǳƎƘƴŜǎǎ ŀƴŘ ǇǊƻŦƛƭŜ ƻŦ ǘƘŜ ǎŀƳǇƭŜΩǎ ǎǳǊŦŀŎŜΦ !ƴȅ ŎƘŀƴƎŜǎ ŀǊŜ Ƴƻǎǘ ƭƛƪŜƭȅ ŘǳŜ ǘƻ ǘƘŜ ƛƳprecision of 
the measure line. SƛƳƛƭŀǊ ǘƻ ǘƘŜ ŎƻƴŎƭǳǎƛƻƴ ŘǊŀǿƴ ǿƛǘƘ ǘƘŜ ǘŜƳǇŜǊƛƴƎ ǊŜǎǳƭǘǎΣ ǎǘƻǊŀƎŜ ŘƻŜǎƴΩǘ ŎƘŀƴƎŜ 
the surface profile. 
The difference between a sample that has been stored for three days or a sample that has been 
stored for six days, is not noticeable. There is a change in brightness or it appears the image got 
darker after storage but this is mostly due to the microscope settings. Figure 21 turns darker but 
figure 23 turns lighter, even though the sample in figure 23 is stored for a longer time (assuming 
oxide layer grows over time).  
The influence of the relative humidity (RH) is not noticeable within this timespan, as can be seen in 
the optical images of figures 21, 22 and 23. The expectation is that oxide layer growth is stimulated 
when the RH is high. However, this is not observed in the experiment. 
 
The fact that there is no significant change noted, is probably due to the chosen timespan. A three 
day storage or six day storage is simply not enough time for the oxide layer to grow noticeably, in air 
and at room temperature. A sample that has been put aside for a year has been put under the SEM 
and showed a much different picture, figure 24. It should be noted that this sample was a dummy 
ǎŀƳǇƭŜ ƛƴ ǘƘŜ ƘŀǊŘŜƴƛƴƎ ǇǊƻŎŜǎǎ ŀƴŘ ǿŀǎƴΩǘ ǘŜƳǇŜǊŜŘ, thus the sample showed heavy oxidation. 
Figure 24 shows a transition from a yellow part (a) of the sample to a blue part (f) of the sample 
(optically determined).  
Even though this sample has been hardened and therefore not all the oxidation can be due to 
storage, figure 24 does show that a different perceivable color corresponds to a different coverage 
and perhaps even thickness of the oxide layer. It also gives reason to believe that the storage process 
is of influence on the oxide layer and becomes noticeably over time. To really determine this, a long 
term experiment, using longer time scales, can be done. 
 

 

  

Figure 24: SEM images of a sample that was stored in air at room temperature for approximately a year. (a) is the 

yellow part on the sample surface and (f) is the blue part of the sample surface, the rest in progression to (f). 

(a) (b) (c) 

(d) (e) (f) 
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4.5 Coverage Experiment  
 
In Figure 24, a clear oxidized surface is visible which is different for each color. When this experiment 
was performed, the hypothesis was that this would also show up for the results obtained by 
tempering because of noticeable colors. However, this was not the case as can be seen in figure 25. 
Figure 25 shows mostly purple and blue because these were easily distinguishable.  

(a), Dark Brown (b), Purple (c), Blue 

(d), Dark Brown (e), Purple (e), Blue 

(f), Yellow (g), Purple (h), Blue 

(i), Metallic (j), Purple (k), Blue 

Figure 25: SEM images of different colors (colors are perceived optically). 
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Comparing figure 24 and figure 25, the oxidized surface of figure 24 is nowhere to be seen in figure 
25. Since this was the key to making an approximation of the oxidized surface, an approximation of 
the diffusion coefficient cannot not be made this way.  
Observing figure 25, a clear difference between, for instance, grey and purple colored areas cannot 
be seen on the surface on a SEM image. Comparing all images leads to the harsh conclusion that no 
surface configuration is observed that could explain the color difference, with these samples. It is 
probably dependent on treatment and therefore when a sample would be in storage for a year or 
hardened, one could get an image like figure 24. 
 
Because the coverage experiment showed no usable result using the SEM, a different experiment is 
done ǳǎƛƴƎ ƻǇǘƛŎŀƭ ƛƳŀƎŜǎΦ ¢Ƙƛǎ ƳŀŘŜ ǘƘŜ άǎǳǊŦŀŎŜ ŜǎǘƛƳŀǘƛƻƴ ǳǎƛƴƎ ƻǇǘƛŎŀƭ ƛƳŀƎŜǎέ ŜȄǇŜǊƛƳŜƴǘΦ 
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4.6 Surface Determination By Optical Images And Diffusion Coefficient  
 
In order to find the diffusion constant, an approximation of the surface area that is covered in a 
specific color is needed. To make this approximation as good as possible, Adobe Photoshop CS6 is 
used to find the number of pixels in that specific color. Knowing the resolution of the picture and the 
scale, an approximation can be made of the area of the surface. Unfortunately, using this method 
limits the experiment to only the really distinct base colors. Colors like bronze, yellow or 
combinations of red, blue and green (base colors) are hardly distinguishable using this method. 
CƛƎǳǊŜ нс ǎƘƻǿǎ ŀ ǇƛŎǘǳǊŜ ƻŦ ǘƘŜ ǇǊƻƎǊŀƳΩǎ ƛƴǘŜǊŦŀŎŜ ŀƴŘ ǘƘŜ ŎƻƭƻǊ ǘƻƻƭΣ ǳǎŜŘ ǘƻ ŀǇǇǊoximate the 
number of pixels in a certain color. The color tool displayed in the bottom right corner of figure 26 

offers a selection option, this option allows the user to select a part of the graph shown and the tool 
displays the percentile of pixels that have that color. In this case blue and red are easily 
distinguishable and used for the determination of the diffusion coefficient.  
Table 3 shows the oxide layer thickness for first and second order interference maximum of different 
colors, calculated with equation (3). When tempering it is observed that the blue color appeared 
after yellow, red and purple. This means that blue has to be related to a second order interference 
maximum because it is assumed that the layer thickness only increased over time. Therefore, Red 
and yellow have to be of order one. It was also perceived that purple shows after yellow and red so 
purple also has to be 
related to a second 
order interference 
maximum. 
In table 4, the results are 
shown for the easily 
distinguishable colors. 

Figure 26: Interface of the Adobe Photoshop interface and the color tool, displayed in the bottom right, 

used to determine how much of the picture is a certain color. 

Table 3: Layer thickness calculated for each color, using equation (3). 










