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Abstract 

In this research the influence of superficial carbides in AISI 420 stainless steel on the Kernel Average 
Misorientation (KAM) during plastic deformation is investigated. Grains with {111} planes parallel to 
the surface are investigated by comparing a plastically deformed sample to an undeformed sample. 
The plastic deformation is applied using a uniaxial tensile treatment of 4% global strain. With the 
KAM data, collected by Electron Backscatter Diffraction (EBSD), the average Geometrically Necessary 
Dislocation (GND) density is calculated at the carbide interface. It is found that the GND density 
increases at the carbide interfaces when subjected to plastic deformation.  
 
Both samples are oxidized in air at 300°𝐶  for 20 minutes and high-resolution topographical images 
are made on both samples using Atomic Force Microscopy (AFM). From before and after AFM images 
the oxide layer thickness is calculated in the grain and at the carbide interfaces. It is found that the 
average oxide layer is thicker at the carbide interfaces than in the grain. The deformed sample 
showed a thicker oxide layer around the carbides as well as in grain with respect to the undeformed 
sample. 
 
A correlation between the GND density and the oxide layer thickness is presented on a micrometer 
scale. It is observed that an increase in GND density results in an increase in oxide layer thickness or 
vice versa.  
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1 Introduction 

Philips is a large and diverse company in the area of technology. The Philips factory in Drachten, the 
Netherlands, largely concerns itself with making hair grooming equipment like razor blades and 
electric shaving devices. These electric shaving devices use shaving-caps to protect the skin from the 
blades. The caps are made of a stainless steel material. The steel material is a ferritic-martensitic 
steel of the AISI 420 class and is ideal for the caps because of its high corrosion resistance and 
formability in the ferritic phase. A chromium content of 12-14% maintains the passive layer that 
ensures the material’s high corrosion resistance and heat treatments can harden the material after 
forming1. A high chromium content is desired for a good corrosive resistance but it brittles the 
material which is undesired for cap forming. The AISI 420 class is a great compromise between the 
two factors.  
 
The chromium content allows a stainless steel material to form a passivation layer of chromium 
oxide on the surface-gas interface, making the material ‘passive’ and protecting it from further 
corrosion due to environmental effects1. For AISI 420, this layer spontaneously forms when the bulk 
material comes in contact with oxygen from the air, it is about 2 - 10 nanometers thick 2,3. Layer 
growth is governed by ion and electron transport through the passive layer and at the surface of the 
metal. Initially it grows fast but as the layer thickness increases the ion and electron transport is 
decreased, leading to an equilibrium. When the passive layer is removed or damaged, a new layer 
will passivate as long as there is enough chromium to do so. G. Zijlstra4 found that for AISI 420, that 
takes about two hours. The passive layer is assumed to always be present on the material surface 
during the experiments in this report.  
 
At temperatures below 200°C, the passive layer protects the material from further oxidation but 
when AISI 420 is heated to at least 200°C in air, the equilibrium is broken and an oxide layer forms 
due to the high reactiveness of oxygen and accelerated electron and ion diffusion rates. Because of 
this, heat treatments in the presence of oxygen cause oxidation on the material even though there is 
a passive layer covering the surface. 
 
During the heat treatments in the Philips factory production line, an undesired visible oxide layer is 
growing on the surface of numerous metal products and has to be removed by expensive 
electrochemical treatment. In order to reduce the use of this treatment and to prevent the 
unwanted oxidation layer, a better understanding of the oxidational properties of AISI 420 is 
required. Earlier work optically investigates the treatment steps on a scale of hundreds of 
micrometers and implies that the visible oxidation on AISI 420 is related to the oxidation layer 
thickness5, it also suggests grain orientation dependence, later confirmed by G. Zijlstra4. This work 
will focus on the corrosion properties of AISI 420 on a local scale, will investigate the influence of 
carbides and geometrically necessary dislocations.  
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2 Background theory 

2.1 Secondary Electron Microscope 
 
The secondary electron microscope (SEM) plays a crucial part in almost every modern material 
research project. Optical microscopes use visible light to investigate materials at a resolution of 
about 200 nm, the SEM uses a focused electron beam to achieve a resolution of a few nanometers. 
The high resolution gives the SEM the ability to detect much smaller details than the optical 
counterparts and the use of electrons allows more information to be gathered at the investigated 
surface.  
 
An electron gun produces the electrons that are focused by electromagnetic lenses into a beam with 
a diameter of a few nanometer. The current and voltage of the beam can be regulated. When the 
beam hits the surface of the sample the electrons can either scatter or create other electrons or 
radiation. Figure 1 shows the different kinds of electrons and radiation that are produced when the 
beam hits the sample surface6. The figure also shows at which depth the information is produced.  
 
A SEM image is made by capturing the secondary electrons at all measurement points in a lattice, the 
software converts these points into pixels and forms the image. The SEM setup is crucial for the use 
of more advanced characterization techniques like electron backscatter diffraction. This technique 
will be used in the experiment and will be described in the next section. 
 
 
 
  

Figure 1: (a) shows the different kinds of radiation and electrons produced by an incident focused electron 

beam, (b) shows the information depth of these different products. Figure adapted from [6].  
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2.2 Electron backscatter diffraction (EBSD) 
 
Electron backscatter diffraction (EBSD) is a quantitative technique that allows the user to examine 
the surface of most inorganic crystalline material. EBSD gives microstructural information about the 
crystallographic nature of crystalline materials. More specifically, the technique is able to inform the 
user about: grain size, grain orientation, texture, grain boundary character, phase identity and 
indirectly about the density of geometrically necessary dislocations7.  
 
EBSD experiments take place inside a secondary electron microscope (SEM) with at least a medium 
vacuum. The necessary SEM accessory for obtaining EBSD data is an EBSD camera. The camera 
consists of a phosphor screen with a charge-coupled device (CCD) behind it. A schematic 
representation of the setup is shown in figure 2. 
 
Electrons from the SEM column hit the sample surface that is tilted approximately 70° with respect 
to the electron beam. This high angle needs to be used to ensure a good contrast. Some electrons 
can exit the sample at specific angles where the Bragg condition is satisfied and are diffracted 
between the atomic planes at the surface of the crystallographic sample toward the EBSD camera. 
The backscattered electrons hit the phosphor screen of the EBSD camera to form a pattern that 
depends on the microstructure at the surface and are registered by the CCD camera. A computer will 
convert the CCD signal into an image that shows this so called Kikuchi pattern. Computer software 
measures the width of the bands and angles between the bands in the Kikuchi pattern to assign a 
crystal phase and orientation. Figure 2 shows a Kikuchi pattern obtained from a BCC ferrite phase of 
AISI 420. 
 
The EBSD software offers a way to measure the difference in lattice orientation between neighboring 
measurement points that is referred to as misorientations. This report will focus on kernel average 
misorientation, because it is mainly used in the experiment.  
 

  

Phosphor screen 

Working 

distance 
CCD 

camera 

SEM objective lens 

Sample tilted by ≈

70° 

Computer 

Figure 2: Left shows a schemetic of a standard EBSD setup, a focused electron beam hits 

the sample at an angle of at least 70 degrees causing backscattered electrons to hit the 

phosphor screen and are analysed and processed by a computer into a kikuchi pattern.   
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2.2.1 Kernel average misorientation (KAM) 
 
Kernel average misorientation (KAM) averages the misorientation values of the nearest neighbors 
with respect to a central point. Figure 3 shows a schematic representation of a kernel in an 
hexagonal EBSD scanning pattern. The pattern is indicated by the green hexagonal and numbered 
with a 0, the first nearest neighbor misorientations are numbered from 𝜃1- 𝜃6. From this the KAM 
value 𝑔 is calculated through  
 
   
 

𝑔𝑘 =
1

𝑛
{∑ Δ𝜃𝑘𝑖

𝑛

𝑖=1

}             Δ𝜃 < 𝛾 . (1) 

   
In equation (1) 𝑛 is the number of nearest neighbors, 𝑘 the measurement point used as the center of 
the kernel and 𝛾 is the misorientation threshold which ensures that high value misorientations like 
grain boundaries are taken out of the averaging. Typical values are 3 − 5°. Calculating 𝑔 for every 
point in the EBSD scan gives a KAM map that highlights the kernels with a high average 
misorientation in red, shown in figure 3(b). In this figure the first nearest neighbors are evaluated 
(𝑛 = 6) and the kernels that have a zero KAM value are set to the maximum misorientation of 3°. 
This can happen if all the nearest neighbors have Δ𝜃 > 𝛾 so that the sum in equation (1) becomes 0.  
  

𝜃1 𝜃2

2 

𝜃5 𝜃4 

𝜃3 𝜃6 0 

Figure 3: (a) shows a schematic representation of a kernel in an hexagonal EBSD scanning pattern, indicated by the green 

hexagonal and numbered with a 0, the first nearest neighbor misorientations are numbered from 𝜃1- 𝜃6. (b) shows a KAM 

map that highlights the kernels with a high average misorientation in red, the first nearest neighbors are evaluated and 

zero kernels are set to maximum misorientation. 

(a) (b) 
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2.2.2 Hydrocarbon contamination and cleaning 
 
During long-term scanning in the SEM, like EBSD techniques, a layer of organic material consisting of 
hydrogen and carbon atoms (hydrocarbons) is deposited on the scanned sample surface. This layer is 
the result of hydrocarbon contamination in the vacuum, possibly due to oil residue from the vacuum 
pumps but can also originate from the sample itself. This contamination can be recognized by the 
characteristic “black square” after repeated scanning with the SEM, this is shown in figure 4. The 
amount of hydrocarbons deposited depends on the partial pressure of the hydrocarbons in the 
vacuum. An increase in partial pressure results in more deposition of hydrocarbons8. Other factors 
like scanning time and the electron beam current and voltage also affect the hydrocarbon 
deposition9. A longer scanning time results in a thicker hydrocarbon layer at the surface for example, 
this can also be seen in figure 4. 
 
Usually the hydrocarbon layer is harmless and does not alter the underlying sample surface. 
However, when the sample is heated in air, the layer causes the sample to corrode significantly faster 
in the scanned areas. Figure 5 shows an image where the sample from figure 4 with hydrocarbon 
layers of unknown thicknesses is corroded in air at 450 °𝐶 in air for 20 minutes. The scanned area, 
shown in very bright blue is evidently more corroded than its surrounding and does not represent the 
oxidational properties of the material anymore due to the hydrocarbon layer. The physical 
mechanism that causes this effect is beyond the scope of this research but the hydrocarbons need to 
be removed to conduct a good corrosion step. 
 
Cleaning the samples before oxidation can be done with an Argon plasma cleaner.  Argon (99.999% 
pure) is chosen because oxygen uses oxidation and reduction to clean the surface and that might 
actively damage the surface state10. Argon is an inert gas and doesn’t chemically react, leaving the 
surface intact.  
 
A steady flow of Argon enters a vacuum chamber and with the right pressure the gas is ionized. The 
stable Argon flow and the operating vacuum pump ensure a stable pressure. Consequently, the 
sample in the chamber is nano-sandblasted by the Argon plasma. By targeting the weaker bound 
atoms like hydrogen and carbon, the hydrocarbon layer is removed. 
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Figure 4: a SEM image showing the hydrocarbon contamination of the scanned EBSD 

area indicated by the black squares. Sample is tilted at roughly 73 degrees.  

Figure 5: image taken with an optical microscope at a magnification of 20x, it shows how the 

scanned EBSD area shown in figure 4 corrodes with respect to its surrounding. 
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2.3 Atomic force microscopy (AFM) 
 
Atomic force microscopy (AFM) is a technique that can be used to probe material properties like 
Young’s modulus and create a three-dimensional image of the topography of a material surface at 
high resolution which makes fine features visible at the surface11. A schematic setup is shown in 
figure 6. This figure shows the core components of an AFM: a cantilever with a sharp tip, a focused 
laser beam that falls on a quad photodiode and a chip that controls the cantilever/tip position by 
piezoelectric elements. The tip of the cantilever is used to probe the surface by being in (close) 
contact with it. How much contact the tip makes depends on the AFM mode that is used. Contact 
mode is an AFM mode where the tip is always in contact with the surface. This mode offers a very 
high resolution, allows probing material properties and has a relatively low scan time. A down side is 
that the sample surface and the tip can be damaged by constant contact with the surface12. Since the 
AFM is only used for its high resolution topography scans in the experimental section of this report 
and the damage done to the sample had to be minimized, tapping mode is used in the experiments. 
This mode makes the tip ‘tap’ the surface at a fixed frequency, which is the resonance frequency of 
the cantilever. In the tapping mode, the cantilever is not in constant contact with the surface and 
uses oscillatory movement of the cantilever to map the surface topography. This way, the forces 
between the tip and the sample are much smaller than in full contact and cause less damage to the 
sample surface. To know how this works it is important to look at what happens when the tip comes 
in (close) contact with the surface. 
 

When approaching the surface, the cantilever deflects due to vertical interaction forces between the 
surface and the tip. This deflection depends on multiple factors like the sample material, ambient 
conditions, cantilever stiffness and tip-sample distance. The details of all these factors are beyond 
the scope of this report but can be found in11,12. This section will focus on the working principle of the 
AFM and the tip-sample distance. The cantilever behavior physically resembles a spring with a 
certain stiffness and can deflect upward or downward as a result of the interaction forces at the tip, 
it resembles a contracted and extended spring respectively. The behavior of a spring is physically well 
known and gives a good understanding of the working principle of the AFM. The deflections of the 
cantilever cause the reflected laser beam to deviate from the resting position on the photodiode, this 
is roughly in the middle of the diode as shown in figure 6. Figure 7 shows how the photodiode 

Focused 

laser 

beam 

Quad photodiode 

Cantilever with tip 

Sample with irregular surface 

Piezoelectric elements  

Figure 6: shows a schematic representation of the core elements of the AFM. 
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interprets the cantilever deflections. The spring analogy allows the deflections to be linked to forces 
on the cantilever. A force-distance curve is given in figure 8. This figure shows that the cantilever is at 
rest at a large distance from the surface. At a certain distance indicated by ‘b’ in figure 8, the tip 
experiences attractive forces and snaps to the surface at point ‘a’. Approaching the surface even 
more converts the attractive force into repulsive force and the tip exerts a force on the surface, this 
is where AFM contact mode operates. The piezoelectric elements will adjust the height of the 
cantilever using a feedback system that keeps the cantilever-sample interaction force at a certain set-
point in the repulsive regime. This is shown in figure 8 by a highlighted red area. With respect to the 
set-point a higher surface leads to a higher force, a lower surface leads to a lower force and the 
piezoelectric elements change the z-value of the cantilever such that the set-point value for the force 
is maintained. This gives a direct link between the information from the photodiode and the surface 
height.  
 

For tapping mode this is not so straight forward since the piezoelectric elements make the cantilever 
oscillate at resonance frequency above the surface. The main difference in working principle is that 
the input and output signals are oscillating at the resonance frequency of the cantilever and with a 
certain amplitude that depends on the tip-sample interaction force. In figure 8 is shown that in 
tapping mode the probe goes back and forth through the three different regimes at every oscillation. 
This means that the set amplitude must be large enough, otherwise the probe might not detach 
from, or reach the surface. Therefore, the amplitude is very useful to be included in the feedback 
system. The piezoelectric elements that held the tip-sample interaction force at a certain set-point in 
contact mode, now hold the amplitude constant. Figure 9 schematically shows how a oscillating 
cantilever moves to a higher part of the sample. This lowers the measured amplitude because the 
surface is tapped earlier and the feedback system modulates the amplitude back to the set-point by 
changing the z-value of the cantilever. Moving the tip over the sample in a x-y grid images the 
topography by measuring the relative z-value of the cantilever. 
 

No deflection Vertical deflection Cantilever twisting 

Figure 7: shows how the photodiode interprets changes in laser position from tip movement. Left 

shows no deflection of the tip, the middle picture shows vertical deflection of the tip and the right 

image shows twisting of the cantilever. Image is adapted from [11]. 
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Figure 8: shows the attractive and repulsive regimes for tip-surface interactions as a function of distance from the 

surface. Left shows contact-mode operation. At ‘a’ the attractive forces are stronger and snapping the tip to the 

surface. At ‘b’ the distance from the surface is so large that the tip is free and experiences no forces. Right shows the 

working regime for tapping mode AFM, this is indicated in both graphs by the red highlighted area. Image adapted 

from [11]. 

  

 

 

 

 

 

 

 
   

(a) (b) (c) 

Figure 9: schematically shows how the z-piezo element adjusts the height to keep the amplitude constant when the AFM 

encounters a lump or valley. (a) shows the scan start situation, (b) shows a smaller amplitude of the cantilever because 

the AFM encounters a hill on the sample and (c) shows the z-piezo action by moving up, indicated by the orange arrow. 
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2.4 Geometrically necessary dislocation (GND) density 
 
Stored dislocations in crystals can be divided into two groups: statistically stored dislocations (SSDs) 
and geometrically necessary dislocations (GNDs). The SSDs are dislocations that form due to random 
trapping events and GNDs are necessary for crystal deformation13. When deforming a crystal lattice, 
the GNDs are responsible for compatible deformation between geometrical constraints of the crystal 
lattice, like grain boundaries for example. This deformation results in a lattice curvature, caused by 
non-uniform strain in the crystal due to the plastic inhomogeneity of different grain orientations. 
Contrary to GNDs the SSDs don’t contribute to the lattice curvature14. The lattice curvature can be 
measured by quantitative EBSD techniques through local intragranular misorientation data15. 
Information about misorientation data is provided in section 2.2. It is important to note here that 
lattice curvature associated with GNDs is not the only thing contributing to the local misorientations. 
The elastic strain field inside the grains also contributes. Konijnenberg16 and Wilkinson and 
Randman14 concluded that the contribution of the elastic strain field is negligible compared to 
induced lattice rotation. This implies that GNDs are assumed to be solely responsible for lattice 
curvature and local misorientations are directly associated with GNDs. As a result, it is possible to 
quantify the lattice curvature by the presence of GNDs using the strain gradient approach, Kubin and 
Mortensen17 and Liu et al.18 proposed the following equation relating the GND density 𝜌𝐺𝑁𝐷 to the 
misorientation angle 𝜃  
 
 

𝜌𝐺𝑁𝐷 =
𝑎𝜃

|𝑏|𝑥
 . 

 
(2) 

    
In equation (2): 𝑏 is the Burgers vector of the activated slip system in the grain, 𝑥 is the distance 
between the points responsible for the misorientation angle and 𝑎 is a constant that has a value of 2 
or 4 for pure tilt or twist boundaries respectively. Physically the GND density can be interpreted as a 
low angle grain boundary model in which every measurement point is evaluated as a very small 
‘grain’ with low angle misorientation boundaries connecting it to the next measurement point. The 
assumption about the nature of these boundaries (pure tilt or pure twist) is what determines the 
value of 𝑎 in equation (2). The constant 𝑎 originates from an approximation to Nye’s dislocation 
tensor16 and will take the value of 2 in this work. For 𝜃 in equation (2), the KAM misorientation value 
discussed in section 2.2 will be used. The value of 𝑥 in equation (2) is equal to the step size between 
measurement points used during EBSD scanning. 
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2.5 Oxidation of AISI 420 stainless steel  
 
When iron is heated above 200°𝐶 in air an inner and outer oxide layer will form consisting of 𝐹𝑒3𝑂4 
(magnetite) and 𝐹𝑒2𝑂3 (hematite) respectively19. However, when alloying iron with a weight-
percentage of 12-14% chromium, the material is able to form a passive layer consisting of 
(𝐹𝑒, 𝐶𝑟)2𝑂3 and (𝐹𝑒, 𝐶𝑟)3𝑂4. This passive layer is 2 - 10 nanometers thick, takes about two hours to 
form and protects the material from further corrosion by slowing the ion diffusion to the surface3,4. 
When heating the Fe-Cr alloy to more than 200°𝐶, the ion and electron diffusion rates increase and 
an oxide layer is still able to form despite the protection of the passive layer. This means the oxide 
formation depends highly on the heating time, temperature, the partial oxygen pressure during 
heating and the grain orientation. Throughout the experiment the heating time, temperature, partial 
oxygen pressure will be kept constant. The as-received AISI420 is a polycrystalline material and a 
different oxide layer thickness is expected for each grain orientation.  G. Zijlstra4 stated that, when it 
comes down to grain orientation dependency in Fe-Cr steel during oxidation, there are two stages 
that depend on the heating temperature:   
 

- Up to 350°𝐶 the oxide layer is expected to be thicker for the grains with the {111} crystal 
planes parallel to the surface than for the {011}&{001} orientations. 
- At 450°𝐶 the crystal planes with orientation {011} parallel to the surface take the lead in 
oxidation layer thickness, followed by {111} and {001}. 
 

In this research, a heating temperature of 300°𝐶  in air is being used for 20 minutes for the oxidation 
procedure With G. Zijlstra’s statement it is expected that the {111} orientated grains will show the 
thickest oxidation layer. 
 
Beside the grain orientation dependency when discussing the oxidation of stainless steel on a 
microstructural scale, finding the nucleation sites is equally important to understand the oxidation 
phenomenon. A research into corrosion nucleation sites in martensitic stainless steel was done by L. 
de Jeer20 et al., at a heating temperature of 500°𝐶  at atmospheric pressure. A heating stage was 
used to conduct in-situ EBSD measurements while oxidizing the surface. De Jeer concluded that the 
main oxidation nucleation sites were areas that showed a high KAM value at room temperature 
before oxidation, like near grain boundaries and triple points.  This conclusion gives reason to believe 
that incoherent inclusions like carbides, that may experience dislocation pile-ups, may have an 
influence on the way AISI420 corrodes. 

2.6 Carbides 
 
Prior to the state of the as-received AISI420, the material undergoes a series of treatments like 
hardening, quenching, tempering and rolling. These treatment steps are necessary to ensure the 
desired shape, mechanical properties and corrosion resistance of the steel. Figure 10 shows a phase-
diagram of an iron chromium carbon steel with 13wt% chromium21. Some heat treatments result in 
microstructural phase transformation. For example heating from room temperature to  850- 1080°𝐶   
results in a phase transformation from ferritic 𝛼-iron phase (BCC crystal structure) to austenitic 𝛾-
iron (FCC crystal structure). In the 𝛾-iron phase the material is able to store more carbon than in the 
𝛼 phase. This is only 0.022wt% (see figure 10). Leaving the heated 𝛾-iron to gradually cool down 
results in the initial 𝛼-iron phase but the carbon that was dissolved in the 𝛾-iron matrix is forced to 
precipitate. These precipitates are very hard inclusions called carbides and have the chemical 
formula 𝐶𝑟23𝐶6

22. Carbides are assumed to be largely incoherent with the matrix i.e. they are 
obstacles in the material that don’t deform with the matrix and have sizes ranging from 0.05𝜇𝑚 to 
4.2𝜇𝑚 in diameter4. In the SEM, carbides can be recognized by small ellipsoidal spots that show a 
low contrast (dark spots), shown in figure 11. 
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Figure 10: Phase diagram of a Fe-Cr-C steel with 13wt.% 

chromium. 𝛾-iron phase can contain more carbon than 

the 𝛼-iron phase. Figure adapted from [20]. 

Figure 11: SEM image of AISI420 showing a number of grains containing carbides, the carbides are the 

ellipsoidal low contrast spots (dark spots) and can be in the grain but also on the grain boundaries. 
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3 Experimental Setup 

The measurements in this experiment will revolve around two destructive actions, the uniaxial 
tensile deformation and oxidation of the sample surface in air. Figure 12 shows a schematic overview 
of the conducted steps from sample preparation to the end of the experiment. During the 
experiment, acetone and ethanol are used to clean the sample where needed. The tensile action is 
4% global strain and is being applied to create plastic deformation and produce dislocations at 
inclusions or boundaries. With the two EBSD scans beside the tensile action in figure 12, the change 
in curvature can be measured and the influence of carbides is investigated. After using EBSD to scan 
the areas twice, the sample needs to be cleaned and hydrocarbons need to be removed, see section 
2.2. To clean the sample before using the AFM, Argon plasma cleaning is used on the sample for 25 
minutes. The two AFM scans around the oxidation action will give a local approximation of the 
oxidation layer thickness. 
 
A sample that is not plastically deformed (tensile action is skipped) will be used as a reference to 
investigate the influence of this action on surface oxidation.  Therefore, the second EBSD scan after 
the tensile action will be skipped for the reference sample. 
  

Prepped 

sample 

Tensile 

action 

Oxidation 

action 

SEM area 

selection and 

EBSD scan 

EBSD scan 

Argon plasma 

cleaning 

AFM scan AFM scan 

Figure 12: shows the measurements steps throughout the experiment. The two major destructive actions on the sample 

are shown in red boxes (tensile deformation and oxidation). 
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3.1 Material specifications 
 
The material used throughout the experiment is AISI 420, a 
martensitic stainless steel type with a low carbon content. 
Table 1 shows the composition of the AISI 420 class, the 
elements and corresponding weight percentages are 
shown in the first and second column respectively23. This 
particular composition makes steel more resistant to 
corrosion due to the chromium content and the low carbon 
content makes it relatively easy to form. The metal is used 
as received from the factory: a long strip of ferritic steel 
that is 50 mm wide and 0.5 mm thick rolled into a coil. The 
metal has a body-centered cubic (BCC) crystal structure and 
an average grain size between 10-15 𝜇𝑚. 
 
It can be seen from Table 1 that the bulk of the material is 
iron but there are also hard inclusions in the material with 
chemical formula 𝐶𝑟23𝐶6  22. These are called carbides 
and are the result of various heat treatments. Carbides are 
discussed in section 2.6. 
 

3.2 Sample preparation 
 
From a long strip of as received AISI420 metal, tensile bars are 
cut using a laser cutter. Figure 13 schematically shows the 
geometry of the cut tensile bars with all measurements 
indicated.  The samples were cut such that the length of the 
samples is parallel to the rolling direction.  
 
To polish the surface of the bar, the tensile bars are cold-
mounted using a 1:2 mixture of liquid and powder Demotec 
kunststoff kaltpolymerisat (cold-curing resin) 33, shown in 
figure 14. This mount is non-conductive and soluble in acetone for sample removal after polishing. 
The polish is done using a Struers Tegrapol-11 with alkaline OPS (oxide polishing with colloidal silica) 
as a final polishing step, approximately 30 minutes of OPS polishing results in a mirror finish. 
 
In the interest of saving time, parts of the embedding are cut away after polishing using a handsaw. 
To protect the sample during this action, it is sprayed with a protective coating that is solvable in 
acetone. The remaining resin is dissolved in acetone to free the sample. 
 
The final sample preparation step is making 11 equidistant indents of approximately 50 𝜇𝑚 in 
diameter across the width of the tensile bar. These indents act as reference points on the sample and 
are made by a micro-indenter. The data is collected at least 150 𝜇𝑚 from the indents in either 
direction. 
  

Element AISI 420 class 

C ≥ 0.15 

Si 1.0 

Mn 1.0 

P 0.04 

S 0.030 

Cr 12-14 

Ni X 

Mo X 

Nb X 

Fe balance 

Table 1: Composition of the steel used in the 
experiments (AISI 420) in weight percentages, 
X means ‘negligible’. 

 

Figure 14: tensile bar after polishing, cold-
mounted using non-conductive kunststoff 
kaltpolymerisat 33 which is soluble in 
acetone. 

Figure 13: the geometry of the unpolished tensile bars used in the experiment, the thickness of the bars is 
0.5 mm and the rolling direction is along the length of the sample. 

y 

x 
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3.3 Sample characterization 
 
The material is largely investigated using two SEMs: the FEI/Philips XL-30 Field Emission ESEM and 
the Tescan Lyra dual beam. Both SEMs are equipped with an EBSD detector but the XL-30 ESEM has 
been used for most of the EBSD data collection, due to Lyra down-time. Data collection is done by 
EDAX TEAM software and for EBSD data analysis the EDAX Orientation Imaging Microscopy (OIM) 
software is used.  
 
The EBSD data is produced with a heavily tilted (≈ 76°) sample to optimize the collected pattern 
intensity. The recorded phase is ferrite, as this is the dominant phase of the material, apart from the 
carbide phase. Binning of 2 × 2 is used to reduce pattern integration time and the EBSD data is 
collected at 20 frames per second with a scan size of 15𝜇𝑚 × 20𝜇𝑚 and a step size of 0.1 𝜇𝑚. SEM 
settings include a 25 kV electron beam with a probe current setting of 5 in the ESEM. All EBSD scans 
are made using the same settings in the XL-30 ESEM and for the EBSD detector except indicated 
otherwise.  
 
To visualize grain orientation and different grains, Inverse Pole Figure (IPF) maps are made. These 
maps appoint similarly oriented neighboring pixels (low relative misorientation) to the same grain. A 
pixel is appointed as a grain boundary when there is a misorientation of at least 5° between two 
measurement points. The grains are appointed a color depending on their orientation with respect to 
the viewing direction. The crystal plane with its normal parallel to the viewing direction is shown. The 
viewing direction is normal to the sample plane and corresponds to the [001] direction. 
 
Kernel average misorientation maps (see section 2.2) are made using the 1st nearest neighbor and a 
maximum misorientation of 2° because the curvature inside the grain does not exceed this degree of 
misorientation. Higher misorientations correlate to grain boundaries or carbide-matrix interfaces. 
Some KAM maps will use a lower maximum value than 2°, this is done to make relative hotspots 
within the grain more visible. The expectation is that the KAM value increases as the grain 
boundaries or carbide interfaces are approached. 
 
High resolution topography images are made using Atomic Force Microscope Veeco Dimension 3100. 
The software Nanoscope 5.31r1 established the images and for image analysis Bruker NanoScope 
Analysis 1.5 software was used. All the images are made by a Bruker RTESPA-525 model cantilever 
with a resonance frequency of 525 kHz and stiffness of 200 N/m. For all areas a 10 × 10 𝜇𝑚2 
topographical image is made, for some areas a second image is made of 4 × 4 𝜇𝑚2 to investigate 
the carbide interface more closely.  
 
Tensile deformation is done in a Kammrath and Weiss 5000N tensile and compression module. This 
stage maximally allows tensile bars to be mounted of dimensions 6 × 1 × 0.5 𝑐𝑚3. The strain rate 

that is used during the tensile treatment is 𝜖̇ = 10
𝜇𝑚

𝑠
.  
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3.4 Investigation of carbide influence on KAM 
 
This part of the experiment will be cut up into two 
parts, a part where the data originates from one side 
of the micro-indents and a part where the data 
originates from the other side, see figure 15. The 
reason for this is that significant differences have been 
observed between these areas. A possible reason for 
this will be given in the discussion section.  
 
Since the focus in this experiment lies within the grain 
and the carbide-matrix interfaces, the points belonging 
to the carbide phase and grain boundary are removed 
from the EBSD data by using a confidence index filter. By removing all the points having a confidence 
index of < 0.15, the carbide points are not taken into the analysis. The reason for this is that points 
that have a non-ferrite phase will naturally have a high misorientation and could mislead the 
interpretation of local data. When determining the curvature of the matrix, carbides should be left 
out. 
 
The grain of interest will be separated from the full data set and highlighting lines of five 
measurement points in width will be drawn from carbides to surrounding carbides. Figure 16 shows 
an example of this highlighting. The black pixels are removed points with a confidence index smaller 
than 0.15. The average KAM is calculated 
along the width of the highlighted line (five 
points) for its entire length and a graph of 
average KAM values in the line’s direction is 
constructed. This is done because the 
measurement points don’t exactly 
correspond between the before deformation 
and after deformation scan. After plastic 
deformation, the same line is drawn. The 
influence of the carbides during this process 
and the influence on the stress gradients will 
be investigated by comparing the normalized 
average change in KAM. The shape change of 
the matrix after deformation is the reason 
for normalization of the data and averaging 
of the measurement line. The averaging of 
five measurement points along the width of 
the line allows the comparison of the two 
lines even though not the exact same points 
on the map can be selected. However, 
averaging to much will cause the loss of local 
effects. It is believed that a width of 0.5 𝜇𝑚 
for the measurement line is a good 
compromise. But to stay as accurate as 
possible at a micro scale the data from these 
measurement lines is only used to give a 
general impression of the carbide influence 
and the trend in the grain.  
  

Carbide 

Highlight 
Line 

Figure 16: KAM map with a highlighting line of 5 points in width 
between two inclusions. The black points are removed points 
(confidence index < 0.15) corresponding to carbides. 

 

A B 

Figure 15: shows a schematic of the width in 
the middle of the tensile bar, micro-indents 
as reference points are shown. A and B 
indicate side of the tensile bar with respect to 
the indents.  

y 

x 
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3.5 Investigation of curvature on oxidation thickness 
 
To investigate the effect of the oxidation procedure on the material surface, a before and after 
oxidation AFM image is made of the areas of interest. These images will contain numerous carbides 
and correspond to the areas investigated in section 3.4. Similar to the previous section, a line will be 
drawn from carbide-to-carbide that gives the relative height of each point along the line with respect 
to a zero reference value. Figure 17 shows how the section line is drawn in the AFM software. As 
reference point the carbide is taken in both the pre- and post-oxidation images. This will be done 
because the carbides themselves hardly corrode at these temperatures and they do not change 
shape i.e. the carbide topography is assumed to be the same after oxidation. When handling the data 
to calculate oxidation layer thickness the carbide is removed from analysis. Due to the precision of 
the software averaging over the width of the line is not necessary and values do not have to be 
normalized like in the previous section i.e. absolute differences are calculated between pre and post-
oxidation.  

 

3.6 GND density change around carbides due to plastic deformation 
 
A closer investigation at the interfaces of the carbides will be done by cropping the EBSD data locally. 
The data will be very carefully cropped around ten carbides from different areas on either side of the 
sample using the polygon option in the OIM software ≈ 0.5𝜇𝑚 away from the carbide in all 
directions. This corresponds with 5 measurement points. Figure 18 shows an example of how this is 
done for a carbide with a major axis diameter of approximately 700𝑛𝑚. It can be seen from this 
figure that the points corresponding to the carbide are taken out of the crop. This is done by 
removing points with 𝐶𝐼 < 0.2 and careful interpretation of the data. The average KAM value is 
calculated in both maps for all points in the cropped sections, the values are compared and with 
equation (2) the average GND density is calculated. The carbide size will be measured and compared 
to the calculated GND density results to investigate size dependence. 

Figure 17: shows AFM images with a drawn measurement line from carbide to carbide before oxidation (left) and after 

oxidation (right). Notice how the carbides are clear of any oxidation confirming the inability of carbides to oxidize. Before 

oxidation the carbides are on top of the ferrite matrix but after oxidation they are embedded indicating the growth of an 

oxidation layer. 
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Figure 18: shows how the measurement points (step 0.1 𝜇𝑚) are isolated around a 

carbide of major axis diameter 0,7 𝜇𝑚. Left image shows the post-tensile state and the 

right shows the pre-tensile state. 
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4 Results 

The results will be discussed in two sections. First the influence of carbides during deformation will 
be presented. Secondly, the influence of carbides on the oxidation layer thickness will be presented. 
Both section will contain a subsection discussing the carbide-matrix interfaces. The separate sections 
will be compared to each other and values found for the reference sample. 

4.1 The influence of carbides on GND density 
 
The first section of the experiment, the investigation of the influence of carbides during the 
deformation process of the grain, is divided into two parts. At first, a part in which the data originates 
from one side of the micro-indents and a part in which the data originates from the other side of the 
indents (see figure 15). 
 
Lines were drawn between carbides in grains with {111} planes parallel to the surface. These lines 
were drawn perpendicular to the rolling and tensile direction. The lines have a width of 5 
measurement points over which the KAM values are averaged, to avoid the selection of wrong points 
between the different pre- and post-tensile maps.  
 
4.1.1 Sample side A 
 
One of the investigated areas from side A is shown in figure 19, which shows a fairly large grain that 
allowed nine measurement lines to be drawn (as can be seen in figure 19(a,b)). In figure 19(c), it can 
be seen that the investigated grain approximately has a (111) plane parallel to the surface. Figure 
19(d) gives a picture of the grain without measurement lines and shows the carbides clearly by the 
small dark spots on the map, (d) also shows slip planes in the grain due to the tensile treatment. 
 
Three measurement lines from figure 19(a,b) are chosen to represent the data: line (3), (4) and (5). 
This choice is based on their position around the central carbide in the map. Figure 20 shows three 
graphs corresponding to the measured data from line (3), (4) and (5) in figure 19(a,b). It can be seen 
in figure 20 that the data trend of pre- and post-tensile are very comparable but the average KAM is 
higher for the pre-tensile maps. Judging from all graphs in figure 20, it is observed that all KAM spikes 
can be identified in both pre- and post-tensile maps. There is a small offset between some peaks, 
especially in graph (5). The reason for this is plastic deformation of the matrix. In the investigated 
grain the matrix deformation caused the distances between carbides to increase. This increased the 
length of the measurement lines in the post-tensile map with respect to the pre-tensile map, and is 
the reason for data normalization. Therefore, it is possible that two peaks that have the same 
physical cause, show up at a slightly different location in the graph. 
 

From graph (5) in figure 20, it can be seen that at 𝑥 ≈ 0.51 of the post-tensile data graph there is a 
peak that is not seen in the pre-tensile data. This is due to a small carbide that is covered by the 
measurement lines (see 19(d)), but not picked up in the pre-tensile KAM data as a high value area. 
The same can be seen in graph (3) at 𝑥 ≈ 0.62 in the post-tensile data. This gives reason to believe 
that these particular carbides accumulated dislocations at the interface between the carbide and the 
matrix due to tensile deformation.  
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Figure 20: Graphs showing the normalized KAM data of highlighted lines (3), (4) and (5) in figure 19 for pre- and post-

tensile maps. The trend lines are polynomials (6th order) and have the sole purpose of giving a global impression of the 

trend in the data, the 𝑅2values are given to see the trend degree of accuracy. It can be seen that the profiles match but 

the pre-tensile maps show a higher average KAM. The graph of line (5) misses a trend line because an accurate trend 

could not be found by a 6th order polynomial. 
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(1) 

 (2) 

(3) 

(4) 

(5) 

(6) 

(7) 

(8) 

(9) 

(a) Pre-Tensile (b)  Post-Tensile 

Figure 19: shows grain orientation, carbides and highlighted lines that are used to calculate the KAM data. (a) 

shows a KAM map of the pre-tensile state, the numbered white arrows show the drawing direction of the 

measurement line. (b) shows a KAM map of the post-tensile state, equally long arrows are drawn like in the 

neighboring map, the length is the same to show the segments length change due to deformation. (c) shows an 

inverse pole figure, [001] as the viewing direction, of the grain to show the orientation of all measurement points. 

(d) is an image quality map to show the carbides. Notice that the slip planes are visible in this map, these are the 

diagonal lines running from the lower left to upper right.  

(c) (d) 
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4.1.2 Sample side B 
 
The data from side B in figure 15 shows the dislocation accumulation at the carbide interface more 
clearly for almost all investigated carbides. One of the investigated areas from side B is depicted in 
figure 21. It shows the KAM maps before and after the tensile treatment in (a) and (b) respectively. 
Numbered measurement lines are shown in (a). Since all the lines are drawn in the same direction 
the arrows are left out in figure 21(b). In (c) the orientation of the grain is shown and in (d) the image 
quality map helps identify the carbides.  When comparing figure 21(a) and (b) it is observed that for 
the areas in side B the KAM values look significantly larger after tensile treatment of the sample. 
When analyzing the data, almost all measurement lines show an increase in KAM after tensile, not 
only at the carbide-matrix interfaces but also in the grain. Note that the data from side A showed 
that the pre-tensile lines had a higher KAM value and the data was inconclusive inside the grain. 
Figure 22 shows analyzed measurement lines (2), (5) and (7) to represent side B’s behavior. Like in 
side A, the same peaks can be recognized at roughly the same normalized distance in both pre- and 
post-tensile KAM profiles. However it is observed from figure 22 that the post-tensile KAM values are 
larger, both in grain as well as at the carbides interface. 
 
When comparing measurement line (5) from figure 20 to measurement line (2) from figure 22, it 
shows that both lines contain a carbide along the line. For measurement line (2) the carbide is at 𝑥 ≈
0.42 and has accumulated some dislocations that increase the average KAM value around its 
interface leading to a peak in the post-tensile data. This proves that on either side of the sample the 
carbides are able to accumulate dislocations due to plastic deformation and influence the curvature. 
This can also be seen when looking at the start and end of the measurement lines in all graphs in 
figure 22. The KAM value at a carbide interface is significantly larger after tensile treatment but 
decays very fast. In graph (2) of figure 22 it can be seen that after starting with a high KAM value it 
decays after roughly 200𝑛𝑚. This short-ranged behavior is observed for most of the carbide 
interfaces within 500 𝑛𝑚 and is the reason for the next part of this experiment where a closer look 
will be taken at the carbide interface. 
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Figure 22: Graphs showing the normalized KAM data of highlighted lines (2), (5) and (7) in figure 21 for pre- and post-

tensile maps. The trend lines are polynomials (6th order) and have the sole purpose of giving a global impression of the 

trend in the data. It can be seen that the profiles roughly match but the post-tensile maps show a higher average KAM.  

Total line length: 
Pre = 5,54 𝜇𝑚 
Post = 5,98 𝜇𝑚 

Total line length: 
Pre = 4,42 𝜇𝑚 
Post = 4,59 𝜇𝑚 

Total line length: 
Pre =1,99 𝜇𝑚 

Post = 2,08 𝜇𝑚 
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Figure 21: shows grain orientation, carbides and highlighted lines that are used to calculate the KAM data. (a) 

shows a KAM map of the pre-tensile state, the numbered white arrows show the drawing direction of the 

measurement line. (b) shows a KAM map of the post-tensile state with the same measurement lines drawn, a 

slight tilt of the lines can be seen and is the result of matrix deformation. (c) shows an inverse pole figure, [001] as 

the viewing direction, of the grain to show the orientation of all measurement points. (d) is an image quality map 

to show the carbides.  

(a) Pre-Tensile (b)  Post-Tensile 

(c) (d) 

(3) 

(2) 

(1) (4) 

(5) 

(6) 

(7) 
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4.1.3 GND density at the carbide interface 
 
After the first part of this experiment it has become clear that the influence of carbides on the 
curvature during plastic deformation is relatively short-ranged and decays rapidly within the first 300 
𝑛𝑚. To give an idea of what happens at the carbide-matrix interface a circumference of 
approximately 0.5 𝜇𝑚 in radius is taken around the carbide, see figure 18 in section 3.6. The 
measurement points belonging to the ferritic matrix are averaged for the KAM value and the average 
difference in GND density (Δ�̅�𝐺𝑁𝐷) is calculated between pre- and post-tensile situations using 
equation (2). Table 2 shows ten investigated carbide interfaces from side A and B of the sample and 
shows the size of each carbide. Average GND density values were found around the carbides at side 
A of �̅�𝐺𝑁𝐷(𝐴) ≈ 2.03 ∙ 1016 𝑚−2 and �̅�𝐺𝑁𝐷(𝐴) ≈ 2.09 ∙ 1016 𝑚−2 for pre-tensile and post-tensile 

treatment respectively. For side B the average GND density was found to be �̅�𝐺𝑁𝐷(𝐵) ≈ 1.55 ∙

1016 𝑚−2 and �̅�𝐺𝑁𝐷(𝐵) ≈ 2.19 ∙ 1016  𝑚−2 for pre- and post-tensile treatment respectively. 

 
It can be seen that �̅�𝐺𝑁𝐷 has increased around the carbides for both sample sides after plastic 
deformation. Side A shows some negative values which means that the GND density decreased 
around the carbide after tensile treatment. This is not found at any carbide on side B. The average 
�̅�𝐺𝑁𝐷 increase on side B is found to be a factor 10 larger than the �̅�𝐺𝑁𝐷 increase around the carbides 
on side A. 
 
A direct correlation between the particle diameter and the measured difference in GND density was 
not found for the analyzed data. Judging from side A of table 2, relatively high differences in GND 
density can occur for particles below 1𝜇𝑚 in diameter, but also for larger particles. In side B of table 
2, the biggest differences in GND density were found for particles with a major axis diameter of 
about 0.6𝜇𝑚. To improve the accuracy of this investigation more carbide data must be analyzed.  

Carbide 
Side A 

Major Axis 
Diameter (um) 

𝚫�̅�𝑮𝑵𝑫 (
𝟏

𝒎𝟐)  Carbide 
Side B 

Major Axis 
Diameter (um) 

𝚫�̅�𝐆𝐍𝐃 (
𝟏

𝒎𝟐) 

1 1,2 3,95E+15 1 1,5 2,15E+15 

2 1,2 6,17E+14 2 0,3 1,85E+15 

3 0,6 3,87E+15 3 0,3 3,09E+15 

4 0,8 -4,56E+14 4 0,2 9,44E+14 

5 1,4 -3,21E+15 5 1,0 6,68E+15 

6 1,2 3,53E+15 6 0,6 1,14E+16 

7 0,4 6,33E+14 7 0,5 7,07E+15 

8 1,1 -6,63E+14 8 0,3 1,09E+16 

9 0,4 -1,61E+15 9 0,6 1,01E+16 

10 0,6 -4,85E+14 10 0,7 9,57E+15 

      

 Average 6,18E+14  Average 6,37E+15 

Table 2: shows ten investigated carbide interfaces for side A (left table) and side B (right table). For each carbide 

the major axis diameter is given in the second column and the difference in average GND density between pre- 

and post-tensile is given in the third column. The average difference is given at the bottom of each table in bold. 



30 
 

4.2 Oxide layer thickness through AFM 
 
To measure the oxide layer thickness a pre- and post-oxidation AFM scan is made of the area of 
interest. The same section line that measures the topography is drawn in both images (see section 
3.5) and the absolute difference in z-values between the two lines is calculated giving a local 
estimation of the increase in oxide layer thickness 𝑑. This has been done for the area shown in figure 
19 along parts of measurement lines (3), (4) and (5). The full length of the measurement lines was 
not always visible in the AFM images therefore parts are analyzed. A calculation of the oxide layer 

thickness along the measurement lines shown in figure 20 gives average values of �̅�𝑔𝑟𝑎𝑖𝑛(3) =

4.7 𝑛𝑚, �̅�𝑔𝑟𝑎𝑖𝑛(4) = 4.3 𝑛𝑚 and �̅�𝑔𝑟𝑎𝑖𝑛(5) = 4,9 𝑛𝑚 for line (3), (4) and (5) respectively. On average 

the average oxide layer thickness is �̅�𝑔𝑟𝑎𝑖𝑛(𝐴) = 4.6 𝑛𝑚 on side A of the sample. 

 
Figure 23 shows the post-tensile KAM values of measurement line (4) plotted along the oxidation 
layer thickness found along that line. The spikey behavior of approximately 6 𝑛𝑚 is dedicated to the 
roughness of the oxidation layer, and some peaks in KAM seem to overlap with a local average 
increase in oxide layer thickness. An obvious correlation cannot be detected from this graph. Other 
attempts at directly correlating the KAM profile along the measurement lines and the oxide layer 
thickness for both sides of the sample were also inconclusive.  
 
Figure 24 shows an AFM image of an area on side B of the sample. Three section lines have been 
drawn for calculation of the average oxide layer thickness. For side B of the sample the average 

values for the oxide layer thickness are found to be �̅�𝑔𝑟𝑎𝑖𝑛(1) = 8.4 𝑛𝑚, �̅�𝑔𝑟𝑎𝑖𝑛(2) = 6.4 𝑛𝑚 and 

�̅�𝑔𝑟𝑎𝑖𝑛(3) = 7.4 𝑛𝑚 for section lines (1), (2) and (3) in figure 24 respectively. On average the oxide 

layer is found to be �̅�𝑔𝑟𝑎𝑖𝑛(𝐵) = 7.4 𝑛𝑚 which is thicker than �̅�𝑔𝑟𝑎𝑖𝑛(𝐴) = 4.6 𝑛𝑚 on side A. This 

could be due to the noticeable difference in plastic behavior between the two sides. The average 
values calculated from the section lines on the reference sample that was not plastically deformed 

showed �̅�𝑔𝑟𝑎𝑖𝑛(𝑅𝐸𝐹) ≈ 5.6 𝑛𝑚. This proves that grains showing high KAM values and thus high GND 

densities after plastic deformation experience an increase in the average oxide layer thickness. The 
grains on side A had a higher average KAM value before tensile-treatment, and therefore show a 
thinner oxidation layer on average.  
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Figure 23: This graphs shows the oxide layer thickness along line (4) of figure 19 with the corresponding post-tensile 

KAM data. The spikey behavior is dedicated to the roughness of the oxide layer and the average oxide layer thickness is 

calculated to be �̅�𝑜𝑥(4) = 4.29 𝑛𝑚. From this data it cannot be seen that there is an obvious correlation between high 

KAM values and oxide layer thickness. 

(3) 

 (2) 

(1) 

Figure 24: an AFM image after oxidation showing three numbered section lines in a 

(111) oriented grain used for determination of the average oxide layer thickness along 

that line. This area is from side B of the sample. 
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4.2.1 Carbide interfaces and layer thickness 
 
It can be seen through AFM images like figure 17 that before oxidation the carbides lie on top of the 
matrix but after oxidation they are embedded. It is believed in section 4.1 that carbide-matrix 
interfaces accumulate dislocations when the matrix is plastically deformed. Therefore, it is possible 
that the carbide interface shows a thicker oxide layer than the average oxidation layer thickness 
found on the matrix. Figure 25 shows a pre- and post-oxidation AFM image of the central carbide in 
figure 19. Section lines are drawn and the edges of the carbide are studied. It can be seen that at the 
edges of the carbide the oxidation layer can be identified by a very sharp peak that has roughly the 
same height for the first 0.1 𝜇𝑚 when moving away from the edge. The oxide layer thickness is 
calculated for these profiles in the same way as all other but the carbide is not removed from the 
data. This is shown in figure 26. In this figure, for the vertical section line an oxide layer thickness of 
𝑑𝑐𝑎𝑟𝑏(𝑣𝑈) ≈ 12.5 𝑛𝑚 and 𝑑𝑐𝑎𝑟𝑏(𝑣𝐿) ≈ 9.4 𝑛𝑚 is observed for the upper edge and lower edge 

respectively. For the horizontal line this was found to be 𝑑𝑐𝑎𝑟𝑏(ℎ𝐿) ≈ 10.0 𝑛𝑚 and 𝑑𝑐𝑎𝑟𝑏(ℎ𝑅) ≈

7.6 𝑛𝑚 for the left and right edge respectively. On average a value of  �̅�𝑐𝑎𝑟𝑏(𝐴) = 9.9 𝑛𝑚 is found 

around the carbides of side A. Comparing these results with the average �̅�𝑔𝑟𝑎𝑖𝑛(𝐴) values between 4 

and 5 𝑛𝑚 that were calculated for a large section line inside the grain. It shows that at the carbide 
edge there is a significant increase of the oxide layer thickness.  
 
The same method is applied to side B of the sample for the large central carbide in figure 24. For side 
B, the found oxide layer thicknesses are 𝑑𝑐𝑎𝑟𝑏(𝐵1) ≈ 11.1 𝑛𝑚, 𝑑𝑐𝑎𝑟𝑏(𝐵2) ≈ 12.4 𝑛𝑚, 𝑑𝑐𝑎𝑟𝑏(𝐵3) ≈

10.8 𝑛𝑚 and 𝑑𝑐𝑎𝑟𝑏(𝐵4) ≈ 14.0 𝑛𝑚 for the lower-, upper-, left- and right edge respectively. On 

average for the carbide on side B of the sample the oxide layer thickness is �̅�𝑐𝑎𝑟𝑏(𝐵) = 12.1 𝑛𝑚. This 

oxide layer at the interface of the carbide is roughly five nanometers thicker than the calculated 
average grain oxide layer. 
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Figure 25: The pre-oxidation AFM image is shown on the left with two drawn section lines that give the topography 

in the corresponding height graph below it. The post-oxidation AFM image is shown on the right with the same 

section lines giving the topography in the corresponding height graph below it. The red graph is the vertical section 

line and the blue line belongs to the horizontal section line. 
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Figure 26: Shows 𝑑𝑜𝑥 for the section lines of figure 25. The non-zero values seen at 𝑥 = 1,68 𝜇𝑚 for the horizontal 

and at 𝑥 ≈ 1.2 𝜇𝑚 for the vertical graph is the result of a particle or small offset in the pre-oxidation image due to 

embedding of the carbide. 
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4.2.2 Interface thickness on the reference sample 
 
The observed increase in 𝑑𝑜𝑥  at the carbide boundary could be due to accumulation of dislocations 
because when the same calculation is done on the reference sample smaller steps are found. Figure 
27 shows the AFM topography maps for pre- and post-oxidation and shows a graph of 𝑑𝑜𝑥𝑅𝐸𝐹  for the 
drawn section lines. The negative peak at 𝑥 ≈ 1.99 𝜇𝑚 for the vertical line exists because of a silica 
particle in the pre-oxidation image that the section line crosses. This particle is not taken into any 
calculation because it would give a false impression of the layer thickness. The vertical line reference 
point was made at carbide (2), therefore carbide (1) at 𝑥 ≈ 1 𝜇𝑚 lies below zero. The reference point 
for the horizontal graph is made on carbide (2), which is the same carbide as the vertical line 
reference point. At 𝑥 ≈ 0.66 in the horizontal graph, the section line encounters a hole at the 
carbide interface that is not filled by the oxidation and therefore has a negative value. The negative 
value at this hole is not taken into account when estimating 𝑑𝑐𝑎𝑟𝑏(𝑅𝐸𝐹). For the vertical line the 

values for 𝑑𝑐𝑎𝑟𝑏(𝑅𝐸𝐹) are found to be 𝑑𝑐𝑎𝑟𝑏(𝑉1) ≈ 5.6 𝑛𝑚, 𝑑𝑐𝑎𝑟𝑏(𝑉2) ≈ 5.4 𝑛𝑚, 𝑑𝑐𝑎𝑟𝑏(𝑉3) ≈ 6.1 𝑛𝑚 

and 𝑑𝑐𝑎𝑟𝑏(𝑉4) ≈ 12.8 𝑛𝑚 from left to right in figure 27 respectively. For the horizontal line 

thicknesses of 𝑑𝑐𝑎𝑟𝑏(𝐻1) ≈ 5.4 𝑛𝑚, 𝑑𝑐𝑎𝑟𝑏(𝐻2) ≈ 7.5 𝑛𝑚 and 𝑑𝑐𝑎𝑟𝑏(𝐻3) ≈ 5.7 𝑛𝑚 are found from left 

to right in the graph respectively. Except the value found at interface 4 of 12.8 𝑛𝑚 for the vertical 
line all found values lie close to the found average oxide layer thickness for the reference sample of 

�̅�𝑐𝑎𝑟𝑏(𝑅𝐸𝐹) ≈ 5.6 𝑛𝑚. This could be a coincidence. Therefore, more interfaces need to be 

investigated to confirm the trend or the accumulation of dislocations around carbides due to plastic 
deformation which contributes to the oxide layer thickness. 
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Figure 27: Upper left shows an AFM image of an undeformed sample before oxidation, the upper right shows the 

same area after oxidation. Section lines are shown in both images to investigate the carbide interface with 

respect to the oxidation treatment. The bottom graph shows 𝑑𝑜𝑥(𝑅𝐸𝐹) for the drawn section lines.  
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4.2.3 Substructures 
 
It was observed in figures 20 and 22 that the main difference between side A and B of the sample 
was that the average curvature decreased for side A after tensile-straining and increased for side B 
after tensile. On both sides plastic deformation took place judging from the grain morphological 
change. It is possible that the lower tensile stress on side A with respect to B, causes side A to 
experience intragranular restructuring due to morphological change but no increase in GND density. 
AFM images show substructures that confirm restructuring. They are visible on the reference sample 
and can be recognized by the dark vainy structures. This is shown in figure 28 and can also be seen in 
figure 27. Even after oxidation the pattern of these substructures is visible. There are larger dark 
shapes resembling carbides visible in figure 28(b and d). It is possible that there used to be a carbide 
there but it got removed during polishing. When looking back at figure 27, it is shown that when the 
vertical section line crosses the dark vainy structure at 𝑥 ≈ 0.27𝜇𝑚, a dip in the oxide layer thickness 
is seen. When the horizontal line in figure 27 crosses the dark vain between the large carbides at 𝑥 ≈
2.71 𝜇𝑚, the same small dip is recognized. In conclusion, the dark vainy structures have a thinner 
oxide layer. 
 
The substructures are not visible in the deformed sample, see figures 24, 25 and 28(a,b). Confirming 
that, due to the applied plastic deformation, the grain restructures itself and clears the 
substructures. The cause for these substructures can be related to the curvature of the grain. An 
attempt at an overlay of the KAM map from the OIM software and the post-oxidation AFM image is 
made and shown in figure 29. The shown images are of the same areas that are portrayed in figures 
27 and 28. Even though the carbides on both maps do not overlap everywhere, a correlation 
between the vainy substructures and the low values of the KAM map can be seen. The substructure 
corresponds to areas with low KAM values and it has a thinner oxide layer than its surrounding. 
Therefore, it can be concluded that a higher GND density results in a thicker oxide layer on the 
undeformed sample.  
  

Figure 29: shows an overlay image of two areas on the reference sample. In both images the KAM map of that 

area, obtained from the EBSD data, is transparently overlaid with the AFM image. Even though the carbide 

positions do not overlap everywhere, a correlation between the low KAM values and the underlying dark vainy 

structure appears to be evident. For the KAM map a maximum misorientation of 1.5 ° is used and the first 

nearest neighbor. 
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Figure 28: (a) shows a topographical image of an area on side A of the deformed sample before oxidation. (b) 

shows a topographical image of an area on the reference sample before oxidation. (c) shows the oxidized 

topographical image of the area in (a). (d) shows the oxidized topographical image of the area in (b). The white 

specks are silica particles left over from the OPS polishing treatment. The lower part of (b) and (d) is covered 

with some dirt that was not able to be removed by acetone or ethanol. A comparison between (a), (c) and (b), 

(d) shows that after deformation the substructures that can be seen in (b) and (d) are gone.  

(b) (a) 

(d) (c) 
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5 Discussion 

After a few general discussion topics, the discussion will follow along the lines as set out in chapter 4. 
First, the results about the role of carbides during plastic deformation will be discussed. After that, 
the carbide influence during oxidation will be discussed. Finally, some remarkable things will be 
discussed that were outside of the focus of this thesis but could be interesting to further research. 
 
5.1 General discussion topics 
 
The results provided in chapter 4 about the role of carbides in plastic deformation showed 
differences between the left and right side of the sample. More specifically, side B from figure 15 
experienced significantly more plastic deformation than side A. This was unexpected since it can be 
assumed that during tensile treatment a uniform stress field is created along the length of the tensile 
bar. Therefore both sides should experience the same amount of tensile force. The scan areas 
between the two sides are approximately a distance of 0.6 𝑚𝑚 away from each other along the 
length of the bar, this is roughly 300 𝜇𝑚 in either direction from the middle indents. This distance is 
enough for a stress gradient along the bar during tensile treatment to make a real difference. 
Possible local causes like: grain orientation, grain size, amount of carbides and different grain 
orientation neighbors were dismissed after observing that all scan areas on side A showed different 
characteristics compared to all scan areas on side B.  
There were small slip marks visible on the side of the sample that was clamped during tensile 
deformation. This clamped side belonged to sample side A and is shown in figure 30. It is possible 
that during tensile treatment the sample slipped under one of the clamps, causing less deformation 
on side A. Thus, creating a stress gradient along the length of the tensile bar. The consequence of this 
is that both sides of the sample had to be investigated separately because they are not treated 
equally. However, this does not influence the experiment because the reason for the tensile 
treatment was to apply plastic deformation. It still applied plastic deformation, but presumably 
unequally along the length of the bar. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
This experiment only gave insight into the behavior of the {111} orientated grains. The reason for this 
was two sided: the {111} grain orientation was expected to show most oxidation (discussed in section 
2.5), and the majority of the grains were oriented this way. Areas were mostly selected on carbide 
related criteria: a relatively large carbide situated inside a large grain with no large carbides 
surrounding it. Otherwise interference between other geometrical constraints would influence the 
results. Since this material is riddled with carbides of various sizes, a compromise had to be made. 
Only the {111} orientated grains were investigated because most areas fitting the criteria were found 
in the {111} orientated grains. Other grain orientations will show different oxidation and plastic 
deformation behavior than the {111} orientated grains. Investigating the other orientations is an 

Figure 30: shows the tensile bar that was used for the experiments with small slip 

marks on the left end of the sample (side A), indicating slip during tensile treatment. A 

reason could be the lack of grip due to the rough polish direction at the left end or 

stump clamp hooks. 
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interesting topic for further research and will give a more complete picture of the behavior of AISI 
420. 
 
Alkaline OPS was used as a final polishing step to increase the quality of the data obtained by EBSD. 
However, alkaline OPS solution slightly etches the grains and reveals the carbides. This can lead to 
different oxidation behavior than on a sample that is not treated with alkaline OPS. For the small 
scale effects investigated in this this experiment it was crucial to obtain high quality EBSD data. The 
influence of alkaline OPS on the oxidation of AISI 420 is not yet investigated but because all samples 
had the same polishing treatment, the effect is considered negligible. In further research it is advised 
to try samples without any OPS treatment because the OPS residue on the sample can cause a 
problem in the AFM. The silica residue shows up in the AFM images as small white particles and 
leaves large height spikes in the data. They can be seen in the pre-oxidation AFM images of figures 26 
and 27.  
 
5.2 Discussion of the role of carbides on grain deformation 
 
In this research the assumption was made that the grain in which the investigated carbides are 
situated was isolated from the rest of the material because variables like neighboring grains are not 
taken into account. When discussing the deformation behavior of a grain in a polycrystal, factors like 
grain size and orientation of the neighboring grains play a role. When calculating the Schmid factors 
of the main orientations of the investigated BCC crystal, the {111} oriented grains have the lowest 
value and are therefore expected to deform the least. The {011} and {001} oriented grains are 
expected to experience more deformation because they have a higher Schmid factor. When a 
neighboring grain is harder to deform than the investigated grain it can lead to different forces on 
either side of the grain. The as-received material is found to largely consist of {111} oriented grains. 
Therefore, the assumption is made that it is likely for the investigated grain to neighbor grains with 
roughly the same orientation, excluding local anisotropy. This assumption can cause a small deviation 
from reality when comparing different grains of the same orientation. However, this experiment only 
followed the trend of the curvature using graphs like in figure 20 and 22. Even though the KAM 
values may be lower or higher, depending on the local anisotropy of the neighboring grains, the 
trend will still be visible and accurate. The calculated values at the carbide interfaces will be 
influenced due to this effect. These values are expected to be slightly higher or lower depending on 
the amount of anisotropy due to neighboring grains. However, it is believed that when taking enough 
carbides this effect will average out. 
 
Grain size also influences the deformation. As the grain size decreases, there are increasingly more 
grain boundaries at the surface. Grain boundaries impede dislocation movement making it more 
likely for dislocations to pile up, which leads to more curvature at the grain boundaries. The average 
grain diameter of the as-received material is between 10-15 𝜇𝑚. In this research it was attempted to 
select areas that had a relatively high grain diameter (≥ 15 𝜇𝑚) and with the carbides in the middle 
of the grain to avoid grain boundary interference. This was not always possible and measurement 
lines had to be drawn towards carbides on a grain boundary. Thus, at the end of these measurement 
lines the grain boundary can have an influence on the amount of dislocations. The data around the 
carbides situated on grain boundaries can be influenced by the dislocations impeded by the grain 
boundary. This effect could slightly have increased the KAM values at the interface of carbides 
situated on grain boundaries. 
 
In section 4.1.2 a statement was made that the effect of the carbides during deformation seems to 
decay within 500 𝑛𝑚. This was based on the misorientation data showing an increase in KAM when 
approaching the carbide, starting at distances of ≈ 300 𝑛𝑚 from the interface. R. Sankaran and C. 

Laird24 showed that the influence of a cylindrical misfitting inclusion on the stress, decays with 
1

𝑟2. 

Here, 𝑟 is a unit-fraction of the radius of the precipitate and is dimensionless. Judging from this, the 
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influence of a carbide with a 0.75 𝜇𝑚 radius is expected to be a radial distance of 2.25𝜇𝑚 (𝑟 = 3) 
from the carbide interface. This is not seen in the experiment.  One reason for this could be that not 
all carbides are shaped like cylinders. The second reason for this can be that the short-ranged 
statement is a bit bold based on two dimensional data. In the experiment no information was 
collected in the depth of the material. It is unknown whether a carbide lies completely on top of the 
matrix or if it is just ‘the tip of the iceberg’. The diameter of the carbide is determined by what is 
visible through secondary electron microscopy, that penetrates < 10 𝑛𝑚. It could be possible that a 
carbide is not completely misfitted with the matrix but dislocations are able to travel underneath. 
The actual shape of the carbide going into the depth of the sample is also unknown. It is possible that 
this is one of the reasons for the measured ‘short-ranged’ effect instead of a bigger stress gradient. 
 
The GND density at carbide interfaces was calculated in section 4.1.3 from the measured KAM data 
using data cropping. Ideally, in the experiment the number of measurement points and carbide 
points are kept identical. However, both scans are never exactly the same. Therefore, it is possible 
that one scan has a carbide consisting of more points than the other scan. This leads to a small 
increase in measured �̅�𝐺𝑁𝐷 for the carbide with less points because at the carbide interface the 
misorientation is relatively high. When this crop is made, the measurement points at the outer 
perimeter of the cropped data will only use the points inside the cropped area as kernel points. That 
is why a radius of approximately 5 measurement points is being used, even though the investigated 
local effect might have decayed over this distance. It is assumed that because this happens for both 
pre- and post-tensile maps, the effect is small. However, the measurement points at the perimeter of 
the crop will have a slightly larger KAM value than they are supposed to and this leads to an increase 
of the calculated �̅�𝐺𝑁𝐷. 
 
5.3 Discussion of the role of carbides on oxide layer thickness 
 
One of the biggest challenges here was to get a good AFM image. Quite frequently, either silica 
particles or dust made it difficult to obtain good images. The dimension AFM also does not operate in 
an enclosed space, which makes vibrations and air flow a small problem. These problems were easily 
solved by flattening the images in the AFM software. However, dirt on the sample was a larger 
problem despite the thorough sample cleaning with argon plasma, acetone and ethanol. These 
particles can create a misleading impression of the oxidation layer thickness. A few particles were 
found near a carbide edge in figures 26 and 27. This shows in the graph by a negative value for the 
oxidation layer thickness. After oxidation the particles are sometimes gone or covered in oxidation. 
There is no way to know if the particle is still there unless it sits on top of the carbide. For example in 
figure 26 the particles on top of the carbide are gone after oxidation. Assuming that the particle over 
the section line is gone as well after oxidation, the data before oxidation still contains the particle 
and is subtracted from the post data. This gives a false idea of the thickness of the oxidation. In this 
case the particle height needs to be added to the calculated oxidation layer thickness. This difference 
in number of particles before and after oxidation can also be seen in figure 28. 
 
In some cases it was observed that the oxidation swallows the carbide, apparently decreasing its size. 
This can be seen in figure 25 when judging the topography graphs. Before oxidation the carbide 
seems to stretch over a distance of 𝑥 ≈ 1.6 𝜇𝑚 and 𝑦 ≈ 1.3 𝜇𝑚. After oxidation it only stretches 
over 𝑥 ≈ 1.4 𝜇𝑚 and 𝑦 ≈ 1 𝜇𝑚. This decrease indicates that the oxidation growth is not solely in the 
out of plane direction but also creeps into the carbide. Therefore the oxidation layer originating from 
the carbide interface is most likely thicker than measured.  
 
The oxide layer thickness at the interfaces of a number of carbides have been measured using AFM 
imaging. It was found that the thickness at the carbide interfaces of the deformed sample was larger 
than the average oxide layer thickness that was found for section lines across the grain. It was stated 
that this was possibly due to an increase of the GND density around the carbide. However, the 
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chromium depletion zone was discarded in this research. When carbides form, they use the 
chromium from the matrix that is in the vicinity of the carbide. This can cause a depletion of 
chromium around the particle. Due to the large amount of chromium in the metal and no rapid 
cooling processes prior to material-reception, it is expected that this effect will be small. In this 
experiment it is assumed negligible.  
 
The reference sample showed that the oxide layer at the edges of the carbide were roughly of the 
same thickness as the measured average of the section lines through the grain. Because only a few 
carbides were measured this could be a coincidence. To be sure, more statistical research is needed 
that investigates more carbides.  
 

Values for the oxide layer thickness of the undeformed sample were found to be roughly �̅�𝑜𝑥𝑅𝐸𝐹 ≈
5.64 𝑛𝑚. G. Zijlstra4 also measured the oxide layer thickness using Time-of-Flight Secondary Ion Mass 

Spectroscopy (ToF-SIMS) and found values of �̅�𝑜𝑥 ≈ 25 𝑛𝑚. The same material and heat treatment 
was used as in this experiment except the final polishing step was diamond particles instead of OPS. 
As mentioned before, in section 5.1, there is little known about the effect of OPS on the oxidation of 
AISI 420 stainless steel. This could explain the large difference in average oxidation layer thickness. 
However, a difference of factor 4 is most likely not dedicated solely to the use of OPS. A combination 
of the influence factors presented in this section may explain this more accurately.  
 
To correlate KAM and oxide layer thickness, an overlay between the KAM values and the topography 
was made for the reference sample (see figure 29). The vainy substructure (see figure 29) was found 
to have a thinner oxide layer and it is observed that the substructure corresponds to low KAM values. 
The thinner oxide layer is the cause of a lower GND density. However, the overlaying images do not 
perfectly overlap, so this is a bold statement. Though, it is still believed to be a valid one because it is 
hardly a coincidence that the patterns in the KAM map correlate roughly well to the pattern of the 
substructure. This is a very interesting topic for further research because it expands the statement 
that carbides influence the oxide layer thickness to granular behavior.  
 
Finally, it is seen in figures 28(c) and 24 that after deformation the grains are very distinguishable. For 
better comparison, figure 24 is shown again with its IPF in figure 31. Grain boundaries can be seen 
that separate different grains and apparently also oxide layers. The grain in the bottom right hardly 
shows any roughness even though there is an oxide layer because the carbides are embedded. This 
phenomenon was not detected in any of the reference sample areas. From the five visible grains, 
four have (111) planes parallel to the surface and show significant oxidation and roughness. The 
bottom right has a (001) plane parallel to the surface and shows no roughness at the surface of its 
oxidation layer. It is known from earlier work by G. Zijlstra4 that this grain has a thinner oxidation 
layer. Further research could give some insight into why this grain oxidizes without a rough texture at 
the surface.   
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Figure 31: shows the area of figure 24 after deformation and oxidation on the right with its corresponding 

IPF map on the left. It can be seen that different grains can easily be recognized after oxidation by the grain 

boundary that separates different oxide layers. The IPF in the bottom right shows the orientation of the five 

visible grains. The oxide layer on the grain with a (001) plane parallel to the surface, that is shown in the 

bottom right, hardly shows any roughness. Further research can show why this is the case. 
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6 Conclusion 

In this research the influence of carbides on the GND density and oxidation in {111} orientated grains 
of AISI 420 stainless steel is investigated using EBSD and AFM. After oxidation in air the average oxide 
layer thickness is estimated for a plastically deformed sample and an undeformed reference sample. 
The plastic deformation is applied by a uniaxial tensile treatment. For both samples, the local oxide 
layer thickness at carbide interfaces is estimated and compared to the average in grain layer 
thickness. A connection between GND density and layer thickness is presented at the carbide 
interfaces and for the undeformed sample in the grain. 
 
The local misorientation data of the EBSD measurement technique is used to create KAM maps. From 
this, it is observed and quantified that carbides, in grains with {111} orientation, accumulate 
dislocations at the interface during plastic deformation of the grain. After a global strain of 4% the 
GND density around the carbides increased with respect to the undeformed state. The average GND 
density around carbides increased by Δ�̅�𝐺𝑁𝐷(𝐴)  = 6.2 ∙ 1015 𝑚−2 and Δ�̅�𝐺𝑁𝐷(𝐵)  = 6.4 ∙ 1016 𝑚−2 

for the left and right side of the sample respectively. This difference is dedicated to a possible stress 
gradient during tensile treatment.  
 
By comparing pre- and post-oxidation AFM images of areas on the deformed sample, the average 

oxide layer thickness in the grain was estimated to be �̅�𝑔𝑟𝑎𝑖𝑛(𝐴) = 4.6 𝑛𝑚 and �̅�𝑔𝑟𝑎𝑖𝑛(𝐵) = 7.4 𝑛𝑚 

for the left side and right side of the sample respectively. The average in grain oxide layer thickness 

on the undeformed sample was found to be �̅�𝑔𝑟𝑎𝑖𝑛(𝑅𝐸𝐹) = 5.6 𝑛𝑚. It is concluded that the increase 

in �̅�𝑔𝑟𝑎𝑖𝑛 between the samples is due to an increase in GND density. This was not seen for the left 

side of the sample because the applied tensile force is predicted to be less than on the other side of 
the sample due to a stress gradient during tensile treatment. 
 
Calculations for the average oxidation layer thickness at the interface of the carbide of the deformed 

sample was found to be �̅�𝑐𝑎𝑟𝑏(𝐴) = 9.9 𝑛𝑚 and �̅�𝑐𝑎𝑟𝑏(𝐵) = 12.1 𝑛𝑚 for the left and right side of the 

sample respectively. For the undeformed sample this was �̅�𝑐𝑎𝑟𝑏(𝑅𝐸𝐹) = 5.6 𝑛𝑚. It is concluded that 

the increase in �̅�𝑐𝑎𝑟𝑏  between the samples is due to accumulation of dislocations at the carbide 
interface. 
 
An intragranular substructure is observed on the surface of the reference sample and is not visible on 
the deformed sample. Through interpretation of a graph of the oxide layer thickness at this 
substructure, it is concluded that the substructure as a slightly thinner oxide layer. A rough overlay 
between the AFM image and the corresponding KAM map revealed that this substructure 
corresponds to low KAM value areas. This connects GND density to the oxidation layer thickness by 
implying that a higher GND density leads to a thicker oxide layer or vice versa. 
 
Oxidation behavior on the deformed sample showed a heavy grain orientation dependence. This is 
expected based on earlier research but the AFM images revealed that the texture of the oxide layers 
is possibly quite different on other grain orientations. This is believed to be a good topic for further 
research. 
  



44 
 

Acknowledgements 

After writing my thesis I’d like to take this section to express my gratitude to the people who helped 
me in the process. First of all, I want to thank Prof. Jeff de Hosson for letting me do my master thesis 
in his group. I also want to thank him for the fun and insightful discussions we have had during this 
project and the help they provided. Vašek Ocelík has taught me how to work with the electron 
microscopes and EBSD detectors. In an earlier stage of my thesis he also taught me how to use the 
FIB, and I want to thank him for all his effort. I’d also like to thank Gerrit Zijlstra, Herman Fidder and 
Indranil Basu for their guidance throughout my thesis. I really appreciate our discussions and the 
things they taught me.  
 
In the time that I’ve worked on my thesis, I’ve learned a lot about physics but also about myself. And 
for that, I want to thank everybody involved for their patience and help, especially in difficult times.   



45 
 

References 

1. Cobb, H. M. The History of Stainless Steel. (ASM International, 2010). 

2. Cabrera, N. & Mott, N. F. Theory of the Oxidation of Metals. Rep. Prog. Phys. 12, 163–184 (1949). 

3. Kerber, S. & Tvergberg, J. Stainless steel surface analysis. Advanced Materials and Processes 158, 

33–36 (2000). 

4. Zijlstra, G. Material structure and functionality in product manufacturing. (University of 

Groningen, 2018). 

5. Blum, R. Surface investigation of tempering colors due to various heat treatment, on AISI 420. 

(University of Groningen, 2015). 

6. JEOL Ltd. Invitation to the SEM World, service advanced technology. (2007). 

7. Calcagnotto, M., Ponge, D., Demir, E. & Raabe, D. Orientation gradients and geometrically 

necessary dislocations in ultrafine grained dual-phase steels studied by 2D and 3D EBSD. 

Materials Science and Engineering: A 527, 2738–2746 (2010). 

8. Bance, U., Drummond, I., Finbow, D., Harden, E. & Kenway, P. 27. Hydrocarbon contamination in 

vacuum dependent scientific instruments. Vacuum 28, 489–496 (1978). 

9. Isabell, T. C., Fischione, P. E., O’Keefe, C., Guruz, M. U. & Dravid, V. P. Plasma Cleaning and Its 

Applications for Electron Microscopy. Microsc. Microanal. 5, 126–135 (1999). 

10. Deiries, S., Silber, A., Iwert, O., Hummel, E. & Lizon, J. L. Plasma Cleaning: A new method of ultra-

cleaning detector cryostats. Scientific Detectors for Astronomy, 129–136 (2005). 

11. Eaton, P. & West, P. Atomic Force Microscopy. (OUP Oxford, 2010). 

12. Haugstad, G. Atomic Force Microscopy: Understanding Basic Modes and Advanced Applications. 

(Wiley, 2012). 

13. Bortoloni, L. & Cermelli, P. Statistically stored dislocations in rate-independent plasticity. 

Zeitschrift für angewandte Mathematik und Physik ZAMP 55(1), 105–120 (2004). 



46 
 

14. Wilkinson, A. J. & Randman, D. Determination of elastic strain fields and geometrically necessary 

dislocation distributions near nanoindents using electron back scatter diffraction. Philosophical 

Magazine 90, 1159–1177 (2010). 

15. Moussa, C., Bernacki, M., Besnard, R. & Bozzolo, N. About quantitative EBSD analysis of 

deformation and recovery substructures in pure Tantalum. IOP Conference Series: Materials 

Science and Engineering 89, 012038 (2015). 

16. Konijnenberg, P. J., Zaefferer, S. & Raabe, D. Assessment of geometrically necessary dislocation 

levels derived by 3D EBSD. Acta Materialia 99, 402–414 (2015). 

17. Kubin, L. . & Mortensen, A. Geometrically necessary dislocations and strain-gradient plasticity: a 

few critical issues. Scripta Materialia 48, 119–125 (2003). 

18. Liu, Q., Juul Jensen, D. & Hansen, N. Effect of grain orientation on deformation structure in cold-

rolled polycrystalline aluminium. Acta Materialia 46, 5819–5838 (1998). 

19. Vernon, W. H. J., Calnan, E. A., Birkett Clews, C. J., Nurse, T. J. & Bullard, E. C. The oxidation of 

iron around 200 °C. Proceedings of the Royal Society of London 216, (1953). 

20. de Jeer, L. et al. Dynamics of Tempering Processes in Stainless Steel. (University of Groningen, 

2017). 

21. Yunxin, W., German, R. M., Blaine, D., Marx, B. & Schlaefer, C. Effects of residual carbon content 

on sintering shrinkage, microstructure and mechanical properties of injection molded 17-4 PH 

stainless steel. Journal of Materials Science 37, 3573–3583 (2002). 

22. García de Andrés, C., Álvarez, L. F., López, V. & Jiménez, J. A. Effects of carbide-forming elements 

on the response to thermal treatment of the X45Cr13 martensitic stainless steel. Journal of 

Materials Science 33, 4095–4100 (1998). 

23. Stichel, W. ASM Speciality Handbook: Stainless steels. 46, (ASM International, 1995). 

24. Sankaran, R. & Laird, C. Deformation field of a misfitting inclusion. Journal of the Mechanics and 

Physics of Solids 24, 251–262 (1976). 

 


