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Abstract

A martensitic stainless steel thfe AISI 42@lasswvas heat treatedusing a hardening and a

tempering stepThe hardening treatment wadenticalfor all treated samples and in the tempering
step only time was varied. After the heat treatment the samples were storesefegral days in a
chamber, wherdhe relative air humidityvas keptconstant. The influence of tempering time

regarding oxide layer growth arit$ 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 thidilm interference modéan 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,{dHe the
diffusionmodel 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 differéaé deyer 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 obse/&r storageThe 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. Finalljhd foundprefactor of thediffusion coefficient wasnuch

larger than the reference valder crystalline layers
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1

Introduction

Philips Consumer Lifestyle (CL) Drachten is p&bgal Phips (commonly known as PhilipgYith

133.000 employees in over 60 different countries and more than 60.000 patents Philips is one of the

largest companiebandlinghealth, lifestyle and technolod].
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shavers in 1939 and is world market leader in electric shavers since 1960. In order to keep it that

way, Philips siiwants to improve their product and keep her customers satisfied.

One of the components that Philips is eager to improve issthel cap of the shaving headsier
capsseparate therotating razorbladesfrom the skin. The caps are made from a staintesl (class

AISI 420), a type ateel that is easily deformable in the ferritic phase.

Philips heat treats her products via hardening step and a tempering step. And theores them

for an amount of time, a schematic representation is given in charhe metal that comes directly
from the factory (former in chart 1), goes into an hardening process atJ04® 30 minutes. The
hardening treatment is deprived of oxygen, thus the oxidation layer should be very small after this
step (clean in chart 1Also increasing temperature will increase diffusion effects and when the step
is deprived of oxygen, decrease the passive |a§dter the hardening step the samples are left to
cool in air while traveling to the tempering step, this takes to fiteen 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 wilbrce the iron and chromium ions to diffuse back to the surface

and come in contact with oxygea start aprocess 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, al@f) fifteen minutes.The
contact with oxyga 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 tteép.s

When the products exit these heat treatment steps with a noticeable oxiddtiyer, 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 impantao 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 aei

Former
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Hardening

(d) I
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(b)
——)

Tempering

(€) I
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Chart 1:Flow chart representing the sample treatment steps of Philips
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2  Theory

2.1 Tempering Heat Treatment

Martenstic steel is obtained when an irecarbon alloy is heated to the temperature at which its
ferrite (body-centered cubigstructure transforms intqface-centered cubiraustenite (this process

is caled 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 hattest, strongestbut most brittle of all steel alloy microstructureR2]. 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 centénagbtaal) structure. The
hardness of martensite steels depends on the carbon content, hardness incredbescasbon

content increase§?].

Even though martensite is very hard, it is brittle. By tempering the material, the ductility and
toughness arenicreased and internal stresses relieved. Tempering is done by heating the material to
a temperature below the eutectoid (tempeiae at which, upon heating, iron starts totransforms

into[ iron or a combination of the twjofor a certain amount of timeThis is done to prevent the
formation of cementite, a microstructure that makes the material britfiemper temperatures are
usually in the range of 290 to 65010, internal stresses may even be released at@#qa].

Tempering allows diffusional ptesses to happen, transforming martensite to tempered martensite
which has phasés ferrite (BC¢ and iron and chromium carbideBhematerialis still strong, but

much more ductile than martensite.

Becausedry 3 G SYLISNRAY3I GKS avt@ithlaif, ahDxidatidzNFotess$s edpécted y 02 y
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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 layerde during tempering is expected to be

amorphous because no attempt is made to regulate thetatlzation.

Because of the disorderesiructure of amorphous layers the diffusion constant is expected to be

much higheithan the diffusion constantegarding crystalline layers. This expectation will be

explained in chapter 2.4.



2.2 Oxide Growth With Heat Treatment

Metal oxidation is a largscaleobserved phenomenarwhich appears in many different forms.
Probably the bBst knownform is the rusting of ironOxidation is an electrochemical process, it can be
represented by a reaction dfie form:
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oxidation and a reduction hatkeaction. For instance with the forming of iron oxide:
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The first reaction above (oxidation) takes place at the mial interface and the second (reduction)

reaction takes place at the fikgas interface. Figurei$a schematic representation of the process at
the interfaces.

“ Inv;/a;d d.i(fjfu.sion M = M™ + ne”(Oxidation)
slow) of oxide ions

through scale i
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1
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T
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Metal oxide scale formed by direct
reaction of metal and oxygenions

Figure 1: Schematic representation of an oxidation reduction reaction at a gas/metal interface

Forthe oxide film to grow, the electronsresentin the oxidation reaction at the metdilm interface,
have to travel through the film towards the fikgas interface for the reduction reaction to occur.
Also the metal ions from the oxidation reaction haweadiffuse through the film towards the fillgas
interface, and/or the oxygen ions must dikel towards the same interfada].

Stainless steel is alloyed with at least 10.5% chromium. When in contact with oxygen, iron oxides and
chromium oxides will fornat the materials surface to form an oxidation layeuelothis layer of

oxidation known as the passive layestainless stedlas ahigh corrosive resistanc&he formed

passive layer is chromium rich, protects the material from further oxidation @dabut 3 to 5

nanometers thick. Found in research ®yJ. Kerber and J. Tverbp



In the case of stainless steel, the layer most likely
consists out of two or more oxides. The theory remains lon diffusion in oxide grown on Fe-15%Cr
the same for oxidation as stated above but in this case |
the diffusion through different metals will start to play Atmosphere: air
an even bigger role in the formation of the oxidation
fre@SNX» C2NJ AyaidlyoSy OKN
coefficient (ADC)in i0 (& p m —)islarger

0Ky 2EEBSY Qi !'p5t —) at 9006
[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 chromit
enriched passive layer efainless steel is very resistant
to diffusion of, especially, oxygen from the filjas ]
interface (graph 1). Thus, protecting the metal 84 90 98 102
U_nder_lying this passive ﬁlm_ by -preventing oxygen Graph 1: Comparison of the oxygen, iron and chromium
diffusion towards the metafilm interface[5]. ion diffusivities in chromi&CrO5) grown on

Feg15%Ci8].
Duringheatingthe 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 90 and 10006> A G A& | a&d4dzySR (KIF i GKA& R2S3
temperatures eithef6]. This great increase in oxidation is because diffusion rates increase and speed
up the kinetic process.
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During hardening in this experiment, argon (99,999% pisraged as a shielding gas and will prevent
oxygen fronreactingwith iron and chromium. Thereforalmost nooxide growth can be expected

during hardening. However during tempering in air, the oxygen from the air will have full access to
the surface oftie sample and induceon- 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 surfagg[8].

Temper Color

Whenametal is tempered in aiat a certain temperature
FYR F2NJ I &AdzZFFAOASY(dH GAYS:
visible on the metal (figure 2). These colors change with
different temperatures, but the same color can also be
reached by tempering at a loweernperature for a longer Figure 2Temper colors on a piece of st¢@]
time (kinetic process). This is due to the formation of a thin

oxide film during the tempering procefR0][11]. In research done by W.H.J. Vernon (1935), it was
shown thatthere is a critical temperature at which colors appeaititempering above this critical
temperature, temper colors will show butith tempering below this temperature the colors dot

show but the metal still oxidiz§42].

In papers by PaulGordon(1979), therefore the ASM handbook, aAdFreiburg (1991} sisflown

that the color is due to the thickness of the oxide layer. This is confirmed in the papetL by

Higginson (2015) [13femper colordepends on the oxidatiofilm and varies with at least: time
(logarithmically), temperature and materidlhisverifies the kinetics expectation made earlier and
adds that the oxide film thickness is responsible for the different coldre.above researchers
investigatedthe thickness of an oxide layer with respect to the color and also dedicates the colors to
apk Sy2YSy2y GIit{YSRY (08INEFASNBE y OS¢

According to Higginsonhé colors appear in the following ordtar 304 type steelyellow, red and

blue. It is expected that the colors appear in the same order for 420 type steel.




2.3 Thin -film Interferen ce

Incident
Light

Reflected

Thinfilm interference can be explained by a Light

simplified model shown in figure 3. In this
FTAIEZOE A aWGEKS NBFNI O
YFGSNAFE 6AGK WIQ 068
G§KNBS YR WRQ NBLINEBa

film. The incidentingles are represented by n1
WO gAGK WoQ Aa 2yS ¥
FYR G662 FT2N GKS AyOaA
model is simplified in several ways: First of al 11
not all the light follows the path (red line)
described here. Some of the light g&ain the

2
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back to the boundary between,land ry. From

there it can reflect again and exit the film latel Figure 3:Schematic picturef thin-film interference[15].

this can repeat itself an infinite amount of

times. Secondly, in the model the layers are par&tledach 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 hemogeneous

4 422y F&a GKS tAIKG SEAGE G LRAYG WROQ2KXYy WF DDA

Because the beams did not travel the same path length there will be a phase difference, this will

NBadz G Ay O2yaidNHzOGA @GS 2N RS QUNIROFAFSNBNYYOSS NFASYNES Y

Yo & 00606 66 & DO ¢¢ BOE & DO

9 03 DAL DEF @ Al 6 )
ATe °© ¢
The last step was produced by using the law of SnelliuV&.E+ ¢ OE}+ ,0A+ ——
and p OET— AT G- .The path difference brings forth a phase difference of:
Y% —CE QOéE+ (2)

Note that, when light goes from aediumwith ¢ to amediumwith¢ and¢ ¢ ,the reflected
waves undergoa 180K &S &aKAFOGP {2 G 620K AyGSNFIFOSa:x
be a 180 phase shif{16]. That means if:

¢ Qoé+ a_ (3)
0 WY Qintagar) theré is constructive interference and will lead to an interference maximum. But
when:

¢ Qoé—+ a - _ (4)

There willbe destructive interferencevhichleadsto an interference minimum.

LJ2 7
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Figure 4Thevisiblespectrum, with wavelength and col¢t7].

White light contains all gible wavelengths, ranging from 380 nm to 750 nm wavelengths, shown in
figure 4. At the right thickness, one wavelength will constructively interfere and be perceivedawhile
part of the rest of the spectrurdestructively interferes and dies out. Thus aan expect the colors
with the shorter wavelengths thave more interaction, either constructive or destructive, at smaller
film thicknesghan the colors with a longer wavelength. As the thickness of the layer increases, the
colors repeat themselves, figei5. For example: the first blue color will bédrder interference
maximum @ p in equation (3)), the second blue color will b¥ @rder interference maximum

(@ ¢inequation (3)), etcetera.

According to this model, if the metal turned yellow afteeat treatment it means its oxide layer
should be thicker compared to blue metal, assunarnayer of £ order @ P).

To make a prediction of the thickness of the oxide film

with this model, one needs to know which interference Thinner

fringe shows up onhie metal. Leading to the following

prediction, assuming the layer only consist®of0 or \

"0 and that the angle of the light incident on the

surface {—in equation (3)) istJ that the thickness \
corresponding to the first orddslue color is about 45 inner — <—_ Outer

surface surface
nm (Q = (3)) since the refractive index aji 0

and' @0 are 2.47 and 2.5, respectivdliB8]. The

refractive indices of iron and chromium are: 2.87 and \

3.51, respectively19]. Therefore: € € is

satisfied. \

It is possible that the blue colas hotobservedat this \

thickness and that the thickness at which colors start tc Thicker

be visible is yellow (about 580 nm), corresponding to a Figure5: Interference colors, each color resembling a
film thickness of about 58 nm. This would be in different film thicknes$20]

agreemant 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: @ ¢ in equation (3), corresponding to a film thickness of 90 nm. So it is unclear at which
interferencefringe one is looking and to confirm this, research must be done.

For thisfinal 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 beconigefis2].
Secondlystainless steel 304 corresponds to AISI 420 when it comes to oxidation color sedi@jce
That way it is possible for yellow to show up first instead of blire. second assumption is made
based on the similarities between 304 typestand 420 type steel. The most significant difference
is the chromium content which is 1% for 304 type steel.



Lastly, there~ can also be optical absorption but this can be neglected since the absorption constant of
FeOyx p mat  [21]. And he 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(lll)oxide
(Fe0s), a model is used thateeds 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 thditiminnterference

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 assuoms The final assumption is that the oxide
layer only consists of E®;. This last one is partially proven by using XR&y(Rhotoelectron
Spectroscopy) of the surface of a blue sample and a yellow sample. In both cases there were only
iron oxides foud, 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
surfece consisted of iron oxideE€0;, FeO,, etc.), the graphs are shown in agmix A.

The formula forthe fluw & i  of matter through a surface per unit of timedsA @Sy o6& CAO1 Q
first law[22]:

0 O— (5)

HereOis the diffusion coefficient dependent of temperature with upit. 6 ® @& is the number

density of particlesvith units number per meter cubed artd & & is the diffusion distance. The

diffusion distance is related to the layer thickness in the experiments problem.

Using the molar mas$ ( h—) of FeO;, density (i—) of FeO;and A2 3+ RNR Qa y dzY o SNJ
(O R éa ) the number of molecules F®; in a volume § ) of oxide layer can be found as a

function of the layer thicknessifo ¢ .

0 —0 (6)

Ly Sl dz AR yhe dudadexovérdd 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 diffusingd -Q) .Takingnto accountthatK SNBE Qa y20 2yf& ANRY
also oxide diffusion, it is assumed that the average diffusion distahicen  is half the thickness

of the oxidelayer:® -a. It follows that oxygen supply is considered unlimited and graph 1 raises

the expedtation 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:

S 9 (7)

0 :
0

cC:

5
YO

Todetermineg®Q s (G KS 2¢fthisa—dy Ala333AdyY3A yiid CSQa LINBaSyOS Ay (F
to zero, the slope—is found. Assuming the presence of Fe at the mesadle interface is 85% of
and 0% at the oxidair interface (based on the material weight pertage, given later in the

10
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experimental setup), the ratio becomes: Q. Note that0 is chosen here as a

number of ions per unit volume, it follows that:

o - (8)

Now that the temperature dependent coefficieis found, the temperature independent coefficient
can ke calculated with the formul§2]:

0 0Q 9

With'O being a temperaturéndependent pre exponentiat), Qiis the activation energy for

diffusion (). R is the universal gas constant (8.—313) and T is the temperature in Kelvin.

¢tKS dzyAGSNERLFE 3IFa O2yadlyid Aa dzé%ﬁ AYyaagSIR 27
instead of molecules offers a practical preference. In order toeggmtion (9)0 must be known. It

is important to note that) has to be the value found for diffusion of Fe in®e Literature of

Atkinson and Taylor (1988)3] gives:0 U X¢—andO p& P n— in crystallinehematite

(Fe0s). The found values for the density and molar mass gdfaev® 1 €—[24]andp L& ©—,
respectively.

The Amorphous layer

Inthe first paragraph of this chaptérwas mentioned that itd expected that the prefacto’O 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 théolaged

during tempering, the possibility of an amphous layemill be taken into account.

When considering diffusion as a process driven by atoms jumping from one interstitial site to the
nextand”Y © 1 equation (9) give® . In terms ofdiffusion entropy 3"Y, O can be written as:

0 QHQ (10)

Where Qs a geometrical factoiQs the correlation factor) is thejump attempt frequency andbjis
some lattice parametef25]. Considering direct interstitial diffusido derive a physical meaning of
the activation parameters, the diffusion entropy can be related to the migration entsspy: Y .
Here™Y denotes the migration entropyt is derived from the Gibbs free energy of migratidQ
through:

0 0 WY (11)

Here'O is the enthalpy of migration. Equation (11) denotes the differendbe Gibbs free energy
when adiffusingatom is between two atoms in the crystal structysaddlepoint) and the
equilibrium state ipterstitial siteg.

From analysis of equation (D), the factor that will have the most influence @nhis™Y (whenthe
difference between amorphous and crystalline layieronsidered). Thusthe termsin front of the
exponent in equation (10) is the same for both lay@itse entropy of migratiocan be interpreted as
the change in lattice vibrations between the interstitial sites and the sagdiet sites when an atom
jumps between these states. For an amorphous layer this entropy witiumlarger than that of a
crystalline layef26]. This esults in anuch largeiO for amorphous layers.

11



3  Experimental Setup

3.1 Used Material

The stainless steel used in all experimen

and treatments is martensitic AlISI 420 Elemrent AlR1 420 dlass {typical) 2
stainless steeferritic composition is C >0.15 0.32
shown in table 127]. The second column | sj 1.0 0.15
in table 1 shows #&pical AISI 420 metal Mn 1.0 0.30
and the third column gives the P 0.040 < 0.025
composition of the metal useih the S 0.030 <0.010
experiments 42(28]. This is the metal Cr 12-14 13.7
currently used by Philips. As discussed it | Ni * *
chapter 2 martensite is the hardest, Mo * -
strongestbut most brittle of all steel alloy Nb * *
YA ONER & (i NHz@arrdsN& & & n | Fe balance balance
resistance, due to the chromium, and its Table 1: Composition of the used steel (420) in weight percentages, -
micro structural properties after heat means ‘negligible’ and * means ‘not specified’

treatment are ideal for Philips her shaving

caps. Before the heat treatment and creating the samples, the steel was delivered in a loifg0strip
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 thieelfactory (untreated).

3.2 Sample Preparation

From the long strip of metal, small samples (approximapefy p ux & are cut by 8Buehler Delta
Abrasimet abrasive cuttemhe rough edges after this cutting were smoothed dawitih sandpaper.
The sample surfaces ahighlycontaminated with dirt because of the treating and touching of the
samples. Thereferthe samples are cleaned, using acetfwitowed byethanol. After thoroughly
cleaning the samples, they undergo a hardening, tempering and storage process. After every
treatment process and every time the samplastouched or placed under a microscop® f
observation, the samplerascleaned with acetone and ethanol.

In order to investigate a relation between roughness and oxide growth, various prepared samples are
used. Some ofte samples were polished ' dafter 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 apeTt T T G

12



3.3 Hardening

Before starting the tempering treatménall samples are hardened at 10%Dunder argorfor ten

\ exit hole

AT, " S S— /
thermocouple titanium

argon in

samples

Figure 6 Schenatic view of the samples in the quartz tusle K S &K LIS Ay FNBy G 27F (K al YL

minutesfollowed by rapid cooling through radiatiofhe hardening step is done by using a

Thermolyne HTF (High Temperature Furnace) 46106 temperature, 1058, is chosen because it

ensures hat most of the ferrite has turned into austenite, this transition happens roughly at&30

and is free of chromium or iron carbides at 10d%or AISI 420 Ste¢l1]. However, hardening at

105006 R2 Say Qi Of SI NJ G KS & S S és[6pRapidlylcadling iRa&gbn is@edly | F ( ¢
of water is sufficient because earlier reseadgterminedthat the cooling rate is high enough to

prevent the forming of pearlit§28]. For the samples to not be destroyed by oxidization processes,

they are put ina 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 mintgeglling most of the @

One batch consists ofitee samplesvhich do nottouch each other duringhe hardening process.

Earlier hardening attempts showed that even with the argon flow, the first sample was still affected

08 2EARFGAZ2Y® ¢KSNBT2NB || GAGEYyAdzy ébBodayhyeé &l YL
contamination left over in the tubeFigure 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 strigmvhardening the metal strips. From here

onthetitt yAdzy o6f 201 AayQid dzaSR 0 S Olinde ®rmiofiturbdlangek & A y T f

inside the tube

It appears that the furnace itself shows a different temperature than the thermocdagle This
difference of abouf0J6 is mostly because ohe temperature gradient inside the oveNear 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 nh temperature between the thermocouple and the furnace of at makt. & must be

noted that this almosblocksthe exit holeof the tubeif 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 thermocouplBecawse(l KS (1 KSNY)Y 2 02 dzLJ SampRezaSdithe Qi G 2 dzOK
samplegouch the tube which has an unknown temperatuf28]. 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 minutesdibilize to 105@0. As mentioned abovyéhe

hardening time is ten minutes. Tlsgarting point of thehardeningprocess ias soon as the

thermocouple hits 958. In this way a part of the stabilization time is not taken into account.J850

ischoserd SOl dzaS (KIFdiQa ¢Sttt 02@0S GKS GSYLISNF GddzNB i
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3.4 Tempering

The tempering treatment is done in a Linkam PE5 chamber, guided by a Linkam {98Rhat
regulates temperature, humidity and the time of the temperingatment. The chamber can reach a

maximum tempering temperature of 330 with arampingrate ofo A2 It can keep that

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

Picture Ja: Tempering setup. To the right: the microscope with the tempering chamber. Left of the microscope: th
chamber controller and the huidity regulator. All the way to the left: the resulting picture from the microscope sho
on the computer.

During the procedure, the chamber keeps the temperature stable, dad to keep the humidityof
GKS alyYLXS O2yaidlyd F2NJF OSNIFAY FY2dzyd 2F GAYS
humidity constant, this is due to the fact that once the chamber brings the temperature up, the
humidity drastically changes andefthamber 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 t
50% RH, keeping RH as constant as possible.

Objective
As shown in pictured, the sample is observed
during the treatment by using an Olympus BX51
microscope with a 50x magnification objective.
The objective has a relatively long working
distance so it is able to focus§h & I Y LI S ¢C Glass———"
even when it isn the chamber. In order for the
working distanceo be sufficient, the sample
needs to be heightened within the chamber. Thit
is done by putting the sample on top of a copper
block of 5 millimeters thigkshown in picture 1b
Copper is chosendrause it is a gPOd conductor. Picture 1b:schematic picture of the tempering sep
Retrievingsurface imagesisddy S o0& - ¢

Chamber Lid

Steel Sample

Heating Element

-
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During the tempering treatment the time will be varied and the temperature investigated will be
35010. And the time window will vary from 90 minwgtéo 64 hours. Two samples are done every
treatment, two is chosen as a compromise between accuracy and time efficiency.

15



Tempering Experiment, Time Variation

Hardened 420 steel, tempering temperature will be ¥bQtime steps: 1.5, 3, 5, 7, 16, 22 Bours.
Time steps have been ghosen mostly based on practical convenience but keeping in mind the

SELISOGSR 2EARIGAZ2Y 3ANRSGKQa f23FNRAGKYAO RSLISYyRSYy
the tempering time influences the oxide layer growth.

3.5 Sorage

The storage process is conducted in a special chamber that regthatbumidity in that chamber to

a great precisiortt1% RH|29]. The samples will be placed in this chamber (in air and at room
temperature) for at least three days, different salap 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% RH60%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 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 samitlbe hardened, tempered and
stored. By observation with thieareeye, 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 metican be made connecting oxidation growth to color.

DiffusionExperiment 1

With the content of chapter 2andresults fromthe coverage experiment, an estimation of the
oxidized volume can be made using a corresponding layer thickness (calculatasabipre(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 sapréciple and seup as chapter 3.6 but theamples will be

observed via an optical microscope. By observation withoére 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 viequation 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 8howsoptical and confocal pictures of temperifgy 90 minutesat 350J0, left is the picture
before temperingand right is the picturafter tempering.Note that, onerepresentative samplés
shown per tempering time. The surface of the sample in figure 8 was facingiddha quartz tube
during hardening, the importanaaf this will become clear in the discussion.

University of Groningen
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Figure 8:(a) Optical image(100x magnificationpf sample tempered at 350 for 90 minutes(b) roughness and profile of
surface, made with confocal microscoperrespondng to the optical image of (afc) the measure line along which the
roughness plot of (b) has been madeft picture is always before tempering and thghti picture always after tempering.
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Figure 9 showsptical pictures of temperinépr 3 hours at 3500, left is the picturebefore

temperingand right is the picturafter tempering.Some samplekck theconfocal imagesthe

reason for his will become clear in the discussidrhe 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)
0St2y3a G2 | &l YLX SQa & dzNF I OSeiigoitaiice df thida wilfbe OA y 3 dzLJ
made clear in the discussion.
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Figure 9 Optical imags (100x magnificatiorgf samplestempered at 3506 for 3 hours(a) and (b) are the same sample. (¢
and (d) are the same sample. Left is the before tempering picture and rightifter tempering picture.
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Figure 10 and 11 show optical snapshots of samples tempered &b 3&05 hours and 7 hours,
respectively. The surface of these samples was facing up during hardening.

S " y A
‘.\«.\s T
» “‘ 3

L “ -

'wse&\j"(;

‘»;/a

Figure 11 Optical image (100x magnificatiorgf a sample tempered at 356 for 7 hous, facing up durlng hardening.
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Figure 12 shows optical and confocal snapshots of a sample temperedJatf8b5@6 hours. This
al YLX SQa & dzNF I OSngbardaning I OAy 3 R2g4y RdzNJ
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surface, made with confocal microscoperrespondng to the optical image of (ac)the measure line along which the
roughness plot of (b) has been madeft 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 temperelkb &350
HH K2dzZNE® ¢KS &l YLX SQa ada2NKFIFOS Ay FAIdzNB& wmol
and figure 14b were facing up durihgrdening.
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Figure 13a(a) Optical imagg(100x magnificationpf sample tempered at 350 for 22 hours(b) roughness and profile of
surface, made with confocal microscoperrespondng to the optical image of (ac) the measure line along which the
roughness plot of (b) has been madeft picture is always before tempering and the right picture always tdtapering.
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Figure 13b(a) Optical image(100x magnificationdf sample tempered at 3510 for 22 hours(b) roughness and profile of
surface, made with confocal microscoperespondng to the optical image of (afc) the measure line along which the
roughness plot of (b) has been madeft picture is always before tempering and the tiglcture always after tempering
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Figure 14a(a)Optical imageg(100x magnificationdf sample tempered at 350 for 22 hours(b) roughness and profile of
surface, made with confocal microscomerrespondng to the opticaimage of (a)(c) the measure line along which the
roughness plot of (b) has been madeft picture is always before tempering and the right picture always after tempering
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Figure 14b(a)Optical image(100x magnificationdf sample tempered at 3510 for 22 hours(b) roughness and profile of
surface, made with confocal microscogejrespondng to the optical image of (afc) the measure line along which the
roughness plot of (b) has been madeft picture is always before tempering and the riglttpie always after tempering.
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Figure 15 shows optical pictures of two samples tempered ak8&f 64 hours. The first sample
((@) and (b) in figure 15) shows the safehe 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.
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Figure 15Optical images (100x magnificatiom)f sampletempered at 3500 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 thedfore and after tempering pho®of the polishedamples. The sample in (a)

and (b) has been tempered for 3 hours at 30the sample in (c), (d) and (e) has been tempered for

16 hours at 358. Both sanples have been partly sputter cleaneith argon this means

bombarding the surface of the sample with argon apdttering away a small piece of the surface
layer. e) K2 6a (GKS alLlzidSNI 62dzyRFNBEX GKS Of S NJ LJ NI
and the darker part was not.

Figure 16optical results before (left) and after (right) temperin@) and (b) belong to one sample that has been tempere
for 3 hours at 350, (c), (d) and (e) belong to a second sample that has been tempered for 16 hourskat @@hows the
sputter boundary.
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Figure 17 shows optical results of the tempered samples that were in the shape of strips. The image
on theleft 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 atB6d he first strip shown ((a) through (f))

is tempered using the surface facing up during the hardening process. The second strip ((g) through
(1)) is tempered using the surface facing down during hardening.

(d)

(9)

() (k) ()

Figure 17optical results of the tempered strips. (a), (b) and (c) are before tempetiiipgls((a) through (f)), (g), (h) and (i)
are before temperingtrip 2 ((g) through (1)). Strip 1 shows the surface facing up during hardening and stop/2 thie
surface that faced down during hardenirighe 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 thi@.sThe 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 thimgsome clearFirst of all, as
mentionedbefore, not allseries includeonfocal images. This is because all confocal images taken
showed that there was no change in the surfaceghnessafter tempering,asshown in figures 8,

12, 13a, 13b, 14a and 14b. There is a small discrepancy in some rougtapdsstgrt this can be due

to the line chosen It is attempted, ih the experiment to take the exact measure line before and after
tempering butthis 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 tempeing, with the same magnitude of about 14 So tempring at this temperature and for

these times has no influence on the surface roughness and profile. As soon as thalaged no

more confocal images were taken.

Secondly, the hardening proces#n be improvedThe figures contain remarks abouhether the
surface of the sample was facing up or down during hardening. Fortunately a sample accidentally got
turned around and showed that the hardening processot uniform The difference between the
surface facing up or down during hardening carsben 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¢g uniformmight be because argon is heavier than air.

The argon flow remains on a Idevel in the hardeimg tube withair above this flowHushing for five
minutes is obviously not enough to clear the contamination. Figure 18 shows an image of the
hypotheses. In figure 18 thexygenthat is causing the contamination is represented by a red color

AlTOn 11

lLi: —= Il T ) L
- SR 3—/ exit hole

thermocouple

hil]]l]]]l'h
Figure 18contaminated hardening tube. Red is the contaminatiolog is the argon flow

and the agon 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 witl

this contamination and will mostly k#hielded by the argon
3rad ¢KS g2NR WwWyzadteq Aal
oxidation edge visible, these edges show on the down fa¢
adzNFI O0Sa 2y GKS SR3ISa (Kb e
of the oxidized edges shows characteristics of a flow,digu™ S A
19.The oxygercomes in contact witlthe edges of the Figure 19sample showing signs of argon flow
surface facing dowdue toturbulence this strengthens influence at the edges of the sample.

the hypothesesThe middle of the sample is relatively

unaffected because there is not enough oxygen dragged under the samples to affectitee ent
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 eaisiigrdening temperatures, even the
slightest contamination can really influence the result of the tempering treatment.
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Several thingsan be done in future experiments to prevent this oxidation during hardening. One

can try to drastically increase thiighing time of the tube or use a different shielding gas. Because it

Aa SELISOGSR GKIG GKS INB2y R2SayQi ¥FfdaAK .0KS (dzm
This would create a three layer mixture and keep the oxygen slightly further awayteosamples

The best solution to this problem might be to cover the surfaces of the sample with a material to

YFE1TS F &FYLXES &I yReAOKD ¢KAA sl & GKS 2Ee3ISy Ol y¢
material that is put on the surfaces should be easiyognizable if it contaminates the surfaces by

diffusion. Note that the tube will probably never be completely contamination free because at

p T Worthydroxide groupshatareWa 1 dzO1 Q ol G NR2Y GSYLISNI GdzNBO |
and enter thetube.

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 therteering 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 tles sdirfac
GKS &l YL S&a GKIG ¢6SNB FIOAYy3I dzLd RdzZNRAY 3 KI NRSYy Ay 3
anything other than tints of yellow and brown (for example seen in figures 9(b) and 1BxXjation
during hardening resudtin a thickeroxidelayerbefore 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 oxidatioSo a part othis different color perceptions due to

oxidation duing hardening but in either case: varying the temper time leads to a different color and
therefore a different oxide layer thickneghis indicates a separate process.

Fourthly, regardless of whether the sample surface was facing up or down duringhivaydéne
oxidation during tempering seems to targedrticular grains more than othergor 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 differenceween grains observable regarding their color and
therefore probablythe oxidation layer thickness. The reason for this may be due tfieaatice in

crystal orientationGrain boundaries are the location at which differamystallineorientations 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 poshbility that the substrate varies has been tested by indentatiorgn attempt to find
hardnesdnformation about the substrateThe sample that has been indented is shown in figure 14a.
The goal of the indentation experiment is to find a difference irdhass between the red grains and
the blue grains in figure 14a. Therefore gramslifferent colorare 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 ifigure 14a. The results of the indentation experiment are giveabie 2
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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 *kkk *kkk O *kkk *kkk
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 *kkk *kkk O *kkk *kkk
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.

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 betred grains. It can be

seen from the column: Hardness from unload, that bhge grains hardness ranges fradi55¢

0.712GPa and theed grains hardness ranges frobi07¢ 1.244GPa. This is very inconsistent and

leads to a very large standard deviatiof 0.25 and0.38 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.

Addtional 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 havseen 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 sampleshow no change regarding oxidation compared to the samples that bad n
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 differericethe parts tha are sputter cleanedvith 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 &eady present after hardening. A simple explanation is that the part that is not sputtered
KFR I WKSFER a0FNIQ O2YLINBR (G2 (GKS LI NI GKIFO Aa
thicker than the sputtered layer and therefore have a noticeablieince 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. Judhg from figure 17(d{f), thefirst barrier in theargan 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 oxidirée, thve 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 1(I\j)The down facing sample shows a slight
difference when comparing the chille 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
GKS I NEB2Yy Ft26Qa AyFtdzSyOS 2y (KS R2dgnfluedce OAy 3 ad
on the up facing surface. The reason that the flow is of influence is related to the earlier discussed
contaminationand turbulenceof the tube used in the hardening process.
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Finally the time related to the tempering proceseems to depend othe 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 30they 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 expemental 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 differenc
between the heating element in the tempering chamber and the copper block on top of the heating
element was 305. A difference of 30 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 390 but a temperature significantly loweFurtherinvestigation 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 flpartty

blocked and thus the flow cannot rela the surfaceThis problem can be solved by removing the
copper blockhoweverthis will not allow the surface of the sample to be observed during tempering.
Observation during tempering was not useful becawseshown in pictureaE G KS YA ONR a 02 LIS
platform (thetemperingchamber rests on this) i®ot rigid enougho 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 ld¢agbictures 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 geta 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.

l i M 2 AT i _SESN N e vig e
Figure 20 Drift during temperingLeft is the picture before tempering 90 minutes and the right picture is after
tempering. The triangular dot foration seen here, has drifted from top right corner to the lower left corner.
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4.3 Storage Results

The storagexperiment is done for three different settings: three day storage in air, wi#t BBl and
80RH and samples stored for 6 days at 80RH. One sample is shown for each setting, optical and
confocal inages can be found in figures 21, 22 and 23
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Figure 21 (a) Optical image (50x magnification) of sample stored for three days in 80RH after tempp®) roughness
and profile of surface, made with confocal microscope, corresponding to the optical image of (a). (c) the measure
along which the roughness plot of (b) has been made. Left picture is after tempering and the right picture always i
storage.
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Figure22: (a) Optical image (50x magnification) of sample stored for six days in 80RH after temgbjingughness and
profile of surface, made with confocal microscope, corresponding to the optical image of (a). (c) the measure line
which the roughness plot of (b) has been made. Left picture is after tempering and the right picture always after s
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Figure23: (a) Optical image (50x magnification) of sample stored for three days in 50RH after texmpé) roughness
and profile of surface, made with confocal microscope, corresponding to the optical image of (a). (c) the measure
along which the roughness plot of (b) has been made. Left picture is after tempering and the right picture always i
storage.
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4.4 Storage Results Discussion

From figures 21, 22 and 2&veral things can be saielgarding the storage process. Judging from the
confocal images taken in all figures, storage (for this time range) has tibetinfluence on the
NRdzZKyS&daa |yR LINRPFAES 2F (GKS &l YLI S Qprecigiaizf | OS !
the measure line. BYA £ | NJ 12 GKS 02y Ofdzaizy RNI gy @gAGK GKS
the surface profile.

The differance 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 brightnéssppearsthe image got

darker after storage but this is mostly due to the microscope settirigaré21turns darker but

figure 23turns lighter, even though the sample in figu#@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 ba seen i

the optical images of figure&l, 22 and 23The expectation is that oxide layer growth isnstiated

when the RH is higliHowever, this is not observed in the experiment.

The fact that there is no significant change noted, is probably due to the chiosespan. 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 begmn asidefor a year has been put under the SEM

and showed a much different picturggure 2. It should be noted that this sampleas a dummy
alkYLES Ay (KS KIF NRSYAY FhusiNsanpla showed/hRavysokidayo i (1 S Y LIS
Figure 2 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 2 does show that a different perceivable color corresponds to a different coverage
and perhaps even thickness of the oxide layealso 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 scalean be done

(e)

Figure 24 SEM images of a sample that was stored in air at room temperature for approximately a year. (a) is tl
yellow part on the sample surface and (f) is the blue part of the sample surface, the rest in progression to (f).
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4.5 Coverage Experiment

In Figure 24a clear oxidized surface is visiblkich isdifferent for each colarWhen this experiment
wasperformed, the hypothesis was that this would also show up for the results obtained by
tempering because of noticeable colors. However, thas wot the case as can be seen in figure 25.
Figure 25 shows mostly purple and blue because these were easily distinguishable.
2 3 ey WSy , - - 3

A

(i), Metallic T (), Purple | (k), Blue

Figure . SEM images of different colorso{ors areperceived 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 instagoeyand purplecoloredareas cannot

be seen on the surface on a SEM imaGemparing all images leads to the harsh conclusionribat
surface configuration is observed that could explain the color differenith,these samples. It is
probably dependent on treatment and therefore when a samptild be in storage for a year or
hardened, one could get an image like figure 24.

Because the coverage experimetitowed no usable resulising the §M, a different experiment is
donedza Ay3 2LIGAOFEt AYFI3IS&ad ¢KAE YARREIGRSE &S&EUISKRAFTS y!
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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 neededo make this approximation as goad 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 experinent 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.
CA3IdzNBE Hc aK2¢éa | LAOGdNBE 2F (KS LINEnthethé Qa Ay (SN
number of pixels in a certain color. The color tool displayed in the bottom right corner of figure 26

Figure26: Interface of the Adobe Photoshop interface and the color tool, displayed in the roatight,

used to determine how much of the picture is a certain color.
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 thlave that color. In this case blue and red are easily
distinguishable and used for the determination of th&fusion coefficient.
Table 3 shows the oxide layer thickness for first and second order interference maximum of different
colors, calculated wit 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 kierefore, 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 table4, the results are
shownfor the easily

distinguishable colots
9 Table3: Layer thickness calculated for each color, using equation (3).
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