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Abstract

The effects of anodising and an organic coating (KTL) on the corrosion fatigue proper-
ties of an extruded AA6082 aluminium alloy were investigated. Uncoated and anodised
samples with extra Ti in the alloy were also tested. A component used in the suspension
system of automobiles was approximated by test samples, all heat-treated to the T6x con-
dition. Fatigue tests of all sample types were conducted both in air and in 5 wt% NaCl,
in the high cycle fatigue regime, at R=-1. Mechanical properties, coating thickness, grain

structure and surface roughness were also examined.

No significant effects of Ti additions were found either for samples fatigue tested in air or
in 5 wt% NaCl. For anodised samples, however, a decrease in fatigue life was observed for
samples tested in both atmospheres. The brittle oxide layer in the surface was assumed
to have cracked early during cyclic loading, which caused stress concentrations that accel-
erated crack initiation. The observed effects of coating with KTL were more promising.
Increased fatigue life was demonstrated, both in air and in 5 wt% NaCl. An increase in
fatigue life of 413 % relative to uncoated samples was found in corrosion fatigue. Increased
corrosion fatigue life was found even for samples with scratched KTL coatings. In addition
to insulating the metallic surface from the corrosive solution, it was suggested that the
ductile coating decreased the surface stress concentration of the aluminium, thus impeding

crack initiation. Coating of the component with KTL was recommended.



Sammendrag

Effektene av anodisering og organisk belegg (KTL) pa korrosjonsutmattingsegenskapene
til en ekstrudert AA6082 aluminiumslegering ble undersgkt. Ubelagte og anodiserte
prover med ekstra Ti i legeringen ble ogsa testet. En komponent brukt i hjulopphen-
get til biler ble tilnzermet med prgvestaver, som alle var varmebehandlet til T6x-tilstand.
Utmattingstester av alle prgvetyper ble gjennomfgrt bade i luft og i 5 wt% NaCl, i
hgysykelutmattingsregimet, med R=-1. Mekaniske egenskaper, beleggtykkelse, kornstruk-

tur og overflateruhet ble ogsa undersgkt.

Ingen betydelige effekter av Ti-tillegg ble funnet hverken for utmattingsprgver testet i
luft eller i 5 wt% NaCl. For anodiserte prgver, derimot, ble redusert utmattingsliv ob-
servert for prover testet i begge atmosfaerer. Det sprge oksidbelegget i overflaten ble antatt
a ha sprukket tidlig under syklisk spenningsbelastning, hvilket skapte spenningskonsen-
trasjoner som aksellererte sprekkinitiering. De observerte effektene av belegning med KTL
var mer lovende. Okt utmattingsliv ble demonstreft, bade i luft og i 5 wt% NaCl. En
gkning i utmattingsliv pa 413 % relativt til ubelagte prgver ble funnet i korrosjonsutmat-
ting. Okt korrosjonsutmattingsliv ble observert selv for prgver med oppripet KTL-belegg.
I tillegg til a isolere den metalliske overflaten fra den korrosive lgsningen, ble det antatt at
det duktile KTL-belegget reduserte spenningskonsentrasjonen i aluminiumoverflaten, og

dermed bremset sprekkinitiering. Belegning av komponenten med KTL ble anbefalt.
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1. Introduction

A metal subjected to cyclic stress conditions may experience failure at a stress much lower
than that required to cause fracture at a single application of load [1]. This phenomenon
is called fatigue, which is a field of great importance. The mechanisms of fatigue may
be further complicated by the presence of a corrosive environment, and the simultaneous
exposure to cyclic stress and corrosion is called corrosion fatigue [2]. Fatigue failures, in
general, are hard to predict. Consequently, there are several examples of fatigue failures
with catastrophic consequences, in applications such as aeroplanes, bridges and oil rigs.

A well-known example of the latter is the Alexander Kielland platform [3].

Aluminium is a metal that may suffer from both corrosion and fatigue. It is extens-
ively used in the automobile industry due to its high strength to weight ratio [4], which
allows for a lighter car and, consequently, lower fuel consumption [5]. When aluminium
is used in the suspension of the car, it is exposed to a corrosive cyclic stress environment,
and corrosion fatigue needs to be accounted for [6]. Any sudden failure related to the sus-
pension of the car could render steering impossible, which might endanger human lives.
It is therefore important to understand the corrosion fatigue properties of aluminium, es-

pecially in suspension system applications.

The influence of corrosion on fatigue may be minimised by alloying additions, and by
the application of a protective coating on the surface [7]. However, some coatings may
still negatively impact the corrosion fatigue properties [8]. This thesis aims to investigate
the effects of coating and Ti additions on an extruded aluminium 6082 alloy. The alloy is
presently used in the suspension system of cars, through a component that is extruded,
heat-treated to T6x while retaining its extruded microstructure, and mechanically formed.
The corrosion fatigue properties of the component are investigated through test samples
exposed to tensile stress cycles while submerged in saltwater. The effects of both anodising

and an organic coating are investigated.



2. Theory

This chapter introduces theory that is important to understand when working with fatigue

and corrosion fatigue of aluminium.

2.1 Mechanical Properties of Metals

Basic mechanical properties of metals can be found from tension tests. A sample is stressed
in increasing tension until fracture occurs, while force and elongation are measured. The
engineering stress (o) is calculated from Equation 2.1, and the engineering strain (€) from

Equation 2.2.

F
o= I (2.1)
AL
€= To (2.2)
Here, F is the nominal force applied,
Ay is the cross-section area before de- aons | ' 7
formation, AL is the resulting elongation i
and Lo is the length before deformation
[9]. E i
The resulting stress and strain values are
plotted against each other in a stress-strain ’ Soan
| |

4] -
0.000 0.040 0.080

Strain

curve, as shown in Figure 2.1. Several

material properties can be read from this Figure 2.1: Stress-strain curve for a ductile
curve. The yield stress (o,) can be found material. Indicates how the curve is used to
. . find elastic modulus (E), yield stress (o,) and
as the transition between the linear and the tensile strength (TS) [9].

non-linear regimes of the curve, the point
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where strain goes from elastic (reversible) to plastic (irreversible). This transition is usu-
ally a gradual one, so the stress that gives 0.2 % plastic deformation is used in practice.
The elastic modulus (E), which is connected to the strength of atomic bonds in the ma-
terial, can be found as the slope of the linear part. The maximum stress of the curve is
termed tensile strength or ultimate tensile stress (TS, or ¢,). The ductility is measured
by maximum elongation and areal reduction. Maximum elongation is measured by the
percentage of plastic strain at fracture, as shown in Equation 2.3, and the areal reduction

is found from Equation 2.4.

%EL = (lf _l°> % 100 (2.3)

lo

Ag— A
%AR = <°f> x 100 (2.4)
Ag

Here, I is the length after fracture, ly is the original length, Ag is the cross-section area

before elongation and Ay is the corresponding area after fracture [9].

2.2 Aluminium

Aluminium is a light metal, with a density of only 2.70g/cm3. The specific strength

(strength per weight) of its alloys exceeds that of steel, which can be exploited in manu-
facturing lighter products of equal strength. Because of this, aluminium alloys enjoy great

popularity in aeroplanes, cars, and lightweight constructions [4, 10].

2.2.1 Alloying Systems

Pure aluminium is relatively soft, with a tensile strength of 70-100 MPa. A significant
increase in strength may be achieved by alloying aluminium, most commonly with Si,
Mn, Mg, Cu and/or Zn [4]. Wrought aluminium alloys are classified by the main alloying

elements, as shown in Table 2.1.

6xxx-Series

The 6xxx-series alloys are mainly alloyed with Mg (0.5-1.3%) and Si (0.4-1.4%) [4]. Some
other common alloying elements and their effects are given in Table 2.2. The effects of Ti

are given below.

4 Joakim Enger Fredrikstad Theory
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Table 2.1: Al alloying series [4, 5].

Series | Main alloying elements
Ixxx None (pure Al)
2XXX Cu

IXXX Mn

4xxx Si

DXXX Mg

6xxx Mg+Si

TXXX Zn(+Mg)

8xxx Others

Table 2.2: Secondary alloying elements in the 6xxx-series [4].

Alloying element Effect
Mn (0.5-0.7)% Grain refining.
Cr (0.1-0.3)% Grain refining.

Gives increased strength. More than 0.5% Cu
gives reduced resistance to corrosion.

Cu(0.3-0.9)%

The Effects of Alloying with Titanium

Titanium has been reported to act as a grain refiner in both cast alloys [11] and wrought
6xxx alloys [12]. It was shown for 6061-alloys that Ti causes refinement of the micro-
structure, and induces dispersion of precipitates. Ti alone forms TiAl;, which acts as
precipitation points for primary aluminium dendrites. More frequent dendrite nucleation
or initiation gives more and smaller grains. Grain refinement was enhanced further by Ti
reacting with B in the alloy to form TiB,. These particles, together with TiAl;, are more

effective grain refiners than TiAl; alone [13].

Ti has also been shown to increase machinability in 6061. Refinement of intermetallic
particles such as CuAl, and MgsSi induces breaking of the scrap made during machining,
frequently termed chips. This contributes to an optimised cutting process, as small and
brittle chips make it easier to extract chips away from the cutting front, impeding the

formation of a built-up edge on the cutting edge of the tool [14].

The 6082 Alloy

The chemical composition of the different alloying elements that define the 6082 alloy are
shown in Table 2.3, while Table 2.4 shows some mechanical properties of the 6082 alloy in

its T6 condition.

Theory Joakim Enger Fredrikstad )
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Table 2.3: Common chemical composition of the 6082 alloy [5].

Alloying element Si Fe Cu Mn Mg Zn  Cr Ti
Percentage (wt %) | 0.70-1.3 0.50 0.10 0.40-0.10 0.60-1.0 0.20 0.25 0.10

Table 2.4: Mechanical properties of 6082 [15-18].

Modulus of elasticity, E [GPa] | 69-70
Yield Strength, o, [MPa] 240-270
Tensile Stress, o, [MPa] 290-310

2.2.2 Heat Treatment

Heat treatment in aluminium alloys is a way of increasing their strength and hardness.
The precipitation of uniformly dispersed hardening particles in the matrix material in-
hibits dislocation movement and plastic deformation. This hardening mechanism is called
precipitation hardening. It is a two-part process, where solution heat treatment is followed

by precipitation heat treatment [19]. The process is shown graphically in Figure 2.2.

Solution Heat Treatment

Solution heat treatment is the first step of the precipitation hardening process. The alloy
is heated to a temperature in a single-phase area of the phase-diagram and held at that
elevated temperature until all alloying elements go into solid solution. This is followed
by quenching, to ensure that no precipitation of secondary phases occurs. The resulting
supersaturated state of the material is relatively stable, due to low diffusion rates at low

temperatures [19].

Precipitation Heat Treatment

The second step of the precipitation hardening process is precipitation heat treatment,

treatment

which is also called artificial ageing. The Solution heat

alloy is heated to an intermediate tem-

. . . - Quench
perature, where diffusion times are lower.

e

Precipitation

emperatu

Here, alloying elements will form precipit-

ates, which will gradually transform into

a stable secondary phase. The desired

precipitates, however, are metastable and T - -—

Time

form earlier in the heat treatment. These Figure 2.2: Temperature versus time for pre-

precipitates give the optimal combination cipitation hardening [19].

6 Joakim Enger Fredrikstad Theory
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of size and dispersion, which yields the best hardening contribution. An alloy where the
stable phase has been allowed to form is called over-aged. When the desired precipitates

are formed, the alloy is cooled to room temperature [19].

Heat Tempers

Solution heat-treated alloys where the strength after a few weeks is relatively stable are
given the temper T. This is followed by one or more numbers, which contain information
about a sequence of basic treatments given to the alloy [20]. The different tempers are

described in Table 2.5.

Table 2.5: An explanation of the different heat treatments and their temper designations
[20].

Temper Explanation
Cooled from an elevated-temperature shaping process and
T1 . .
naturally aged to a substantially stable condition
To Cooled from and elevated-temperature shaping process,
cold-worked, and naturally aged to a substantially stable condition
Solution heat-treated, cold-worked, and naturally aged

T3 . .

to a substantially stable condition
T4 Solution heat-treated and naturally aged

to a substantially stable condition

Cooled from an elevated-temperature shaping
Th o
process and artificially aged

T6 Solution heat-treated and artificially aged
T7 Solution heat-treated and over-aged or stabilised
T8 Solution heat-treated, cold-worked, and artificially aged
T9 Solution heat-treated, artificially aged, and cold-worked
T10 Cooled from and elevated-temperature shaping process,

cold-worked, and artificially aged

2.3 Corrosion of Aluminium

Aluminium is highly reactive and has a high affinity for oxygen. However, aluminium
does not suffer from general corrosion in most atmospheres. This is because a chemically
inert Al,Os-film forms rapidly on the metal surface, reaching a thickness of about 1nm
in seconds. The protective oxide film impedes corrosive reactions by forming a physical
barrier between the aluminium and the atmosphere. The properties of the oxide include
resistance to dissolution and electrical insulation. This means that further aluminium
oxidation can not happen in combination with cathodic reactions on the oxide surface.

The stability of the oxide film, represented as potential versus pH, is illustrated in Figure

Theory Joakim Enger Fredrikstad 7
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2.3. This shows that aluminium is passive in a pH-range from about 3 to 12 (depending

on the activity of aluminium ions in solution) [7].

1.0 - =L
08 A |
0.6 | (Colourless) Al,Og — 3H,0| 1.

04 (White) T
iy AIO, [

00 O (Colourless)

—02 {Corrosion -~

0.4 - P Corrosion
061 A*?

—0.8 - I i
_1 0 .
_‘| 2 =
—1.4 1
_'| 6 .
_‘| 8 -

—2.0 \@)\

—2.2 - Al

=24 (Imgnunity) \

_2v6 Ll Ll 1 1 T T T i 1 T T T T T Ll Ll U Ll
-2-101 2 3 4 5 6 7 8 9 1011 12 13 14 15 16
pH

Potential (V)

2

Figure 2.3: Pourbaix diagram for pure aluminium [7].

Even though aluminium is passive and in most atmospheres do not suffer from general
corrosion, it might still suffer from localised corrosion such as pitting and intergranular

corrosion (IGC). These forms of corrosion are explained in the following subchapters.

2.3.1 Pitting

The most common form of corrosion for aluminium is pitting. Pitting results from local
damages in the protective oxide layer, such that corrosion might happen on small exposed
areas of the metallic surface. The pits originate from the top of a horizontal surface, and

penetrate vertically into the material [21].

When local corrosion first occurs, the corrosive reaction will lead to local acidity, thus
hindering the re-formation of the oxide layer. Such local defects in the protective layer
are usually facilitated by chlorides, through the formation of AlCls-particles. These serve

as cathodes in microgalvanic cells, where the exposed aluminium surface is the anode.

8 Joakim Enger Fredrikstad Theory
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Aluminium ions released from the surface form aluminium hydroxide compounds, which

increase the local acidity, causing sustained pitting of the metal [7].

The potential for pitting in aluminium alloys depend upon its alloying elements. For
example, pitting potential has been shown to decrease for Zn-content up to 3 wt%, and to

increase dramatically for Cu-content up to 5 wt% [22].

2.3.2 Intergranular Corrosion

Intergranular corrosion (IGC) occurs along the grain boundaries of some alloys, as a res-
ult of precipitate-depleted regions. During heat treatment, precipitates migrate to grain

boundaries, effectively depleting the immediately adjacent areas [21].

Generally, the driving force for IGC is the difference in electrochemical potential between
the grain boundary precipitates and the bulk, or the adjacent microstructure. As shown
in Figure 2.4, the solid solution zone, or the bulk, will interact with the zone that has been
depleted of solutes (solute depleted, also called precipitate free zones or PFZ). The grain
boundary precipitates may also interact with the solute depleted zone. Which mechanisms

govern intergranular corrosion depends on the alloy.

In aluminium-copper alloys, the precipita-

L"\. -\“'\, \H"‘Q . | "‘\.._ .“\1 : i :
. . .\"-\_ x“-.,_ \ T‘"'-—., .\-H" m . I &
tion of AlyCu-particles leaves the PFZ an- | ™~ @ |~ Salid solution. [
Wi g Wi . ‘
. : . . R L | Solute depleted [~
odic relative to the solid solution, expos- [~~~ ™~ R P
""\,_‘:\x_\t'x | ‘;\'\_::" Precipitate ™
ing the immediately adjacent solid solution [~ " "] o T = |
\-"k_ H"-\-. -\‘-H\'\-.. LI"“\-‘\_ \ \\\ \\"‘::\\\‘-,:h\‘\\.\-
to corrosion. In aluminium-magnesium al- ™~ w1 o ‘*\K\\_\ e
S K"‘x | \ "\\\:\ '*—._\\ ‘\_\\ \
. . . . i g + = - ]
loys, the situation is different, as the pre- ﬂ:‘“x\:\“\x ~ NS \“x\“"\\:‘m&
cipitating Mg,Als-particles are less noble [ . ™ b, e M
2 3 . . h \‘ s . . e "w-h\_‘

x"‘\ xk‘“x. \“‘"\J L'\» K‘\'\-\ \.M"-‘_ KH“\. \\'x
than the PFZ. Consequently, the precip- [~_ ™~ ~~_ ™ i, S e e Wie
= . . ™ - . - .

. . . . \“"x.. -\.H‘"\_ \-"‘--._\ \1' L,__ \-‘-"\.. \-x\"‘\_ \-.‘\"\H “"n._‘_\
itates on the grain boundaries will suffer > ~—~ 1 .

from corrosion attacks [7, 23]. In 6xxx- Figure 2.4: The phases participating in inter-
. . granular corrosion. [7]

alloys that contain Cu, IGC is caused by
precipitation of Q-phase (Al;Cu,MggSig). The Q-phase precipitates on the grain bound-

ary will be nobler than the PFZ, and corrosion will occur in the PFZ [24].
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2.4 Anodising

Anodising of aluminium is an electrochemical process where the naturally forming oxide
layer is grown thicker to protect the bulk material. The aluminium substrate functions as
the anode in an electrolysis cell, as this is where oxidation occurs. Other important ele-
ments in the anodising process are the cathode, the applied potential, and the electrolyte

[25].

When a substrate is submerged in an electrolyte and connected to an external circuit,
a steady-state process will establish, where aluminium ions are supplied by oxidation of
the metal surface, and hydroxide and hydrogen ions are produced by hydrolysis of the
electrolyte. The aluminium ions react with the hydroxide ions to form the oxide, while
hydrogen ions are transported through the electrolyte to the cathode, where the cathodic
hydrogen reduction reaction occurs. The electrolyte composition and concentration gov-
erns the conductivity in the circuit, but also the structure of the oxide layer. Thus, the
electrolyte is an important parameter, that decides the efficiency of the anodising process

[25].

The industrial process of anodising aluminium starts with pretreatment, cleaning and
rinsing of the aluminium part. After this, the part is submerged in electrolyte and con-
nected to an external power circuit. This is typically done at temperatures <30°C. When
the desired coating thickness has been achieved, post-treatments are required. The sur-
face that has been in contact with the electrolyte is dissolved, and the surface is sealed.
Adsorption and precipitation of reaction products from the sealing solution remain at the
surface, increasing the corrosion resistance of the oxide. Sealing is typically done at about

90-100°C [26].

2.5 Electrophoretic Deposition

Electrophoresis is an effect where charged powder particles dissolved in a liquid move
as a result of an applied electric field [27]. The utilisation of this effect to deposit ma-
terial onto a conductive substrate is termed electrophoretic deposition. Electrophoretic
deposition must not be confused with electroplating, as the former relies upon the suspen-

sion of particles, and the latter on the solution of ionic species through the use of salts [28].

10 Joakim Enger Fredrikstad Theory
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Electrophoretic deposition processes may be either anodic or cathodic. In the former,
positively charged particles are deposited onto the negatively charged anode. Conversely,
in the latter, negatively charged particles are deposited onto the positively charged cath-
ode. Aslong as the surface charge of the particles can be modified, both types of deposition

are possible [28].

There are principally two steps to the electrophoretic deposition process. The first is
the transfer of charged powder particles through the solvent, by the process of electro-
phoresis. The second step is the deposition of these particles onto the charged electrode,

i.e. the substrate to be coated, in the form of a compact film [29].

2.6 Surface Roughness

The entirety of all irregularities in the topography of a surface is called surface texture.
Surface texture can roughly be divided into surface roughness and waviness. Surface
roughness is the finer irregularities found on the surface, including those inherent from
the production process. Waviness, on the other hand, describes more widely spaced irreg-
ularities. These may result from for example machine deflections or vibrations. Surface
roughness is present within the wavy structure of a sample, such that waviness must be

subtracted to find roughness, and vice versa [30].

Roughness is the finely spaced differences in height and depth that occurs along a surface.
These surface irregularities may not be defined unambiguously by a single surface para-
meter. Therefore, a variety of standardised parameters are used to characterise surface
roughness [31]. Some of these parameters are explained in Table 2.6, and defined math-

ematically in Equations 2.5 to 2.9. Corresponding parameters may be defined for waviness.

Table 2.6: Different surface roughness parameters and their explanations [32].

Symbol Explanation
R, Average roughness of profile
R, Root-mean-square roughness of profile
R, Mean peak to valley height of roughness profile

R Maximum peak to valley height of roughness profile
Maximum peak to valley height of roughness
profile within a sampling length
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1 L

R = L/o () dz (2.5)
L

R, = % /O +(2)%da (2.6)

Do Di D v

, = 2.
R u (27)
Rt = Zmax — fmin (28)
Rinaz = max(p; — v;) (2.9)

Here, L is the sampling length, z(x) is the height over mean height, n is the number of
samples along the sampling length, p; is the peak height at sample i, v; is the valley depth
at sample i, z;q, is the highest peak in the sampling length and z,,;, is the lowest valley

in the sampling length [32].

2.7 Fatigue

A metal subjected to a repetitive or fluctuating stress will fail at a stress much lower than
that required to cause fracture on a single application of load. Such failures are called

fatigue failures [1].

The following subchapters introduce some common expressions and the S-N curve, which
is the most common way to represent the fatigue properties of an alloy. This is followed

by an introduction to some factors that influence fatigue.

2.7.1 Stress Cycles

In fatigue, the maximum stress is defined as 0,;,4,, and the minimum stress as ¢,,;,. These
variables are used to describe the stress ratio (R), the mean stress (o,,,) and the stress

amplitude (o,), as shown in equations 2.10, 2.11 and 2.12, respectively.
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R=Jmn (2.10)

Omax

_ Omaz + Omin

(2.11)

_ Omaz — Omin (2 12)

2.7.2 The S-N Curve

The S-N curve is a plot of the stress (S, or o) versus the number of cycles to failure (N, or
N¢), with Ny usually given on a logarithmic scale. The stress on the y-axis can be either
Cas Omaz O Omin [1]. An example of an S-N curve is given in Figure 2.5, which also shows

the meaning of the terms fatigue strength and fatigue life.

Stress amplitude, S

103 104 Fatigue life 107 N, 108 10° 1010

Figure 2.5: An S-N curve for a material that displays no fatigue limit. Indicates the
meaning of fatigue strength and fatigue life [33].

The S-N curve is mostly used for high cycle fatigue, which is considered to be when the
bulk of the metal is only deformed elastically for each cycle. This fatigue regime is mostly
governed by crack initiation [34]. Low cycle fatigue is when each stress cycle introduces
plastic strain in addition to the elastic. This fatigue regime is mostly governed by crack
propagation [35]. The transition between these regimes is gliding, but it roughly corres-

ponds to N = 10* cycles [1].
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Some metals, like steel and titanium, experience a fatigue limit, a stress level below which
the metal is assumed to be able to endure an infinite number of cycles without failure.
This is seen in the S-N curve as a horizontal asymptote. For many nonferrous metals, like
aluminium, the curve will not show such a limit. For these metals, the common practice
is to define the fatigue strength as the stress at which the metal might endure a large
number of cycles, as shown in Figure 2.5. Here, N; could indicate the chosen limit for

number of cycles [1].

2.7.3 The Influence of Surface Roughness

Cracks during fatigue commonly initiate at the surface of the material. Tiny notches in
the surface due to surface finishing will act as local stress raisers, which increase the rate
of fatigue crack initiation. Thus, the manner of surface preparation during the manufac-
turing of the component is a factor that greatly influences the initiation of cracks during

fatigue [36].

The highest numbers of cycles to failure are observed for smoothly polished samples,
where any scratches are oriented parallel to the stress direction [1]. High-cycle fatigue
life for carefully ground specimens, compared to smooth, is reduced by about 10 %, while
normal machining may give a reduction of 20 % or more. Related factors such as residual

surface stresses or other surface changes from processing may further influence fatigue [37].

2.7.4 The Influence of Coating

Coating of a component that is exposed to cyclic stresses may affect its resistance to
fatigue. Cracks usually initiate in the surface of the component, so changes in surface
properties, such as ductility, would be expected to influence fatigue properties. The effect
depends, for example, on the difference in plastic properties between the substrate and
the coating. If the coating has a lower yield strength than the substrate, then a crack
tip in the coating has been shown to be partially shielded from the applied load. The
substrate bears a greater part of the stress, leading to an inhibited crack growth rate in
the coating. Conversely, if the coating has higher yield stress, the crack growth rate would
be accelerated. This is only true, however, for the ideal case where coating and substrate
have identical elastic properties. An elastic mismatch complicates the situation, and the

difference between plastic mismatch and elastic mismatch dictates the resulting effect [38].
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For the case of aluminium alloys with an anodised coating, the effect on fatigue prop-
erties has been shown to be detrimental. This is due to the brittle nature of the oxide
layer on the aluminium surface. The combination of a coating that cracks easily when
deformed, and adheres extremely well to the aluminium substrate, leads to an increased
crack initiation rate. Reduced fatigue life is expected. The magnitude with which the
crack initiation rate increases depends on the type of anodising process, the thickness of

the applied oxide layer, and the substrate aluminium alloy and its pretreatment [8].

A number of other coating systems on aluminium have been investigated, leading to dif-
ferent results. An example of a coating that was found to improve fatigue and corrosion
fatigue properties was a WC-10Co-4Cr coating, thermally sprayed onto an AA6063-T6 alu-
minium alloy. For this coating system, residual stresses in the coating from the deposition

process were believed to cause the increased number of cycles to failure [39].

2.7.5 The Influence of Precorrosion

Both pitting and intergranular corrosion before fatigue will negatively impact fatigue prop-
erties. Such localised corrosive attacks may lead to severe stress concentrations locally at
affected areas, effectively accelerating fatigue crack initiation. This will have a deleterious

effect on the number of cycles to failure for a material subjected to cyclic loading [7].

The creation of pits prior to fatigue exposure will accelerate crack initiation through
the notch effect, but fatigue of corroded metals must not be confused with corrosion fa-
tigue. This is when corrosion occurs simultaneously to fatigue, effectively enhancing the

reduction in fatigue strength, as described below [2].

2.7.6 Corrosion Fatigue

Corrosion fatigue is the combinative effect of corrosive environment and cyclic stress on a
metal. The behaviour of metals exposed to corrosion fatigue differs significantly to those
exposed to fatigue, and the fatigue strength is greatly reduced. A general rule proposed
for aluminium automotive safety components is that the fatigue strength at 5 x 10® cycles
to failure under constant amplitude loading is reduced by 50 %, and under variable amp-

litude loading by 20-25 % [40].

Generally, in corrosion fatigue, cracks initiate early in the fatigue life, growing gradu-
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ally during fatigue exposure. Crack initiation may occur from metal exposed to corrosion
by slip motion caused by the imposed stress, which becomes anodic compared to adjacent
areas where slip does not occur. This leads to the formation of a local electrochemical cell,
which serves to initiate pitting through anodic dissolution. As the pit grows, the stress
concentration rises, until a crack is initiated. For some materials, it has been reported
that intergranular corrosion occurs within primary pits, from which secondary pits arise
in a complex interaction [41]. In addition to crack initiation, corrosion fatigue may influ-
ence the mechanisms of crack propagation, e.g. through crack tip wedging by corrosion
products. Due to the great influence of corrosive attacks on corrosion fatigue, the corro-
sion resistance of the material in the relevant environment is generally the most influential

factor on the fatigue strength [2].

2.7.7 The Influence of Loading Frequency

Initiation and growth of fatigue cracks may both be assisted by chemical reactions such
as pitting or corrosion of the crack tip. This is most obviously the case when the material
is exposed to some corrosive solution. For example, aluminium will experience shorter
fatigue life in a saltwater solution than in air. However, even materials tested in air may,

in some instances, be affected by the moisture and gases present in the air [7].

The magnitude with which these reactions affect the mechanisms of fatigue depends upon
the time available for the reactions to transpire. Thus, samples tested at lower frequen-
cies should be expected to experience a decrease in fatigue life compared to those tested
at higher frequencies, the magnitude of which depends on the chemical properties of the

material and the environment it is exposed to [42].

2.7.8 The Influence of Mean Stress

When cyclic loads are applied, the mean stress, expressed by R, is an important parameter.
Completely reversed loading, corresponding to R=-1, represents the standard case where
the mean stress is zero. When comparing different cycles with equal oy,4., the fatigue life
is known to increase with increasing R. Empirical equations exist for computing corres-
ponding stress amplitudes at R=-1 from non-zero mean stresses. A conservative example

is the Smith Watson Topper (SWT) equation. This is shown in Equation 2.13,

Oar = VO0aq X Omaz (213)

16 Joakim Enger Fredrikstad Theory



Corrosion Fatigue of AA6082 Aluminium Alloy: The Effects of Coating and Ti Additions

where o, is the corresponding stress amplitude for R=-1, o, is the stress amplitude at
the non-zero mean stress, and 0,4, is the largest stress at the non-zero mean stress [42].
This corresponding stress amplitude may be used to estimate the corresponding number
of cycles to failure at R=-1 through the use of the Basquin law in the high cycle regime.

This law is shown in Equation 2.14,

Tar = 0 7(2Ny)° (2.14)

where oy and b are material constants, that need to be estimated or found from tables [1].

2.7.9 The Influence of Loading Mode

Tensile stresses give uniform stress distributions throughout the cross-section. Bending
loading, on the other hand, introduces unevenly distributed stresses. One side is in com-
pression while the other is in tension, yielding a smaller effect on the material. Therefore,
the number of cycles to failure is expected to be higher for materials exposed to bending

than tension [43].

2.7.10 The Influence of Size

Components subject to bending stresses experience a fatigue limit that decreases with
increasing size. Bending stress introduces a stress gradient that decreases rapidly for
small samples. For larger cross-sections, however, the decrease in stress with depth is more
gradual, and more material experiences high stress. This effect means that investigations

based on smaller test samples overestimate the fatigue life of larger components [37, 43].

2.7.11 The Statistical Nature of Fatigue

Although S-N curves are usually given as definite solutions to the number of cycles for each
stress amplitude of a specific material, it is important to emphasise the fact that these
curves represent average values, and that significant deviations from the curves should
be expected. As fatigue properties are statistical, a three-dimensional surface that gives
the relationship between stress, number of cycles to failure and the probability of failure
would be a more accurate representation. It is not known for certain which statistical
distribution function accurately describes the distribution of fatigue life at a given stress
amplitude, but it is frequently assumed to follow a normal distribution curve when the

number of cycles to failure are given on a logarithmic scale [1].
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2.8 Measuring Electronically

To measure the grain size in a micrograph, a common method is to divide the length of a
straight test line by the number of grains spanned. This method is called linear intercept
[44]. One way to measure test lines electronically is by the use of the program ImageJ
[45]. Here, a scale is set by measuring the length of the known scale bar. This scale is

then used to calculate the actual length of any other lines drawn on the image.

This program may also be used to measure the thickness of a coating. A number of
test lines are drawn normal to the edge of the sample, through the coating and to the
interface between coating and metal. The average length of these lines represents the

coating thickness.

2.9 Scanning Electron Microscope

The scanning electron microscope (SEM) is a useful tool when characterising surfaces on
a microscopic scale. The area of interest is irradiated by a thin electron beam. When
the electrons interact with the sample, several detectable signals that might be used to
characterise the surface arise. These include secondary electrons, backscattered electrons,
characteristic X-rays and Auger electrons. These signals may give information regarding

the sample’s chemical composition, topography, crystallography, and more [46].
One major advantage of the SEM is its ability to view a large range of heights in fo-

cus simultaneously. This property is called depth of field. The depth of field (D) in SEM

is calculated by Equation 2.15,

D= {5 - dp] x g (2.15)

where ¢ is the resolution of the eye, M is the magnification, dj, is the electron optical

resolution, a is the working distance and r is the radius of the objective aperture [46].

When investigating fracture surfaces, it is practical to maximise the depth of field. Equa-

tion 2.15 shows that this can be achieved by maximising the working distance [46].
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2.9.1 EBSD

The SEM might also be used to obtain information on the grain structure of a sample,
through the electron backscatter diffraction (EBSD) detector. This method of grain struc-
ture analysis relies upon the analysis of diffraction patterns acquired by a stationary beam
of electrons on the sample surface. Each crystal lattice plane uniquely diffracts backs-
cattered electrons according to Bragg’s law, and these may be used to construct an image
of the grain structure. As the electrons penetrate typically only up to 50 nm of the speci-
men surface, high-quality surface polishing is necessary. This may be achieved for example

by the use of vibration polishing, electropolishing or plasma etching.

Results are achieved by evaluating diffraction patterns, which is usually an automatic
feature of the software. The result is a variety of charts and figures, the most useful of
which is the orientation map. This shows the grain structure according to crystallographic
orientation and phase while generating quantitative microstructural descriptors. A more
detailed deliberation of the EBSD is referenced in the form of a tutorial review by Randle

[47).

2.10 Fracture Characterisation

Fractures may be divided into ductile, brittle and fatigue fractures, though many more
classifications exist. Microscopical examinations of fracture surfaces are required to de-

termine the type of fracture [48]. The main fracture types are described below.

2.10.1 Ductile Fracture

Ductile fractures are associated with plastic deformation, which leads to necking (local
constriction in the cross-section area [9]). The final fracture in ductile materials is often
called rupture [49]. An extreme case of necking, where the material deforms to a point
before rupture, is seen in Figure 2.7 (a). Figure 2.7 (b) shows the most common ductile

fracture profile, where a moderate amount of necking is followed by rupture.

Microscopically, most ductile fracture surfaces may be characterised by the presence of
dimples. Dimples are microvoids that form when ductile materials are exposed to stress
[48]. Depending on the orientation of the fracture surface, dimples may appear either

spherical, as in Figure 2.6 (a), or more elongated, as in Figure 2.6 (b).
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Figure 2.6: (a) Spherical dimples. (b) Elongated dimples [33].

2.10.2 Brittle Fracture

A fracture with little deformation and rapid crack

propagation is characterised as brittle. Cracks in ' ‘

brittle materials propagate close to normal to the |||

direction of applied stress, which usually yields a

plane fracture surface [33]. A simple representation

of a brittle fracture can be seen in Figure 2.7 (c). /\ (\”\
JR
{a)

L]

2.10.3 Fatigue Fracture :
(h) ich

Fatigue fracture is the most common type of frac- Figure 2.7: (a) Highly ductile frac-

ture. It occurs when cyclic stress of considerable ture. (b) Ductile fracture with some
necking. (c) Brittle fracture with no

size is applied to a material over time. The chan- plastic deformation [33].

ging stress environment leads to local stress concen-

trations, which may lead to crack formations.

Fatigue cracks usually originate from the surface, growing from some local damage or
irregularity. This will generally decide the appearance of the fracture surface, in both
large and microscopic scale. The fracture mechanism may be divided into the following

three stages [48].

Stage I - Crack Initiation

In the first stage, cracks initiate, typically at a free surface. For ductile materials, initiation
may occur by the formation of slip bands, i.e. pile-up of dislocations that form cracks
within grains. Materials of more limited ductility usually develop cracks at defects such
as voids or inclusions [42]. These tiny cracks then grow along slip planes, typically in an

angle 45° to the applied stress, penetrating only a few grains [48].
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Stage 11 - Crack Propagation

The crack transitions from propagating
along crystallographic planes to a plane
that is fairly flat and approximately nor-
mal to the direction of the applied stress.
This is the stage associated with fatigue
crack growth. It can be seen macroscop-
ically as a relatively smooth area close to
the origin of the crack [42]. In this stage,

the crack propagation may be either trans-

granular or intergranular. In transgranular
fractures, the crack propagates through the Figure 2.8: Beach marks on a brittle steel
. . fracture surface [42].

grains, while in intergranular fractures, the
crack propagates along the grain boundaries. The latter normally occurs as a result of

grain boundary weakening processes and yields a fracture surface where the outline of the

grains can be seen [33].

Stage III - Fracture

The cross-section of the material is greatly reduced, and the material can no longer bear
the applied load. The residual fracture may be either ductile or brittle, depending on the
material in question [48]. The final fracture area usually appears rough. Ductile materials
may form a shear lip, oriented approximat-

ely 45° to the direction of applied stress i j:.'
[42].

Characteristic Features

Some characteristics of fatigue fractures
may be seen by the naked eye or by ste-
reomicroscope, the most common of which
is beach marks. These are a result of the

variations in applied load combined with

oxidised fracture surface [1, 42]. An ex-

ample is shown in Figure 2.8. However, Figure 2.9: Striations in aluminium, image

beach marks may not appear if the part at 9000X magnification [33].
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has been loaded continuously [50].

By use of microscopes, one may see striations, as shown in Figure 2.9. These are parallel
lines oriented perpendicular to the direction of crack growth, and the distance between
them tend to increase with increasing crack length. Each striation is caused by crack tip
blunting in a single stress cycle. Striations may be used to model crack growth, through
the Paris law. This law is shown in Equation 2.16,

da

= (CAK)" (2.16)

where g—]‘ff is the crack growth per stress cycle, AK is the stress intensity factor range

and C' and m are constants. Solving this expression leads to an equation which, once
the striation spacing and crack size is known in two separate parts of the fatigue crack

propagation area, may give an approximation of the number of cycles to failure [51].

Striations are generally more prominent for ductile materials [42, 48]. They may disappear
over time, due to the formation of surface corrosion products. Also, both striations and
beach marks may be damaged by surfaces rubbing against each other during stress cycling.
Therefore, the absence of beach marks and striations does not exclude fatigue [33]. One
last feature that may be used to understand the origin of the critical crack is ridge marks.

These spread out radially from the crack origin, as shown in Figure 2.10 [52].

FATIGUS

Figure 2.10: Ridge marks spreading from the two fatigue origins indicated [52].
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3. Experimental

This chapter describes the material used in this thesis, some reference data supplied by
SINTEF, some important results from previous work, and ultimately all experimental

investigations that were executed.

3.1 Material

The samples used were of the aluminium alloy 6082. They were cut from a profile extruded
by Benteler, of the same type that is usually processed into a part used in the suspension
system of automobiles. Next, they were heat-treated to a variation of the T6 condition by
SINTEF, simulating the heat treatment used by Benteler in the industrial process. This
temper state is henceforth referred to as T6x. The approximate cross-sectional geometry
of the extruded profile is shown in Figure 3.1, and the sample geometry is indicated in
Figure 3.2. In both figures, the extrusion direction (ED), the short transverse direction

(SD), and the long transverse direction (TD) are indicated.

Sample area 58.9
mm

Figure 3.1: Cross-section geometry of the extruded profile from which the samples were
made.
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Figure 3.2: Geometry of the samples used. All dimensions are in mm. The thickness of
the sample is 5.3 mm.

The samples were given different surface treatments. Some were left uncoated, some were
anodised, and some were coated with an organic coating as described below. The anod-
ised samples were treated by Hydal Aluminium Profiles, to a coating thickness specified
to 11-13 pum. This coating was the same as the one used in the project work, as described

in Chapter 3.3.

The organic coating was supplied by one of Benteler’s divisions in Germany. This coating
was applied with a process called KTL (Kathodische Tauchlackierung), which is assumed
to be a cathodic electrophoretic coating process, and these samples will be referred to as
KTL samples henceforth. The samples received a curing treatment at 160 °C for 20 min,
and allegedly some pretreatment, but further details on the coating or coating process

were not given.

Furthermore, some samples were supplied of a variation of the 6082 alloy with some extra
Ti added. Half of these samples were anodised, while the other half were uncoated. The
chemical composition of the alloy, both with and without extra Ti, are shown in Table

3.1. The values are nominal values of the 6082 alloy supplied by Benteler.

Table 3.1: Chemical composition of the used material.

Al alloy | Cr Cu Fe | Mg | Mn | Si Ti

6082+Ti | 0.15 | 0.001 | 0.17 | 0.63 | 0.55 | 0.91 | 0.09
6082 | 0.15 | 0.001 | 0.17 | 0.63 | 0.55 | 0.91 | 0.01
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3.2 Reference Data

Fatigue test results were supplied by SINTEF, from a previous project on the fatigue
properties of the 6082 alloy. All samples were as the one shown in Figure 3.2. Figure 3.3
shows results from fatigue tests in air. The series labelled pre cor 2h indicate samples
that were exposed to a corrosive solution designed to trigger IGC, while the one labelled
machined indicates that all edges of the samples were machined. All samples were tested

with R=-1 and f=10Hz.

The S-N curves in Figure 3.4 represent samples tested in 5 wt% NaCl with R=0.1 and
f=5Hz. These samples were given different surface finishes, indicated by the labels. Here,
the series labelled machined w/smoothened edges in bend were machined only on the short
edges as normal, and then ground in the bend to reduce surface roughness and impede

crack initiation.

Fatigue reference S-N curve (R=-1, f=10Hz)

240
« 6082-T6
e = 6082-Tex
6082-Tex-machined
g 200 6082-T6x-pre cor Zh
= » 6082-T6x-smoothened edges
3
180 —T6 (linear)
—T6x (linear)
Tex-machined (linear)
160 _
Tex-pre cor 2h (linear)
—Tex-smoothened edges (linear)
140
10 000 100 000 1 000 000

Nf

Figure 3.3: Fatigue results by SINTEF.
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Corrosion fatigue reference S-N curve (R=0.1, f=5Hz)

105
100
a5 * Countertrimmed
30 » Cutting edge, 0.16mm
. clearance
& 85 ;
s Machined w/smoothened
= 80 edges in bend
<
—Countertrimmed (linear)
75
70 bl — Cutting edge, 0.16mm
clearance (linear)
65 Machined w/smoothened
edges in bend (linear)
60
10 000 100 000 1000 000

Nf

Figure 3.4: Corrosion fatigue results by SINTEF.

3.3 Results from Previous Work

The foundation for this master thesis was done in a project-work, entitled ”The Effects
of Anodising on the Fatigue Properties of Aluminium”. Metallographic examinations of
the uncoated and anodised samples were conducted therein, yielding the average grain
sizes (GS) in the short transverse direction as shown in Table 3.2. Images of the grain
structures of an uncoated and an anodised sample are regiven in Figure 3.6 (a) and (b),
respectively. Table 3.2 also shows the results of tensile tests conducted on these samples,

and the measured coating thickness (CT) of the anodised sample.

Furthermore, fatigue tests were done on uncoated and anodised samples, yielding the
S-N curves shown in Figure 3.5. The results of fatigue tests done on samples that were
exposed to a corrosive solution specified in ISO 11846 for 24 h and 96 h were also included.
Note that these fatigue tests were done at only one value of o,, which is why no lines

could be constructed for these samples.

Table 3.2: Mechanical properties and grain sizes.

E [GPa] | o, [MPa] | 0, [MPa] | %EL | %AR | GS [pm] | CT [pm]
Anodised 70.0 330 381 275 | 23.5 7.4 13.1
Uncoated 69.8 327 380 29.3 | 26.3 6.8 -
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5-N curve of Project Results

230
220
210
* Uncoated
200 = Anodised
& = Uncoated with 24h precorr
2 190 , .
- Anodised with 24 h pre-corr
)
180 = Uncoated with 96h precorr
= Anodised with 96 h pre-corr
i —Uncoated (linear)
160 —Anodised (linear)
150
5000 50 000 500 000

Figure 3.5: Results from fatigue tests done in project work.

(a) (b)

Figure 3.6: Grain structures found in the project work from: (a) an uncoated sample, and
(b) an anodised sample. Lines used to find average grain sizes in the SD are also included.
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3.4 Test Methods

Grain structures, mechanical properties, surface roughness, fatigue and corrosion fatigue

properties and fracture surfaces were all investigated, in the ways described below.

3.4.1 Metallography

One KTL-coated sample and one anodised Ti-containing sample were used for metallo-
graphic examinations. The samples were cut to suitable dimensions from the parallel area
using Struers Discotom-5, exposing the plane consisting of the SD and the TD. Next, they
were mounted into Epofix, ground and polished. Grinding was done using sandpaper with
240, 480, 800 and 2000 particles per square centimetre respectively, providing increasingly
planar surfaces. Polishing was done at a Struers DP-U3 with diamond spray at 3 pm and
1pm. The samples were rinsed with water between each grinding step, and washed with

soap before and after each of the polishing steps.

After polishing, the polished surfaces were anodised. The anodising solution used was
5% HBF,, with an applied voltage of 20V and time of 90s. The samples were immedi-

ately rinsed with water and ethanol.

After anodising, the samples were examined in a Leica MEF4M light optical microscope.
Pictures were taken of the grain structures, using polarised light, to measure grain sizes,

and of the edges of the KTL-sample, to quantify the coating thickness.

Measuring

Coating thickness was measured by averaging five measurements from the same image,
while grain sizes were found using the linear intercept method. Both measurements were

done using ImagelJ.

EBSD

Electron Backscatter Diffraction (EBSD) was used to get more detailed images comparing
the bulk microstructure to that of the area adjacent to the corners. Here, one KTL sample
and one uncoated sample were investigated. They were cut, ground and polished as the
metallography samples, but they were not cast into Epofix. They were further polished

by vibrational polishing in a Buehler Vibramet 2 for about 2 h.
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The samples were analysed using the EBSD detector of a Zeiss Ultra 55 LE SEM at

a magnification of 200X and with a step size of 0.3 pm.

3.4.2 Tensile Testing

Three samples were tested in tension, in a Multipurpose Servohydraulic Universal Testing
Machine Series LE'V 100kN, to provide an overview of the mechanical properties of the
material. One sample was coated with KTL, one was anodised and one was uncoated and
of the alloy with extra Ti. The resulting data were plotted as engineering stress versus
engineering strain and used to determine yield stress, ultimate stress and elastic modulus
for each sample. Additionally, %EL was calculated by subtracting the elastic strain from
the total strain at fracture, and %AR was found by measuring the cross-section area before

and after testing.

3.4.3 Surface Roughness Measurements

Surface roughness for all fatigue samples was measured using an Alicona InfiniteFocus
SL. This was done to map the effects of different surface roughness between the various
types of samples. The parallel area of each surface of each sample was measured, and
average values of Rq, Ry, R., R and R,,4, were obtained. The highest value of R4, and
the average value of R, obtained for each sample was plotted against the corresponding
number of cycles to fracture, and average values and standard deviations of all parameters

were calculated for each sample type.

Additionally, measurements were taken of the scratch made in one of the KTL samples.
Here, a heatmap indicating the height differences in and around the scratch was obtained,

and waviness values were used to quantify the depth of the scratch.

3.4.4 Fatigue Testing in Air

Samples of the types uncoated, anodised, KTL, Ti uncoated and Ti anodised were all
tested in fatigue in air. The samples were mainly tested at 0,=160 or 220 MPa. The
numbers of samples tested at each of these stress amplitudes for each sample type is
shown in Table 3.3. Additionally, 3 uncoated samples were tested at 140 and 180 MPa, 2
at 170 MPa, and 1 at 150, 190, 200 and 210 MPa. All samples were tested in air with fully

reversed cyclic loading (R=-1) and a frequency of 10 Hz. The machine was programmed
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to stop when a critical crack had formed, to minimise any mechanical damage that might
be done to the fracture surface after critical crack formation. Fractures were completed

by manual stretching of the samples.

3.4.5 Corrosion Fatigue Testing

Uncoated, anodised, Ti uncoated, Ti anodised and KTL-samples were tested in corrosion
fatigue. Of the latter, 6 were scratched before testing, as described below. The numbers
of samples tested at o, are shown in Table 3.3. All samples were first rinsed in acetone
and ethanol to avoid contaminations. Next, they were mounted to an aluminium disc,
such that the parallel area of the sample was just above the opening of the disc. Pattex
Easy Silicone was used and given a couple of hours to harden. The disc and sample were
then mounted to a plexiglass chamber, using the same silicon glue. The dimensions of the
disc and chamber are shown in Figure 3.7 (a). The ready setup was allowed to harden for

at least 12h before testing.

A solution containing 5 wt% NaCl was prepared using distilled water and solid NaCl
salt and transported in a plastic bottle. The sample with the chamber was fastened in the
MTS 810 machine, and filled with saltwater solution from the bottle until the parallel area
of the sample was covered. A sample during testing is shown in Figure 3.7 (b). All samples
were tested with a frequency of 5 Hz, and conditions otherwise similar to the fatigue tests

done without corrosion.

Table 3.3: Number of samples tested at each o, for each sample type in air and in 5 wt%
NaCl.

Sample type Nr. ajc 169 Nr. ajc 229 Nr. at 160 MPa Nr. at 220 MPa
MPa in air | MPa in air | in 5 wt% NaCl | in 5 wt% NaCl
Uncoated 5 2 4 3
Anodised 3 2 4 3
KTL 3 2 3 2
KTL scratched 0 0 4 2
Ti Uncoated 3 0 3 2
Ti Anodised 3 0 3 2
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Disc Chamber
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Thickness: 3mm

Thickness: 3mm 50

D(inner):130

(a)

Figure 3.7: (a) The dimensions of the disc and chamber used in corrosion fatigue testing,
adapted from [53]. All dimensions are in mm. (b) A sample during corrosion fatigue
testing.

Scratching of Samples

5 KTL-samples were scratched according to ISO 17872:2007 prior to corrosion fatigue
testing. The scribe marks were made using a metallic ruler and a LEATHERMAN®
Micra® pocket-knife. The ruler was placed diagonally from top to bottom corner of the
sample, and scribe marks were made along the parallel area of the samples. This gave an
X on each of the faces, as shown in Figure 3.8. Scratches were made before rinsing with
acetone, but after surface roughness measurements. The scratch in one of the scratched
samples was examined in an Alicona Infitifefocus SL, to determine the depth of the scribe

mark.

Figure 3.8: A scratched KTL sample ready for corrosion fatigue testing.
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3.4.6 Corrections to R=-1

The reference data provided by SINTEF for corrosion fatigue were corrected from R=0.1 to
R=-1. The least-squares method was used to approximate the coeflicients for the Basquin
law (b and a}) from the stress amplitudes and number of cycles at R=0.1. This was
done for each sample type. The reduced stress amplitude (o,,) was calculated using the
Smith Watson Topper equation (Equation 2.13). The number of cycles at R=-1 was then
approximated by solving the Basquin law (Equation 2.14) for N ¢, using the aforementioned

coefficients and reduced stress amplitude.

3.4.7 Fractography

Samples representing some of the different combinations of coating, stress amplitude and
corrosion exposure were examined in a Zeiss Ultra 55 LE SEM after fatigue testing. A
part of approximately 1cm height, including the fracture surface, was cut from each of
the samples, to ensure maximal depth of field (see Chapter 2.9). Cutting was done using
Struers Discotom-5, and the samples were rinsed in water. All samples were cleaned in an
ultrasonic acetone bath for about five minutes, then rinsed with water and ethanol before
insertion into the SEM. Some samples also required scrubbing, which was done with a
non-metallic brush before cleaning. The samples were examined with emphasis on crack
initiation and signs of corrosion. Fatigue striations were also identified for all samples, to

help understand the crack propagation.
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4. Results

This chapter presents the results of experiments, that were executed in order to understand

the fatigue and corrosion fatigue properties, and the factors influencing them.

4.1 Tensile Tests

The results of tensile tests of one anodised sample, one KTL-coated sample and one Ti-
containing uncoated sample are shown in Figure 4.1 in the form of stress-strain curves.
Stress and strain axes are both engineering. The values found for E, oy, o,, %EL and

%AR are shown in Table 4.1.

Stress-Strain Curves
400

350 ,../”'/——R \

—Anodised
—KTL
—Ti Uncoated

Stress [MPa]
P
(=]
[=]

0 0,05 0,1 0,15 0,2 0,25 0,3
Strain

Figure 4.1: Stress-strain curves for Ti uncoated, KTL, and anodised samples.
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Table 4.1: Data from tensile tests.

E [GPa] | 0, [MPa] | 0, [MPa] | %EL | %AR
Anodised 69.6 320.0 3798 | 269 | 28
KTL 69.5 325.0 373.9 | 27.6 | 36
Ti Uncoated | 73.1 328.3 3834 | 283 | 33

4.2 Metallography

Results of metallographic examinations following cutting, grinding and polishing are given

in the form of images taken by light optical microscope.

Figure 4.2 shows the grain

structure of a KTL sample, close to the corner of the sample, while the grain structure of

a Ti anodised-sample is shown in Figure 4.3. Notice the thin layer by the top edge of the

former sample, where grains appear to be smaller. The results of grain size measurements

in the SD are shown in Table 4.2. Figure 4.4 indicates the measured average coating

thickness of the KTL layer of the first sample.

Table 4.2: Results of grain size measurements in the short transverse direction.

Nr. | Number of Grains

Distance Covered [pm)]

Grain Size [pm]

1 15 125.4 8.4

2 21 107.6 5.1

KTL 3 20 129.5 6.5
avg. 18.7 120.8 6.7

1 15 101.6 6.8

2 20 123.7 6.2

Ti Anodised 3 29 185.4 8.4
avg. 19.0 136.9 7.1
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Figure 4.3: Optical micrograph of the grain structure of a Ti anodised sample.
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Figure 4.4: The extruded edge of a KTL sample, with measured average coating thickness.

4.3 EBSD

The results of EBSD imaging of a KTL sample and an uncoated sample are given below.
The directions and meaning of the colours represented in the EBSD images are shown in
Figure 4.5. Grain structures both in the centre and close to the corner of the KTL sample
and the uncoated sample are shown in Figure 4.6 and Figure 4.7, respectively. Beware that
there are areas of noise, especially in the former, indicating imperfect sample preparation

and/or analysis.
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Figure 4.5: Crystallographic directions represented in EBSD images

(a) o (b)

Figure 4.6: EBSD pattern from (a) a corner, and (b) the centre of a KTL sample.
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Figure 4.7: EBSD pattern from (a) a corner, and (b) the centre of an uncoated sample.

4.4 Surface Measurements

Surface roughness of samples tested in air and in 5 wt% NaCl plotted against their respect-
ive numbers to failure are shown in Figures 4.8 and 4.9, respectively. The highest value
of Rz from the 4 sides measured on each sample was used. Average values of R, were
also plotted against Ny. This is shown for samples fatigue tested in air and 5 wt% NaCl
in Figures 4.10 and 4.11, respectively. Mean and standard deviation (STD) of surface
roughness values for the different sample types are given in Table 4.3. A complete table
of surface roughness values from all 4 sides of each fatigue sample is given in Appendix A.
Measurements of one of the scratches in a scratched KTL-sample is shown in Figure 4.12.
The measured values for waviness in this area are given in Table 4.4.

Table 4.3: Mean and standard deviation values of surface roughness for the different
sample types.

KTL | Uncoated | Anodised | Ti Uncoated | Ti Anodised

Mean Ra [pm] | 0.602 0.764 1.367 0.745 1.209
STD Ra [pm] | 0.068 0.160 0.179 0.189 0.223
Mean Rq [pm] | 0.765 0.977 1.723 0.953 1.550
STD Rq [pm] | 0.091 0.212 0.221 0.251 0.312
Mean Rt [pm] | 5.709 6.877 11.625 6.953 11.354
STD Rt [pm] | 1.242 1.873 1.968 1.977 3.220
Mean Rz [pm] | 4.419 5.373 9.388 5.222 8.774
STD Rz [um] | 0.646 1.255 1.167 1.302 1.728
Mean Rmax [pm] | 5.371 6.575 11.006 6.524 11.028
STD Rmax [pm] | 1.148 1.823 1.899 1.731 3.298
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Surface Roughness vs. Fatigue Life for Fatigue Samples
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i
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Figure 4.8: Maximum values of R;,q, plotted against Ny for samples tested in air.

Surface Roughness vs. Fatigue Life for Corrosion Fatigue Samples
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Figure 4.9: Maximum values of Ryq. plotted against Ny for samples tested in 5 wt%
NaCl.
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Average Roughness vs. Fatigue Life for Fatigue Samples
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Figure 4.10: R, vs Ny for samples fatigue tested in air.
Average Roughness vs. Fatigue Life for Corrosion Fatigue Samples
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Figure 4.11: R, vs Ny for samples fatigue tested in 5 wt% NaCl.
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Bl
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Figure 4.12: Heat map indicating height differences in a scratched KTL sample.

Table 4.4: Waviness values for the scratched sample, in the area shown in Figure 4.12.

Name | Value [pm] | Description

W, 9.50 Average waviness of profile

W, 11.80 Root-Mean-Square waviness of profile

W, 33.92 Maximum peak to valley height of waviness profile
W, 13.32 Mean peak to valley height of waviness profile

Winaz 32.16 Maximum peak to valley height of waviness profile
within a sampling length

4.5 Fatigue and Corrosion Fatigue

Results from fatigue tests done in air and in 5 wt% NaCl are shown by S-N curves in
Figures 4.13 and 4.14, respectively. Arrows next to points indicate that they were stopped
without fracture, having exceeded the run-out limit at 10° cycles. Note that some series
were tested at only one stress amplitude. These are not represented by a line, only by the

individual points. The reference S-N curve provided by SINTEF (Figure 3.4) was corrected
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from R=0.1 to R=-1 through SWT (Equation 2.13) and the Basquin law (Equation 2.14).

The resulting S-N curve is shown in Figure 4.15.

Fatigue S-N Curve (6082 T6x, R=-1, f=10 Hz)

230
220 . -
210
200 « KTL
_ 190 * Ti Anodised
& Ti Uncoated
= 180
ey Uncoated
<)
17 * Anodised
160 sy m . d . —KTL (linear)
150 \ Uncoated (linear)
= — Anodised (linear)
140
130
10000 100000 1000000
Nf
Figure 4.13: S-N curve of samples tested in air.
Corrosion Fatigue S-N Curve (6082 Téx, R=-1, f=5 Hz)
230
220 * Uncoated
210 « Anodised
200 Ti Uncoated
- 190 Ti Anodised
o = KTL
= 180
s « KTLscratched
)
i —Uncoated (linear)
Y
160 . — Anodised (linear)
150 Ti Uncoated (linear)
140 Ti Anodised (linear)
—KTL (linear)
130 )
10000 100000 iggtggn = rLcacrienadilingar)

Nf

Figure 4.14: S-N curve of samples tested in 5 wt% NaCl.
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Figure 4.15: S-N curve of reference data from SINTEF, tested at R=0.1 in 5 wt% NaCl,
corrected to R=-1.

4.6 Fracture Characterisation

The results of fracture surface investigations are given through SEM micrographs below,

for samples fatigue tested in air and in 5 wt% NaCl. The number of cycles to fracture is

given for each sample, along with the corresponding stress amplitude.

4.6.1 Samples Fatigue Tested in Air

One KTL, one Ti anodised and one Ti uncoated sample were investigated. The fracture

surfaces were characterised through crack initiation sites, ridge marks and fatigue stri-

ations.

Results
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KTL, 0,=160 MPa, N;=143 990

The full fracture of the KTL sample is shown in Figure 4.16 (a), with indications of the
areas where fatigue and overload failure were found to have occurred. Figure 4.16 (b)
shows fatigue striations. These are perpendicular to the top right corner of the sample,

and the fracture initiation point shown in Figure 4.16 (c) and (d). The arrows in (c)

indicate the crack propagation direction.

3 . § A
EHT=15.00kV  Signal A= SE2 Date :5 Mar 2019 NTNU EHT=15.00kV  Signal A= SE2 Date :5 Mar 2019 NTNU
WD =39.2mm Mag= 11X o tion and Creativity WD =37.8mm Mag= 3.00KX Inaovation and Creativity

(a) (b)

EHT=15.00kV  Signal A= SE2
WD =37.8 mm Mag= 500X

E 2 % el
EHT=15.00kV  Signal A=SE2 Date :5 Mar 2019
WD =37.9mm Mag= 100X

(c) (d)

Figure 4.16: SEM images of a KTL-sample fatigue tested in air. (a) Full fracture surface,
with indication of the areas magnified in (b), (c) and (d). (b) Fatigue striations. (c¢) Ap-
parent crack propagation direction from the fracture initiation site. (d) Fracture initiation
site.
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Ti Uncoated, 0,=160 MPa, N;=251 575

The Ti uncoated sample is presented in the same way, with the full fracture surface, fa-
tigue striations, crack propagation direction and crack initiation site shown in Figure 4.17

(a), (b), (c) and (d), respectively.

Overload failure

——

EHT=15.00kV  Signal A=SE2 Date :6 Mar 2019

— WD=410mm Mag= 11X creaivity

(a) (b)

EHT=15.00kV  Signal A= SE2 Date :6 Mar 2019 @ U
WD =40.8 mm Mag= 250KX

nd Creativity

EHT=1500kV  Signal A= SE2 Date :28 Apr 2019 ®@ NTNU 30 pm EHT=1500kV  Signal A= SE2
WD=47.1mm Mag= 100X

(c) (d)

bz @NTNU

WD=474mm  Mag= 400X Insovation and Creativity

Innovation and Creativity

Figure 4.17: SEM images of a Ti uncoated sample fatigue tested in air. (a) Full fracture
surface, with indication of the areas magnified in (b), (c) and (d). (b) Fatigue striations.
(c) Crack initiation site, with apparent crack propagation direction. (d) Higher magnific-
ation of the crack initiation site.
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Ti Anodised, 0,=160 MPa, N;=63 284

In the Ti anodised sample, several initiation sites were found, as indicated in Figure 4.18
(a). Two of these are shown in Figure 4.18 (b) and (c), and the direction on the striations
shown in Figure 4.18 (d) indicate crack propagation from one of the closest initiation sites.

Notice the direction of the ridge marks by the edges in (b) and (c), all more or less parallel

to each other.

EHT=1500kV  Signal A= SE2 Date :28 Apr 2019 NTNU

WD=460mm Mag= 200X Insoration and Creatinity
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WD=458mm  Mag= 12X insovation and Creativity

(a) (b)

EHT =15.00 kV i E Date :6 Mar 2019
WD =39.7 mm Mag= 4.00KX and Creativity

EHT=15.00kV  Signal A=SE2 Date :28 Apr 2019
WD =46.7 mm Mag= 150 X reativity

(c) (d)

Figure 4.18: SEM images of a Ti anodised sample fatigue tested in air. (a) Full fracture
surface, with indication of the areas magnified in (b), (c) and (d). (b) Crack initiation site,
with apparent crack propagation direction. (c) A less critical fatigue crack. (d) Fatigue
striations.
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4.6.2 Corrosion Fatigue Samples

Of the samples fatigued in 5 wt% NaCl, fracture surfaces from two uncoated, one anod-
ised, one Ti anodised, one KTL and one KTL scratched samples are presented. Signs of

corrosion are highlighted where they were found.

Uncoated, 0,=160 MPa, N;=61 922

The full fracture surface of the first uncoated sample is shown in Figure 4.19 (a), with
indications of the areas where fatigue and overload failure occurred. Figure 4.19 (b) shows

striations from the fatigue area, while (c) shows dimples from the overload failure area.

Figure 4.19 (d) shows a pattern reminiscent of the grain structures shown in Figures 4.2

and 4.3.

EHT=1500kv  Signal A= SE2 Date :25 Apr 2019 B NTNU
WD =38.1 mm Mag= 12X Innovation and Creativity

(a) (b)

EHT=15.00kv  Signal A= SE2 Date :25 Apr 2019 G NTNU

WD=385mm Mag= 200KX Inaovation and Creativity

EHT=1500kV  Signal A= SE2 Date :25 Apr 2019 U EHT=1500kV  Signal A= SE2 Date :25 Apr 2019
WD=397mm  Mag= 400X WD=386mm Mag= 500X

innovation and Creativity

(c) (d)

Insovation and Creativity

Figure 4.19: SEM images of an uncoated sample fatigue tested in 5 wt% NaCl. (a) Full
fracture surface, with indication of the magnified shown in (b), (c) and (d). (b) Fatigue
striations. (c) Dimples characteristic of ductile fractures. (d) Grain structure-like pattern.
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Uncoated, 0,=160 MPa, N;=129 918

The full fracture surface of the second uncoated sample is shown in Figure 4.20 (a). In
Figure 4.20 (b), the area adjacent to the crack initiation site is shown, with arrows indic-

ating the apparent crack propagation directions. Figure 4.20 (c) shows a crack initiation

site. Note that a similar damage was found right next to it. Fatigue striations are shown

in Figure 4.20 (d).
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Figure 4.20: SEM images of an uncoated sample fatigue tested in 5 wt% NaCl. (a) Full
fracture surface, with indication of the areas magnified in (b), (¢) and (d). (b) Area
adjacent to the fracture initiation site. (c¢) Fracture initiation site. (d) Fatigue striations.
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Anodised, 0,=160 MPa, N;=29 007

The fatigue failure area of the anodised sample is shown in Figure 4.21 (a). No clear
initiation site was found for this sample, but the ridge marks indicate a crack initiation in

the area circled in the Figure. The striations in Figure 4.21 (b) are oriented approximately

perpendicularly to this area.
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(a) (b)

Figure 4.21: SEM images of an anodised sample fatigue tested in 5 wt% NaCl. (a) Fatigue
fracture area and critical crack initiation site, with indication of the area magnified in (b).
(b) Fatigue striations.

KTL Scratched, 0,=220 MPa, Ny=40 615

The fatigue failure area of the scratched KTL sample is shown in Figure 4.22 (a). The
fatigue striations in (b) are oriented approximately normal to the fracture initiation site
shown in (c¢). Another fracture initiation site was found in the area shown in Figure 4.22
(d), which is close to one of the scratches. Arrows indicate apparent crack propagation
direction. Fatigue striations from this area are shown in Figure 4.22 (e), and appear to be

oriented normal to the fracture initiation site in (f).
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Figure 4.22: SEM images of a KTL scratched sample fatigue tested in 5 wt% NaCl. (a)
Fatigue fracture area, with indication of the areas magnified in (b), (c¢), (d), (e) and (f).
(b) Fatigue striations. (c) Crack initiation site. (d) Area with another crack initiation
site, close to the scratch. (e) Fatigue striations close to the second initiation site. (f) High
magnification of the second crack initiation site.
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Ti Anodised, 0,=160 MPa, N;=31 054

The fatigue failure area of the Ti anodised sample is shown in Figure 4.23 (a). The fatigue
striations shown in Figure 4.23 (b) are approximately perpendicular to the crack initi-
ation site in the corner shown in (c). However, the apparent crack propagation direction

indicated in Figure 4.23 (d) indicates a critical crack initiated from the edge.
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Figure 4.23: SEM images of a Ti anodised sample fatigue tested in 5 wt% NaCl. (a)
Fatigue failure area, with indication of the areas magnified in (b), (¢) and (d). (b) Fa-
tigue Striations. (c) Crack initiation site, with indications of apparent crack propagation
direction. (d) Indication of apparent crack propagation direction close to an edge.

EHT =15.00 kV
WD =453 mm
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KTL, 0,=160 MPa, N;=139 926

The complete fracture surface of the KTL sample is shown in Figure 4.24 (a), with an
indication of the areas where fatigue and overload failure have occurred. The area with
fatigue is magnified in Figure 4.24 (b). Notice the direction of the ridge marks towards the
corner, where a crack initiation site is indicated in Figure 4.24 (c¢). The fatigue striations

in Figure 4.24 (d) appear to be oriented perpendicularly to this site.
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Figure 4.24: SEM images of a KTL sample fatigue tested in 5 wt% NaCl. (a) Full fracture
surface, with indication of the areas where fatigue and overload failure have occurred. (b)
Fatigue failure area, with indication of the areas magnified in (c) and (d). (c) Critical
crack initiation site, where apparent crack propagation direction is indicated. (d) Fatigue
striations.
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5. Discussion

The results of experimental investigations are discussed and compared to theory and ref-
erence data below, and considered in terms of applicability to the full-scale component

made by Benteler.

5.1 Mechanical Properties and Microstructures

The results of grain size measurements in the short transverse direction of one KTL and
one Ti anodised sample were shown in Table 4.2. The average sizes found were 6.7 and
7.1 m, respectively. These tiny grains imply a material suitable for fatigue applications,
as crack initiation in aluminium is known to be aided by the formation of persistent slip
bands, which are less influential in smaller grains. Note that the counting of grains in
lamellar microstructures such as the ones shown in Figures 4.2 and 4.3 is an inaccurate
process. Therefore, it is sufficient to say that the grain size was roughly 7nm for both
samples. In the previous work, it was established that anodising did not affect the grain
structure, and the sizes regiven in Table 3.2 are both roughly equal to those found here.
Therefore, it is concluded that grain size was not affected either by coating with KTL,
alloying with Ti or by the combination of alloying with Ti and anodising. A reported
effect of alloying with Ti was grain refinement (see Chapter 2.2.1), but no such effect was
seen here. However, it could be that the extra Ti impedes recrystallisation. As no recrys-
tallisation was observed for the uncoated or anodised samples either with or without extra

Ti, any such effect would not be discovered in this work.

For the KTL sample, signs of recrystallisation was identified. Notice the change in its
grain structure towards the corner and the upper edge in Figure 4.2. This was also shown
by the EBSD analysis, as seen in Figure 4.6. The material appears to have recrystal-
lised close to the edge, which is not desirable. Recall that the samples received a drying

treatment during the coating process, at 160 °C for 20 min. Also, because few details were
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provided regarding the coating process, it is perceivable that some other pretreatments
were included, that may be responsible for the observed recrystallisation. It is probable
that the samples recrystallised in the surface layer at some time during the coating pro-
cess. The recrystallised layer is really thin, at most the size scale of a single grain in the
short transverse direction. It would not be expected, therefore, that this recrystallisation
should affect the fatigue properties. Still, it should be seen as an indication that higher

temperature and/or longer time could lead to significant recrystallisation.

The results of tensile tests are shown in the form of stress-strain curves in Figure 4.1, and
as mechanical properties in Table 4.1. These results indicate slight differences between
the anodised, the KTL, and the Ti uncoated samples. The Young’s modulus (E) ranges
from 69.5 and 69.6 in the KTL and anodised samples respectively, to 73.1 GPa in the Ti
uncoated sample. As seen in the theory in Table 2.4 and the results from previous work in
Table 3.2, Young’s modulus of 69-70 GPa is expected. The observed increase from this in
the Ti uncoated sample may be connected to the alloying changes. However, the increase
in Ti is only from 0,01 to 0,09 wt% (as shown in Table 3.1), thus the difference in E
is surprisingly large. At this point, it must be noted that the strain values used to cal-

culate Young’s modulus in particular are very low, and some inaccuracy must be expected.

The differences observed for yield stress, ultimate stress and elongation are all more as
expected. Surface changes for KTL and anodised samples, along with alloy changes for the
Ti uncoated, and possibly microstructural changes for the KTL sample, are all expected
to influence these properties. The anodised sample showed lower yield stress (o,=320.0
MPa, compared to 328.3 MPa for the Ti uncoated sample), which could be connected to
its brittle surface. It is assumed that the surface oxide layer fractured at a stress lower
than the yield stress, which caused sharp cracks to form, and consequently accelerated
yield by forming stress concentrations. The ultimate stress, however, was lower for the
KTL sample (0,=373.9 MPa compared to 383.4 MPa for the Ti uncoated sample). This
was also evident from the curve for KTL in Figure 4.1, which dropped more rapidly than
those for the other samples. This indicates that work hardening during plastic deformation
was less effective than for the other samples, which could to be connected to the changes

observed in grain structure.
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5.2 Surface Roughness

Before assessing the observed surface roughness in terms of fatigue results, it must be
considered whether surface roughness is as relevant for coated samples as for the uncoated
ones. For the KTL samples, critical cracks initiate not in the coating, but rather in the
underlying aluminium surface. For the surface roughness measured for the KTL samples
to be relevant, it follows that the roughness would have to be correlated between the alu-
minium and the coating. This is probably not the case. Notice that the average values
shown in Table 4.3 supports this, as the mean R4, value for KTL was considerably lower
than the one for uncoated samples. For the anodised samples it is not clear whether the
anodised layer cracked immediately upon exposure to the cyclic stress environment, or if
some number of cycles were required. If the first is true, the surface roughness would be
irrelevant. If one assumes the latter, however, the surface roughness also for these samples
would be expected to impact the fatigue properties to some degree. From the admittedly
few points shown in Figure 4.8, this could be interpreted as to be the case, as 2 out of 3
anodised series in air show the expected correlation. However, this is not enough data to

draw a definite conclusion.

The maximum surface roughness to number of cycles to failure found for samples fa-
tigue tested in air and in 5 wt% NaCl are shown in Figures 4.8 and 4.9, respectively.
Higher surface roughness is expected to correlate with fewer cycles to failure. For the
samples tested in 5 wt% NaCl, true correlations are only found for 2 of the 12 series. Cor-
rosion probably played a dominant part in crack initiation, and overshadowed the effects
of surface roughness. For the samples fatigue tested in air, the correlation is true for 5 out
of 8 series, and partially for 2 of the remaining 3. Although the observed correlation for
the KTL samples is probably coincidental, the general correlation appears to show that

surface roughness was an important contributor to fatigue failures in air.

At this point, it should be noted that surface roughness was measured for each of the
4 surfaces in the parallel area for each sample, but the corners were not measured. Also,
most fractures were found to have initiated in the corners. It follows that if a surface
flaw directly contributed to crack initiation, it was most likely in or close to a corner,
and therefore not measured. This considered, the observed correlation between measured

maximum surface flaw size and fatigue life is surprising.
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It appears that some sort of correlation exists between the surface roughness measured in
the surfaces and the roughness of the corners. Therefore, it is perceivable that the average
roughness (R,) might be more influential than the maximum roughness (R,,4,). When a
measured imperfection leads to crack initiation, R, is expected to influence the number
of cycles to failure. If an unmeasured corner flaw gives crack initiation, however, the R,
might be a better measure, as a sample with higher average roughness may be more likely
to have a more prominent flaw in a corner. However, as seen from Figures 4.10 and 4.11,
no such correlation was found between R, and N;. Therefore, it is probable that R4

was more influential.

The average values for R, and Ry, (shown in Table 4.3) both demonstrate that KTL
samples were less rough than uncoated samples, who again were less rough than anodised
samples. It may be worth noting that this relationship correlates with the observed fatigue
life. KTL samples endured more cycles than uncoated samples, who again endured more
than anodised ones. However, as explained earlier, the difference in surface roughness is
probably not the main reason for the observed differences in fatigue life between differently

coated samples.

The measured surface roughness of the KTL samples did probably not influence their
fatigue performance. However, this may change when the coating is scratched. The in-
vestigation of one such scratch shown in Figure 2.2 and the W,,,, value in Table 4.4
indicates a 32 pm deep scratch. When seen in combination with the coating thickness of
21.8 pm shown in Figure 4.4 for KTL samples, this indicates that the scratch penetrated
the aluminium surface and produced a scratch of approximately 10 pm. Note, however,
that this scratch is rather gradually penetrating the aluminium. Thus, the flaw created is

not very sharp, and not expected to create particularly influential stress concentrations.

5.3 S-N Curves

The S-N curve for samples fatigue tested in air shown in Figure 4.13 clearly shows that
anodised samples failed after the fewest cycles, and that KTL samples endured more cycles
than uncoated ones. These differences are clear both at 160 and 220 MPa. The anodised
samples failed in average after only about 25 % (at 160 MPa) and 40 % (at 220 MPa) as

many cycles as the uncoated ones. Meanwhile, the KTL samples endured on average about
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37 % and 39 % more cycles than the uncoated ones at 160 and 220 MPa, respectively.
Notice, however, how the line for the uncoated samples approaches the one for KTL at 160
MPa. This should be seen in combination with the fact that many more uncoated samples
were tested, and that they were also tested at lower stresses, yielding more run-outs. The
representation of the expected number of cycles per cyclic stress amplitude as a straight
line is an approximation, the relationship should really be a curved line, like the one in
Figure 2.5. Therefore, the observed increase in fatigue life for uncoated samples compared

to KTL samples at low stresses is exaggerated.

This considered, coating with KTL significantly improved the fatigue strength in air,
for all stress amplitudes. It is suggested that the ductile surface coating shielded the un-
derlying aluminium from the highest stress amplitudes in the surface, thereby inhibiting
critical crack initiation, and improving fatigue life. Notice also the points for Ti anodised
and Ti uncoated, which were both tested only at 160 MPa in air. The Ti anodised samples
showed a slight increase in fatigue life compared to anodised samples with no extra Ti.
However, as only 2 and 3 of these samples were tested at 220 MPa, the uncertainty of this
is considerable. The fatigue life for Ti uncoated samples was approximately equal to that

of uncoated samples, implying no effect of the Ti additions.

The results for samples tested in air may be compared to those from the previous work,
shown in Figure 3.5. It appears that the uncoated samples there endured fewer cycles at
220 MPa, while the number of cycles at 160 MPa were more or less the same. Still, the
numbers of cycles at 220 MPa differed only from about 30-40 000 to 50-60 000. Consider-
ing only two samples were tested at each time, this difference is not significant. Also, from
the reference curves from SINTEF, in Figure 3.3, we see that both lie within the expec-

ted range for this material at 220 MPa. The same is true for the measurements at 160 MPa.

The S-N curves for samples fatigue tested in 5 wt% NaCl shown in Figure 4.14 show
similar relationships. The anodised samples, with and without extra titanium, demon-
strate approximately equal fatigue life, both considerably lower than uncoated samples.
The Ti uncoated samples performed slightly better than those without extra Ti, espe-
cially at 220 MPa. However, it is important to keep in mind the statistical nature of
fatigue (see Chapter 2.7.11). Considering that only 7 uncoated and 5 Ti uncoated samples

were tested in corrosion fatigue in total, the relatively small superiority observed for Ti
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uncoated must be viewed as uncertain. The KTL samples significantly outperformed all
other sample types, as long as the coating was undamaged. At 160 MPa, these samples
endured in average about 413 % more cycles than uncoated ones. For the scratched KTL
samples, the observed fatigue life was not as good as those of unscratched KTL samples.
Still, they outperformed the uncoated samples with 43 % in average at 160 MPa. Note,
from Figure 4.12, that the total damage area of the coating in the scratched samples is
considerable. This explains the drop in fatigue life compared to unscratched samples,
and enhances the impression that even a damaged KTL coating significantly protects the

material.

The corrosion fatigue lines in Figure 4.14 may be compared to the corrosion fatigue data
supplied by SINTEF, which are shown in Figure 3.4. Notice that these tests were done
at R=0.1, so conversions were necessary before comparisons could be made. Through
Equations 2.10-2.12, it is clear that 0,=72 MPa at R=0.1 corresponds to 0,4,=160 MPa.
Similarly, 0,=99 MPa at R=0.1 corresponds to 0,,,:=220 MPa. Recall that at R=-1,
Omar=0q, SO the maximum stresses in the reference are the same as those used in this
thesis. Recall, however, that the expected number of cycles to failure is lower for higher
R-values, when 0,4, is the same (see Chapter 2.7.8). Therefore, corrections were made
using the SWT equation and the Basquin law. The corrected S-N curve in Figure 4.15
is a conservative estimate, due to the use of the SWT equation, so the numbers of cycles
shown are on the low end of what should be expected. Recall also that the Basquin law is
valid in the high cycle regime. The fatigue lives indicated, especially at 220 MPa, appear

to be in the transition regime between low and high cycle fatigue.

The series in Figure 4.15 labelled cutting edge and machined w/smoothened edges may be
seen as extremes in the way of high and low surface roughness, respectively. The uncoated
samples in this thesis are expected to perform intermediary compared to these reference
series. At 220 MPa, the reference data range from N ;=10 000 to N ;=20 000 cycles to fail-
ure, approximately. The uncoated samples tested here in corrosion fatigue range roughly
from 20 to 30 000. Thus, considering the conservative estimate that was made for the
number of cycles, these values appear to match the expectations. At 160 MPa, the refer-
ence ranges from about 30 000 to 100 000, while the results here were about 60 000 to 130
000. Again, the results appear to be in the expected range, once the conservative estimate

is considered.
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The applied stress amplitudes of 160 and 220 MPa are relatively low, considering the
yield stress, which was found to be about 320-330 MPa. These were chosen to test the
samples in the high cycle fatigue regime. The range of number of cycles to failure was
roughly from 2 x 10* to 10%, when fatigue tests both in air and in 5 wt% NaCl were
considered. Thus, the lowest fatigue lives probably lie in the transitional area between the
low and high cycle fatigue regimes. It is known that the low cycle regime is governed by
plastic deformations, and that crack propagation plays a larger role than in the high cycle
regime. The mechanisms controlling fatigue in the two regimes are significantly different,
which is why it is important to understand which fatigue regime is most influential for
each application. It is not given that the conclusions from this work also apply in the low

cycle regime, and investigations in the low cycle fatigue regime are recommended.

5.4 Fracture Surfaces

The investigated fracture surfaces of samples fatigue tested in air are similar for the KTL
sample and the Ti uncoated sample, as can be seen from Figures 4.16 and 4.17. For both
samples, a critical crack was found to have initiated in a corner, close to a smooth area.
Such smooth areas were found in most samples. It is proposed that this smooth area could
be some particle or chip, incorporated during machining of the samples. This implies that
machining was responsible for most critical crack initiations in uncoated samples. In-
vestigations of the nature of these smooth areas are recommended. In the Ti anodised
sample, multiple crack initiation points were observed along the lower edge, as shown in
Figure 4.18. It is assumed that the brittle surface oxide layer cracks after few cycles. This
enhances the stress concentration along the edges and accelerates crack initiation. This
is supported both by the occurrence of several crack initiations and by the propagation
direction in Figure 4.18 (c). If the surface is cracked along the edge, this crack may grow

evenly into the aluminium, yielding the indicated crack propagation direction.

For the fracture surfaces of samples fatigue tested in 5 wt% NaCl, some signs of cor-
rosion were identified. Signs of intergranular fracture were found in the uncoated sample,
as shown in Figure 4.19 (d). This is seen from the pattern reminiscent of the grain struc-
ture of the material. This was unlike any examined fracture surfaces from samples fatigue
tested in air, which supports the belief that it was most likely a result of corrosive re-

actions. Some amount of IGC probably occurred, weakening the grain boundaries. This
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implies that the saltwater solution had a negative effect on the crack propagation rate.

Grain-like patterns were also identified in some of the edges, like the initiation point
shown in Figure 4.20. Note that this was the uncoated sample that endured the highest
number of cycles, and where corrosion had most time to affect the material. This grain-like
area is another feature not found in the samples tested in air, and is therefore most likely
caused by corrosion. These corrosive attacks are also most likely IGC, at least in part, as

weakened grain boundaries would explain the aforementioned appearance.

For the scratched KTL sample shown in Figure 4.22, two crack initiation sites were iden-
tified. One in a corner, where a smooth area was identified, and one smaller along the
bottom edge. The latter initiation site lies close to one of the inscribed scratches. This
shows that the scratch decreased the fatigue life of this sample, as supported by the corro-
sion fatigue results. Recall that the scratch penetrated about 10 pm into the aluminium,
thus the surface roughness increase is noteworthy. However, the crack did not initiate dir-
ectly from the scratch, but rather in its vicinity. Corrosive solution most likely penetrated
the coating at the scratch. This caused nearby corrosive reactions to damage the surface,

which created stress concentrations that led to crack initiation.

5.5 Real Life Applicability

Before applying the results of test sample investigations to the full-size component pro-
duced by Benteler, several differences need to be considered. Most obviously, the compon-
ent is considerably larger and more complex geometrically than the samples tested here.
The making of such a complex component requires extensive machining, significantly ex-
ceeding what is required for test samples. It was proposed that machining was responsible
for most crack initiations in uncoated samples, by incorporating brittle chips into the
corners of the samples. The likelihood of such chip incorporation would be expected to
increase for the full-size component, as more machining is performed. However, that is
only true if the machining in the industrial process at Benteler is similar to the machining
of the test samples as performed by SINTEF, which is not necessarily the case. This could

be investigated by analysing fracture surfaces of fatigue tested full-size components.

Recall that an effect of adding Ti to the alloy was proposed to be increased machin-

ability by induced chip breaking, making the chips easier to extract away from the cutting
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front (see Chapter 2.2.1). Therefore, although the observed effect of alloying with Ti in
this thesis was small at best, similar additions could potentially cause a more pronounced
effect in the full-size component. Experiments with the full-size component are, again,

recommended.

For samples with KTL coating, an increase in the fatigue and corrosion fatigue strength
of the test samples was observed, even after the introduction of scratches. This makes
coating with KTL a promising option for the component. However, some recrystallisation
was observed at the interface between aluminium and coating. This thin layer was not
assumed to have affected the fatigue properties of the test samples, and it is not expected
to affect the component any more severely, as the thickness is the same. However, invest-
igations should be made of the grain structure of the component after coating, to make

sure no undesirable microstructural changes occur.

The stress mode for the component is bending, while the test samples were stressed in
tension. Recall that materials exposed to bending are expected to have increased fatigue
life compared to those exposed to tensile stresses (see Chapter 2.7.9). However, the size
of the component means this effect is weakened, as the stress decreases more gradually
throughout the material (see Chapter 2.7.10). These effects are best investigated through

fatigue testing of the full-size component in bending.

The frequency is another important difference between test samples and full-size com-
ponent (see Chapter 2.7.7). The component is expected to experience a much lower stress
frequency compared to the test samples. Although this is not expected to influence alu-
minium in air, corrosive reactions occurring from saltwater from roads will have more
time to affect the component compared to the submerged test samples. This is expected
to decrease fatigue life for the component compared to samples tested in corrosion fatigue.
This effect could be minimised by coating with KTL. Even if the coating is breached,
the available area for corrosion to occur will be small, decreasing the expected corrosive
reactions. It should be noted, however, that the component in real life is not expected to
be exposed to saltwater for the entirety of its service life, which is expected to somewhat

decrease the effects of corrosion.

Similarly, the stress amplitude and mean stress in real life is expected to be different
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from the laboratory conditions. The mean stress is expected to be higher than zero, which
would give more cycles to failure (see Chapter 2.7.8). The stress amplitude is less predict-
able, as it depends on the surface conditions of the road, speed of the car, etc. Also, it
is not obvious whether many small applications of stress or fewer larger applications are
most influential in real life failures of the component. If the latter is true, the low cycle
fatigue regime would be more important to understand. Which regime is most influential
could be investigated by analysing the fracture surface of a component fractured in service.
The number of cycles to failure can be approximated through measurements of striation

spacing (see Chapter 2.10.3).
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6. Conclusions

The corrosion fatigue properties of a 6082 aluminium alloy heat treated to T6x were
investigated. Uncoated, anodised and organically coated (KTL) samples were tested. Ad-
ditionally, some uncoated and anodised samples with extra Ti added were tested. All
sample types were tested at R=-1 both in air and in 5 wt% NaCl. Some KTL samples
were scratched before testing in 5 wt% NaCl. Mechanical properties, microstructures,

coating thickness, surface roughness and fracture surfaces were also investigated.

For uncoated samples, the 5 wt% NaCl solution was found to increase both crack ini-
tiation and crack propagation rates. This was supported by corrosive attacks found as
crack initiation points, and signs of intergranular fracture that was apparently caused by

IGC.

Alloying with extra Ti was not found to increase fatigue or corrosion fatigue resistance
significantly, nor affect grain structure. A slight increase in yield strength and ultimate
stress was observed. Increased machinability had been reported for 6xxx alloys with extra
Ti, but no evidence of this was found. It was suggested that this effect may be more
evident in the full-size component. Further work is required before a conclusion can be
made as to whether alloying with extra Ti improves the fatigue and/or corrosion fatigue

resistance of the component.

Anodising was found to accelerate fatigue, both in air and in 5 wt% NaCl. The aver-
age fatigue life at 160 MPa was only 25 % in air and 40 % in 5 wt% NaCl, relative to
uncoated samples. A similar decrease was seen also with extra Ti in the alloy. It was
suggested that the surface oxide layer of the anodised samples cracked early during cyclic

loading, causing stress concentrations that accelerated crack initiation in the aluminium.

The KTL coating was found to protect against fatigue, both in air and in 5 wt% NaCl. An
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increase in average fatigue life of 37 % in air and 413 % in 5 wt% NaCl was observed for
KTL at 160 MPa. A thin recrystallised layer was found in the edge, but this did probably
not decrease fatigue resistance. Fracture surface investigations revealed corrosive attacks
in the scratched samples, but their fatigue life was still superior to uncoated samples. An
average of 43 % more cycles than uncoated samples were endured at 160 MPa. The coat-
ing was suggested to shield the aluminium surface from the highest stress concentrations,
thereby impeding crack initiation, in addition to preventing corrosive reactions. Based on

these results, coating of the component with KTL was recommended.

6.1 Suggested Further Work
Some elements worthy of further investigations were identified. These are listed below.

e Chemical analysis of the smooth areas found close to most crack initiation sites in

corners.
e Investigations of the mechanisms concerning crack initiation.
e Investigations of the effects of KTL in the low cycle fatigue regime.
e Fatigue testing of the full-size component in bending fatigue.
e Testing of the full-size component with Ti additions.
e Investigations of full-size component grain structure after KTL coating.

e Investigations of service failures of full-size components, to approximate the number

of cycles to failure and determine the most influential fatigue regime.
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A. Appendix

A.1 Fatigue Results

Table A.1: Fatigue results from samples tested in air.

0, [MPa] Ny 04 [MPa] Ny
140 257268 160 45772
140 1145097 160 50473
140 1250803 Anodised 160 60520
150 313802 220 22433
160 164794 220 22626
160 164846
160 182824 160 143990
160 191552 160 224089
160 321386 KTL 160 472188

Uncoated 170 134219 220 75702
170 137979 220 78722
180 104203
180 117955 160 220428
180 156018 | Ti Uncoated 160 251575
190 89750 160 253281
200 60993
210 53044 160 54372
220 50149 | Ti Anodised 160 61561
220 61020 160 63284
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Table A.2: Fatigue results from samples tested in 5 wt% NaCl.

oo [MPa] | N, oa [MPa] | N
160 61922 160 28353
160 90631 160 29007
160 100192 160 35638
Uncoated 160 129918 Anodised 160 60466
220 16714 220 14721
220 25250 220 15418
220 29424 220 18672
160 139926 160 84125
160 210211 160 08845
KTL 160 | 1121208 160 | 133396
920 35745 | KTL Scratched | 4455 | 931831
920 55460 920 33091
220 40615
160 98064 160 31054
160 98985 160 40191
Ti Uncoated 160 119744 Ti Anodised 160 49547
220 26324 220 15748
220 41316 220 18508
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A.2 Surface Roughness

Table A.3: Results of surface roughness measurements.

Sample type | Nr. | Side | Ra [pm] | Rq [pm] | Rt [pm] | Rz [pm] | Rmax [pm]
KTL 61 | down 0,60 0,75 5,45 4,20 5,32
KTL 61 | side 1 0,57 0,72 95,60 4,14 5,60
KTL 61 | side 2 0,56 0,72 6,13 4,44 5,83
KTL 61 | up 0,64 0,81 5,91 461 5,38
KTL 62 | down 0,71 0,89 6,30 5,01 6,26
KTL 62 | sidel| 0,54 0,69 481 3.88 481
KTL 62 | side 2 0,55 0,71 9,51 4,42 5,25
KTL 62 | up 0,69 0,87 6,09 487 6,09
KTL 63 | down 0,62 0,79 6,63 4,92 6,21
KTL 63 | sidel| 0,56 0,72 4.89 4,10 435
KTL 63 | side 2 0,53 0,66 4,50 3,88 4,50
KTL 63 up 0,60 0,78 7,80 4,81 6,67
KTL 64 | down | 0,62 0,83 7.03 5,57 6,50
KTL 64 | side 1 0,57 0,72 4,64 4,11 4,64
KTL 64 | side2 | 0,57 0,72 427 3.78 4,04
KTL 64 up 0,63 0,78 5,74 4,40 5,58
KTL 67 | down | 0,62 0,79 5,65 4,75 5,34
KTL 67 | side 1 0,63 0,79 6,09 4,44 5,43
KTL 67 | side 2 0,71 1,01 10,38 6,50 10,38
KTL 67 up 0,71 0,91 6,78 5,42 6,13
KTL 68 | down 0,63 0,80 6,80 4,96 5,38
KTL 68 | side 1 0,61 0,77 4,99 4,32 4,65
KTL 68 | side 2 0,63 0,80 5,07 4,36 5,07
KTL 68 | up 0,59 0,75 5,63 4,33 5.13
KTL 69 | down 0,67 0,83 5,59 4,35 5,08
KTL 69 | sidel| 0,58 0,73 5,38 4,07 483
KTL 69 | side 2 0,65 0,85 5,87 4,70 5,87
KTL 69 | up 0,62 0,78 5,90 485 5,90
KTL 71 | down 0,68 0,87 6,92 4,82 5,80
KTL 71 | side1| 057 0,72 4,96 3.89 421
KTL 71 | side 2 0,43 0,53 3,65 2,82 3,31
KTL 71 | up 0,64 0,79 5,29 4,42 5,05
KTL 72 | down 0,70 0,89 8,07 5,49 7,33
KTL 72 | side 1 0,56 0,72 6,06 4,26 5,01
KTL 72 | side 2 | 0,46 0,59 419 3.34 419
KTL 72 up 0,61 0,77 6,35 4,90 95,80
KTL 73 | down | 0,58 0,74 4,98 4,23 498
KTL 73 | side 1 0,50 0,64 5,16 3,79 4,98
KTL 73 | side 2 | 0,56 0,70 484 3.78 4,62
KTL 73 up 0,66 0,85 6,52 5,02 6,47
KTL 74 | down | 0,67 0,84 6,17 4,95 5,39
KTL 74 | side 1 0,57 0,73 4,80 4,07 4,80
KTL 74 | side 2 0,60 0,78 5,81 4,87 5,31
KTL 74 | up 0,60 0,76 6,60 4,52 6,20
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Sample type | Nr. | Side | Ra [pm] | Rq [pm] | Rt [pm] | Rz [pm] | Rmax [pm]
KTL 75 | down 0,70 0,88 5,76 4,88 5,40
KTL 75 | side 1 0,49 0,61 3,83 3,30 3,63
KTL 75 | side 2 0,62 0,78 5,58 4,42 5,06
KTL 75 up 0,66 0,83 5,72 4,71 5,55
KTL 76 | down 0,68 0,88 6,62 5,35 6,62
KTL 76 | side 1 0,55 0,69 4,70 3,97 4,69
KTL 76 | side 2 0,58 0,73 4,78 4,13 4,74
KTL 76 up 0,68 0,85 5,30 4,65 5,30
KTL 77 | down 0,71 0,89 7,56 5,02 6,74
KTL 77 | side 1 0,55 0,69 4,34 3,60 4,07
KTL 77 | side 2 0,51 0,65 4,52 3,78 4,31
KTL 77 up 0,67 0,89 9,79 5,37 9,23
KTL 78 | down 0,48 0,61 4,60 3,34 4,60
KTL 78 | side 1 0,49 0,62 4,37 3,40 4,18
KTL 78 | side 2 0,46 0,59 4,02 3,41 3,93
KTL 78 up 0,60 0,77 7,05 4,81 6,29
KTL 80 | down 0,55 0,71 4,77 3,85 4,34
KTL 80 | side 1 0,61 0,76 5,43 4,24 5,03
KTL 80 | side 2 0,59 0,75 5,02 4,25 4,92
KTL 80 up 0,71 0,89 5,83 4,96 5,43

Uncoated 101 | down 1,00 1,28 9,20 6,94 9,13
Uncoated 101 | side 1 0,68 0,86 6,12 4,52 6,12
Uncoated 101 | side 2 0,67 0,87 5,99 5,00 5,70
Uncoated 101 up 0,87 1,11 6,86 6,15 6,49
Uncoated 102 | down 0,86 1,13 8,37 6,14 7,88
Uncoated 102 | side 1 0,63 0,79 5,67 4,33 5,66
Uncoated 102 | side 2 0,68 0,86 5,28 4,61 5,28
Uncoated 102 up 0,79 1,00 7,33 5,48 6,82
Uncoated 103 | down 0,77 0,98 6,06 5,04 6,05
Uncoated 103 | side 1 0,69 0,89 6,72 5,07 6,64
Uncoated 103 | side 2 1,10 1,42 10,13 7,75 9,50
Uncoated 103 up 0,88 1,11 7,52 5,84 7,52
Uncoated 104 | down 0,74 0,93 6,71 5,45 5,97
Uncoated 104 | side 1 0,64 0,82 5,45 4,56 5,05
Uncoated 104 | side 2 0,57 0,72 5,19 4,03 4,61
Uncoated 104 up 1,01 1,30 9,01 6,96 9,01
Uncoated 105 | down 0,80 1,01 7,08 5,52 6,72
Uncoated 105 | side 1 0,85 1,07 7,03 5,85 7,03
Uncoated 105 | side 2 0,59 0,75 4,86 4,19 4,86
Uncoated 105 up 0,99 1,28 10,70 7,70 8,97
Uncoated 106 | down 0,80 1,02 7,17 5,86 6,85
Uncoated 106 | side 1 0,65 0,85 6,10 4,90 6,10
Uncoated 106 | side 2 0,64 0,80 5,50 4,30 5,25
Uncoated 106 up 1,00 1,33 10,18 7,10 10,18
Uncoated 107 | down 0,94 1,16 6,72 6,12 6,63
Uncoated 107 | side 1 0,64 0,80 6,34 4,16 5,69
Uncoated 107 | side 2 0,60 0,76 5,25 4,09 5,23
Uncoated 107 up 0,78 1,00 7,03 5,76 7,03
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Sample type | Nr. | Side | Ra [pm] | Rq [pm] | Rt [pm] | Rz [pm] | Rmax [pm]
Uncoated 108 | down 0,78 0,99 5,92 4,99 5,72
Uncoated 108 | side 1 0,56 0,70 4,17 3,53 4,17
Uncoated 108 | side 2 0,57 0,71 4,18 3,57 4,10
Uncoated 108 up 1,17 1,52 11,46 8,99 11,46
Uncoated 109 | down 0,76 0,97 7,19 5,44 6,54
Uncoated 109 | side 1 0,69 0,90 5,98 4,90 5,91
Uncoated 109 | side 2 0,67 0,87 7,39 4,81 6,56
Uncoated 109 up 0,85 1,08 6,69 6,00 6,49
Uncoated 110 | down 1,01 1,25 8,24 6,58 7,27
Uncoated 110 | side 1 0,66 0,86 7,37 5,16 5,86
Uncoated 110 | side 2 0,62 0,79 5,40 4,23 5,40
Uncoated 110 up 1,06 1,35 8,42 7,43 8,34
Uncoated 131 | down 0,92 1,25 10,64 6,84 10,64
Uncoated 131 | side 1 0,57 0,71 4,68 3,93 4,21
Uncoated 131 | side 2 0,58 0,76 5,86 4,59 5,45
Uncoated 131 up 0,91 1,20 11,05 6,30 11,05
Uncoated 132 | down 0,86 1,14 9,34 6,97 8,13
Uncoated 132 | side 1 0,59 0,71 3,93 3,45 3,82
Uncoated 132 | side 2 0,57 0,72 5,59 4,07 4,61
Uncoated 132 up 0,72 0,92 6,12 4,77 6,12
Uncoated 133 | down 0,74 0,94 6,53 5,66 6,48
Uncoated 133 | side 1 0,58 0,74 4,71 3,96 4,59
Uncoated 133 | side 2 0,61 0,76 4,48 3,82 4,37
Uncoated 133 up 0,80 1,01 6,66 5,53 6,63
Anodised 141 | down 1,18 1,50 9,42 8,15 9,09
Anodised 141 | side 1 1,67 2,08 12,27 10,84 11,65
Anodised 141 | side 2 1,54 1,94 11,38 9,81 11,38
Anodised 141 up 1,33 1,64 10,37 8,81 10,37
Anodised 142 | down 1,28 1,62 10,49 9,08 10,26
Anodised 142 | side 1 1,62 2,12 18,26 11,95 18,26
Anodised 142 | side 2 1,42 1,78 10,87 9,45 10,42
Anodised 142 up 1,15 1,42 9,66 7,73 8,67
Anodised 143 | down 1,27 1,60 10,89 9,32 10,49
Anodised 143 | side 1 1,57 2,02 17,14 11,75 17,06
Anodised 143 | side 2 1,41 1,78 11,71 9,92 11,06
Anodised 143 up 1,33 1,66 10,72 9,30 10,11
Anodised 144 | down 1,26 1,59 10,00 8,73 9,01
Anodised 144 | side 1 1,84 2,31 14,44 12,34 14,02
Anodised 144 | side 2 1,46 1,89 13,86 10,50 12,36
Anodised 144 up 0,92 1,14 6,89 5,74 6,28
Anodised 145 | down 1,28 1,61 10,39 9,11 9,94
Anodised 145 | side 1 1,62 2,01 11,77 10,16 11,27
Anodised 145 | side 2 1,66 2,06 12,35 10,98 11,80
Anodised 145 up 1,31 1,63 10,61 8,96 10,27
Anodised 146 | down 1,42 1,80 13,14 10,46 12,09
Anodised 146 | side 1 1,35 1,70 13,49 9,38 12,35
Anodised 146 | side 2 1,27 1,63 12,15 8,96 11,47
Anodised 146 up 1,28 1,60 10,12 9,09 9,54
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Sample type | Nr. | Side | Ra [pm] | Rq [pm] | Rt [pm] | Rz [pm] | Rmax [pm]
Anodised 147 | down 1,35 1,69 11,50 9,54 10,82
Anodised 147 | side 1 1,20 1,54 11,56 8,65 10,62
Anodised 147 | side 2 1,36 1,74 10,85 9,09 10,67
Anodised 147 up 1,25 1,58 10,89 8,88 10,89
Anodised 148 | down 1,40 1,77 12,37 10,01 10,67
Anodised 148 | side 1 1,25 1,60 10,20 9,08 10,13
Anodised 148 | side 2 1,38 1,70 10,83 8,68 10,08
Anodised 148 up 1,35 1,69 10,91 9,26 10,91
Anodised 149 | down 1,29 1,65 11,84 9,23 11,30
Anodised 149 | side 1 1,31 1,65 10,68 8,54 9,74
Anodised 149 | side 2 1,37 1,71 10,60 9,30 10,58
Anodised 149 up 1,20 1,53 10,40 8,88 10,36
Anodised 151 | down 1,16 1,47 10,17 8,19 9,13
Anodised 151 | side 1 1,75 2,14 13,18 10,21 12,01
Anodised 151 | side 2 1,85 2,30 14,88 12,46 13,13
Anodised 151 up 1,21 1,57 11,63 8,21 11,63
Anodised 152 | down 1,37 1,77 13,78 9,53 12,89
Anodised 152 | side 1 1,37 1,77 15,55 10,28 13,48
Anodised 152 | side 2 1,52 1,93 12,45 10,07 12,45
Anodised 152 up 1,15 1,46 9,59 8,53 9,59
Anodised 153 | down 1,37 1,71 10,83 8,82 9,57
Anodised 153 | side 1 1,36 1,70 10,38 8,94 9,74
Anodised 153 | side 2 1,34 1,68 11,49 9,03 10,82
Anodised 153 up 1,29 1,62 12,38 9,59 11,04
Anodised 154 | down 1,25 1,56 11,41 8,80 10,28
Anodised 154 | side 1 1,28 1,63 9,25 7,98 9,25
Anodised 154 | side 2 1,43 1,80 12,38 9,28 11,78
Anodised 154 up 1,23 1,55 10,10 8,61 9,50

Ti Anodised | 10 | down 1,04 1,30 8,18 7,61 7,93

Ti Anodised | 10 | side 1 1,23 1,60 12,99 9,10 12,99

Ti Anodised | 10 | side 2 1,24 1,56 11,06 8,39 11,06

Ti Anodised | 10 up 0,95 1,19 7,79 6,83 7,55

Ti Anodised | 11 | down 1,01 1,26 8,13 7,17 7,77

Ti Anodised | 11 | side 1 1,20 1,55 11,89 8,74 10,86

Ti Anodised | 11 | side 2 1,14 1,47 10,26 8,27 9,98

Ti Anodised | 11 up 0,98 1,23 8,52 7,12 8,01

Ti Anodised | 12 | down 1,00 1,27 8,61 7,35 8,61

Ti Anodised | 12 | side 1 1,29 1,71 15,49 10,24 15,49

Ti Anodised | 12 | side 2| 1,55 2,03 1441 | 10,54 14,41

Ti Anodised | 12 up 1,04 1,30 8,49 7,12 8,03

Ti Anodised | 13 | down 0,98 1,25 8,87 7,41 8,23

Ti Anodised | 13 | side 1 1,51 1,95 15,84 11,09 15,84

Ti Anodised | 13 | side 2 1,40 1,81 13,80 9,82 13,54

Ti Anodised | 13 up 1,10 1,38 9,04 7,49 8,23

Ti Anodised | 14 | down 0,97 1,22 7,59 6,55 7,19

Ti Anodised | 14 | side 1 1,41 1,89 17,04 10,71 17,04

Ti Anodised | 14 | side 2 1,22 1,58 13,62 9,45 12,90

Ti Anodised | 14 up 1,05 1,32 8,66 7,49 8,66
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Sample type | Nr. | Side | Ra [pm] | Rq [pm] | Rt [pm] | Rz [pm] | Rmax [pm)]
Ti Anodised | 15 | down 1,05 1,32 8,44 7,47 8,44
Ti Anodised | 15 | side 1 1,61 2,07 15,76 12,55 15,47
Ti Anodised | 15 | side 2 1,65 2,21 17,44 12,54 17,44
Ti Anodised | 15 up 1,04 1,33 8,70 7,76 8,34
Ti Anodised | 16 | down 1,03 1,30 9,05 7,94 8,99
Ti Anodised | 16 | side 1 1,48 1,92 14,38 10,39 13,38
Ti Anodised | 16 | side 2 1,54 1,98 14,02 10,67 13,60
Ti Anodised | 16 up 1,10 1,39 9,88 7,82 8,84
Ti Uncoated | 1 down 0,81 1,03 8,90 6,02 8,45
Ti Uncoated | 1 | side 1 0,63 0,80 5,20 4,13 5,20
Ti Uncoated | 1 | side 2 0,61 0,78 5,22 4,47 5,12
Ti Uncoated | 1 up 0,89 1,12 7,94 6,25 7,52
Ti Uncoated | 2 down 0,86 1,10 8,10 6,16 7,25
Ti Uncoated | 2 | side 1 0,57 0,73 5,19 3,72 4,64
Ti Uncoated | 2 | side 2 0,72 0,91 5,87 4,55 5,87
Ti Uncoated | 2 up 0,90 1,13 7,39 6,35 7,23
Ti Uncoated | 3 down 0,91 1,14 8,07 6,23 7,15
Ti Uncoated | 3 | side 1 0,77 0,97 6,03 5,25 5,74
Ti Uncoated | 3 | side 2 0,56 0,72 4,67 3,83 4,67
Ti Uncoated | 3 up 1,08 1,36 7,92 6,80 7,82
Ti Uncoated | 5 down 0,39 0,52 5,85 3,39 5,85
Ti Uncoated | 5 | side 1 0,44 0,55 3,60 2,97 3,46
Ti Uncoated | 5 | side 2 0,48 0,59 3,42 2,97 3,35
Ti Uncoated | 5 up 0,43 0,55 4,48 3,38 3,95
Ti Uncoated | 6 | down 0,77 0,98 8,10 6,04 6,80
Ti Uncoated | 6 | side 1 1,15 1,51 10,36 7,02 8,49
Ti Uncoated | 6 | side 2 0,58 0,72 4,60 3,75 4,51
Ti Uncoated | 6 up 0,89 1,20 9,73 6,71 9,52
Ti Uncoated | 7 down 0,70 0,89 6,06 5,19 5,62
Ti Uncoated | 7 | side 1 1,00 1,31 8,53 6,27 7,95
Ti Uncoated | 7 | side 2 0,61 0,76 5,77 3,96 5,77
Ti Uncoated | 7 up 0,88 1,13 8,98 6,31 8,21
Ti Uncoated | 8 | down 0,95 1,24 9,84 7,00 8,68
Ti Uncoated | 8 | side 1 0,79 1,00 6,62 5,63 6,12
Ti Uncoated | 8 | side 2 0,69 0,86 5,90 4,49 5,28
Ti Uncoated | 8 up 0,97 1,29 11,19 7,50 10,26
Ti Uncoated | 9 down 0,70 0,89 6,68 5,35 6,44
Ti Uncoated | 9 | side 1 0,67 0,87 6,34 4,64 6,34
Ti Uncoated | 9 | side 2 0,80 1,02 7,66 5,77 7,58
Ti Uncoated | 9 up 0,66 0,85 8,29 5,03 7,93
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