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Abstract

Abstract

Within this thesis various substrates and mechanifm light-weight construction were
demonstrated. The investigated materials were aedlyor their corrosion properties and
corrosion protection abilities. For this purposgvanced combinations of different analytical

methods were introduced.

It could be demonstrated that an ultrasonic treatnoé the magnesium alloy AZ31 in an
agueous cerium nitrate solution increased the smmoprotection for this alloy slightly,
although the generated oxide layer was furrowedragks. A significant advantage of the
generated oxide layer was the increase of the amhefa model epoxy adhesive which was
a model for later applications with organic coasing

Different zinc alloys coated on 22MnB5 steel foe thot-forming process showed that,
caused by the heat treatment, iron from the steestsate diffused into the alloy coating.
This led to a reduction in the evaporation of theyacoating under thermal stress but to a
slight decrease of the cathodic corrosion protectability. Nevertheless the cathodic
corrosion protection was provided for process cioné common in automotive industry.
The alloying of nickel led to an enrichment of retlon the surface decreasing the zinc
dissolution and hence inhibiting the cathodic ceiwn protection. Investigations on
phosphated zinc alloy coated samples indicatednaibition of the cathodic corrosion

protection as well, until the phosphate layer bra&en.

The combination of coulometric dissolution with dwstream ICP-OES measurements gave
excellent insights into the corrosion protectiorligband dissolution behavior of the alloy
coatings. In addition to current density — potdntives and OCP line-scans over welding
points, the application of coulometric ICP-OES pded valuable information for the

interpretation of corrosion and dissolution phenoae

By combining a uniaxial stretching device with dgme contact angle measurements it was
possible to detect the self-sealing and self-hgaéffects of organic coatings filled with

corrosion inhibitor loaded capsules. It was sudodgsdemonstrated that, the release of
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corrosion inhibitors can result in a persistentropthobization of a surface containing micro

cracks.
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General introduction

1. General introduction
1.1. Light-weight construction

In the age of globalization, mobility is of incréag importance. Since the fossil fuel sources
are depleting and the need of reduction of envirmal pollution is of highest interest the
reduction of fuel consumption and therefore greeskaas emissions are points of intensive
research [1]. At the international 1992 Earth Sutnseiveral industry countries agreed to
hold the CQ emission at the value of 1990 until the year 2@®@h forced them to reduce

the CQ emission in the face of the increasing numberebiicies [2].

As early as in the Bronze Age engineers combined ube of lightweight construction

materials, bronze, with an effective manufactupngcess and a stabilizing design [1].

Weight reduction is always the central point, dsledgs like resistance of roll, ascents and
acceleration include the mass. Depending on the(MSEFZ (Europe), FTP75 (USA),
JP10-15 (Japan)) and adjustment of the car, thechressumption is reduced by 0.07 — 0.4
L/100km [1].

Reducing the mass of the body in white (BIW) caadl& reduction of the motorization and

chassis whereby the fuel tank can be build smk#ieping the same cruising range [1].

The most common way to reduce mass is replacingyheetals like steel with lightweight
materials like magnesium or aluminum alloys or ffibginforced plastics. In so doing the
economical aspect has to be taken into accouieisas the retention of the functionality
like crash test properties. Higher costs for théemmals or their processing as well as varying
problems in recycling led to the arising of lightgle economy, where weight reduction is
compared with the expenditure. Furthermore, varyiests for the comparability of the

different materials with respect to mechanical prtips became urgently required [1].

By use of new manufacturing processes like hot-flegndirect or indirect, new design
principles are possible. New forms lead to a sigaift reduction of required material and
therefore reduction in the mass. The challengehahging the construction forms is on one

hand the stability of crash test relevant and calylzonstruction parts. On the other hand the
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space requirement of the new forms may be in cdiatiian to the limited installation space
[1]. One possibility to avoid the problem of needgdce is the use of foam cores for primary

structures, built by the use of varying manufactgiprocesses [2].

1.2. Magnesium

In addition to aluminum and its alloys, magnesiurd s alloys received great scientific and
technical interest in recent decades [3]. With asitg of 1.738 g/crh[3, 4] it is about 35 %
lighter than aluminum which has a density of 2.689 [4] and is thereby the lightest of all

lightweight construction materials.

Depending on the purity, grain size, alloy compositetc. magnesium and its alloys can
have valuable dampening characteristics to noidevdorations and it has adequate heat and
electrical conductivity [3]. Furthermore its spéci$trength surpasses the height of aluminum
alloys and steels. Its castability, bending andimglat high speed and good weldability
under controlled atmosphere completing the advastafimagnesium and its alloys [5].

The wide spread prevalence of magnesium in searwate dolomite (CaMg(Cgy),
magnesite (MgCe), olivine ((Mg,Fe)[SiOy]), serpentine (MgOH)4[Si,Os]), talc
(Mg3(OHy)[Si4sO1q]), kieserite (MgSQ@ * H,0), carnallite (KMgC} * 6H,0), bischofite

(MgCl, * 6H,0) and many more makes magnesium available irga @mounts [3, 4, 6].

The most important disadvantages of magnesiumtareigh reactivity and poor corrosion
resistance in humid environments with a pH of l#¢ssn 11 or in chloride containing
environment. With its standard potential of -2.37 (8HE) it is highly reactive and
susceptible for bimetallic corrosion [3, 6-9]. Aslivas in automotive industry as for

biomedical applications the hydrogen evolutionrisaal.

10
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The corrosion reaction of magnesium is [8, 9]:

Mg - Mg?* + 2e~ (anodic reaction) (Eg. 1[9])
2H,0 + 2e~ —» H, + 20H~ (cathodic reaction) (Eqg. 219))
Mg?* + 20H™ - Mg(OH), (product formation) (Eq. 3[9)])
Mg + 2H,0 — H, + Mg(OH), (overall corrosion reaction) (Eq. 4 [9])

Therefore an effective corrosion protection is frotmost pertinence.

1.3. Corrosion protection of magnesium
1.3.1. Magnesium alloys

One way for a better corrosion protection was theetbpment of ultra-pure magnesium
alloys without corrosion catalysts like iron, nitlke copper. But the development of new
alloys was not only of utmost interest for corrosiprotection. With the alloying of
aluminum the strength can be improved. A small amaodfi calcium improves the rollability

of sheets. Lithium increases the ductility and dases the density of magnesium alloys.
Addition of manganese decreases the solubilityaf and increases the salt water resistance
of MgAlZn alloys by improving the usability of suehloys for biomedical applications. Rare
earth elements are alloyed to increase the highdeature strength and creep resistance. The
most common alloying element is zinc in combinatieith aluminum to improve the
tolerance for impurities. Further alloying elemelie silicon, silver, thorium, yttrium and
zirconium complete the alloying elements which rhaye a positive effect to the properties

of magnesium and its alloys if they are added endbrrect amount [3, 9].

11
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1.3.2. Organic coatings

Organic coatings are economically the most efficigay to protect metals against corrosion
and wear and give the ability to modify the surfareperties like optical appearance,

conductivity, self-cleaning effect etc. [10, 11].

The addition of active anti-corrosion pigments likac oxide, zinc phosphate or zinc dust
increases the corrosion protection properties ghic coatings as well as passive anti-
corrosion pigments like clays which increase théuslion paths for corrosive species [10,

11].

Currently, additives which are able to passivate shrface, hydrophobize it or even close
small defects in the organic coating are underarebeto provide a self-healing effect [10,

11].

The disadvantages of organic coatings are on ond tiet more than one layer has to be
coated to achieve more dense and thus protectiagngs and on the other hand the use of
organic solvents is still prevailing in technicgstems, which may be harmful and hazardous
to the environment [10, 11].

1.3.3. Inorganic coatings

1.3.3.1. Plating

In plating, a metal is deposited on the magnesilloy asurface to protect the substrate
against corrosion by isolating it from the envir@mth Furthermore specific properties can
be adjusted like abrasion resistance, optical appea, electrical conductivity and
mechanical properties. A significant problem in tdase of plating is that the deposited layer
must be completely dense, uncontaminated and dé&fset Otherwise, galvanic corrosion
will occur, leading to the degradation of the defokslayer. The vapor deposition of ultra-
pure magnesium on the magnesium alloy AZ31 accoragahy hot pressing and hot
isostatic pressing, shown by Fukumoto et al. [I#jreased the corrosion resistance in salt
solution and the pure magnesium coating acted esfisel anode in the case of defect
formation [3, 9, 13].

12



General introduction

Jin et al. [14] developed a new method for theteddess plating of nickel-phosphor coatings
on rare earth magnesium alloys. However, the us€rf¥l) containing pretreatment is

necessary to result in corrosion resistant, gobetiag and dense layers [3, 14].

1.3.3.2. Conversion layers

The most established inorganic coatings are cororetayers. Conversion coatings are time
and cost effective as the dipping process is lownargy consumption and the conversion
chemicals are mostly available. Adjustment of tbeversion bath enables the control of the
surface properties of the end product. With the le¢lconversion solutions the metal surface
is converted to material with a higher corrosiond arear resistance [3, 15]. For magnesium
and its alloys first a hydrated oxide layer MgOH)y is built followed by anodic dissolution
and a porous layer evolves. After the exchang®md end charges, the conversion layer is
formed as a semi-crystalline protective layer whem components of the pre-treatment, the
conversion electrolyte and the alloy are integramed the MgQ(OH)y layer [3]. Depending
on the conversion electrolyte, containing chromaida hydrofluoric acid, acetic acid /
sodium nitrate, chromic acid / sodium nitrate, initacid or sulfuric acid, the properties and
appearance of the conversion layer can be adjyS§edTypically the thickness of the
conversion layer is about 1 to 5 pm and consistooxafles and hydroxides [3, 16].
Conversion layers consist of cylindrical cell caks with pore diameters of about 5 nm
surrounding a “mother pore” with a diameter of ab60 nm. The single colonies are
combined by a barrier layer with about 5 nm thidsg3]. Immersing well cleaned,
chromated magnesium parts into pure water, hexatvalgomium can be detected which is
eluted from the cylindrical cell colonies. This amt of free Cr(VI) causes a so-called self-
healing effect [3], which will be discussed in falling sections.

The formation of a chromium conversion layer on neggum alloys relies on the diffusion
of the Cr(VI) ions through the conversion layer.isThayer consists of a dense layer of
Mg(OH), and Cr(OH) with a porous Cr(OR)layer on top, built by the dissolution of
Mg(OH), from the dense layer. Adding copper ions to theveecsion bath increases the
deposition rate of the conversion layer as coppenerter with respect to magnesium but

provides a local cathode to chromium which is redudrom Cr(VI) to Cr(lll) and

13
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precipitates as Cr(OHRl¥aster. Although these conversion layers decréaseorrosion rate
of magnesium alloys in salt spray tests, the lagezshin and a further coating is required [3,
17].

Due to the hazardous, environmentally dangerouscantnogenic character of chromium,
substitutes are of utmost research. The challerysng is the preservation of the self-healing
effect, which is one of the most important advaesagf the corrosion protection by
chromium conversion layers. Neighboring atoms wewestigated first as they form salts
with a similar variation of oxidizing numbers liklromium. From the investigated elements
manganese, vanadium, molybdenum and tungstensthefiphosphate-permanganate is one
of the most promising candidates. By use of a cmiwe bath containing KMnQand
NagPO, a homogeneous, uniform and non-powdery corrosiateption layer could be
formed which is comparable in its corrosion prdtectability to that of a chromate
conversion layer [17]. Additionally to the corrosigrotection performance phosphate-
permanganate coatings provide excellent adhesi@ngafnic coatings [17]. Using a mixture
of KMnO,4 and HF as conversion bath led to an amorphousdler containing magnesium
fluorides, magnesium hydroxides and manganese @xi@banging the hydrofluoric acid
with HNO;s a thicker conversion layer containing crystallmanganese oxide with corrosion
protection properties like those of the chromateveosion layers was achieved [17]. Arnott
et al. [18] first investigated Cegfor the corrosion protection of aluminum alloyshey
could show that a small amount of Cge@f 100-1000 ppm in an aqueous NaCl solution
decreases the corrosion rate significantly. By mesnXPS and Auger spectroscopy it was
established that cerium oxide films consisting &QGg; Ce(OH), and Ce(OH) could be
generated on top of the aluminum alloy in a pH eabgtween 4.5-8.0 which were stable for
at least 10-20 days [18]. Rudd et al. [19] couldvglthat immersing magnesium alloys into
aqueous solutions of Ce(N§)La(NO) or Pr(NO} decreased the corrosion rate of the
magnesium alloys in a chloride free borate bufédutson at pH 8.5 for at least 10 h although
the generated coatings decayed. Gray and Luanr¢l/iidwed that a mixture of Cefand
H,O, at pH 2.5 generated a conversion layer on alumimlioys which increased the
corrosion resistance significantly. This effect veshanced by adding organic brighteners to
the solution.

14
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A further advantage of using rare earth compouwdsdrrosion protection was shown by
Varanasi et al. [20]. They demonstrated for theeseof rare earth metals, that ceramics,
generated from rare earth oxides, with hydrophsbit¢aces, with advancing contact angles
between about 100° - 115°, were achieved. The maarponent of the surface energy was
close to 0 mJ/Mmfor every ceramic. Additionally the cerium ceransibowed a Vickers
hardness twice as the stainless steel SS-316 sinlar wear resistance [20].

Nevertheless, all conversion coatings showed higiogity. Due to the porosity of those
layers they have to be sealed subsequently [3]Li ¥t al. [21] showed a feasibility using a
hydrophobic decanoate conversion layer which iseriag cyclic voltammetry of a sodium
sulfate / sodium decanoate solution to avoid chtencaatings. An aqueous solution of 8
mmol/L sodium decanoate with 200 mmol/L sodium a&e@lfwas used as electrolyte for the
cyclic voltammetry from -1.6 ¥ce to -1.1 Vsce with a scan rate of 10 mV/s at 40 °C. By
means of SEM, EDX, XRD, FTIR and contact angle rmeasents the generated conversion
coatings were investigated. A thick, homogeneousdense conversion layer consisting of
amorphous (CECH,)sCOO)Mg and crystalline Mg(OH)with a contact angle of about
120° was achieved. This layer showed good corropiatection abilities evidenced by

potentiodynamic studies and electrochemical impegl@pectroscopy.

1.3.3.3. Anodization

Another way to synthesize inorganic coatings toucedthe corrosion rate of a metallic
component is to anodize the metal substrate. Adrandic potential, metal cations dissolve
from the substrate, react with the electrolyte pretipitate as passivating protection layer,
most commonly consisting of oxides and hydroxides,the substrate surface. Anodizing
layers can be much thicker than conversion layetayer thickness of more than 200 um is
possible [22]. Concerning its porosity, anodiziagdrs has to be sealed as well [3, 9, 22].
Furthermore the anodization technique is way mostlyg than conversion layers described
above. More time and electrical energy are necgssagenerate anodizing layers [3].
Nowadays two different mechanisms are in commontadauild anodizing layers [3, 13,
22].
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The classical anodic oxidation techniques use ge#ieof less than 100 V. In an aqueous
electrolyte the magnesium substrate is the andéictirede. A magnesium oxide layer is
generated on top of the magnesium substrate. 3itdlahe conversion layers described
above, cell colonies with diameters of about 15(fon the DOW-17 process) are build. In
presence of alloying elements like aluminum thay loa oxidized as well, leading to a spinel
MgAIl,O4. The DOW-17 process, established by the Dow Chanosimmpany, uses a mixture
of ammonium fluoride (NFHF,), sodium dichromate (N&@r,O; x H,O) and phosphoric acid
(HsPQy). An alternating current of 0.5-5 A/drat a bath temperature between 70 °C and 80
°C. The most important role for the layer thicknesshe time and therefore, caused by the
increasing impedance, the end voltage. A treatrneet of 4-5 min and an end voltage of 60-
75 V leads to thin layers, as a treatment time ®fr#in with an end voltage of 90-100 V
leads to thick layers. The post-treatment withcatkes at high temperatures seals the porous
layers [3].

As an alternative to the acidic DOW-17 processdlkaline HAE process was developed by
Harry A.Evangelides at Pitman-Dunn Laboratoriegnkfort Arsenal, Phil. USA. For the
electrolyte, an aqueous solution containing potassfluoride (KF), sodium phosphate
(NagPO, x 12 HO), potassium hydroxide (KOH), aluminum hydroxid&l(QH)3;) and
potassium manganate MMnO,) at about 27 °C is used. At an alternating curgért.5-2.5
A/dm? and a treatment time of 7-10 min with an end \g#taf 65-70 V thin layers and with
a treatment time of 60-90 min and an end voltag80s90 V thick layers can be achieved.
The sealing is prepared in a solution of sodiumhimate (NgCr,0O;) and ammonium
difluoride (NHHF,) at 20-30 °C with a subsequent storage at 80 FC-ftb h. The resulting
layer consists of spinels containing Mg, Al and Mmxed oxides and Mgk After sealing
the HAE, layers are more corrosion resistant thadWb17 layers and show the best
behavior in abrasion tests [3].

Innovative plasma-electrolytic oxidation processesd voltages of several hundred of Volt.
The energy released during this process locallysnibe surface. Solidifying the melt leads
to semi-crystalline, ceramic layers. These layersyade with their increased corrosion and
abrasion resistance in comparison to the clasargadic oxidation layers [3, 22].
Plasma-electric processes like the MAGOXID-COATgass was compared to the classical

anodic oxidation processes DOW-17 and HAE showegigaificant increased corrosion
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resistance according to DIN50918 (current densitpotential curves) and an increased
abrasion resistance according to Taber-abrasion[3es22]. However this performance
comes together with a significant increased enegyand. For the MAGOXID-COAT the
surface must be activated with hydrofluoric acigR#l before the anodic plasma-chemical
treatment. The anodic plasma-chemical treatmens wseneutral, aqueous solution of
hydrofluoric acid (HF,), phosphoric acid (§PQy), boric acid (HBO3) and hexamethylene-
tetramine at room temperature. The pH value of27i§.adjusted with ammonia. A direct
current of 1-2 A/driiand a voltage of about 400 V is used to generittterea thin layer
(about 5 pum) or a thick layer (about 30 pm) witfoemation rate of about 1.5 pm/min.
Subsequent sealing is performed in either silicat&ol-Gel solutions at high temperatures
[3].

The major disadvantage of all anodizing processe$eir poor economy. More time and
energy are necessary to form the anodizing layeng;h has to be sealed subsequently [3,
22].

The most important disadvantage, besides the hagt consumption, is the usage of
additives, which are hazardous to environment aeditth. The DOW-17 process uses
dichromate and ammonium hydrogen difluoride, theBHgYocess uses potassium fluoride
and the plasma-electric processes MAGOXID-COAT 8AGNITE are using hydrofluoric
acid, ammonium fluoride and potassium fluorideg313, 22].

H.S. Ryu et al. [23] investigated a fast, simplel @mvironmentally uncritical sealing for
plasma-electrolytic oxidation layers by aerosol agfpon of titanium dioxide particles. By
aerosol deposition TiDparticles with a diameter of approximately 2.2 pndried air as
carrier gas, were deposited in an evacuated deposihamber to a PEO treated magnesium
alloy sample in a distance of 5 mm from a nozzleemhe aerated TiOparticles flew
through with a flow rate of 30 L/min at room-tematerre. The PEO was performed in an
aqueous solution containing potassium fluoride (KR sodium aluminate (NaA}{Das
electrolyte at 15 °C for 30 min with a direct curref 5 A/cnf. Plasma-electrolytic oxidation
resulted in a macro-porous Mg&l, spinel surface without detection of MgO, interniieta
phases or MgF by means of XRD. Aerosol depositiothe TiO, particles filled the micro-
pores on the surface and led to a dense, Ta§er increasing the corrosion resistance as

shown by EIS measurements.
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Y.l. Choi et al. [24] immersed a conventional araay layer into a di-sodium tin oxide
solution to form a corrosion inhibiting tin oxidayer. The anodization was performed in a 2
M sodium hydroxide (NaOH) solution at 30 °C for @&fin with a constant voltage of 10
Vagiagel- Sealing the resulting anodization layer was peréal by immersing the sample for
2-60 min in a stirred 0.4 M sodium stannate B0 x 3 HO) solution at 77 °C. A SnO
layer of about 0.4 um thickness was achieved wipkateau for the pitting and the corrosion
potential after 10 min treatment time. These laglew significantly higher pore resistance
in EIS measurements for 4 h immersion to a 0.1 MCINsolution and still higher pore
resistance after 24 h immersion to a 0.1 M NaCltsmh in comparison to the non-sealed
anodizing layer.

El Mahallawy et al. [25] used different, environrtety friendly electrolytes for their studies
of new anodizing electrolytes. After activation kvhiydrofluoric acid (HF,) they used either
an aqueous electrolyte containing sodium silichli@$i0,) at 30-40 °C with a direct current
density of 16-31 mA/cffor 1.5-11 min, an aqueous solution containingiwochydroxide
(NaOH), boric acid (sBOs3) and sodium tetraborate (MO, x 10 HO) at 30-40 °C with a
direct current density of 16-20 mA/énfor 1.5-9 min or an aqueous solution containing
sodium silicate (Ng5i0O,), potassium hydroxide (KOH), sodium carbonate ,(M2) and
sodium tetraborate (MB4O-) at 30-40 °C with a direct current density of 1B5+8A/cnt for
1.5-9 min. Smooth layers consisting of MgO with 8raeounts of SiQ, B,O3; and MgSiO;4
with high corrosion resistance and adhesion tostitestrates were achieved. Best results
could be obtained for the third electrolyte wittheger thickness of 30 um in comparison to
the second electrolyte with a layer thickness ofu8® and the first electrolyte with a layer

thickness of 50 pm.

1.3.3.4. Self-healing inorganic coatings

Until the beginning of the 2bcentury self-healing, inorganic layers were realizby
chromate containing treatments. Usually triggertadled Cr(VI) is set free from the
conversion layer and is reduced to Cr(lll) by thank metal substrate. This redox reaction
leads to a local increase of the pH and the Cnfliécipitates as passivating Cr(Qkhat is
designated as self-healing effect [26—28].
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Cr0;~ +3H,0 +3e~ - Cr(OH); + 50H~ (Eq. 5[29])

Although in the 1950’s many studies were publisebdwing the correlation of chromates
with varying types of cancer [30-32] chromates wesed as corrosion protecting layer for
decades. The disadvantage of chromium containingvession layers is the use of
hexavalent chromium which is extremely harmful aradises cancer [28]. Since the year

2000 the EU decided to forbid the use of hexavatbrdmium for new vehicles.

Nowadays two mechanisms are in main focus of reee@ne is the solid-state self-healing
and the other is a self-healing supported by fl{333.

1.3.3.4.1. Solid-state self-healing

Although the diffusion of atoms in a solid is hinelé, grain boundaries, free surfaces and

imperfections may deal as diffusion paths [33].

The precipitation of dissolved metal atoms in micracks is the mechanism for the solid-
state self-healing. Similar to the hot-forming ardening, the metal is heated up and quickly
cooled down. The result is a oversaturated miauogire, where the dissolved metal atoms
are able to diffuse at an elevated temperaturehgamentioned pathways to precipitate in

imperfections, triple points and defects, usedrgstal nucleus [33].

Van der Zwaag et al. [34, 35] reviewed that Lumd¢wl. investigated the self-healing effect
of underaged aluminum alloys. This effect couldaogusted by solution treatment of age-
hardenable aluminum alloys at high temperaturdgywed by quenching and a short time
annealing step at elevated temperature. The neguitideraged microstructure contained an
amount of solved atoms in the solid phase, whiahdccdiffuse to the nanocracks by a further
annealing step or by deformation at elevated teatpes. For Al-Cu-Mg-Ag alloys, the
movement of disordered atoms, promoted the nuoledtr a rapid precipitation in the
defects, which illustrated the strong self-heakfifgct of this alloy.
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1.3.3.4.2. Fluid supported self-healing

In the case of organic coatings, the self-healirgchmnism is under development, using
inhibitor filled containers, which enable a triggemtrolled release of inhibitors, reactive
monomers, ionomers etc. when a defect occurs. maghanism is possible for metals when
metal particles with lower melting temperature areorporated into the metal substrate,
plates or alloys. Treatment at an elevated temperdéads to melting of the particles which
may close the defect. Since the particles remainthm metal part, this self-healing
mechanism is feasible for the life time of the rmetat. The disadvantage of this mechanism
in a solid is the need of capillary forces to pdevihe fluid phase. For larger defects these
capillary forces are not high enough for a comple#df-healing. Using more or larger

particles may decrease the mechanical propertigeeofork piece [33].

An approach for larger defects is the additionabmoration of shape memory alloy fibers.
In the case of a defect the elevated temperatw@sleo reversion of the fibers which
minimizes the defects in that way that the capillorces are high enough that the fluid

particles can close the micro cracks [33].

Other approaches for the self-healing in solidsewevestigated by Laha, Kyono and Shinya
[36, 37] for stainless steels. By alloying boroariem and/or titanium and/or copper to type
347 or 304 stainless steel £gS or TiC,S, was formed, reducing the sulfur content and
therefore the sulfur precipitation in the steel ethenabled the formation of boron nitride

(BN). Boron nitride and/or copper precipitated nacks formed by creep, closed the defects

and thus showed a self-healing effect in caseedrupture.

For TiAIC, ceramics Song et al. [38] could show that crackeated by tensile stress, with a
diameter of less than 1 um could be completelyduebl heat treatment at 1100 °C for 2 h
in air. Caused by the high temperature in presehoaygen,o-Al,03 and a small amount of

TiO, were built by oxidation of the ceramics compounds.

Other compounds which are forming oxidation prodwthigh temperatures in an oxidative
environment and are used for gas turbine engiresjig equipment, automotive converters
etc. are AlIO3, SiO, or CrO3 [39] as well as SiC or 8§, which form SiQ [34].
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1.3.3.5. Ultrasonic treatment

Mohwald et al. [40-47] investigated the applicatajrultrasonic treatment on metals to form

sponge-like, porous metal oxide films on the bubitenial.

By use of directed ultrasonic shockwaves cavitatiesicles arise. When burst locally more
than 5000 K and a pressure of several hundredsaobécur. Under these conditions the
surface deforms and a rough, porous and sponge¥liétal layer, associated with the bulk
phase is build. In the surrounding, aqueous medaixygen radicals are generated, leading to
an oxidation of the metal layer. This layer incesaghe corrosion protection properties
further [42].

The porous structure gives the possibility of loadihe layer with corrosion inhibitors,
antibiotics, antiseptics etc. subsequently by inmieer. Furthermore, the loading of the oxide
layer is already possible during the ultrasoniattreent process by using an aqueous solution
of the corrosion inhibitors for the ultrasonicatipto—42, 44—-46]. Additionally the enlarged
surface increases the adhesion of conventionabsiom protection layers by mechanical

interlock, physical and chemical bondings [46].

Varying the ultrasonic parameters like time, powkstance between the substrate and the
sonotrode as well as the variation of differentitides to the aqueous solution lead to

adjustable layers with respect to thickness, pty@sid composition [42].

Mohwald et al. could show for aluminum that layeicknesses up to 200 nm are possible.
Within 60 minutes surfaces of 80%m were generated. After 10 minutes pores could be
detected, which had a diameter of about 4 nm &fleninutes. Ultrasonic treatment of more
than 60 minutes led to a degradation of the ladyer.magnesium a similar behavior could be
identified but the buildup of the layer was muchtéa due to the lower melting temperature

of magnesium [42].

Birer et al. [48] reported a precipitation of Sifarticles on a titanium surface with a layer

thickness of more than 200 nm.

For the aluminum alloy AA2024 Mohwald et al. [4(3nfied via ATR-FTIR, XPS, XRD,
FE-SEM and SVET the mounting of cerium oxide, tleaayating of a Ce/Al-oxide-network
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and an accompanied, significant increase of theosmm protection properties in chloride

containing electrolytes.

1.4. Hot-forming

As mentioned before (in chapter 1.1) another walicang the weight of an automobile is

the investigation of new manufacturing processestioictural components [1, 2].

A common manufacturing process is the hot-formirgcess. Typically the steel 22MnB5 is
heated, formed and fast but controlled cooled ddeading to a transformation to a

martensitic microstructure which increases theikessrength up to 1500 MPa [49-56].

Furthermore the spring-back phenomenon which océorscold-formed steel parts, is
reduced significantly [49-56].

To reduce oxide scales and decarburization, ani Ab&ting is commonly used. This layer
leads to a barrier effect, however is incapabla pfoper cathodic corrosion protection. To
achieve cathodic corrosion protection, Zn alloydohsoatings are under investigation [50,
51, 54, 56]. Nowadays two different mechanisms ftbe hot-forming process are

appropriated.

1.4.1. Indirect hot-forming process

In the case of the indirect hot-forming proces® #inc alloy coated steel parts are cold
formed and cut, before heated and rapidly quencimetér high pressure. In Figure 1 the
mechanism of the indirect hot-forming process reseatically shown.

Coated Platini- Cold
Mm

Figure 1: schematic illustration of the indirect hot-formipgcess [49]
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One disadvantage of this process is an unavoidabte undesired process step which
decreases the productivity. A second disadvantagfeat the steel parts used for the indirect
hot-forming process must not be coated, since duihe cold forming the coating would
break, leading to a decrease in corrosion protectib the oxidizing oven atmosphere.
Nevertheless, the process still is wide spreadusecaome parts can only be produced by
means of the indirect hot-forming process. The aeas that the cooling during the
guenching is so rapid that in the case of the timetforming process, which is described in

the next section, cracks in the steel parts woatdioduring the forming [49].

1.4.2. Direct hot-forming process

The direct hot-forming process combines hot stagpiith quenching after the zinc alloy

coated steel parts were heated as shown in Figure 2

i ot forming
Quenching

Figure 2: schematic illustration of the direct hot-formingpess [49]

After hot stamping and quenching, which occursdigpcaused by the cold stamping tool,
the steel parts are cut. The advantage of thisepeocs the merging of two process steps
which makes the direct hot-forming more economantlthe indirect hot-forming process
[49].

In addition to the disadvantage that the coolingmduthe quenching step occurs so rapid that
caused by the stamping process step cracks miglg gi9], another disadvantage of the
direct hot-forming process is liquid metal induagdbrittlement (LMIE) which is described
below [55, 57].
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1.5.Liquid metal induced embrittlement

When hot dipped galvanized steel is heated durivg hot-forming process the Fe-Zn
intermetallic interface is converted into a liquioh-rich phase due to the lower melting
temperature of the zinc. Caused by the wettinghef tmatrix grain boundaries by the
liquefied zinc embrittlement occurs. The grain bdames diverge. In combination with
tensile stress large cracks in the surface arise lifjuefied zinc diffuses into the fissures into
the austenite grain boundaries in the subsurfag®mme The interconnection of the high-
temperature austenite grain boundaries in decreaseégroliferation of the cracks into the

bulk phase takes place [55].

The incidence of LMIE is prejudiced by several ¢ast The fracture propagation rate is
influenced by the inflicted stress and the compmsiof the liquid and solid metal. Caused
by the deformation during the hot-forming, the strencreases. The fissure of the solid metal
leads to a decrease of the stress. The chemicgiazitions of the liquefied metal and the
solid metal influences LMIE as the surface enerfjihe liquid metal influences the wetting
and the alloying of the solid metal might increabe LMIE by increasing the crack
formation possibility. As the grain boundaries dtee initial spots for LMIE, the
microstructure of the solid metal is a further ¢actFinally the surface energy difference
between the liquid and the solid metal as wellh@ssurface energy of the grain boundaries

influences the wettability [57].

Varying solutions for the problem of LMIE are undewestigation. According the hot-
forming process conditions, temperature controés UMIE kinetics. The deformation rate
and the composition of the liquefied and the soltal influence the stress and therefore the

speed of fracture formation and propagation [57].

Galvanizing the steel parts with an Al/Si alloy dns not only the decarburization and oxide
scales but reduces LMIE, since the formed Fe/Alyall caused by high temperatures, show

high melting points [55].

To increase the cathodic corrosion protection ptegee while avoiding LMIE Zn and Zn-
alloy coatings are under utmost investigation. Bleying of nickel to the zinc coating

reduces the evaporation and increases the me#imgdrature of the alloy coating. If iron
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was alloyed to the zinc coating and the temperatiuneng hot-forming was below the
melting temperature of the Zn/Fe alloy, LMIE is ilnked as no liquid phase is build.
Decreasing the temperature below the melting teatper of the intermetallic phase would
avoid LMIE as well, but the transformation to masggic steel and hence the strength of the

structural component would decrease too [55].

Nonetheless, the high temperatures both in thectdaed the indirect hot-forming process
lead to an increased mobility of the metal atomsghi intermetallic phase. An alloying of

iron into the Zn, Zn-alloy or Al/Si-alloy coatingakes place [54].

1.6.Analytical methods for self-healing studies

As mentioned before (in chapter 1.3.2) self-heabh@rganic coatings used for corrosion
protection on metal substrates is under utmostarebeThe aim is to prolong the life-time of
an organic coating as long as the life-time of pinetected building component, which is
covered by the coating [58].

The process of self-healing can be classified ynisic or extrinsic self-healing depending
on whether polymer coating heals itself or encaggbiealing agents are set free to heal the

cracks, respectively [59].
Intrinsic self-healing can be categorized in twifedlent phenomena [59].

Crack healing by physical interactions is determir®y surface rearrangement, surface
approach, wetting, diffusion and randomization &8 To induce intrinsic self-healing by
physical interaction the polymer is heated up tosbghtly above the glass transition
temperature. Jud and Kausch [63, 64] could showp@idy(methyl methacrylate) (PMMA)
and poly(methyl methacrylate-co-methyl ethylacrgjaMMA-co-MEA) with different
molecular weights and degrees of polymerizatioaf th heat treatment of above the glass
transition temperature, under slight pressure tdefiill restoration of the fracture toughness
by interdiffusion and entanglement of the polymérios. Jud et al. [64] found that the
restoration of the fracture toughness at thermehttnent above the glass transition

temperature is time dependent witf t
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Since the crack healing occurs only at temperatateor above the glass transition
temperature, the dropping of the glass transitesnperature would be interesting. Lin et al.
[65] and Wang et al. [66] showed for PMMA that tineatment with methanol or ethanol
decreased the glass transition temperature to gerbatween 40-60 °C. Furthermore they
found that the quality of the self-healing dependedthe wetting and the increase of the

diffusion.

For copolymers of poly(ethylene-co-methacrylic aciEMAA) Kalista et al. [67] could

show thermomechanical healing. In a temperaturgerar the environment from -30 °C to
25 °C they observed healing by use of high energghanical impacts like ballistic puncture
or sawing. The polymer was heated to its viscoelaselt by storing the impact energy and
resealed the defects. This effect requires highiggnienpacts. For low-speed fractures the

energy was not high enough and thermomechanicihgeaas not active.

Additionally intrinsic self-healing can be induckd chemical interactions [59]. Takeda et al.
[68] investigated the self-healing properties oflyparbonate (PC) by use of sodium
carbonate (N£Os). First the polymer was treated in a steam charab&20 °C to model the
deterioration. To investigate the self-healing effine polymer was then dried and treated at
130 °C in nitrogen atmosphere under reduced pressliney supposed the healing
mechanism in the way that the first step was adlydis of the carbonate bond of a polymer
chain, leading to a high concentration of phenosgugs. Subsequently a substitution of a
proton with a sodium ion occurred. The sodium pl@egroup attacked the carbonate bond
of another polymer chain which led to a recomboraf the two chains and an elimination

of a sodium phenoxide.

The addition of a copper/amine complex as catdlyspoly(phenylene ether) (PPE) was
investigated by Imaizumi et al. [69]. Radicals,lblby the deterioration of the polymer chain,
were stabilized by a proton donor. Initiated by tb@pper/amine complex the chains
combined by eliminating the two protons, whereggpeo was reduced from Cu(ll) to Cu(l).
By diffusion of oxygen, copper was oxidized from(Quo Cu(ll) and the resulting oxygen

ion reacted with the protons and left the systenvater.
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To avoid the addition of further catalysts, monosner surface treatments, Wudl et al. [70]
investigated the use of Diels-Alder reactions tatkgsize a highly cross-linked polymeric
material consisting of multi-furan and multi-maléil®. A retro-Diels-Alder reaction
occurred at temperatures above 120 °C and the-kbndesl bonds were destroyed. Cooling
down the system led to a Diels-Alder reaction agamd the cross-linking was fully

reversible.

Continued development was done by Liu and Hsielj. [Uking epoxy compounds as
precursors for the multi-furan and multi-maleimicempounds they combined the healing

ability with the resistance of epoxy resins.

Additionally Liu and Chen [72] prepared cross-lidkgolyamides by combining maleimide
containing polyamides via Michael addition with fiutyl amine. The resulting furan
containing polyamides were mixed with maleimidetearing polyamides to build the cross-

linked film via Diels-Alder reaction which had thealing properties described above.

For extrinsic self-healing one of the most commaediconcepts is the incorporation of
microcapsules or nanocontainers, filled with heglagents, into the organic coatings [59,
73]. During the last years varying capsules (elgcBpsules), containers (e.g. LDH) and ion-
exchange extenders (e.g. LDH, halloysites, zedlitgsre investigated and filled with

varying anticorrosive (e.g. MBT, 8-HQ) or water-edipnt additives (e.g. phosphonic acids,
carboxylic acids, alkoxysilanes) or monomers wlaoh able to form a passive polymer layer
(e.g. alkoxysilanes, acrylates) by polymerizatipolycondensation or polyaddition [4, 58,
74-77).

An important challenge is the release of the adefitifrom the containers at the right time. A
continuous release or the direct incorporatiorhefddditives into the organic coating would
lead to a continuous reduction of the additives faildre of the anticorrosive effect in the
moment of crack formation. If the release was toetyed after the crack formation
occurred, corrosion would take place irreversiblyerefore the release of the inhibitors from
the capsules must be triggered e.g. by change ef pti-value of the environment,

mechanical impact etc. [58].
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Huang and Yang [78] for example described the endapion of hexamethylene
diisocyanate (HDI) into polyurethane capsules byirderfacial polymerization reaction. In
an aqueous solution of gum arabic as surfactant bdura of methylene diphenyl
diisocyanate (MDI) and hexamethylene diisocyanates vadded. After heating ah4
butanediol solution was added dropwisely into thieinewater emulsion. The resulting
capsules were with diameters of 5 um to 350 umsaetl thicknesses of 1 pum to 15 pum.

Garcia et al. [79] presented an anticorrosive deoating with self-healing effect based on
water reactive silyl ester. They synthesized oaty&dhylsilyloleate and encapsulated this
silyl ester by an in-situ poly(urea-formaldehydagm-encapsulation described by Brown et
al. [80]. The silyl ester hydrolyses in presentgdisture into the two components, the silanol
and the oleic acid, both forming a hydrophobic faye the metal substrate. Via crosslinking
of the silanols, the layer becomes denser protgthie metal substrate against the aggressive

environment.

Using a mixture of different alkoxysilanes with yerg hydrocarbon tails encapsulated in
polyurethane capsules leads to hydrophobic andedessier films by the crosslinking of the
siloxane bonds with adjustable properties, dependim the alkyl chain. The release of the
alkoxysilanes from the PU capsules is triggeredmmchanical impact which leads to an
immediate hydrophobization of the defected orgaoating [81].

The longer the alkyl chain is, the more hydrophabiche resulting layer and hence the
anticorrosion property [82]. In contrast to thisyadtage long alkyl chains may cause a phase

separation as the solubility of long alkyl chainghe reaction media is decreased [81].

Latnikova et al. [81] could show that a mixture af long chain alkoxysilane

(trimethoxy(octadecyl)silane (MTODS)) and an alksiigne with a shorter hydrocarbon
chain (trimethoxy(octyl)silane (MTOS)) leads to bothe hydrophobization by MTODS and
an adequate solubility of the mixture with the amjpge environment by MTOS. After the
release, the alkoxysilanes hydrolyse when they domentact with the surrounding aqueous

environment:

R — Si(OMe); + 3H,0 > R — Si(OH)5 + 3MeOH (Eq. 6 [81])
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With respect to the environmental pH value and tnafpire, the concentration of the silanes,
the presence of water and the configuration offtimetional groups the hydrolysed silanol
groups polycondensate and crosslink, forming a el&asrier layer with low film thickness
which closes the defect and protects the subsag#enst the aggressive environmental
electrolyte [81, 83—-86].

Other monomers or oligomers encapsulated were tigadsd by using styrene monomers,
epoxy monomers or dicyclopentadiene (DCPD). In gmes of a hardener in the polymer
matrix, like an amine or a-methylimidazole/CuBr2 complex (Cul2-Melm),), the epoxy
monomers, when set free, cure at elevated tempesadfi about 130-180 °C [59].

An approach for the extrinsic self-healing at rommperature was investigated by White et
al. [87]. Microencapsulated DCPD was polymerizeca viing opening metathesis
polymerization in presence of a Grubbs catalyshenpolymer matrix. In later works it was
evidenced that the self-healing effect was onleaite, when the crack was completely
filled with the healing agent and therefore thetipke size is an important factor [88, 89]. By
use of ultrasonic techniques very small capsulesbofit 220 nm in diameter were available
[89].

Instead of capsules the use of hollow glass tubébers was investigated by Dry et al. [90]
and Bleay et al. [91]. One system was single-paineaive where the fibers were filled with
one kind of resin. Another system used was two-gdinesive when the healing agent and the
hardener are placed in two neighboring fibers. Tast¢ described system was a two-part
adhesive where the fibers were filled with one congnt and the other component was
encapsulated in capsules. By mechanical impadilibes broke and the healing agent came
into contact with the hardener, closing the defects

A disadvantage of using capsules or hollow glaser§ is that they ensure the self-healing
effect only once. More effective would be a netwbkle the blood circuit in human bodies.
To realize this three-dimensional microvasculamoeks were examined by Toohey et al.
[92]. They printed a three-dimensional microvascuktwork with volatile ink consisting of
Vaseline/microcrystalline wax (60/40 by weighKe described by Therriault et al. [93]. The
network was filled with epoxy resin which was hardé before the ink was removed and the
resulting epoxy network was filled with healing ageAs healing agent DCPD was used.

This reacted in a ring opening metathesis polyragion with Grubbs catalyst, present in the
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matrix, after a crack of the network occurred. Td@imal network configuration was
investigated by Bejan et al. [94] showing that tinee to fill the cracks is only half by using
the same diameter size for all channels in the ot\grid.
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2. Fundamentals of analytical methods

2.1. Field-emission scanning electron microscopy (FE-SEM)

As early as 1927 a German patent was submitted tioyzifg for the investigation of
particles too small for optical microscopy. But lwithe investigation of an electron beam
scanner which was able to detect the secondaryr@bsc(SE) by Knoll in 1935 it was first
time possible to generate a magnified image [9G}tHer pioneers in the development of
SEM were von Ardenne in 1938 and Zworykin in 1983-{97]. A great amount of research
was devoted until todays scanning electron micnessare in the position to create varying
images, like SE images, BSE images or topographggés, show an excellent spatial
resolution, a user-friendly handling as well ashhigroughput of samples caused by faster
scanning rates, easier sample preparation needkdutomation [95-97]. Figure 3 shows a
schematic of a FE-SEM.
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Figure 3: schematic build-up of a FE-SEM, with SE: secondatgctrons, BSE: backscattered electrons, CL:

cathodoluminescence, X-ray: X-ray signal, STEMnsgag transmission electron microscope signal [95]

The emission of electrons used for SEM is inducgeither a tungsten filament, a LaBr

Schottky emitter or a tungsten field-emission @mndenser lenses and finally the objective

31



Field-emission scanning electron microscopy (FE-SEM

lens, in combination with a field-emission gun, nforan incident electron beam with a
diameter of 0.5-1 nm for the excellent spatial hason [95, 97].

SEM images can be detected by two different typedextrons. After the primary electrons
enter the bulk phase of the sample elasticallyc{edstatic interaction with the nuclei of the
bulk atoms) and inelastically (interaction with tblectrons of the bulk atoms) scattering is
induced. Most of the electrons penetrate deeperthim bulk, but some, the backscattered
electrons (BSE), are elastically backscatteretl,hgtving a high kinetic energy. The kinetic
energy of inelastically scattered electrons camedse that much that they are absorbed by
the bulk. The penetration depth and interactiomn describe the depth and the volume at
which most of the electrons are absorbed to th&. bA$ the beam spreads horizontally
caused by the scattering, the interaction volunseahpear-like cross-cut shape. Because the
kinetic energy of the BSE must be high enough &vdethe bulk phase, the information,
gathered by a BSE image, comes from about halpémetration depth, which means several
magnitudes of nanometer. By detecting BSE the nahteontrast of a sample as well as the

different crystal orientation of a polycrystallisample can be evaluated [97].

If the primary electrons were inelastically scadterby interaction with the bulk atom
electrons, their kinetic energy is transferredn® bulk atom electrons. For valence electrons
and if the energy is high enough, it is possibkd thpart of the transferred energy is used as
work function and the rest as kinetic energy foe tlemoved electron. These secondary
electrons (SE) might be scattered as well, so ttheit kinetic energy decreases. The large
difference of the kinetic energy of SE and BSE nsak@ossible to discriminate them. Only
few SE from the very near surface region are trasthto the vacuum and can be detected.
Therefore the gathered information by a SE imageesofrom about 2 nm depth, giving a
good topography contrast which enables the po#gilwf three-dimensional topography

images of the investigated samples surface [97].

The appearance of a topography image depends @arriegement of the detector. Whereas
side-mounted detectors give a more contrasted Zgéndue to the fact that areas which are
facing the detector have a higher feasibility tihatelectrons are gathered by the detector, for

in-lens detectors the amount of gathered electohgher [97].
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A significant problem at the investigation of serolRductive or non-conductive samples,
discovered first by Knoll 1941 during the SEM intrgation of a piece of mica, is the
charging effect. Since the SE have a very low kinetergy of about 5-50 eV the collection
of the secondary electrons by the SE signal detecty be disturbed by local charging of
the sample. To avoid charging the energy of thengry beam can be decreased at the
expense of magnification. Another solution is tpattering of the samples with metals like
gold, palladium, silver, platinum or aluminum ortlvicarbon. Typical layer thicknesses are
10-20 nm. Therefore the information gathered by i®Bging no longer come from the

sample itself but the precipitated coating layéf, [98].

2.2. Energy dispersive X-ray spectroscopy (EDX)

When electrons of the primary beam are inelasticathttered by an inner-shell electron of
the bulk phase atoms the possibility is given #lectron is emitted leaving a hole in the
inner shell. This hole is filled within about 0s by an electron from an outer shell leading
to the emission of an x-ray photon with characterienergy for the bulk phase atom. The
atomic numbers of the bulk phase atoms and thag®land current of the primary beam
define the size of the pear-like interaction voluofewhich the samples information are
detected from. According to the principle of EDXb&comes clear that elements with an
atomic number less than 10 are hard to detect9g8)7,

Combining EDX with SEM gives the possibility of eteng a map which shows the
distribution of the samples elements. Thereforeethergy dispersive spectrometer detects a
number of different x-ray photons while the prim&agam scans the surface. Overlaying the
EDX map with the SEM image indicates both the toppgy with the element distribution
[97, 98].
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2.3. Raman spectroscopy

In 1928 Sir C.V. Raman described a light-scattemfigct first induced by sunlight and
complementary filters, later with a mercury vapamp with a Hilger quartz spectrograph
afterwards named after him. Especially in India &sitwell elsewhere a lot of developments

and investigations using and enhancing Raman ssecipy followed [99].

The Raman effect is based on the inelastic lighttsdng at molecules which show the
ability that a dipole moment can be induced. Thigold moment is induced when the
molecule interacts with the electric field of tmeident light and electrons and nuclei of the
molecule are forced into opposite directions. Propoal to the electric field strength and the
polarizability o of the molecule is the strength of the dipole momdaAlthough the Raman
effect is based on the inelastic light scatterglgstic light scattering and inelastic radiation
of the sample can be detected. The elastic lighttesing leads to Rayleigh lines which have
the same frequency than the incident light. Thdaste light scattering results in either
Stokes or Anti-Stokes lines. Caused by the inaldigfint scattering the molecules are excited
to a virtual stage. If the incident light transfersergy to the molecule, resulting in molecule
characteristic vibrational and rotational statestlod molecule, a Stokes shift to lower
wavelengths of the scattered light with respe¢hé&incident light is induced. If the molecule
was in excited state before the interaction with iticident light, energy can be transferred
from the molecule to the scattered light, resultinga characteristic Anti-Stokes shift to
higher wavelengths of the scattered light with eesgo the incident light. Because of the
low probability of elastic light scattering whickapens to about TOparts of the incident
light, the Raman effect is very weak. The ineladigbt scattering is with about fOparts
even weaker. But as the most of the moleculesrageaund state, the Stokes lines are more
intensive than the Anti-Stokes lines and are typicased for Raman spectroscopy [100,
101].
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A schematic illustration of the Raman effect iswhon Figure 4.
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Figure 4: schematic illustration of the Raman effect withidaded Rayleigh, Stokes and anti-Stokes lines [100]

Although a sharp focused laser beam is used foraRapectroscopy, undesirably scattered
light from samples spots which are not in focushefinvestigation decrease the resolution.

The use of a confocal microscope, like shown irufégb, leads to a significant increase of

the spatial resolution.

Pinhole Sample Pinhole
Light L. . fs
Lens, condenser Lens, objective Photomultiplier
source tube

Figure 5: schematic set-up of a confocal microscope [95]
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After the light source a pinhole restricts the bdaefore it is focused via the condenser lens
on the sample. Behind the sample a detector lengecges the desired scattered light to a
second pinhole and the undesirably scattered igghtt detected by the detector as it can be

seen in [95].

2.4. Electrochemistry

Electrochemistry is characterized by the converstdnmaterial by shifts of electronic
charges which are adjustable by an external etettstimulus. These oxidation-reduction
reactions which can be controlled by the applian€ea current or a voltage include

anodization processes or electrophoresis as webrmgsive dissolution, electrolysis etc.

Although Swammerdam observed in the middle of t/& dentury an excitation of muscles
which were in contact to different metals he contut relate it to electricity. Hence the
results published by Galvani in 1791 were the bamsithe field of electrochemistry. During
the next decades a lot of investigations followsdMwlta, Sultzer, Nicholson, Carlisle,

Becquerel, Faraday, Kohlrausch, Arrhenius, Neffatel and many others.

Thermodynamically a potential difference at theeifdce between the sample and the

electrolyte, the so called Galvani potential iddhui
Ap = @ — ! (Eqg. 7 [102, 103])

with: Ag: potential differencep’,¢": potential of phase | and phase II

At the electrochemical equilibrium the electrocheahipotentials of a component are equal

in both phases.

pl = plt (Eq. 8 [102, 103)])

with: w: electrochemical potential of component i in phiaaed phase I
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Since the electrochemical potential for the compbmés indicated by its free enthalpy and

its electrostatic energy the following applies:

b=y +z;Fp; = ,Ll? + RTlna; + z;F @; (Eq 9 [102, 103])

with: ;: electrochemical potential of the component;i,chemical potential of the component;i,\alence of the
component i, F: Faraday constapy; Galvani potential of the componenpf,: chemical standard potential of the

component i, R: universal gas constant, T: absoértgerature,;aactivity of the component i

Insertion of Eq. 9 in Eq. 7 results in:

ﬂ(-)ll—ﬂ(-)l RT au
="+ —nt (Eqg. 10 [102, 103])

A
(p ZiF ZiF

with: Ag: potential differenceyn?: chemical standard potential of the component pliase | or phase Il,:z
valence of the component i, F: Faraday constantinRzersal gas constant, T: absolute temperatyractvity of

the component i in phase | or phase Il

Since the first term of Eq. 10 is independent ef tbncentration it is known as the standard
potential. Inserting for the activities of compoheérthe oxidized and reduced species the
Nernst equation follows for the equilibrium of freathalpy and electrostatic energy, which
means that a reversible reaction, determined by diffesion of the molecules at the
electrode, takes place:

RT a?*

E,=E® + X n i (Eg. 11 [102, 103])
a:

zZiF

with: E,: half-cell potential, E: standard potential of component i, zalence of the component i, F: Faraday
constant, R: universal gas constant, T: absolmeéeature, &/a™% activity of oxidized/reduced species
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From Nernst equation it becomes clear that an atesglotential does not exist as the
potential is always summed up to a standard patlefithis standard potential is the electric
potential difference between component i and aeafe electrode as all measured potentials
in any experiment are. Per definition the standgmrogen electrode (SHE) is the common
redox couple used in data tables in thermodynaamdselectrochemistry. Since the SHE is a
theoretical electrode with ideal standard state nibrmal hydrogen electrode with a platinum
electrode flushed by a hydrogen steam with 1 baarinaqueous HCI solution with the
concentration 1 mol/L is not exactly equal to thelESbut differs at about 6 mV.
Nevertheless the NHE is typically used in experita¢a figure out the standard potential for
half-cell reactions. As the NHE is impractical cadidy its set-up, other reference electrodes,
which were referred to the NHE and thus to the SHiE, commonly in use. The most

widespread reference electrodes are the silvegfsilwloride and the calomel electrode [103].

A silver chloride coated silver wire in a potassiahioride typically with the concentration

of 3 mol/L leads to a potential of:

mol

Eagciyag (KCL3™2) = +0.21Vgyp (Eq. 12 [103])

The calomel electrode uses mercury in mercury drafe in a typically saturated solution of

potassium chloride. This saturated calomel eleet(&CE) leads to a potential of:

EHQZClz (SCE) = +024VSHE (Eq 13 [103])

In the two-electrode set-up which is defined by twe half-cell reactions on the counter
electrode and the working electrode only the oVefaltage between the two electrodes is
detected. A defined application of a potential ocusrent on one of the electrodes is not
controllable. This problem can be solved by usingthaee-electrode arrangement.
Additionally to the counter and the working eledks a reference electrode is implemented.
The potential between the working electrode andeference electrode can be detected and,

if necessary, adjusted and hence the current fletwden the working electrode and the
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counter electrode. Requirement of the referencetrelde is that no current flows through it
and it must be inert so that the standard potenfidhe reference electrode does not shift

during the measurement.

To reduce the electrolyte resistance the refereteetrode should be as near as possible
facing the working electrode. In Figure 6 a simgehematic of a three-electrode

arrangement is shown [103].

Potentiostat

/

Galvanostat

CE

Figure 6: three-electrode set-up with Hager-Luggin capillasyreference electrode [102, 103]

The advantage of the used Hager-Luggin capillathas it can be located very close to the

surface of the working electrode, which signifidgmeduces the electrolyte resistance.

2.4.1. Open circuit potential (OCP)

At the open circuit potential the anodic (oxida)iand cathodic (reduction) reactions are
with the same speed. Therefore on the macroscepie 10 current flow can be observed
[103].

Observing only one electrode of the system, noecirflow means that the activities of
oxidized and reduced species are equal, which leatlse standard potential, according to

Nernst equation [103].
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In case of corrosion, for example, no detectedeturiiow may be caused by the equal speed
of the iron oxidation on one side and the oxygetuction on the other side. For this redox

couple as well as for redox couples with differer@tals or non-metals the potential is called

mixed potential as its value is between the stahgatentials of each electrode material

[103].

A third possibility why no current flow can be detied in macroscopic view is that the redox
reactions are way slower than the measurement Tilree OCP shifts as the interface is not in
equilibrium. But this shift is so slow that it castnbe detected during the time of the

experiment [103].

2.4.2. Potentiodynamic studies

For the measurement of current density — potewmuabes the current flow between the
working electrode and the counter electrode isafeteas a function of the varying potential
between the working electrode and the referencetrette. This variation must be applied
very slowly with typically 2 mV/s or less, so thgtuasi-steady-state conditions can be
assumed. The left side of the potential axes (sjiedicates the cathodic reaction
(reduction) and the right side the anodic (oxidatid'he turning point where the current is
I=0, indicate that oxidation and reduction takecplaqually which is at the OCP. With

increasing overpotential to the anodic side matdalution takes place faster [103].

The kinetics which can be measured by current tderspotential curves consist of two
mechanisms. One mechanism is the mass transpetickinhich plays role in electrolytes
where one species of the redox couple is not ptegdthough some ions will stay in the
diffusion layer most will diffuse into the bulk pba of the electrolyte therefore no longer be
available for the redox reaction. In this casedathodic branch and the anodic branch of the
current density — potential curve must be consiiéoe its own. A limiting current indicated
by a turning point on one branch is given by thacemtration of the present species. The
build species, not present in the electrolyte, wlififuse into the electrolytes bulk. The
potential at which this limiting current is detettes called the half-wave potential and is

close to the standard potential of the couple [103]
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The other mechanism is the redox reaction kinefics. fast redox reaction kinetics the
current changes very fast around the OCP. For sddax reaction kinetics the cathodic half-
wave potential is shifted to a more negative vand the anodic half-wave potential to a
more positive value than the standard potentials ™ifference increases the slower the
kinetics is [103].

For analysis of kinetic parameters, the Tafel pittown in Figure 7 for a dummy cell

(Gamry Instruments) with indicated tangents ataghlargement, is a common tool.
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Figure 7: current density — potential curve as Tafel plotwah indicated tangents and OCP in the enlargertint

The logarithm of the absolute current value is telbtversus the overpotential. Building a
triple point between the OCP and tangents, on é¢haehcathodic branch and the anodic
branch at a range of 80 mV, leads to the corrosiorent density [102, 103].
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2.4.3. Electrochemical impedance spectroscopy (EIS)

The most important law to describe electrochemiogedance spectroscopy is Ohm’s law:

R=

IE (Eq. 14 [104])

with: R: resistor, E: voltage, I: current

The resistor indicates the resistance of a ci@gainst current flow. But Ohm'’s law is only
valid for an ideal resistor which is frequency ipdedent, it follows the Ohm’s law for every

current and voltage and AC current and voltageadigre in phase [104].

Another element of the circuit measured by EIShes¢apacitor. The easiest way to describe
a capacitor is the two-plate capacitor. Two congeciplates are separated by a non-
conductive material in a determined distance. Cotatkewith a power source the capacitor is
charged and the amount of the charge a capacitobeacharged with is the capacitance.

This charge can be calculated by:
q=CV (Eqg. 15 [104])

with: g: amount of charge, C: capacitance, V: \gdta

Since the capacitance is determined by the georoéthe capacitor it can be calculated by:

EEYA
d

c= (Eq. 16 [104])

with: C: capacitance, A: surface area of the platesdistance between the plateg, dielectric constant in

vacuumg: dielectric constant of the non-conductive materia

When a voltage is applied to a material dipolesirailaced which orientate themselves in the
direction of the electric field. If the voltage walternating, the dipoles should rotate with the

same frequency. The time delay between the frequehthe AC and the rotation of the
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dipoles is called relaxation. In EIS, a small ACtage of about 10-20 mV with varying

frequency is applied to the system and the resuttirrent is detected as a function of time
[105].

As a sinusoidal expressed for the voltage and dihesiot it follows:
E, = E, Bin(at) (Eqg. 17 [104])
with: E;: potential at time t, & amplitude of the given signas; radial frequency®: phase shift
I, =1, Gin(at +¢) (Eqg. 18 [104])

with: I current at time t,o] amplitude of the response signal,radial frequency¢: phase shift

Taking Ohm’s law (Eg. 14) into account the impedaonan be calculated with the following

equation:

_E _ E Gin(at) _ sin(at)
T s~ Sl e g FE

with: Z: impedance, g magnitude of impedance,: ppotential at time t,:l current at time t, & amplitude of the

given signal, §: amplitude of the response signal,radial frequencys: phase shift

If the impedance is now plotted with the log of fhequency on the X-axis and the absolute
values of the impedano@i| —ZO) and the phase shift are each on two Y-axes, a Btate

can be constructed, in which the frequency depednoigarmation can be visualized as

shown in Figure 8 [105].
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Figure 8: Bode plot of the electrochemical impedance measeménf a dummy cell (Gamry instruments)

For the EIS measurement of an organic coating metal substrate, the interpretation of the
impedance data is complex. As the coating is intamrnwith an aqueous electrolyte, pores
play a crucial role on the appearance of the Bddie phe whole system can be described by
an equivalent circuit diagram consisting of differeesistors and capacitors. The capacitance
of the coating, the double-layer capacitance betwt® metal and the electrolyte, the
polarization resistance between the metal and teetrelyte, the pore resistance of the
coating and the electrolyte resistance determiadtide plot [105].

Typically the frequency range for an EIS measurdnigrfrom 0.01-10 Hz. For small

frequencies the three resistors dominate the impedaalues, whereas the value of the
solution resistance is constant and negligible smigh respect to the polarization and the
pore resistance, followed by the double-layer capacfollowed by the pore resistance

combined with the electrolyte resistance, folloviigtthe coating capacitance and finally for
high frequencies the electrolyte resistance [105].
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According to the equation:

1

C= (Eq. 20 [106])

"~ 2nfiz|

with: C: capacitance, f: frequency, Z: magnitude¢haf impedance

the capacitance at the frequency where the phaséss®0° can be calculated.

Using the equation of Brasher and Kingsbury:

C
log(cppo)

log(ew)

Q= (Eq. 21 [106])

with: ¢: water uptake, £ capacitance of the coating after timg Qapacitance of the coating at time = 0 (before
water uptake)s,: dielectric constant of water

the water uptake over time of the organic coatiag loe calculated and plotted versus time.

2.4.4. Coulometry

By use of coulometry the amount of charge is caled which leads to a quantitative electro

oxidation or electro reduction of a chemical spgarea given time. It is calculated by:

Q= [ idt (Eq. 22 [101])

with: Q: amount of charge, i: current, t: time
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Taking the Faraday’s constant into account, whgckhe amount of charges to produce an
equivalent weight of the oxidized or reduced elethdre mass of the element produced at

the electrode of interest can be calculated:
My ct .
my = Efo ipdt (Eq. 23 [101)])

with: mg: produced mass of element k,:Mnolar mass of element k, n: number of electraking part in the

electrode reaction, F: Faraday constangpplied current, t: time

As long as no side reactions like electrochemiealctions of the solvent, the electrode
material, components of the supporting electrotytesecondary electrode reactions by the
reaction products, it can be assumed that 100 % efcharges are used for the desired
electrode reaction. To reduce the electrolyte s&detion a potential window is given for
each electrolyte where nearly no redox reactioke fdace. For a typically used aqueous
electrolyte this window is between the hydrogen #ral oxygen evolution from 0 d4e to
1.23 Ve [101].

2.5. Inductively coupled plasma analysis of electrolytes

With the help of inductively coupled plasma — ogkiemission spectroscopy the qualitative
and quantitative investigation of dissolved elermeint an electrolyte is possible. The
electrolyte is nebulized in a nebulizer chambeubgg of the carrier gas which is the same gas
as the plasma gas, typically argon. This aerosgpiayed into the plasma. For this in a torch
with three tubes the plasma is generated. Betweemuter tube which isolates the plasma
from the induction coil and the intermediate tube auxiliary gas flows which shapes the
plasma. The plasma gas flows between the interteetlibe and the sample injector tube
and is ignited by a high-frequency field througk gurrounding induction coil. Caused by a
skin effect, generated by the hf field, a zone Wather viscosity appears in the center of the
plasma. This is where the sample aerosol is spriawyéithe center is divided in further zones.
Close to the injector tube is the atomization zfolewed by the atomic line emission zone

and finally close to the head of the plasma theécidine emission zone. The advantage of
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using argon plasma is that argon emits a simpletspm, is able to excite and ionize most of
the elements and, as it is an inert gas, no reaptioducts are formed between argon and the

electrolyte elements [101].

Excited by the argon plasma each element radidtesops with element specific frequency
or wavelength when the electrons shift back tosgeloor the ground state. This frequency or

wavelength can be calculated by:
hv = h= = Ep — E; (Eq. 24 [101])

with: h: Planck’s constant; frequency, c: speed of light in vacuuln,wavelength, E: upper energy level, E

lower energy level

As detector a photomultiplier tube (PMT) was used & long time. By use of a
photomultiplier instead of a photographic plategarwavelength coverage was achieved. A
photocathode converts the photons into electrorishndre amplified by dynodes. Since the
photomultiplier is a single detector it was replhty multichannel detectors like the charge-
transfer device (CTD) which is based on chargegisalidevices (CCD). The CCD chips
are arranged in a Rowland circle which means thatcbncave chips are arranged on the
outside of a circle which has, on the points oftaohbetween the chips and the circle, the
same curvature as the chips have. The advantage &owland circle is that it combines the
diffraction of a reflection grating with the imaginof a concave mirror. Therefore the

diffracted beams with varying wavelengths are fecusn the circle [101].

If a calibration curve was prepared for each eldnmat only qualitatively but as well
guantitatively the amount of each element in thecteblyte can be examined by the
wavelength and its intensity. Depending on thetedgde the limit of detection is for liquids
between 1 ng/mL and 1000 ng/mL where ionic linegallg are more sensitive than the

atomic lines [101].

The detection limit is strongly influenced by thatmx. Phosphor as an example interferes

with the element lines of calcium. In the preseattphosphoric acid or sulfuric acid Arr
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ArS’ species can combine as well as ATNArNi*, ArGa or ArS€ if these elements are

present in the electrolyte [107].

For alkali metals the alkali effect leads to a dase in the real signal of the other electrolyte
elements since, caused by the rapid ionizationlialiametals like Na and K, their atom
population increases in the plasma, leading taharease of the signal intensity of all alkali
metals. By use of an ionization buffer like Cs@le alkali effect is decreased and realistic

values for the non-alkali metal elements of thetetdyte can be detected [108].

2.6. Laser scanning confocal microscopy

Confocal microscopy, as described in chapter hablkes the increase of spatial resolution

by filtering undesired scattered light [95].

For a 3D image it is necessary to examine evemtmdithe sample surface which is in focus
for its absorption, scattering or emitting of lighithout overlaying information from points
out of focus. Each point must be fully excited déine emitted light from each point must be
displayed. One possibility is the radiation for ige@l period of time point by point by
scanning the sample. The emission signal of eacasmmement point is collected in a
photomultiplier tube (PMT) and imaged in a 3D m@p][

A further possibility to create a 3D map of a sand the use of a multipinhole Nipkow

spinning disk. In a helical order holes are arrahnigethe disk, which are each in a different
focus of the objective lens. The disk is illumirchtey a parallel light beam which leads to
excitation of varying focus levels on the samplerbpidly spinning the disk. By use of

charge-coupled devices (CCD) the emitted infornmatice gathered. With the help of a step-
by-step motor the sample is scanned and a 3D iweagy®e displayed [95].

To increase the resolution in x- and y-directioralien pinholes can be used which decreases
the light intensity and hence the emitted informmatiespecially for dark samples. The
resolution in z-direction can be modified by themauical aperture of the objective lens, the
wavelength of the light beam, the pinhole size,réfeactive index of the components along
the light path and the adjustment of the light dasj.
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2.7. Adhesion analysis

Phenomenological the adhesion can be describedolpesie explanation of van der Waals
forces between macroscopic solids. There are tw waconsider the van der Waals forces

between bulky solids.

2.7.1. Microscopic approach

As the interaction between two molecules is ativadhe potential energy of the interaction

is negative and can be calculated by:
W,p(D) = —=22 (Eq. 25 [109))

with: Wjg: potential energy of the interaction between males A and B, D: distance between molecules A and
B, Cag: dipole-dipole interaction between molecules A d@hdonsisting of oriented dipole-dipole interaction
(Keesom interaction), induced dipole interactionelfipe interaction) and dispersion interaction (Londo
interaction)

For the calculation of the interaction between tsadids, the next step is to expand one
molecule to a body with a planar surface consisbhgnolecules B. Assuming that the
density of the molecules B in the solid is constamd using cylindrical coordinates for the
calculation of the interaction between moleculendl ¢he surface consisting of molecules B,
the potential energy for the interaction can beuwated by:

WMol/plane = —TPBcap (Eq. 26 [109])

6D3
with: Wyeypiane POtential energy between molecule A and planetasa consisting of molecules Bg: density of
molecules B, &g: dipole-dipole interaction between molecules A d@daonsisting of oriented dipole-dipole

interaction (Keesom interaction), induced dipoléeiaction (Debye interaction) and dispersion irttoa

(London interaction), D: distance between moleéubnd planar surface
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Expanding molecule A to a planar surface consistihgnolecules A integration over all
molecules A in the surface and dividing by the acefarea leads to the van der Waals energy
density:

Wap _TpapPBCaB

w =
A 12D2

(Eq. 27 [109])

with: w: energy per unit area, )¢ potential energy between surface consisting ofemdes A and surface
consisting of molecules B, A: surface argg, density of molecules Ag: density of molecules B, : dipole-
dipole interaction between molecules A and B cdimgjs of oriented dipole-dipole interaction (Keesom
interaction), induced dipole interaction (Debyeemattion) and dispersion interaction (London irttoa), D:
distance between molecule A and planar surfacedifance between surface consisting of moleculeané
surface consisting of molecules B

Introducing the Hamaker constant which is differfiemtevery molecule pair:

Ay = m*Cappapp (Eq. 28 [109])

with: Ay: Hamaker constant, 45: dipole-dipole interaction between molecules A &donsisting of oriented
dipole-dipole interaction (Keesom interaction), uegd dipole interaction (Debye interaction) andpdision
interaction (London interaction),: density of molecules Ags: density of molecules B

the energy density simplifies to:

Al

w=—
12nD?

(Eq. 29 [109])

with: w: energy per unit area,;/AHamaker constant, D: distance between surfacsistomg of molecules A and
surface consisting of molecules B

For surfaces with different geometries and consideattractive and repulsive interactions
the van der Waals energy can be calculated by:

AH | RiRp

W=—-——
6D Ri+R;

(Eq. 30 [109])

with: Ay: Hamaker constant, D: distance between solidsdABarR;: radius of surface A, Rradius of surface B
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2.7.2. Macroscopic approach

The Lifshitz theory, used for the macroscopic apploof the interaction between two solids,
takes into account the interaction between the cutds in the same solid. By interaction
between e.g. two molecules of A the polarizabilityght change. This is missing in the
microscopic approach. Lifshitz introduces bulk md@s for each material like dielectric
permittivity or the refractive index. Taking thegeoperties into account, the Hamaker
constant for two interacting materials with a thiditerial in between is calculated by an
integral over many frequencies using the dielecp@mittivity constants of the three

materials:
3 - - 3h
Ay =—kBT-(81 83) : (ﬁ) L
4 g1t+&3 ExtE3 4T

fvoj (sl(iv)_33(iv)) . (Sz(iv)—€3(iv)) dv (Eq 31 [109])

&g1(iv)+e&3(iv) &5 (iv)+e3(iv)

with: Ay: Hamaker constantgk Boltzmann constant, T: absolute temperateyes,, €3: dielectric permittivity

constants of material 1, 2 and &,imaginary frequencies, h: Planck constant

With the help of the Hamaker constant, it is pdssib determine if the interaction between
two solids in the presence of a third medium wabeei attractive (positive Hamaker
constant) or repulsive negative Hamaker constang][

Interactions between similar materials are attvactis well as the interaction in vacuum. In
the presence of a condensed phase or a thin, lghéde van der Waals forces might be
repulsive when the interaction between medium 1 &nd more attractive than between
medium 1 and 2 [109].

For macroscopic investigations the use of a pesl i'ea common tool to examine the
adhesion indirectly with the help of the peel for@eiginally the peel test was used for the

investigation of flexible laminates used in packapgand electronic industries [110].
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The geometry of the peel arm, like the thickness the width, as well as the environmental

temperature, the humidity, the peel rate and tie¢ qegle, affects the peel force immense.

In Figure 9 the peel test is illustrated with irateed width b and thickness h of the adhesive
film which is the peel arm and the peel anjle

Peel angle 6

'l

t}’ Substrate

Figure 9: schematic illustration of the peel test [110]

During the peel test the adhesive is subject tesileeeformation which leads to a stored
strain-energy in the adhesive and plastic or viesbe energy dissipation. Because of this
the peel force measured, is incorrect since not thd force for de-adhesion of the adhesive
from the substrate is detected but as well theggneissipation in the plastic or viscoelastic
zone at the delamination front [110].

In addition the plastic bending and the ratio betwéhe tensile load and the in-plane shear
load, which are affected by the peel angle, makeeiy difficult to detect a comparable
adhesive fracture energy for the same adhesivd.[110

Kinloch et al. [110] showed that under considerataf the stored strain energy in the
adhesive, the energy used for tensile deformatimhthe bending energy of the adhesive, a
geometry independent and material characteristicevior the adhesive fracture energy can
be achieved which only includes the energy for dieesion of the adhesive from the

substrate and the energy at the delamination frotfite plastic or viscoelastic zone.
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Williams and Kauzlarich [111] correlated the peeitce with the peel angle. They could
show that with smaller peel angles aberrations fliokar elastic behavior of the adhesive
became stronger. With thinner film thickness thadieg energy could be neglected. A new
model was established to analyze the non-linedéiween load and extension and the

energy dissipation in the adhesive layer affectieddel rate and peel angle.

For the calculation and evaluation of the tempeeahetween two polymer films during a

sealing process, Meka and Stehling [112] used tpedl test. In this test two peeling arms
were peeled at a peel angle of 180 °C. They exgtathat the maximum of the extension
force just before the sample is damaged is thesddeaigth. Increasing the extension led to
either peeling failure at the interface betweenttine adhesives, or a cohesive failure in one
or both of the peeling arms by which the seal gfitenvas higher than the bulk strength of

the adhesive or a mixture of both.

These failures can be observed for the fixed-aret {@st, described above, too.

2.8. Contact angle measurement

Contact angle measurement is one of the most contoadsito determine the surface tension
of a solid surface. The angle between the solidasarand a tangent at the triple point
between the solid phase, the liquid phase anddkepbase, determined in the liquid phase,
as it can be seen in Figure 10, is called contagliegd109].

Liquid phase

Gas phase

Figure 10: determination of the contact angle [109]
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For water as liquid phase, according to Young'sagiqu:

YL€0sO =¥Ys — Vs (Eq. 32 [109])

with: y_: interfacial tension of the liquid phasg; interfacial tension of the solid phasg,: interfacial tension

between the liquid and the solid phasesontact angle

a contact anglé® > 90° indicates a hydrophobic surface and a cordagle6 < 90° a
hydrophilic surface vice versa.

For a homogeneous surface the contact angle cacaloalated by the Young-Laplace
equation taking the contour of the droplet intocact:
1 1
2=y (=+-) (Eq. 33 [109])

Ry Rz

with: AP: pressure difference between the liquid and gespbasesy: surface tension of the liquid,,Rnd R:
radii of curvature of the drop, perpendicular toteather, which means for a drop that-RR,

For inhomogeneous surfaces, the contour of theletropight be elliptically or even of an
indefinable shape. Therefore two tangents are egine on each side of the droplet and the

left and right contact angle are measured indivigua

In the case of an inhomogeneous surface, the dgneanitact angle measurement can be
used instead of the static to determine the corg#tagte hysteresis. Increase of the droplet
volume during a continuous contact angle measureteads to an increase of the contact
angle at first, until the droplet wets the surfaocel the contact angle decreases immediately.
The contact angle just before the wetted surfacee@ses is the advancing contact angle
(0aay). Microscopically, the liquid is all the time dtet same contact angle with the surface.
With respect to the contour of an imperfection loa heterogeneous surface on macroscopic
point of view the contact angle increases untilithperfection is wetted as it is illustrated in

Figure 11. Decreasing the droplets volume revetasseffect. Until a de-wetting occurs, the

contact angle decreases. The contact angle justebétie wetted surface decreases is the

receding contact angléd{) and is typically smaller than the advancing contangle.
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Subtraction of the receding contact angle from ddgancing leads to the contact angle
hysteresis which indicates the degree of inhomage[i9].
a)

b)

\
\
\
\
\
\
\
\
\
\
\
\
\
\

.
\/

Figure 11: advancing contact angle behavior for a heterogensorface a) macroscopic and b) microscopic [109]
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3. Experimental procedure

3.1.Investigations of magnesium and its alloys
3.1.1. Sample preparation
3.1.1.1.  Cleaning step

The Mg AZ31 samples were received by DECHEMA (DFankfurt a.M., Germany). They
were polished successively with SiC grinding pap240, P600, P1000, P2500 and P4000
until they had a mirror-like finish. Afterwards thevere cleaned with cotton wool soaked
with ethanol abs. (p.a., Merck KGaA, Darmstadt, raamy) before they were additionally
cleaned in ethanol abs. (p.a., Merck KGaA, Darmistadrmany) for 10 min in an ultrasonic
bath (Ultrasonic Cleaner, 45 kHz, 120 W, VWR Intional GmbH, Darmstadt, Germany).
After rinsing with ultra-pure water (SG Ultra Cledl/ Plus, Evoqua Water Technologies,
Gunzburg, Germany) the samples were etched inrgedtaqueous solution (528.4 g/L
Al(NO3); x 9H,0O (p.a. Merck KGaA, Darmstadt, Germany), 54.8 gffticc acid x HO
(>99.5 % Merck KGaA, Darmstadt, Germany), 100 mL/icglic acid (70 % aqueous, p.a.
Merck KGaA, Darmstadt, Germany)) at room tempegrafor 30 s and directly rinsed with
ultra-pure water (SG Ultra Clear UV Plus, Evoqua t&aTechnologies, Gulnzburg,
Germany). Then the samples were etched in a stagedous NaOH solution (4 mol/L, p.a.
Merck KGaA, Darmstadt, Germany), rinsed with ultare water (SG Ultra Clear UV Plus,
Evoqua Water Technologies, Guinzburg, Germany) aed th an air stream.

3.1.1.2. Ultrasonic treatment

The freshly cleaned samples were treated on oné imaualtra-pure water (SG Ultra Clear
UV Plus, Evoqua Water Technologies, Glunzburg, Gagnand on the other hand in an
aqueous Ce(Ng); solution (0.5 mol/L Ce(Ng); x 6HO, 99.5 % Alfa Aesar, Karlsruhe,
Germany) for 20 min with UIP 1000 hd (Hielscher rd$fonics, Teltow, Germany). The
distance between the sonotrode and the sample wmsa®id the power was set to 44 Wicm

After the ultrasonic treatment the samples wersedinwith ultra-pure water (SG Ultra Clear

56



Experimental procedure

UV Plus, Evoqua Water Technologies, Guinzburg, Gagnand dried in an air stream. The

ultrasonic process is illustrated in Figure 12.

Ultrasonic
-generator

Aqueous solution with
dissolved salts (Ce** / NO3) | o ©

Sponge-like magnesium oxide layer

Figure 12: schematic illustration of the ultrasonic processtifie formation of sponge-like oxide layers

Cerium oxide layer

O

3.1.1.3. Cross-cuts

For the investigation of cross-cuts of the ultrasalty generated Ce/Mg/O layers the
Ce(NQGy); treated samples were embedded on edge in TechAGOR (Heraeus Kulzer
GmbH, Wehrheim, Germany) and cut. The cut edge padished successively with SiC
grinding paper P240, P600, P1000, P2500 and P4A00tley were mirror-like, cleaned
with ethanol abs. (p.a., Merck KGaA, Darmstadt,rGamy) and dried in an air stream.

3.1.2. Field emission scanning electron microscopy (FE-SEM) and energy

dispersive X-ray spectroscopy (EDX)

The FE-SEM images were done with a NEON 40 FE-SEMtI(Zeiss SMT AG) or with an
8500 FE-SEM (Agilent Technologies).
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Investigations of magnesium and its alloys

EDX measurements were done with a NEON 40 (CarsZesMT AG) or with a
XL 40 ESEM (Philips).

3.1.3. Raman spectroscopy

The Raman spectroscopy was done with an In Via RaBmeektroskop and Leica DRB00O
M Mikroskop (Renishaw, Pliezhausen, Germany). ArLAser (633 nm) at 1.75 mW and an

N PLAN objective 100x were used. The accumulati@s B0 s.

3.1.4. Potentiodynamic studies

Current density — potential curves were measuredanstom-made electrochemical cell with
a measurement diameter of 5 mm. As reference etbxtan Ag/AgCI (sat. KCI) electrode
was used. The potentiostat was a Gamry Ref. 60@n(Génstruments). The potential was
scanned from -0.6 V to +1.0 V vs. OCP with a scate of 5 mV/s. The free corrosion
potentials were measured for 120 s before the cudensity — potential measurements were
started. As electrolyte a borate buffers@®s; (12.4 g/L, p.a., Merck KGaA, Darmstadt,
Germany), Na&SO, (7.1 g/L, p.a., Merck KGaA, Darmstadt, GermanygpBiO; x 10 HO
(19.1 d/L, p.a., Merck KGaA, Darmstadt, Germang)uitra-pure water (SG Ultra Clear UV
Plus, Evoqua Water Technologies, Glinzburg), pH3¥ &ontaining 0.05 mol/l NaCl (p.a.,
Merck KGaA, Darmstadt) was used.

3.1.5. Electrochemical impedance spectroscopy (EIS)

EIS measurements were done in a custom-made albetriocal cell with a measurement
diameter of 5 mm. As reference electrode an Ag/Aat. KCI) electrode was used. The
potentiostat was a Gamry Ref. 600 (Gamry Instrus)erAs electrolyte a borate buffer
(HsBOs (12.4 g/L, p.a., Merck KGaA, Darmstadt, Germany®SO, (7.1 g/L, p.a., Merck

KGaA, Darmstadt, Germany), b&yO; x 10 HO (19.1 g/L, p.a., Merck KGaA, Darmstadt,
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Germany), in ultra-pure water (SG Ultra Clear UMu$)I Evoqua Water Technologies,
Gunzburg), pH = 8.3) containing 0.05 mol/l NaCla(p Merck KGaA, Darmstadt) was used.
Before each EIS measurement the OCP was detect®@ & EIS was done from 10000 Hz
until 0.1 Hz with 10 points/decade versus OCP and@ Voltage of 10 mV rms.

3.1.6. Adhesion analysis (Peel test)

To investigate the adhesion properties of the ®gifled layers the PEEL-force was
measured on a MV-220 Motorized Test Stand with dysraeter model ZP-5 (Imada) at an
angle of 90° to the surface in >90 % r.h. A modpbxy primer (Henkel, Disseldorf,
Germany) was coated with 120 um layer thicknessdaiedl for 75 min at 120 °C. Then the
samples were stored for 24 h at 40 °C and 100 %betore the measurement was done. An

illustration of the Peel-test set-up is shown iguFe 13.

load cell

humidity control

movable table as
~ sample holder

Figure 13: photography of the Peel-test set-up with illustlatex for humidity control
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3.2.Investigations of hot-formed zinc alloy coated steel parts

3.2.1. Sample preparation

As substrates, different zinc alloy coated 22MnBéek sheets were studied, which are
currently investigated by the BMW AG. Hot dipped/vgmized zinc sheet, or more
specifically 22MnB5 steel coated with Z140, whighadlso used as base material for the
indirect hot-forming process and is comparable wola-formable steel coated with Z100,
was used as reference with and without annealingal®annealed zinc alloy with 8-12 wt.-
% Fe and an electroplated Zn-Ni alloy with aboutn26% Ni, both currently studied for the

direct hot-forming process, were investigated.

With regard to the hot-forming process and accardinthe different heat capacitance of the
different alloys the oven times and temperaturesewhosen so that all samples underwent a

comparable heat treatment. The samples and prooedgions are shown in Table 1.

Table 1: Investigated alloy coated substrates and hot-fagroonditions

Sample process conditions | process conditions Il | process conditions IlI
(Temperature, (Temperature, (Temperature,
processing time) processing time) processing time)
1) Z140/GI70/70 - - -
layer thickness ca. 10 um
2) Z140/GI70/70 hot-formed 910 °C, 4 min 910°C,5min20 s 910 °C, 8 min
layer thickness after hot-forming cal
20-30 pm
3) Zn/Fe hot-formed 910 °C, 4 min 910 °C, 6 min 910 °C, 9 min
(ca. 8-12% Fe)
layer thickness after hot-forming cal
20 pn
4) Zn/Ni hot-formed 900 °C, 5 min 900 °C, 7 min 900 °C, 11 min

(ca. 10% Ni)
layer thickness after hot-forming cal
20 um
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After the hot-forming all heat treated samples,egt\l/Si, were treated by shot blasting to
remove oxide scales. Before each analytical measnt the samples were solvent cleaned
with tetrahydrofurane (p.a., Merck KGaA, Darmstadippropyl alcohol (p.a., Merck KGaA,
Darmstadt) and ethanol abs. (p.a., Merck KGaA, Btadt) each for 10 min in an ultrasonic
bath (Ultrasonic Cleaner, 45 kHz, 120 W, VWR Intgional GmbH, Darmstadt).

For the investigation of the welding spots, twocpie of each alloy (2x4 dnwere welded
together with a welding point of 8 mm in diamet&éhe welding spots were investigated
without pulling them apart as line-scan on top te# tvelding point, which was in contact

with the Cu-electrode, like illustrated in Figuré. 1

Figure 14: Schematic illustration of the welding spot withiadication of the range of the line-scan

For the investigations of cut edges two sample=ach alloy coating were embedded, put for
one cycle in a climate change test, derusted aaddsulting topography was detected by

laser scanning confocal microscopy as describetiapter 2.6.
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3.2.2. Field emission scanning electron microscopy (FE-SEM) and energy

dispersive X-ray spectroscopy (EDX)

The FE-SEM images were done with a NEON 40 FE-SERtY(Zeiss SMT AG) or with an
8500 FE-SEM (Agilent Technologies).

EDX measurements were done with a NEON 40 (Cas<Z8MT AG).

3.2.3. Raman spectroscopy

The Raman spectroscopy was done with an In Via Rabpeektroskop and Leica DRB00O
M Mikroskop (Renishaw, Pliezhausen, Germany). ArLAser (633 nm) at 17.5 mW and an
N PLAN objective 100x were used. The accumulati@s B0 s.

3.2.4. Coulometric inductively coupled plasma - optical emission

spectroscopy (ICP-OES)

Electrochemical ICP-OES measurements were doneav8pectro Arcos Edition EOP with
horizontal torch box housing for axial plasma olkiagon and cross-flow nebulizer. Plasma
power was set to 1400 W, volume flow of cooling gass at 18.0 L/min, support gas at 1.0
L/min and nebulizer gas at 0.77 L/min. The floweraf the electrolyte was 2.0276 mL/min.
The delay time between in-situ cell and plasma 2&s. The in-situ cell was an in-house
design flow cell with a working electrode area of @nf. As reference electrode an
Ag/AgCI (sat. KCI) electrode and as counter eleitra graphite electrode isolated from the
working electrode with a membrane were used. Asmimistat a SimPot (custom made at the
MPIE, Dusseldorf) with maximum current of 100 mAswvased. The electrolyte was a 0.1
mol/L KCI (p.A., Merck KGaA, Darmstadt) solution uitra-pure water (SG Ultra Clear UV
Plus, Evoqua Water Technologies, Giinzburg). A ctrdensity of 4.29 mA/cmwas
applied to the substrate and the resulting potewta detected by the potentiostat, while the
dissolved metals were detected qualitatively arahtjtatively by the ICP-OES.
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The coulometric ICP-OES set-up is shown in Figuse 1

Peristaltic
pump Counter electrode

pr— l@Mbrane
Flow-out (N ) Flow-in
S—— Reference electrode
Y —

Sample as working electrode

Figure 15: Schematic illustration of the coulometric ICP-OE8asurement set-up

3.2.5. Potentiodynamic studies

Current density — potential curves were measureddastom-made electrochemical cell with
a measurement diameter of 5 mm. As reference etixtan Ag/AgCI (sat. KCI) electrode
was used. The potentiostat was a Gamry Ref. 60@n(Bénstruments). The potential was
scanned from -0.3 V to +0.3 V vs. OCP with a scate of 2 mV/s. The free corrosion
potentials were measured for 60 s before the cudensity — potential measurements were
started. As electrolyte, a borate buffersB@; (12.4 g/L, p.a., Merck KGaA, Darmstadt,
Germany), NgS0O;, (7.1 g/L, p.a., Merck KGaA, Darmstadt, GermanypBiO; x 10 HO
(19.1 g/L, p.a., Merck KGaA, Darmstadt, Germang)uitra-pure water (SG Ultra Clear UV
Plus, Evoqua Water Technologies, Glnzburg), pH3¥ &ntaining 0.05 mol/L NaCl (p.a.,
Merck KGaA, Darmstadt) was used.
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3.2.6. Scanning capillary cell studies of welding spots

To investigate the cathodic corrosion protectionm@iding spots, a line-scan of the free
corrosion potential across the welding spots wasedweith a scanning capillary cell. The
capillary diameter was 1 mm. Hence the step-sizé¢hi® line-scan was 1 mm. At each point
the free corrosion potential was measured for 3@0dsthe final value, after the equilibrium
was reached, was plotted. As electrolyte a 0.05LmMd&Cl (p.a., Merck KGaA, Darmstadt)

solution in ultra-pure water (SG Ultra Clear UV &luEvoqua Water Technologies,
Gunzburg) was used. The reference electrode wag)#gCl electrode.

3.2.7. Investigations of cut edges

The embedded samples were put for one cycle imeatd change test. After photographing
the samples, the corrosion products were etched W&l (37 %, p.a., Merck KGaA,
Darmstadt), rinsed with ultra-pure water (SG Uli@ear UV Plus, Evoqua Water

Technologies, Gunzburg, Germany) and dried in asteaam.

Following this, the interfaces between the embedsktiples were investigated by laser
scanning confocal microscopy (VK-X210, Keyence, Neenburg, Germany) leading to a

laser microscopic image and a 3D model of the sarfa

A schematic figure of the laser scanning confocarascope used in this thesis is shown in

Figure 16.
I 3D Image
\/ .
Area scan over the surface
. Fe Fe .
Embedding Zn | zn Embedding
material Ni | Ni material
alloy | alloy

Figure 16:illustration of the laser scanning confocal mickgsg of cut edges
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3.3.Investigations of self-healing, organic coatings by means of in-situ

contact angle measurement and uniaxial deformation
3.3.1. Sample preparation

The samples and the loaded capsules were prepardd sgnthesized by SINTEF
Materials&Chemistry, Forskningsveien 1, N-0373 Qslorway.

3.3.1.1.  Cleaning step

HDG steel, delivered by Chemetall GmbH (FrankfulM.a Germany) was used as substrate.
It was solvent-cleaned (tetrahydrofuran, isoproparal ethanol (Prolabo)) and alkaline

cleaned (Gardoclean / Gardobond, Chemetall (Frankfi., Germany)) before the coating

application. An additional treatment with a convems additive (Oxilan (Chemetall,

Frankfurt a.M., Germany)) should function as anesithn promoter.

3.3.1.2. Coating materials

The two-pack water-based epoxy resin (for primet paint formulations) has been received
from Mankiewicz Gebr. & Co. (Hamburg, Germany); ttveo-pack acrylic polyurethane
coating components (aliphatic topcoat formulatidvgve been supplied by Varnish srl

(Galliate, Italy).

3.3.1.3. Preparation of modified acrylic polyurethane coating applied
on HDG substrates

As topcoat a flexible aliphatic- and acrylic-basedlyurethane, generally used for
automotive coatings in corrosion protection, hasnbmodified with PU-hybrid containers
(loaded with MTES = water-repellent agent). Theticmpwas applied by tape-casting (100
pm wet-film thickness) on HDG samples. The contémhicrocontainers in the coating layer
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was 10 wt.% (calculated to the cured coating). Amadified topcoat was used in all studies
as a control. Modification of topcoat formulatiomsvcarried out by mixing the A-component
(magnetically stirring at 700 rpm for 15 min) ame tsolvent based particle dispersion. After
adding the B-component the mixture was stirred iB) under vacuum to avoid air

entrapped in the resin.

3.3.1.4. Preparation of modified epoxy coating applied on HDG

substrates

The epoxy coating (model formulation of water-baspdxy resin) was modified with 6 %wt
PU-mix microcontainers (loaded with TMODS and TM®Swater repellent agents). The
coating was applied by repeated dip-coating on Ha@ples resulting in a film thickness of

17 pm. Modification of the epoxy resin was carreed by simply mixing all components.

3.3.2. Uniaxial deformation

For the FE-SEM images the samples were stretchédarcustom built linear tensile testing

device (Kammrath & Weil3, Dortmund, Germany) up %04 elongation.

3.3.3. Field emission scanning electron microscopy (FE-SEM)

The FE-SEM images were done with a NEON 40 FE-SER&tYI(Zeiss SMT AG). To avoid
charging effects, it was necessary to sputter dingpges with a gold layer of around 1.5 nm
(sputter coater Bal-Tec SCD 500).
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3.3.4. Experimental set-up for measurement of the contact angle during

uniaxial deformation

For the measurements of the contact angle durimexiah deformation a new experimental
set-up was developed consisting of a tensile tgstevice (Kammrath & Weil3, Dortmund,
Germany) and a contact angle system (OCA 15 plasafhysics, Filderstadt, Germany).
The samples were cut to stripes of 1.0 cm x 5.0acm fixed between the jaws of the
stretching machine in the way that a piece of IOxc2.2 cm was free for deformation. The
stretching machine was placed in an optical berettvéen the light source and the camera
on a height-adjustable table. The height-adjustagtenge was approached to the sample
until the needle was in position a few millimetéosthe sample. Then a droplet of 4 pL of
water was build and hanging on the needle. The leawgs approached to the droplet until it
was on the sample. The needle then is almost itacowith the sample and is in the center
of the droplet. To measure the contact angle hgsierthe droplets baseline was found
automatically by the software. Because the needis w the droplet, its contour was
elliptically. Settings for the ARCA measurementsrevelispensing 5 pL with 0.2 plL/s,
waiting 10 s, withdrawing 5 pL with 0.2 pL/s, waig 10 s, repeating 9 times. The sample
was stretched with 20 pm/s until a deformation bdbwt 35%. Simultaneously the
measurement of the contact angle hysteresis, téetsing deformation and the ARCA were

started.
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An illustration of the test set-up is shown in Figd7.

height-adjustable neadle

water droplet

stretching sampie in jaws

camera
light saurce

stretching machine

height-adjustable table

sample

|:' LAY, :litretl:hlns machine

- - .

Figure 17: lllustration of the experimental set-up for the si@@ment of the contact angle during stretch fogmith more

detailed look on the schematic sample with dropl¢he stretching device
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4. Results and discussion

4.1. Formation of magnesium oxide layers by ultrasonic treatment
4.1.1. Field emission scanning electron microscopy (FE-SEM)

The SEM images in Figure 18 clearly show the gbminndaries of the alloy, after polishing
and etching of the surface. After ultrasonic treatimin pure water the surface was coated
with a homogeneous layer and the grain boundariese weovered. In the case of the
ultrasonic treatment in 0.5 M cerium nitrate sauatia sponge-like structure with 1-2 pm
large cracks have been observed. The pathway afrdok formation looked similar to the
grain boundaries on the freshly etched sample.etimal showed that the crack formation
depends on crystal growth and the layer thicknédbeo oxide layer. The crack formation
and the characterization of the cracks as welhasatoidance of the cracks must be a point

for further investigations.

Figure 18: FE-SEM images of the AZ31 surface a) polished anllegl b) after ultrasonic treatment in pure wajeafter

ultrasonic treatment in 0.5 M aqueous CegN&@olution.
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4.1.2. Energy dispersive x-ray spectroscopy (EDX)

Figure 19 shows the EDX mappings for the surfast&itutions of Mg, Ce and O.

b)

Figure 19: EDX mappings of the in Ce(N§3 solution ultrasonically treated AZ31 surface aVBifnage of the measured
area, b) Mg distribution, c) Ce distribution and@}istribution.

With the help of EDX mappings it could be shownttimethe cracks in the oxide layer nearly
no cerium species were detected. The magnesiune ¢xyeér was revealed. Nevertheless, to
a large extend it was shown that the magnesiumedaigker was covered with a cerium oxide

layer, excluding the cracks.
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To characterize the composition of the synthes@ade layer and to investigate if the oxide

was a mixed cerium-magnesium-oxide, cross-sectia@ie prepared and analyzed by means
of EDX. As seen in Figure 20, the oxide layer thieks was about 50 um and primarily

consisted of magnesium oxide. Only a very smaledagf about 2 pm contained cerium

oxide and overlaid the magnesium oxide layer. Th®ult reflects the growth mechanism

postulated by Qu et. al [113] and Godinho et. d4]Jiwho described the formation of a

porous, homogeneous MgO layer with enhanced comoggiotection properties by use of

ultrasonic treatment and the formation of a €&@er from precipitated Ce(OH)

Figure 20: EDX mappings of the cross-section of the in Cef@olution ultrasonically treated AZ31 surface a)MBE
image of the measured area, b) Mg distributioiG&Yistribution and d) O distribution
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4.1.3. Raman spectroscopy

As seen in Figure 21 the pure AZ31 alloy showedRaman modes, indicating that the
cleaning steps removed all contaminations. Afténragbnic treatment in water some typical
modes for oxides and hydroxides of metals, treatedater [115], appeared. The Raman
spectroscopy measurements of the samples with teasaihic treatment in cerium nitrate
solution gave an evidence for the built-up of aiwaroxide layer, as the CeQibration
mode at 465 cih[116] was clearly visible in the spectrum as veaslla small amount of NO
at 1048 crit [117], which is conforming the EDX results.
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Figure 21: Raman spectrum of ultrasonically generated coatggithout and b) with incorporation of Ce ionfieTCeO2

vibration mode at 465 cm-1 [116] is clearly recagtile. As reference the Raman spectrum of a puBdAurface is given.

4.1.4. Potentiodynamic studies

The current density — potential curves, measurefiarate buffer containing 0.05 mol/L
NaCl, indicated that in comparison to the pure AABty and an in water ultrasonic treated
sample, the sample ultrasonically treated in 0.8ekilum nitrate solution had a potential shift
to a more anodic potential as well as a slight cédn of the current density. This reduction

was not significant but led to the assumption that cerium oxide layer will increase the
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corrosion protection if it can be synthesized withthe cracks seen in the SEM images in
Figure 18. Figure 22 shows the current density temg@l curves and in Table 2 the

corresponding values for the potential and theenirdensity are listed.
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Figure 22: current density — potential curves of AZ31 aftdfadent surface treatments.

Table 2: current densities and corrosion potentials as etifom of the different surface treatments.

Sample i (WA/er) | Eocp/ V(shE)
AZ31/ 22.3 -1.51
as-cleaned
AZ31/ 12.1 -1.44
uUS H,0O
AZ31/ 9.8 -1.31
US Ce(NQ);3

The as-cleaned sample showed a mixed potentiafr@iogoto the alloying elements Al and
Zn of -1.5 \kue After ultrasonic treatment in water the potenshlfted to a slightly more

anodic value and the current density decreasettatiolg that a passive MgO layer, partially
sealed by aluminum and zinc oxides and hydroxililes described by Song and Atrens [9],

arose. Ultrasonic treatment in cerium nitrate soluted to a further shift to a more anodic
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Formation of magnesium oxide layers by ultrasonicreatment

potential and a slight decrease of the currentitiemsdicating that the influence of the MgO

layer still stems from the cracks but a promisiffge was detected.

4.1.5. Electrochemical impedance spectroscopy (EIS)

The SEM images in Figure 18 showed that the syitbeésoxide layers were traversed by
cracks. To evaluate the corrosion protection ahilitelectrochemical impedance

measurements in borate buffer containing 0.05 mWKCI were done. The results are shown
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Figure 23: EIS measurements of ultrasonically treated Mg AZB8lpure water a) impedance, b) phase shift and

ultrasonically treated Mg AZ31 in 0.5 M Ce(N@solution c) impedance, d) phase shift
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Caused by the fast hydrogen evolution, the as-el@#&¥31 sample was not measurable. As
it can be seen in Figure 23 the impedance of tigpkes ultrasonically treated in cerium
nitrate solution was as low as the samples ultiaatiy treated in pure water. Caused by the
cracks in the cerium oxide layer, the film was rsmlating. Therefore the cerium nitrate
treated sample had nearly the same poor corrosioegtion ability than the magnesium
oxide layers, synthesized in pure water. This algaains to non-significant decrease in the

current density mentioned in Figure 22.

Taking the equivalent circuit shown in Figure 24oimccount the electric properties of the
synthesized layers can be described in more detail.

CPE

e e

A

Figure 24: equivalent circuit for the ultrasonically treatecagnesium alloy AZ31, with: RE: reference electroBs;
solution resistance, Rp: polarization resistancBECconstant phase element, W: Warburg impedande, Wérking
electrode

For both layers the solution resistance decreased tame, indicating that the electrolyte
diffused into the layers. The constant phase el¢mescribed the double layer capacitance
which was an imperfect capacitor since the phagewhs less than 90°. It did not change
much for both layers, indicating that the surfand #ghe current distribution did not change
significantly during the experiment. The polaripatiresistance decreased for both layers.
For the ultrasonic treatment in cerium nitratedberease was stronger than for the ultrasonic
treatment in water. Finally the polarization remigte for the cerium oxide layer was still
higher than for the magnesium oxide layer withoetiuum. The Warburg impedance
decreased for the layer synthesized in water lmueased for the layer synthesized in cerium
nitrate. This behavior indicates that the ceriunddexlayer hindered the diffusion of the
reactants needed for the charge transfer but #solding magnesium oxide layer simplified
the diffusion.
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4.1.6. Adhesion studies (Peel test)

In addition to the corrosion protection and stépikbilities of the synthesized layers the
adhesion of a model epoxy adhesive was tested doyfua 90° peel test in high humidity to
evaluate the possibility of coating for later teidah applications. The results were

normalized to the peel force on a freshly cleane@ #Z31 surface and given in Table 3.

Table 3: Results of the 90° PEEL-force measurements of tished and etched AZ31 surface in comparison & th

ultrasonically treated samples

AZ31/ Az31/ | AzZ31/
as-cleaned H,O | Ce(NQy)3
Normalized Peel force / 1 1.6 5.6

(N/mm)

The measurements of the peel force under 90° anghegh humidity indicated that the
adhesion of the model epoxy adhesive, as equivieran adhesive or an organic coating
was increased even by the use of ultrasonic tredtmepure water. It can be assumed that
the porous, sponge-like layer, led to mechanictdriocking between the surface and the
adhesive. The use of the cerium nitrate solutiosahstion for the ultrasonic treatment led to
a further significant increase of the Peel forceacwhmay be caused by chemical bonds
between the surface and the adhesive. A furthetaeapon could be that, caused by the
storage at high humidity the adhesion between tiesive and the substrate was weaken
more for the magnesium oxide layer than for theuceroxide layer by water molecules.
Thissen et al. [118] showed the strong adhesiomatér molecules on a MgO single crystal
and Varanasi et al. [20] showed the hydrophobioityrare-earth oxide ceramics. For all

samples de-adhesion of the adhesive took placeadsif a cohesive break of the adhesive.

4.1.7. Conclusions

Concluding the results of the ultrasonic treatnethe magnesium alloy AZ31 it could be

shown that by means of ultrasonically treatmento&igde layer consisting of magnesium
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oxide and a thin cerium oxide layer could be ddgpdson the magnesium alloy AZ31. The
ultrasonically treatment of AZ31 in pure water abtg led to a small decrease in the
corrosion current density and an increase in tiesidn force of a model epoxy primer. This
indicates an advantage in the corrosion stabiljtyhle growth of the magnesium oxide layer.
The sponge-like layer with its significantly inceesl surface area led to a mechanical
interlocking of the model epoxy adhesive, which was reason for the increased adhesion
force. The treatment with cerium nitrate enhanceth the corrosion stability, as the
corrosion current density is slightly decreasedhter, and the adhesion. Either the increase
of the adhesion force was caused by chemical bondsy the hydrophobization of the
surface, but this must be investigated in more idekgure 25 illustrates the model
conception for the adhesion of the model epoxy sidbeon cleaned AZ31, AZ31
ultrasonically treated in water and AZ31 ultrasatiictreated in cerium nitrate solution, like

described before.

a)

Epoxy-
Adhesive

| CeO,

Figure 25: illustration of the adhesion of the model epoxyesife at a) clean AZ31, b) AZ31 after ultrason@atment in

water (mechanical interlock) and c) AZ31 after adonic treatment in cerium nitrate solution (meatannterlock and
chemical bonds)

EDX measurements of the cracks in the surface sthakag no cerium could be detected in
the cracks. The cracks revealed the magnesium d¢ayee. Nevertheless the current density
decreased slightly which indicates that the thinuce oxide layer on top of the magnesium

oxide layer may be able to enhance the corrosiotegtion.
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The cracks, their formation and their influence oorrosion protection properties of

ultrasonically build sponge-like oxide layers mhsta point of further investigations.
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4.2. Hot-forming of zinc alloy coated steel parts

To evaluate the influence of hot-forming to thedgltomposition of zinc alloys suitable for
the direct hot-forming process coated and annesdedples after shot blasting and after
phosphating were investigated. For the determinatibthe cathodic corrosion protection
ability the samples were compared to a pure zitay,alsed for the indirect hot-forming
process, as reference with known cathodic corrogrotection. Additionally welding points
were investigated for the cathodic corrosion pricdecability of the alloy coatings after
welding as well as cut edges.

4.2.1. Investigations of the pure zinc coating reference

For the characterization of the surface of the dhasted sample of the pure zinc coating
reference, FE-SEM images in combination with EDXam@ements were prepared and
shown in Figure 26 and Table 4.

Figure 26: FE-SEM image of the shot blasted Z140 referencepkam
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Hot-forming of zinc alloy coated steel parts

Table 4: distribution of the relevant elements of the sHasted Z140 reference sample in wt%

CK | OK |[AK [ FeK | znK

Z140-Ref(2) ptl | 124 | 087| 0.47| 076 945
Z140-Ref(2) p2 | 094 | 4.04| 230/ 062 904
Z140-Ref(2) pt3 | 1.00 | 3.67| 215 078 91.8
Z140-Ref(2)_pt4 | 3.27 | 4.03| 208 067 87.8

N W OO0 ©

The EDX measurements indicated a dense zinc lagbrl@ss oxide. Close to the crater and
inside the aluminum oxide layer, typical for hopdjalvanized steel, could be detected as
well as carbon species. Nevertheless the zinc lstylers very thick, as the measuring depth

of EDX is at the um scale.

To investigate how far the hot-forming process ¢esnthe composition of alloy coatings,
the samples were coulometrically dissolved anddissolved elements were detected in a
down-stream ICP-OES. With this method the alloytiogacomposition and the breakdown
of the protecting alloy coating could be detectéithe results of the coulometry
measurements with down-stream ICP-OES for the pure coating reference sample is

shown in Figure 27.
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Figure 27: coulometric ICP-OES measurement of the referenogkaz140 with indicated transition from alloy cioat
dissolution to the dissolution of the substrate
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For the not hot-formed pure zinc coating referesammple a long-time dissolution of zinc at a
strongly cathodic potential could be detected. Nesalution of an alloy but a parallel
dissolution of the zinc coating and the iron suddsticould be seen at the breakthrough of the
zinc coating. At this moment the potential increasethe potential of the Fe/faransition.

A good cathodic corrosion protection was provided.

For the application in automotive sector it is nfa@al importance that the cathodic corrosion
protection is still provided after welding. To exiam the potential distribution in the center,
in the weld seam and in the surrounding matrix, @@P in an agueous 0.05 mol/L NacCl
solution was measured as line scan over the wekpog by use of a scanning capillary cell

with a local resolution of 1 mm for 5 min at eachm.

In addition to the potential distributions the distitions of the alloy coating elements were

detected by means of EDX measurements.

In Figure 28 the OCP line scan of the weld seam apthotography image with indicated
measurement direction of the pure Z140 referenogpleais shown. Accompanying a FE-
SEM image with indicated spots for EDX measuremermilaced under the line scan. The
results of the EDX measurement are shown in Table 5
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Figure 28: investigations of the welding point on the referesample Z140 a) OCP line-scan, b) photographyedimg

point with illustrated line-scan and c) FE-SEM/ED¢asurement of an exemplary part of the weldingtpoi

Table 5: distribution of the relevant elements of the wegpoint on the shot blasted 2140 reference samp¢

CK | OK | AKK | FeK | znK
Z140-Ref-(1)_ptl 962| 1026 224 0.59 67.8
Z140-Ref-(1)_pt2 575| 19.09] 2.29 1.01 576
Z140-Ref~(1)_pt3 599 | 13.14] 2.39 1.82 763
Z140-Ref-(1)_ptd 3.70 | 2228] 157| 395§  31.0
Z140-Ref-(1)_pt5 6.60| 571| 9.27| 66.05 7.84

[*2)

[*2)

o ©
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The photography as well as the potential line-sfamwed that in the center of the welding
point the zinc was evaporated and iron oxide folwnabccurred. This result was validated

by the EDX measurements. The amount of zinc deedeimsthe direction to the center of the

welding point until less than 10 at%. At the we&h the concentration of oxide was at a
maximum, whereas the center of the welding poins watweighed by iron. Since the

surrounding zinc matrix was about 0.4 V more caithdlobn the weld seam, the assumption
can be done that an anodic dissolution of the sadmg matrix led to a cathodic corrosion

protection of the welding point.

In the direct hot-forming process the zinc alloyateml steel parts are cut before they are
cleaned and used as safety-relevant parts in ttemabile. Hence the cathodic corrosion

protection of cut edges is of crucial importanée\Wwise. Therefore cut edges were prepared
in an embedding material, aged for one cycle in dhmate change test, derusted and

investigated via laser scanning confocal microscopy

As reference to the zinc coated steel parts pue;coated 22MnB5 steel was investigated
likewise to evaluate if the open steel at the clgeewas protected against corrosion by the

coatings.
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The laser scanning confocal microcopy images akasgelhe topography images in 3D and
photography images of the non-coated steel andZ1l4® reference sample are shown in

Figure 29 and Figure 30.

a)

10 mm

Figure 29: Laser scanning confocal microscopy investigatidnsntbedded cut edges of pure not hot-formed 22MstBél
a) photography, b) laser microscopic image andxcjddography image

The pure not hot-formed 22MnB5 steel without angtgeting zinc alloy coating showed the

most intensive corrosive attack after the climdtange test. After removing the corrosion
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products it was clearly visible, that an inhomogmrsecorrosive dissolution took place on the
cut edge. The 3D topography investigation showeatlpeno height differences across the
sample, indicating that the dissolution took plaoeoss the whole sample as it could be

expected for the unprotected steel.

10 mnr

Figure 30: Laser scanning confocal microscopy investigatiohermbedded cut edges of not hot-formed pure zirtecb
2140 reference sample a) photography, b) laserostopic image and c) 3D topography image
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Hot-forming of zinc alloy coated steel parts

On the not hot-formed pure zinc coated referencepsa after the climate change test, a
significant amount of white rust was clearly vigblRemoval of the corrosion products
revealed the dissolution of the zinc coating ad wethe contrast in the microscopic image
as in the 3D topography image. The steel substka® nearly not corroded as the 3D

topography showed, indicating the proper corrogiaiection ability of the zinc coating.

As it could be expected, the pure zinc coating idfore heat treatment showed good, long-
time cathodic corrosion protection. Although theczcoating evaporated during welding, the
welding point was protected by the surrounding mattut edges were covered by white

rust which protected the underlying steel substagegnst corrosion.

4.2.2. Investigations of the pure zinc coating after hot-forming

For the characterization of the surfaces of the blasted samples and phosphated samples
of the pure zinc coating after hot-forming, FE-SHMages in combination with EDX

measurements were prepared and shown for theeatfitferocess conditions in Figure 31.

Figure 31: FE-SEM images a) — c) 2140 hot-formed at processlitions I, Il & Ill and d) — f) phosphated 2140 tho
formed at process conditions I, Il & 111
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More and more disc-like formations could be seethwicreasing process time at elevated
temperature. These disc-like formations indicabedformation of oxides. On the phosphated
samples plates on the zinc alloy coatings showedyjhical appearance of phosphate layers.
The heat-treatment which was done before phosghttansamples did not seem to have any

influence on the appearance of the phosphate plates

For the characterization of the element distributan the shot-blasted and the element
distribution and the crystal size of the phospltatm the phosphated 2140 samples, EDX
mappings had been generated. Figure 32 — Figush®#4 the mappings of the shot blasted
samples and Figure 35 — Figure 37 show the mappihtpe phosphated samples.

b)

Figure 32: EDX Mappings of Z140 sample after process conditieh FE-SEM image, b) O distribution, ¢) Fe distiion

and d) Zn distribution

The zinc coating was homogenously distributed dversurface. On the spots where the iron
content was increased, the zinc content was dexdeslightly as well as the oxygen content.
This indicates on one hand that an alloying of irdo the zinc coating layer occurred and on
the other hand that the iron substrate was pratebte the zinc coating, which was

transferred into its oxygen species.
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b)

50 pm

Figure 33: EDX Mappings of Z140 sample after process conditi@) FE-SEM image, b) O distribution, c) Fe distition
and d) Zn distribution

After process condition Il the distribution and ttentents of the elements was quite similar
to that after process condition I. The zinc alltyl protected the iron substrate as its oxide
species were built. But the iron contents, presuynedused by the alloying of iron into the

zinc coating due to the heat-treatment, were isg@@and more sharply distributed than after

process condition I.
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Figure 34: EDX Mappings of Z140 sample after process conditibna) FE-SEM image, b) O distribution, c) Fe

distribution and d) Zn distribution

After process condition Il the zinc content wasmased on the spots where the iron content
was increased but the zinc layer seemed much lessedthan after the other process
conditions and the oxide distribution was predomilyaincreased at the zinc layer no more.
This indicates that the cathodic corrosion protectvas still provided but the alloyed iron in
the zinc layer led to a decrease of the cathodimsmn protection of the zinc after process
condition IlI.
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50 uym

Figure 35: EDX Mappings of phosphated Z140 sample after pocesdition | a) FE-SEM image, b) P distributionQc
distribution, d) Fe distribution and e) Zn distrilaun

The zinc alloy was covered by a dense and homogeploosphate layer as it could be seen
by the oxygen and phosphor distributions. Thisnisgpod agreement with the FE-SEM
images on which phosphate plates were presumedcalyfor the EDX measurement the
zinc layer as well as the iron substrate shoneutfirpindicating that the phosphate layer is

only few pm in thickness.
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Figure 36: EDX Mappings of phosphated Z140 sample after pocesdition Il a) FE-SEM image, b) P distributiah,O
distribution, d) Fe distribution and e) Zn distrilmun

The same behavior could be detected for the pure avating after process condition II.

Phosphor and oxygen covered the surface and tleecmiating as well as the iron substrate
shone through, validating the FE-SEM images whé@sphate plates were assumed to be
placed on the surface. Since the distributions wad change much, the assumption
substantiates that the heat-treatment before platsghdoes not influence the phosphate

layer.

91



Hot-forming of zinc alloy coated steel parts

a)

50 pm

Figure 37: EDX Mappings of phosphated Z140 sample after psoceadition Il a) FE-SEM image, b) P distributia),O
distribution, d) Fe distribution and e) Zn distrilmun

To complete the investigations of the phosphatihthe hot-formed pure zinc coating after
process condition Il the surface still was covebgda phosphate layer with apparent zinc

coating and iron substrate without a significardrale in the distribution.

For the investigation in how far the hot-formingopess changes the alloy coatings
composition the coulometric ICP-OES measurements werformed in an aqueous 0.1

mol/L KCI solution. The alloy coating compositiondathe breakdown of the protecting alloy
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coating were detected. The results of the coulgmagasurements with down-stream ICP-

OES for the hot-formed zinc coating Z140 at thdedént process conditions are shown in

Figure 38 — Figure 40.
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Figure 38: coulometric ICP-OES measurement of the hot-formachpme Z140 at process condition | with indicated

transition from alloy coating dissolution to thesblution of the substrate

An initial dissolution of zinc at the Zn/Zh transition potential was followed by the

dissolution of a Zn/Fe alloy at a mixed potenti&l-0.54 V(SHE) until the alloy broke

through and the dissolution of the substrate oecliat the Fe/Fé transition potential. The

cathodic corrosion protection was provided durimg alloy dissolution. The early detection

of iron substantiates the assumption that iroruddt into the zinc coating.
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Figure 39: coulometric ICP-OES measurement of the hot-formahpde Z140 at process condition Il with indicated

transition from alloy coating dissolution to thesblution of the substrate and the redox-reactiomanwith the dissolution
of the alloy coating residue and the substrate

The dissolution of the Zn/Fe alloy indicated by twmbination of the dissolved elements
and the mixed potential at -0.54 V(SHE) startedoginimmediately. At the breakthrough of
the alloy the potential increased to a mixed paaémif Fe/Fé"/Fe** dissolution. It can be

assumed that the cathodic corrosion protection msised at this sample as the potential
increased all over the measurement time while ithe dissolution decreased constantly. The

appearance of Béspecies showed that the corrosion protection veassufficient on this
sample.
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Figure 40: coulometric ICP-OES measurement of the hot-formmahde Z140 at process condition Il with indicated
transition from alloy coating dissolution to thesblution of the substrate

An immediate dissolution of the Zn/Fe alloy at aepial of about -0.55 V(SHE) was

followed by the dissolution of the substrate aftex breakthrough of the alloy. The potential
of -0.45 V(SHE) indicated the Fe/fedissolution. The cathodic corrosion protection was
provided by the zinc coating but a further alloywigron into the zinc coating decreased the

corrosion protection ability of the zinc.

To examine the potential distribution in the centerthe weld seam and in the surrounding
matrix of a welding point, the OCP in an aqueo@50nol/L NaCl solution was measured as
line scan over the welding spot by use of a scanoapillary cell with a local resolution of 1

mm for 5 min at each point.

In addition to the potential distributions, thetdlsutions of the alloy coating elements were

investigated by means of EDX measurements.
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In Figure 41 — Figure 43 the OCP line scans ofwtblel seams and photography images with
indicated measurement direction of the hot-formdd® sample for the different process
conditions are shown. Accompanying FE-SEM imageth vimdicated spots for EDX
measurements are placed under each line scan.efh#srof the EDX measurements are
shown in Table 6 — Table 8 under Figure 41 — FidiBerespectively.
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Figure 41: investigations of the welding point on the hot-fednpure zinc coating Z140 after process conditiaijp OCP
line-scan, b) photography of welding point witlugtrated line-scan, c) FE-SEM/EDX measurement ab@mplary part of

the welding point
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Table 6: distribution of the relevant elements of the weidpoint on the hot-formed pure zinc coating Z14@raprocess

condition | in at%

In the optical images, nearly no iron oxides cdudseen, which was validated by the EDX

CK | OK [ AK [ FeK [ ZnK
Z140-P1-(1) pt2 | 485 | 4724 097 1543 2882
Z140-P1-(1)_pt3 | 12.96| 2809 244 1714 36D97
Z140-P1-(1)_pt4 | 37.12| 4050 1688 08I  3.69
Z140-P1-(1) pt5 | 6.95| 28.15 690 2531 2943
Z140-P1-(1) pt6 | 96.87 1.39] 1.42

measurements where in the center and in the swdmmgirmatrix the oxide content was

decreased. At the weld seam the amount of oxyganatvaearly 50 at%. The potential line-

scan showed that the potential of the welding p@ntlose to the OCP of iron and the

surrounding matrix is more anodic than the ZA/Zpotential. This line-scan reflected the

dissolution behavior evaluated by the coulomet@®JOES measurements in Figure 38

indicating an alloying of iron into the zinc coagirtaused by the heat treatment. As the

surrounding matrix was way more cathodic than treddimg point a cathodic corrosion

protection was provided.
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Figure 42: investigations of the welding point on the hot-fedmpure zinc coating Z140 after process conditia) OCP
line-scan, b) photography of welding point withuditrated line-scan, ¢) FE-SEM/EDX measurement aha@mplary part of
the welding point

Table 7: distribution of the relevant elements of the wejdpoint on the hot-formed pure zinc coating Z14@raprocess

condition Il in at%

C-K O-K Al-K | FeK | Zn-K
Z140-P2-(1)_ptl | 11.00| 34.64 3.68 17646 25.82
Z140-P2-(1)_pt2 6.86 34.39 3.30 1436  31.p23
Z140-P2-(1)_pt3 5.37 44.92 1.20 6.30 36.20
Z140-P2-(1)_pt4 | 42.74| 27.8§ 2.15 7.94 15.54
Z140-P2-(1)_pt5 8.26 25.61 341 3146 23.90
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After process condition Il nearly no iron oxidesultbbe seen in the center of the welding
point. Additionally the EDX measurements showed tha zinc layer in the center was still
intact. The distribution of oxygen was very homogauns except for the weld seam where the
amount of oxygen was increased. The potential dceer was in good agreement with the
coulometric ICP-OES measurement in Figure 39 agthtential all over the welding point
and the matrix was more cathodic than the Fé/Petential but more anodic than the
Zn/Zr?* potential. Hence the alloying of iron into the zitpating increased and the welding

did not influence the alloying any further.
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Figure 43: investigations of the welding point on the hot-fedrpure zinc coating Z140 after process conditiba)|OCP
line-scan, b) photography of welding point withuditrated line-scan, c) FE-SEM/EDX measurement aha@mplary part of
the welding point
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Table 8: distribution of the relevant elements of the weidpoint on the hot-formed pure zinc coating Z14@raprocess
condition Il in at%

C-K O-K Al-K | FeK | Zn-K
Z140-P3-(1)_ptl1 | 10.04| 33.90 282 19.61 24.89
Z140-P3-(1)_pt2 5.22 34.53 262 1990 29.17
Z140-P3-(1)_pt3 9.22 33.30 138 21.80 23.p7
Z140-P3-(1)_pt4 5.13 44.30 092 26.26 19.14
Z140-P3-(1)_pt5 | 12.56| 38.56 1.79 16.16 23.96

The potential line-scan showed that after processlition Il the center of the welding point
and the surrounding matrix were more anodic thanFi/Fé&" potential and the weld seam
was at the Fe/Eé potential. Furthermore, according to the photolgyagthe welding point

looked thermally stressed. By the EDX measureméés increased iron content and
decreased zinc content of the weld seam were apgrdihe alloying of iron into the zinc
coating was increased and it can be assumed teatvéiid seam could partially dissolve

anodically in favor of the center and the surrongdnatrix of the welding point.

Cut edges were prepared in an embedding mategiad #or one cycle in the climate change
test, derusted and investigated via laser scancamjocal microscopy to ensure that the
cathodic corrosion protection is provided aftertiogtthe zinc coated steel sheets. Since the
resulting part are used as safety-relevant pamsiiomotive industry the corrosion protection

of cut edges is of high interest likewise as théases.

The laser scanning confocal microcopy image as agelihe topography image in 3D and a

photography image of the hot-formed zinc coating@is shown in Figure 44.
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Figure 44: Laser scanning confocal microscopy investigationensbedded cut edges of hot-formed pure zinc altmted
Z140 sample after process condition |l a) photolgyap) laser microscopic image and c) 3D topograptage

An inhomogeneous rust formation could be seen enhttt-formed pure zinc coated steel
sample. After removing the corrosion products ia thicroscopic image the dissolved zinc
coating was marked by parallel black stripes. Betwihe stripes embedding material could
be seen. The 3D topography investigation clearbn&u that the zinc coating was dissolved

in depth. Furthermore the steel substrate was ded@s well, as the topography was very
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rough. These results are in very good agreemehttivit coulometric ICP-OES measurement
in Figure 39 where the cathodic corrosion protecti@s not efficient as Eespecies could
be detected.

4.2.3. Investigations of the iron containing zinc alloy coating after hot-

forming

For the investigation of residual oxide scales @ surface appearance of the shot-blasted
samples as well as for the characterization and dis¢ribution of phosphates after
phosphating FE-SEM images were performed. In Figdr¢he FE-SEM images of the iron

containing zinc alloy coating Zn/Fe after shot-blag and after phosphating are shown.

a) C)

Figure 45: FE-SEM images a) — ¢) Zn/Fe hot-formed at processlitions |, Il & Il and d) — f) phosphated Zn/fet-

formed at process conditions |, Il & 111

102



Results and discussion

After process condition Il bridges were imagedtbe shot-blasted samples. The increasing
amount of disc-like formations indicated the foriroatof oxides. The phosphated samples
with plate-like buildups on the zinc alloy coatingfsowed the typical appearance of porous
phosphate layers. The appearance of the phosplass did not change by increasing heat-
treatment which was done before phosphating, itidigahat the heat-treatment did not have

any influence on the phosphating.

Additionally to the FE-SEM images EDX mappings hbdeen generated for the
characterization of the element distribution on shet-blasted and the element distribution
and the crystal size of the phosphating on the giheted iron containing zinc alloy coated
Zn/Fe samples. Figure 46 — Figure 48 show the maggpof the shot blasted samples and
Figure 49 — Figure 51 show the mappings of the phated samples.

b)

Figure 46: EDX Mappings of Zn/Fe sample after process condlitia) FE-SEM image, b) O distribution, c) Fe disition
and d) Zn distribution
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As well as the pure zinc coating the iron contagn#inc alloy coating showed a dense
distribution of zinc with slightly decreased corttevhere the iron content was increased.
Similar to the Z140 sample after process condifibthe iron distribution was sharply

marked. The oxide content was preferentially inseela where the zinc content was
significantly higher than the iron content. Therefahe cathodic corrosion protection was

provided.

Figure 47: EDX Mappings of Zn/Fe sample after process condlitiba) FE-SEM image, b) O distribution, ¢) Fe

distribution and d) Zn distribution

The same distribution behavior for the iron and zhree content as for process condition |
was detected after process condition Il. But th&ridution of the oxygen content was
partially increased for spots where the iron conteas increased. This result indicates that
the cathodic corrosion protection was still proddbut was decreasing after process

condition 1l yet.
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Figure 48: EDX Mappings of Zn/Fe sample after process conditib a) FE-SEM image, b) O distribution, ¢) Fe

distribution and d) Zn distribution

After process condition Il the EDX mappings sslhowed a similar distribution of the

elements than for the process conditions of the @@ntaining zinc alloy coating before. The
oxygen content was lower on the spots where the eantent was increased than on the
spots where the zinc content was increased buh#dppings indicated that iron oxides were
formed. Furthermore the distribution of the zinmtemt was no more that homogenously

than after the process conditions before.
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a)

50 uym

Figure 49: EDX Mappings of phosphated Zn/Fe alloy sample gftecess condition | a) FE-SEM image, b) P distidiy
c¢) O distribution, d) Fe distribution and e) Zntdisution

For the iron containing zinc alloy coating the sod was homogeneously covered by a
phosphate layer, as well as the hot-formed zinctimpaz140. The Zn/Fe alloy and
presumable the iron substrate were shining throughcating a thin phosphate layer. The
content of iron was increased where the zinc cantexs slightly decreased whereas the
oxygen distribution was homogeneous, maybe caug@wibisles in the alloy coating due to

diffusion of iron from the substrate into the alloyating.
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Figure 50: EDX Mappings of phosphated Zn/Fe alloy sample gftecess condition Il a) FE-SEM image, b) P disttidn,
c¢) O distribution, d) Fe distribution and e) Zntdlsution

A phosphate layer covered the surface, but wasasohomogenous as on the systems
discussed before. The Zn/Fe alloy content was as&@ which indicated that the phosphate

layer was less dense.
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a)

50 pm

Figure 51: EDX Mappings of phosphated Zn/Fe alloy sample aftevcess condition Il a) FE-SEM image, b) P
distribution, c) O distribution, d) Fe distributi@md €) Zn distribution

After process condition Il for the iron containiagc alloy coating a similar behavior could
be detected than after process condition Il. Thetesd of the Zn/Fe alloy coating was

increased and the phosphate was less homogeneticegimg that the layer was less dense.
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To evaluate in how far the hot-forming process dgasnthe alloy coatings composition the
coulometric ICP-OES measurements were performeshiaqueous 0.1 mol/L KCI solution.
The alloy coating composition and the breakdownthef protecting alloy coating were
detected. The results of the coulometry measuremeith down-stream ICP-OES for the
hot-formed, iron containing zinc alloy coating Ze/gt the different process conditions are
shown in Figure 52 — Figure 54.
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Figure 52: coulometric ICP-OES measurement of the hot-formmed tontaining zinc alloy Zn/Fe at process conditio
with indicated transition from alloy coating disstin to the dissolution of the substrate

The iron containing zinc alloy coating showed thme behavior as the hot-formed pure zinc
coating. An initial zinc dissolution at the Zn”rpotential was followed by the dissolution
of the Zn/Fe alloy at a potential of -0.54 V(SHE)tilthe alloy broke through and the
substrate dissolved at a potential of about -0.8HK). Therefore the cathodic corrosion
protection was provided and a further evidenceHeralloying of iron from the substrate into

the zinc coating for the Z140 samples was given.
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Figure 53: coulometric ICP-OES measurement of the hot-formmed tontaining zinc alloy Zn/Fe at process conditib
with indicated transition from alloy coating disstin to the dissolution of the substrate

After process condition Il the iron containing zialloy coated steel sample showed an
immediate dissolution of the alloy at a potential@®54 V(SHE) followed by the dissolution
of the substrate at a potential of about -0.42 \EBH he fluctuations in the potential as well
as in the element dissolution indicate that théstasce of the sample changed during the

measurement possibly caused by the buildup analdigsn of a passivating hydroxide
layer.
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Figure 54: coulometric ICP-OES measurement of the hot-formmed containing zinc alloy Zn/Fe at process conditilh

with indicated transition from alloy coating disstin to the dissolution of the substrate

An immediate dissolution of the alloy at a poteintibabout -0.5 V(SHE) was followed by

the dissolution of the substrate at a potentiablodut -0.4 V(SHE). The zinc dissolution

ended abruptly as the potential increased. Thesdtseindicate that the cathodic corrosion

protection was provided by the Zn/Fe alloy coating.

To examine the potential distribution in the centerthe weld seam and in the surrounding

matrix of a welding point, the OCP in an aqueo@50nol/L NaCl solution was measured as

line scan over the welding spot by use of a scanocapillary cell with a local resolution of 1

mm for 5 min at each point. In addition to the moi@ distributions the distributions of the

alloy coating elements were detected by means of BlBasurements.

In Figure 55 — Figure 57 the OCP line scans ofabkl seams and photography images with

indicated measurement direction of the iron comagiZn/Fe sample for the different process

conditions are shown. Accompanying FE-SEM imageh imdicated spots for EDX
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measurements are placed under each line scane3tlésrof the EDX measurements are

shown in Table 9 — Table 11 under Figure 55 — FEdit, respectively.
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Figure 55: investigations of the welding point on the hot-fedniron containing zinc alloy coating Zn/Fe afteoqess
condition | a) OCP line-scan, b) photography ofdired) point with illustrated line-scan, ¢) FE-SEM/EDBneasurement of

an exemplary part of the welding point

Table 9: distribution of the relevant elements of the wetdjpoint on the hot-formed iron containing zinc wllooating

Zn/Fe after process condition | in at%

o -

CK | OK | AK | FeK | znK
ZnlFeP1-(1) ptl | 6.18| 4593 0.7 7.34 3246
ZnlFePl-(1) pt2 | 1261 3724 1.1p 2140 2100
ZnlFeP1-(1) pt3 | 12.12| 3281 2.3p 861 397
Zn/lFeP1-() pt4 | 9.80| 2360 248 3451 21p3
ZnlFeP1-(1) pt5 | 9.44| 2879 258 1396 36.80
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For the iron containing zinc alloy coating no fotroa of iron oxides in the center of the

welding point could be detected, neither by thetpgi@phy nor by the EDX measurements.
The potential line-scan showed that the centehefielding point was at the same potential
than the surrounding matrix. The weld seam was naoredic than the center and the
surrounding matrix indicating that the cathodicrosion protection of the weld seam was

provided.
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Figure 56: investigations of the welding point on the hot-fedniron containing zinc alloy coating Zn/Fe afteoqess
condition Il a) OCP line-scan, b) photography ofdireg point with illustrated line-scan, ¢) FE-SENDE measurement of

an exemplary part of the welding point
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Table 10: distribution of the relevant elements of the wetdpoint on the hot-formed iron containing zinc wlicoating

Zn/Fe after process condition Il in at%

C-K O-K Al-K | FeK | Zn-K
Zn/Fe-P2-(1)_ptl 7.13 34.62 182 2222  30.09
Zn/Fe-P2-(1)_pt2 | 11.90| 47.95 148 1422 22.57
Zn/Fe-P2-(1)_pt3 | 10.94| 45.79 0o9r 1148  27.62
Zn/Fe-P2-(1)_pt4 7.72 49.22 125 1212 23.84
Zn/Fe-P2-(1)_pt5 7.14 34.63 125 1645 3551

Although no oxide products could be detected offyicihe EDX measurements showed that
more oxide species were present in the weld seam ith the center and the surrounding
matrix of the welding point. The potential valuesthe line-scan were always more anodic
than the Fe/Fé potential and the weld seam was even more andaic the rest of the

sample. These results indicate that a homogenewusson was expectable and the cathodic

corrosion protection was reduced.
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Figure 57: investigations of the welding point on the hot-fedniron containing zinc alloy coating Zn/Fe afteoqess
condition 11l a) OCP line-scan, b) photography afleing point with illustrated line-scan, ¢) FE-SHMYX measurement of

an exemplary part of the welding point

Table 11: distribution of the relevant elements of the wefdpoint on the hot-formed iron containing zinc glioating

Zn/Fe after process condition Ill in at%

C-K O-K Al-K | FeK | Zn-K
Zn/Fe-P3-(1)_ptl 6.80| 41.25 0.86 13.42 32.85
Zn/Fe-P3-(1)_pt2 552| 18.28 442 53.33 16.85
Zn/Fe-P3-(1)_pt3 8.01| 51.95 215 1098 22.06
D
9

Zn/Fe-P3-(1)_pt4 9.98| 54.24 0.8 8.7 22,51
Zn/Fe-P3-(1)_pt5 6.65| 38.84 1.2 134 35.p5

115



Hot-forming of zinc alloy coated steel parts

The EDX measurements showed an increased amoummbetween the center and the
weld seam where in the optical image a dark ringctbe recognized. In the weld seam, the
oxide content was way higher than at the rest ef gample. The potential all over the
welding point and the surrounding matrix shiftechitmore anodic potential in comparison to
the sample after process condition Il. Neverthelessthe welding point was at a more
anodic potential than the surrounding matrix it dsnassumed that a cathodic corrosion

protection was provided.

Cut edges were prepared in an embedding mategiad #or one cycle in the climate change
test, derusted and investigated via laser scancamjocal microscopy to ensure that the
cathodic corrosion protection is provided aftertiogt the zinc coated steel sheets. Since
these parts are used as safety-relevant partdomative industry the corrosion protection of

cut edges is of high interest as are the surfaces.
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The laser scanning confocal microcopy image as aglhe topography image in 3D and a
photography image of the hot-formed iron containonge alloy coating Zn/Fe is shown in
Figure 58.

a)

[t

«—>

Figure 58: Laser scanning confocal microscopy investigatiohembedded cut edges of hot-formed iron contairimg
alloy coated Zn/Fe sample after process conditiom) Iphotography, b) laser microscopic image an@®[@)topography

image

The iron containing zinc alloy coated Zn/Fe samgitewed complete red rust formation

across the whole sample. After removing the coorogroducts the microscopic image
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showed a strong dissolution of the alloy coatindidated by the black stripes. The 3D
topography image showed a partially diminished aissolution indicated by the diffuse
topography in the stripes. As the height differels#ween the steel substrate and the
embedding material was about 25 pm, the dissolutfdhe substrate was significant. These
results are in very good agreement with the curmensity — potential measurement in Figure
74 where the potential of the Zn/Fe sample was ranmslic than the Fe/Fepotential and
with the results of the welding point in Figure WBere the potentidine-scan indicated that

a homogeneous corrosion was expectable and thedtattorrosion protection was reduced.

4.2.4. Investigations of the nickel containing zinc alloy coating after hot-

forming

For the investigation of residual oxide scales @ surface appearance of the shot-blasted
samples as well as for the characterization and dis&ribution of phosphates after
phosphating FE-SEM analysis were performed. In f@dgsO the FE-SEM images of the

nickel containing zinc alloy coating Zn/Ni after asblasting and after phosphating are

shown.

Figure 59: FE-SEM images a) — ¢) Zn/Ni hot-formed at processddions |, Il & Il and d) — f) phosphated Zn/Kbt-

formed at process conditions |, Il & 111
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Disc-like formations propagated with increasinggass conditions, indicating the formation
of oxides. The nickel containing zinc alloy coatisgowed these formations even at the
shortest process time, which indicated that a passiide layer was already present. Like on
the other zinc alloy coatings the heat-treatmeribreephosphating did not influence the

appearance of the phosphate plates.

FE-SEM images were supplemented by EDX mappinghefhickel containing zinc alloy
coated Zn/Ni samples. Figure 60 — Figure 62 shawthppings of the shot blasted samples
and Figure 63 — Figure 65 show the mappings optiusphated samples.

Figure 60: EDX Mappings of Zn/Ni sample after process conditiba) FE-SEM image, b) O distribution, c) Fe
distribution, d) Zn distribution and e) Ni distrition
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For process condition | the nickel content wasawhomogenous as the zinc content. On the
spots where the nickel content was increased the and iron contents were slightly

increased as well. The oxygen content was decreasetthese points but was increased
where the zinc and the iron content were increabld. indicates that the nickel reduced the

zinc oxidation and therefore reduced the cathodiitosion protection ability of the zinc.

a)

LR R
: 1[}0um

Figure 61: EDX Mappings of Zn/Ni sample after process conditib a) FE-SEM image, b) O distribution, c) Fe
distribution, d) Zn distribution and e) Ni distrition
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After process condition Il zinc and nickel weretdimited homogenously over the sample.
The oxygen content was significantly decreased a/ttee nickel content was increased and
was increased with the zinc content. It seemedthi@airon and zinc contents were intensified
at the surface with respect to the nickel cont&his indicates that the zinc oxidation and
therefore the cathodic corrosion protection werioled.

10 pm

10 pm

Figure 62: EDX Mappings of Zn/Ni sample after process conditid a) FE-SEM image, b) O distribution, ¢) Fe
distribution, d) Zn distribution and e) Ni distrition
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After process condition Il it could be seen thhe tdistributions of the nickel content
correlated with the iron content. On the spots wheckel and iron were increased zinc was
significantly decreased as well as the oxygen cuniéhis result leads to the assumption that
nickel was enriched at the surface and reduceddti®dic corrosion protection ability of the

zinc.

50 pym

50 pm

Figure 63: EDX Mappings of phosphated Zn/Ni alloy sample aftevcess condition | a) FE-SEM image, b) P distity
¢) O distribution, d) Fe distribution, e) Zn dibwiion and f) Ni distribution
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The nickel content did not influence the precipiatof the phosphate layer on the sample
after process condition |, as no correlation of iiekel and the phosphor distributions could
be detected. But in contrast to the pure zinc ngadind the Zn/Fe alloy coating the coverage

of the phosphate layer was in the case of the Zallbly coating less dense even at the lowest
process condition.

50 pym

50 pm

Figure 64: EDX Mappings of phosphated Zn/Ni alloy sample aftexcess condition Il a) FE-SEM image, b) P distidn,
¢) O distribution, d) Fe distribution, e) Zn dibwiion and f) Ni distribution
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After process condition Il the phosphate layer d@sser again. The content of zinc and iron
was significantly higher than the nickel contenhe$e results agreed with the EDX
mappings of the Zn/Ni alloy coating after shot blag in Figure 61 that the iron and zinc
contents were intensified at the surface with respe the nickel content and therefore the

precipitation of a phosphate layer was enhanced.

a)

50 pm

50 pm

Figure 65: EDX Mappings of phosphated Zn/Ni alloy sample afpeocess condition 1l a) FE-SEM image, b) P
distribution, c) O distribution, d) Fe distributiog) Zn distribution and f) Ni distribution
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With respect to the EDX measurements of the shastét Zn/Ni alloy coating after process
condition Il shown in Figure 62 the increased eiokontent on the surface seemed to lead to
a decrease of the dense of the phosphate lay#re a®ontent of phosphor and oxygen were

partially decreased and the zinc and iron conteetg increased.

Coulometric ICP-OES measurements were perform@uvastigate how far the hot-forming
process changes the composition of the alloy cgatifhe samples were coulometrically
dissolved and the dissolved elements were deta@ctaddown-stream ICP-OES. The results
of the coulometry measurements with down-stream@&S for the nickel containing zinc

alloy coating at the different process conditioresshown in Figure 66 — Figure 68.
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Figure 66: coulometric ICP-OES measurement of the hot-formieleh containing zinc alloy Zn/Ni at process cortit |

with indicated transition from alloy coating disgtn to the dissolution of the substrate

The sample after process condition | showed a mefial zinc dissolution at a potential of -
0.52 V(SHE), which was followed by a parallel dission of iron, zinc and nickel. At the
moment the nickel started to dissolve the potentiateased significantly to about -0.36

V(SHE). The zinc dissolution was inhibited by thikel dissolution and a premature
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dissolution of the substrate occurred. Only a shion¢ cathodic corrosion protection was
provided before the nickel dissolution inhibite@ tinc dissolution.
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Figure 67: coulometric ICP-OES measurement of the hot-formeleh containing zinc alloy Zn/Ni at process coratitl|

with indicated transition from alloy coating disgtn to the dissolution of the substrate

After process condition Il the preferential zinegblution which was followed by the parallel
dissolution of zinc, iron and nickel occurred irarg the same behavior than after process
condition I. But the increase of the potential witlea nickel started to dissolve was not that
large. The potential increased all over the meaguime from about -0.55 V(SHE) to -0.51
V(SHE). This indicates that a stronger alloyingimn into the Zn/Ni alloy coating took
place.
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Figure 68: coulometric ICP-OES measurement of the hot-fornmiekleh containing zinc alloy Zn/Ni at process conit|l|
with indicated transition from alloy coating disstin to the dissolution of the substrate

The zinc dissolution was inhibited by the nickesdtilution after short preferential zinc
dissolution for process condition Ill. In the morhehe nickel started to dissolve the
potential fluctuated strongly between the Fé&/Fmtential and the mixed potential of -0.36
V(SHE), seen in Figure 66 when nickel started &salive. A cathodic corrosion protection
of the alloy was not provided caused by the fluthgapassivation and dissolution of the
nickel which inhibited the zinc dissolution.

To examine the potential distribution in the centerthe weld seam and in the surrounding
matrix, the OCP in an aqueous 0.05 mol/L NaCl sotutvas measured as line scan over the
welding spot by use of a scanning capillary cethvé local resolution of 1 mm for 5 min at
each point. In addition to the potential distribas the distributions of the alloy coating
elements were detected by means of EDX measurenmerfiggure 69 — Figure 71 the OCP
line scans of the weld seams and photography imagbsndicated measurement direction

of the iron containing Zn/Fe sample for the différgprocess conditions are shown.
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Accompanying FE-SEM images with indicated spots ER¥XX measurements are placed
under each line scan. The results of the EDX measemts are shown in Table 12 — Table

14 under Figure 69 — Figure 71, respectively.

Zn/Ni P1
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Figure 69: investigations of the welding point on the hot-fednnickel containing zinc alloy coating Zn/Ni affgocess
condition | a) OCP line-scan, b) photography ofdire point with illustrated line-scan, c) FE-SEM/KEDneasurement of

an exemplary part of the welding point
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Table 12:distribution of the relevant elements of the wetdpoint on the hot-formed nickel containing zintowlcoating

Zn/Ni after process condition | in at%

C-K O-K Al-K | FeK | Ni-K | Zn-K
Zn/Ni-P1-(1)_ptl 6.12 38.68 14.34 235 3383
Zn/Ni-P1-(1)_pt2 8.78 44.63 8.28 2.24 3342
Zn/Ni-P1-(1)_pt3 9.84 46.69 6.37 141  32.16
Zn/Ni-P1-(1)_pt4 | 10.49| 38.51 5.66 7.0 1.p6  34/15
Zn/Ni-P1-(1)_pt5 4.82 32.41 15.78 206 398

After process condition | optically no iron oxidesuld

be detected but the EDX

measurements showed that the oxide content in #h& seam was higher than in the rest of

the welding point. In addition to these measuresé&m potential line-scan showed that the

weld seam was more cathodic than the center andutmeunding matrix and was at about

the Fe/F& potential. The center and the surrounding matrerevmore anodic than the

Fe/Fé* potential and way more anodic than the ZA/Zpotential. This indicates that the

weld seam may dissolve partially in favor of theitee and the surrounding matrix of the

welding point. The anodic potentials were in veopd agreement with the coulometric ICP-

OES measurements in Figure 67 and indicated tloyiad of iron into the Zn/Ni alloy

coating.
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Figure 70: investigations of the welding point on the hot-fednnickel containing zinc alloy coating Zn/Ni aff@ocess
condition Il @) OCP line-scan, b) photography ofdireg point with illustrated line-scan, c) FE-SEMJE measurement of

an exemplary part of the welding point

Table 13:distribution of the relevant elements of the wetdpoint on the hot-formed nickel containing zintowlcoating

Zn/Ni after process condition Il in at%

C-K O-K Al-K | FeK | Ni-K | Zn-K
Zn/Ni-P2-(1)_ptl 7.16 38.22 14.0D0 1.14 33.69
Zn/Ni-P2-(1)_pt2 9.64 48.31 8.33 0.79 2985
Zn/Ni-P2-(1)_pt3 4.77 39.94 0.8 22.09 0.6 27145
Zn/Ni-P2-(1)_pt4 | 44.79| 27.29 3.68 0.72  10.69
Zn/Ni-P2-(1)_pt5 5.72 44.35 8.69 0.71 353
Zn/Ni-P2-(1)_pt6 8.02 38.25 14.05 075 32415
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The increased process time at the process condltied to a stronger effect described at
Figure 69 for the nickel containing zinc alloy dogtafter process condition |. Optically no
iron oxides could be seen, indicating that the eligkhibited the evaporation of the zinc
alloy coating. But EDX measurements showed thatottide content in the weld seam was
higher than in the rest of the welding point. Irdiéidn to these measurements the potential
line-scan showed that the weld seam was more catkizah the center and the surrounding
matrix. Parts of the weld seam may dissolve in fafdhe center and the surrounding matrix
of the welding point as the potential of the welthm was at the Fe/fepotential and

therefore much more cathodic than the center amdntitrix.
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Figure 71: investigations of the welding point on the hot-fednnickel containing zinc alloy coating Zn/Ni aff@ocess
condition Il a) OCP line-scan, b) photographywaflding point with illustrated line-scan, ¢) FE-SEADX measurement

of an exemplary part of the welding point
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Table 14:distribution of the relevant elements of the wetdpoint on the hot-formed nickel containing zintowlcoating
Zn/Ni after process condition Ill in at%

C-K O-K Al-K | FeK Ni-K | Zn-K

Zn/Ni-P3-(1)_ptl 7.91 39.24 13.66 0.85 3285
Zn/Ni-P3-(1)_pt2 | 27.12| 33.95 6.76 0.64 19.66
Zn/Ni-P3-(1)_pt3 | 10.37| 50.56 8.54 039 2789
Zn/Ni-P3-(1)_pt4 7.68 48.03 14.14 0.39 2541

Zn/Ni-P3-(1)_pt5 7.07 36.63 0.14 1587 0.86  33(50

Although optically no iron oxide products were hig after process condition Il the EDX
measurements showed that in the weld seam the pxogggent was increased in comparison
to the rest of the sample. A ring around the wejdmoint indicated thermal stress and the
EDX measurements showed an increased amount oélna=k well in the center of the
welding point as in the ring, induced by thermakss$. This result was validated by the
potential line-scan as the center of the weldinippeas at the Ni/Ni* potential, indicating
that nickel precipitated. As the weld seam was waye cathodic than the center and the
surrounding matrix it can be assumed that the welin dissolves partially in favor of the

center and the matrix.

In the direct hot-forming process the zinc alloyateml steel parts are cut before they are
cleaned and used as safety-relevant parts in tteenabile. Hence the cathodic corrosion
protection of cut edges is of crucial importanée\Wwise. Therefore cut edges were prepared
in an embedding material, aged for one cycle in d¢hmate change test, derusted and
investigated via laser scanning confocal microscdje laser scanning confocal microcopy
image as well as the topography image in 3D andoginaphy image of the nickel containing
zinc alloy coating is shown in Figure 72.
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Figure 72: Laser scanning confocal microscopy investigationensbedded cut edges of hot-formed nickel contgizinc
alloy coated Zn/Ni sample after process conditiba)l photography, b) laser microscopic image an@®[@)topography

image

On the nickel containing zinc alloy coated Zn/Nimgde an inhomogeneous corrosion could
be seen after the climate change test. After rengptihe corrosion products, the strong,
homogeneous dissolution of the alloy coating ad agla partial dissolution of the steel
substrate could be seen in the microscopic imageirathe 3D topography image. These
results are in very good agreement with the ingatitns before for the Zn/Ni sample after
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process condition Il where the potential of theoylcoating was more anodic than the
Fe/Fé* potential. Caused by the nickel dissolution arel isulting inhibition of the zinc

dissolution the cathodic corrosion protection weduced.

4.2.5. Potentiodynamic studies of hot-formed zinc alloy coated steel

A further question of crucial importance was in hiawthe composition of the alloy coatings
influences the cathodic corrosion protection abiliThe current density — potential
measurement gives a proper assertion about theodiatttorrosion protection ability.
Therefore linear sweep voltammetry was used to shwmsv proximity of the corrosion
potential to the free corrosion potential of théFe&" reaction. The results shown in Figure
73 — Figure 75 show the current density — potertialves for each process condition in
comparison to the reference sample Z140 with mafke@é" transition potential for the
shot-blasted samples and in Figure 76 — Figureor8he phosphated samples. In Table 15
and Table 16 the values for the OCP and the camazirrent density are listed for the shot-

blasted and the phosphated samples, respectively.
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Figure 73: current density - potential curve for process ctiadil with marked Fe/F& transition potential
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Figure 74: current density - potential curve for process ctiodill with marked Fe/F& transition potential

Fe/Fe*
0.1

0.01
1E-3 \
1E-4 i

1E-5

Ig i (A/lcm®)

1E-6

——Z140 Ref
—O—Z7140 P3
—/—ZniFe P3
1E-8 ——Zn/Ni P3

1E-7

1E-9 4

T T T T T T T T T T T T T T T T T T T T T T T 1
-1.0 -09 -08 -07 -06 -05 -04 -03 -02 -01 00 0.1 02
potential /V

Figure 75: current density - potential curve for process ctiodilll with marked Fe/F& transition potential
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Table 15: current densities and corrosion potentials as atiom of the different process conditions for thfetdent alloy

coatings after shot blasting

Reference process condition | process condition I| process condition IlI
OCP/ icorr / OCP/ icorr / OCP/ icorr / OCP/ icorr /
mVsue pA/cm? MVsue | PA/cm? | mVeye | pA/cm? | mVeye | pA/em?
Z140 -598.2 16.2 X X X X X X
reference | (+/-32.7) | (+/-5.2)
7140 X X -474.5 1.2 -455.4 1.3 -245.1 0.7
hot- (+/- 25.1) | (+/-0.1) | (+/- 25.4)| (+/-0.1) | (+/- 24.4)| (+/-0.2)
formed
Zn/Fe X X -463.9 1.1 -216.5 0.5 -173.9 0.5
(+/-16.0) | (+/-0.5) | (+/-13.9)| (+/-0.1) | (+/-14.5)| (+/-0.1)
Zn/Ni X X -253.5 2.8 -259.1 2.4 -248.4 2.5
(+/-4.4) | (+/-0.5) | (+/-6.8) | (+/-0.3) | (+/-22.7)| (+/-0.3)

The current density — potential measurements wereery good agreement with the
coulometric ICP-OES measurements. On the refersac®le the corrosion current density
was significantly higher than on the other sampdes zinc dissolution took place to
cathodically protect the substrate. With increagangcess time the potentials shifted to a
more anodic potential which indicates the transitio FE" species. The nickel containing
zinc alloy coating was at a more anodic potentianeafter process condition I. This
validates the reduced cathodic corrosion protedlafity of the Zn/Ni alloy coating induced

by the nickel dissolution and the hereby causeibitibn of the zinc dissolution.
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Figure 78: current density - potential curve for the phospthiatemples after process condition Il with markedF&*
transition potential

Table 16: current densities and corrosion potentials as atiom of the different process conditions for thetlent alloy
coatings after phosphating

process condition | process condition Il process adlition 111
OCP/ icorr / OCP/ icorr / OCP/ icorr /
MVsye | HA/Cm? mVsue HA/cm? | mVgpe pA/cm?
Z140 hot-formed Ph -323.8 0.5 -274.8 0.5 -167.9 0.1
(+/-19.4) | (+/-0.1) | (+/-12.2) | (+/-0.1) | (+/-6.6) | (+/-0.02)
Zn/Fe Ph -341.9 0.5 -207.4 0.1 -201.8 0.1
(+/-15.2) | (+/-0.1) | (+/-133.7)| (+/-0.03)| (+/-1.5) (+/- 0.03)
Zn/Ni Ph -179.9 0.2 -185.8 0.1 -139.8 0.1
(+/-19.2) | (+/-0.03)| (+/-8.7) | (+/-0.02)| (+/-3.5) | (+/- 0.0001)

After phosphating the potentials were shifted taeremodic values and the corrosion current
densities decreased significantly. This indicates & protecting phosphate layer, deposited
on the substrates, as it could be seen in the E@Asorements in Figure 35 — Figure 37,
Figure 49 — Figure 51 and Figure 63 — Figure 6&,teean initial inhibition of the cathodic
corrosion protection ability of the zinc alloy coefs.
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4.2.6. Conclusions

Concluding the results for the investigation off@iént alloy coatings for the 22MnB5 steel,
it could be shown that the coulometric ICP-OES veasuitable method for the well-
controlled dissolution of the investigated alloyatings. The gathered potential curves during
the coulometric dissolution were in very good agrest with the dissolution behavior of the

alloying elements.

It could be shown that the alloying of nickel ledpreferential zinc dissolution, caused nickel
enrichment in the alloy coating and resulted inspeasion of the surface which reduced the

cathodic corrosion protection ability of such aloyakoating.

Caused by the heat treatment, an alloying of immmfthe substrate in the alloy coating

occurred. This behavior led to an inhibition of #uec dissolution current density.

By means of current density — potential curves,rédsailts achieved by the coulometric ICP-
OES measurements were validated as the increasednarmof iron in the alloy coating as
well for the hot-formed pure zinc coating Z140, dadthe iron containing zinc alloy Zn/Fe,
led to a decrease in the corrosion current denSdy.the nickel containing zinc alloy Zn/Ni
it could be shown that the corrosion current dgnsitcreased which indicated the
preferential zinc dissolution, enrichment of nickghssivation of the surface and hence the

inhibition of further zinc dissolution.

Phosphating the samples led to a decrease in tlesmm current density as well as an
anodic shift of the corrosion potential of the s#&mp These results indicated that the
phosphate layer inhibited the cathodic corrosiootgmtion ability of the alloy coating

initially until the barrier function broke down.

The investigations of the welding points clearlypwid that the pure zinc coatings, before
and after hot-forming, as well as the iron contagnzinc alloy coatings provided a cathodic
corrosion protection of the welding point as theéeptial in the center as well as in the weld
seam was increased in comparison to the surroumdatgx. The alloying of nickel led to a

significant decrease of the potential in the weddmns and a slight increase of the potential in
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the center in comparison to the surrounding malrherefore the possibility is given that the

welding point will be partially affected by anodiessolution.

For the investigation of cut edges the not hot-ednpure zinc coating did not show a
corrosive attack to the steel substrate and oniyewhst formation caused by the slight zinc
dissolution. The hot-formed pure zinc coating adl w&e the nickel containing zinc alloy
coating Zn/Ni showed dissolution of the alloy cagtwith, although a small amount of red
rust formation could be seen, acceptable corrogiortection properties for the steel
substrate. Hot-forming of the iron containing zadtoy coating led to a corrosive attack of
the substrate. As the alloy coating was dissolvadiglly it can be assumed that the zinc
content in the alloy coating protected the ironteah in the alloy coating and not the

substrate.
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4.3. In-situ contact angle measurements with stretch deformation of self-

healing coatings
4.3.1. Scanning electron microscopy

For the evaluation of the functionality of fillecgsules in organic coatings a new set-up
combining a stretching device with dynamic contamgle measurement was developed. The
capsules investigated were filled with MTES for @rateplacement only or TMODS and
TMOS for water replacement and self-healing effecfilm formation and dispersed into a
polyurethane coating or an epoxy coating like dbedr chapter 3.3.1. In comparison to the
capsules containing coatings a coating without wagswvas likewise tested. To illustrate the
defect formation FE-SEM images were taken befork after stretching with an elongation
of 15 % of the pure PU coating and the PU coatimgtaining capsules filled with water

displacing alkoxysilanes only. These images arevahia Figure 79.

Figure 79: FE-SEM images of polyurethane coating a) withoutdapsules before stretching, b) without PU capsafies
15% elongation, c) with filled PU capsules befdretshing and d) with filled PU capsules after 18Ringation
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The polyurethane coating without capsules had p siooth surface before the deformation
and showed wave like deformations after 15 % elbogaln the FE-SEM image of the PU
capsules containing coating the capsules could eam sveakly even before the stretch
forming. After 15 % elongation the coatings surfati# looked smooth with indentations on
the spots where the capsules were before. It sebkatsthe capsules not only led to a
hydrophobic surface, which will be demonstratechwite next measurement, but increased
the mechanical properties of the coating as well.

4.3.2. Dynamic contact angle measurements

To show that the capsules broke and released Koxyailanes to form a water repellent

surface, the left and right contact angles of aewalroplet were dynamically measured

during the stretch forming. As only the surfacetta# coating had to crack, the deformation
had to be in a controlled manner. If the coating wampletely damaged, the water droplet
would immediately disappear to the interface betwibe coating and the substrate. The plot
of the dynamic contact angles is given in Figure 80
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Figure 80: dynamic contact angle measurements during the meteyn until 35 % and beyond a) left contact angle
hysteresis of PU coating without PU capsules, gfjtrcontact angle hysteresis of PU coating witiutcapsules, c) left
contact angle hysteresis of PU coating with MTH®diPU capsules, d) right contact angle hysteresRU coating with
MTES filled PU capsules, e) left contact angle byessis of epoxy coating with TMODS and TMOS filled capsules and

f) right contact angle hysteresis of epoxy coatiitth TMODS and TMOS filled PU capsules
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It could be clearly demonstrated that the hydropheffect was caused by the release of the
alkoxysilanes from the broken capsules as the poméng showed no increase of the contact
angle but was constant when the elongation wasdte®f % when the surface of the coating
was damaged. The capsules filled only with MTEStéedn increase of the contact angle on
both sides of the droplet. MTES seemed to haveollied in the water droplet and built a
hydrophobic monolayer on the wetted surface befo@ss-linking took place. Adding
TMODS and TMOS filled capsules led to a spontanemai®r repelling effect on the sides
where the surface was damaged and the inhibitors g&t free as it could be seen in the
right contact angle hysteresis in Figure 80f. Asadibed by Latnikova et al. [81] the mixture
of alkoxysilanes with varying hydrocarbon tails edan immediate hydrophobization of the
defected surface and a subsequent cross-linking.l&8fh contactangle hysteresis in Figure
80e showed a constant trend that indicates thasuHace was not broken at this point and

therefore no inhibitor was set free to build upatev repellent surface.
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4.3.3. Images of droplets contour change during ARCA measurements

To emphasize the contact angle measurements shofigure 80 images of the droplets at
the beginning, during and at the end of the measemés are shown in Figure 81.

a) b) c)

A
aa
F VO

Figure 81: images of the dynamic contact angle measuremernty R) coating without PU capsules at the beginning

during and at the end of the dynamic measureméf},Rl coating with MTES filled PU capsules at theginning, during
and at the end of the dynamic measurement, g)éxyeroating with TMODS and TMOS filled PU capsulasthe

beginning, during and at the end of the dynamicsueament

The effect of the single side water repellence lmarseen clearly in Figure 81i). On the left
side of the water droplet the water spread causeth® stretch deformation and a non-
hydrophobic surface. The contact angle on the rgge¢ of the droplet was much higher

showing a de-wetting caused by the hydrophobizaifdhe surface by the silanes.
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4.3.4. Conclusions

Concluding the results of the combination of dymamontact angle measurement with a
stretching device it could be shown that the metisodery suitable for the detection of the
self-healing and self-sealing properties of organ@atings containing inhibitor filled
capsules. The investigations on these samples rigreaseromising strategy to build self-
healing coatings which will increase the corrosmatecting properties of coated materials

as long as there are still unbroken capsules praséme coating.

The effect of the hydrophobization and self-healighe different capsules is summarized

in Figure 82.

Figure 82: model illustration of the hydrophobization and #wif-healing effect of the different corrosion ibiors a)
without inhibitor, b) & c) with MTES and d) & e) #i TMOS and TMODS

For the coating without capsules the left and riggitact angles decreased as a function of
the stretch deformation. In presence of MTES filegpsules, the MTES dissolved in the

water droplet, built a hydrophobic monolayer on wedted surface and cross-linked. Filling
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the capsules with a mixture of TMOS and TMODS leén immediate hydrophobization of
the surface at the cracked area followed by theselioking of the different alkoxysilanes.

Further studies on the capsules containing coashgsild enhance the long time corrosion
protection and have to focus on ensuring that teeiloution of the capsules is sufficient so
that adequate protection is provided, whereverfectienay form on the coating surface.

Investigations according to the test set-up shautdat further combinations of the dynamic
contact angle measurement with electrochemicalstiyaions. Within this combination the
possibility would be given to analyze the changehef surface energy while detecting the
change of the barrier properties (by means of E€asurements), corrosion current density
(by means of LSV and CV) or the change of the corm potential (by means of OCP
measurement and CV). Finally the combination of taithniques, the contact angle
measurement and electrochemical investigations witktretching device could make it
possible to predict application-oriented corrosi@md corrosion protection processes of
coatings used for industrial purposes.
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5. Overall conclusions and outlook

Different light weight construction materials used automotive industry, consumer goods,
renewable energy industry and others were invdstigdor their environment dependent
corrosion behavior and the possibilities of comasprotection and self-healing. New methods
were set up and successfully applied to get neights which go far beyond the conventionally

used techniques in industry.

By use of directed ultrasonic treatment in an agsezerium nitrate solution it was possible to
create a protective cerium oxide layer on the msigne alloy AZ31. Although the layer was

traversed by cracks with micrometers in diameteutral salt spray test (not shown here) showed
very positive results. Electrochemical investigasiooy means of current density — potential
measurements showed a promising decrease in thesimor current density, even though the
electrochemical impedance measurements indicatednhpedance values, comparable to those
of a pure magnesium oxide layer, which could belaxrpd with the presence of cracks. The
most powerful advantage up to now was the sigmtfigacrease in the adhesion forces to an
organic coating. An interaction of both, mechanicaérlocking and the built-up of covalent

bonds would explain this significant increase.

Avoiding the crack formation and making this tecjug economically more feasible must be a
point of further investigations. Therefore, the ersfanding of the mechanisms leading to crack

formation is of crucial importance.

In the investigations of different alloy coatings the hot-forming of 22MnB5 steel it could be
demonstrated that the combination of coulometrgsalution with downstream analysis of the
dissolved elements by means of ICP-OES is a veejul$ool for the exploration of corrosion

stability and the cathodic corrosion protectiorigbof such alloy coatings.

The not hot-formed pure zinc coating Z140 showedga®d-reference” a longtime corrosion
protective effect. As described by Karbasian anélk@ga [54] this coating was not resistant

against welding, as it evaporated under the highthl stress.
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Hot-forming of the pure zinc coating 2140 led toaloying of iron from the substrate into the
coating. Consequently the protective effect wasy short time with selective, initial zinc
dissolution. Caused by the alloying of iron int@ thinc coating the evaporation of the coating

during welding was reduced.

A similar behavior to the hot-formed pure zinc aogtwas observed with the iron containing
zinc alloy coating Zn/Fe. In the beginning of treulometric ICP-OES measurements, selective
zinc dissolution could be observed leading to artshme cathodic corrosion protection. The
evaporation of the alloy coating during welding waguced as in the case of Z140 coatings.

Alloying of nickel to the zinc alloy coating Zn/Nhowed a cathodic corrosion protection ability
only for a very short time when the initial, prefatial zinc dissolution took place. This
dissolution was followed by a very fast enrichmehnickel in the alloy coating, resulting in a
passivation of the surface and hence an inhibitesbtiition possibility of the zinc. Therefore a
cathodic corrosion protection ability coating wast provided with this alloy. According to

Karbasian and Tekkaya [54] no evaporation of theyaloating took place during welding.

By phosphating the alloy coatings, the free comogiotential, measured in the current density —
potential curves, was shifted to values equal tevan more anodic than the Fe/Fpotential.
This indicates that the phosphating led to an iitibilb of the cathodic corrosion protection until

the passivating phosphate layer broke down.

With increasing process conditions, meaning inéngabeat treatment, the cathodic corrosion
protection ability of the pure zinc coating Z14Qahe iron containing zinc alloy coating Zn/Fe
was inhibited. As a consequence an anodic potestiitilin the current density — potential curves
and earlier dissolution of the steel substratehm ¢oulometric ICP-OES measurements took
place. Furthermore the potential values duringctiidometric ICP-OES measurements indicated
that Fe was partially oxidized to ¥eThe nickel containing zinc alloy coating Zn/Nicsted a

potential more anodic than the FefF@otential even after process condition I. Neithee

corrosion potential nor the corrosion current dignslid change with increasing process
conditions, indicating that the nickel was enrictedhe surface, which led to a passive layer
inhibiting the zinc dissolution. This enrichment mitkel at the surface could be validated by

EDX measurements where amounts of zinc oxide aod woxide increased after process
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condition Il when, caused by the heat inducedudifin of iron into the zinc alloy coating, the

passive nickel layer was partially malfunctioning.

For the investigations of self-healing and selfisgacoatings a new test set-up was developed.
The combination of dynamic contact angle measuréméth stretch deformation to induce
micro cracks in the examined coating led to a \&nyable technique for the observation of the
mentioned effects. It could be shown that alkoxyssls, as water replacing inhibitors, filled
capsules embedded in an organic coating broke agalthe crack formation in the surrounding
organic coating induced by stretch deformation. TEa&king compounds built up a hydrophobic
protection layer and due to hydrolysis and polyasdtion a polysiloxane film was built,
closing the defects. By use of dynamic contactengtasurements and differencing the right and
left contact angles it could be shown that the agtiobization took only place where crack

formation occurred.

New combinations of a stretching device for micrae& formation, contact angle measurements
for the evaluation of the surface tension and ebebemical investigations for the detection of
corrosion protection and barrier properties of @ctive coatings could lead to a fundamental
understanding of self-healing and self-sealing raaims for the development of forward-

looking long-time corrosion protection technologies
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