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ABSTRACT

Scanning electrochemical microscopy is a method that incorporates an
ultramicroelectrode capable of facilitating electrochemical reactions paired with an XYZ
positioning system capable of micron-level movements. This study investigates the corrosion
behavior of structural transition joint clad material that contains steel, pure aluminum, and an
aluminum alloy blast welded into a single joint. This study will characterize the corrosion
response of the structural transition joint and identify the galvanic activity measured between its
layers.

High-temperature coatings in this study are designed to be used effectively up to 1400°F.
In this study, we characterized several commercial high-temperature coatings exposed to
different levels of heat. General trends of decreasing barrier performance were observed with the
exception when these coatings are exposed to their rated temperature limit of 1400°F, at which
the barrier increased slightly, indicated by their low-frequency impedance modulus. The cause is

a combination of sintering and oxide formation.



ACKNOWLEDGMENTS

I would like to thank my advisor, Dr. Dante Battocchi for his help and guidance before
and during my studies in the graduate school. | would like to thank Dr. Dennis Tallman for his
preliminary work on SECM which accelerated me into the understanding and effective use of the
device and for taking the time to be a part of my supervisory committee. | would like to thank
Dr. Svetlana Kilina for your passion for the sciences, drive to teach your students, and for taking
the time to be a part of my supervisory committee. | would also like to thank Dr. Xiaoning Qi
and Dr. Vinod Upadhyay for their help, guidance, and wisdom during my time studying at
NDSU. I would also like to thank the entire Department of Coatings and Polymeric Materials for
the support in my research and the approachability and support of all staff.

I would like to thank Mr. Neil Witte and Mrs. Sharon Jensen, for sparking the love of
science and challenging me to question, learn, and explore the world around me. Thank you both
for your passion in what you do and know that it has meant a lot to me.

Lastly, I would also like to thank my wife, Ryley, for your endless support and patience

during my studies. You bring me happiness and joy every day.



DEDICATION
This work is dedicated to Mark and Joan Wiering.
Your unending love, support, and appreciation have turned me into the man | am today.
Even though you rarely understood my work or studies,

you always understood its importance to me, and | am eternally grateful for that.



TABLE OF CONTENTS

y N S 2 ¥ PSPPI i
ACKNOWLEDGMENTS ...ttt e e et e e et e e e s anbaeeas iv
]I [ @ NN I L N ORI Y
LIST OF TABLES ...ttt e e e sttt e e ettt e e e e s nnbb e e e e s anbbeeas IX
LIST OF FIGURES ...ttt ettt e ettt e e s et e e e s e b e e e s ennbeeeeaas X
CHAPTER 1. INTRODUCTION TO CORROSION, GALVANIC CORROSION, AND
CORROSION MITIGATION METHODS REFERENCES ........c.coooiiiiiiiiiiiieeiee e 1
1.1. INtroduCtiON t0 COMTOSION......cvviiiiieiitieitie et ettt ettt bbbt 1
R T 1AV Lo ol O] 4 {0 1S] o] o F PSP TP TR 3
1.3. Introduction to the Use of Protective CoatingS.........coovuieivienieeiiiieiiiesieeiee e 7
1.4, RETEIEICES ...ttt b et 8

CHAPTER 2. SCANNING ELECTROCHEMICAL MICROSCOPY: AN OVERVIEW

OF COATING AND CORROSION APPLICATIONS ... 9
2.1, ADSEIACT. ...t 9
2.2, INEFOAUCTION. ...ttt 9

2.2.1. Schematic of Electrochemical Cell Configuration ..............cccccoviveivieee e, 10
2.2.2. Theory of SECM OPEratiON ........ccciveeiiireeiiieeciee ettt e 11
2.3 Modes of Operation in Corrosion and Coating Applications ...........ccccceveevieecvieec i, 13
2.3.1. Identifying Corrosion Before INitiation ............cceeviieeiiii i 13
2.3.2. CorroSION INILIALION .....c..eiiiiiieic e 14
2.3.3. Metal COrroSion StUAIES. ........coviiiiiieiieiie et 15
2.3.4. Coatings APPHICALION. ... .uviii i 18
2.4. Future Progress of SECM and Calls for Study .........ccccceeiiiiiiieiiiii e 24
2. D, SUMMIAIY .ttt e e e e e e ettt e e e e e ettt e e e e e e a b raaaaeaaans 24

Vi



2.0, RTINS . ..ot e e

CHAPTER 3. GALVANIC CORROSION INVESTIGATION OF STRUCTURAL
TRANSITION JOINTS . ..ottt

TR L o1 1 Uod OSSPSR OURRRTR
KT [ 11 oo [ Tod o] o OSSPSR SURRTI
3.3, EXPerimental PrOCEAUIE. ........ccui ittt
3.4. RESUILS N DISCUSSION .....vvveiiiieeeiiieeitieeesieeeesteeesieeessteeesnteeeasteaeasneeeesneaeessseeesneneesnneeens
3.5. Conclusion and FULUIE WOTK ..........oooiiiiiiie ettt enee e
BB o] (=] =] 1oL R SUSRSURRPTR

CHAPTER 4. APPLICATION OF MEDIATORS FOR SECM IN THE CORROSION
INVESTIGATION OF STRUCTURAL TRANSITION JOINTS .....ooiiiiiieieee e

A1 ADSIIACT . ...ttt bbbt
4.2, INTFOAUCTION ..ttt et sb e bb e nbe e b e e nree s
4.3, EXPerimental OULIING...........oiiiiie e
4.4, RESUITS AN DISCUSSION ....veeuviiiiiieiiiieiie sttt ettt ettt et e be et e naeenree s
4.5, CONCIUSIONS ...ttt ettt e et nb e bb e et e b e e nree s
4.6, RETEIEBINCES ... .eeiviietie ettt ettt ettt et e et e e nb e e be e e be e b e e nree s

CHAPTER 5. CHARACTERIZATION OF HIGH-TEMEPRATURE COATINGS
TREATED AT DIFFERENT TEMPERATURES ...

5.1 ADSEIACT ...ttt
5.2, INEFOAUCTION ...ttt ettt ettt e
5.3. EXPerimental OULIINE. ..........coiuiiiiiie ettt e e e s aae e
5.3 L MIALEITAIS ...
5.3.2. Panel Preparation .........coouiiiiiiiiiic ettt

5.3.3. HEAtING REGIMEN ....oviiiiiiiiiie ettt et e e e



5.3.4. THIN FIIM CrEAION. ... e et 58

5.3.5. Thermogravimetric ANAIYSIS (TGA)....cuuii i 58
5.3.6. Differential Scanning Calorimetry (DSC)........ccooieiiiiiiiiiieniiee e 58
5.3.7. FT-IR SPECIIOSCOPY ....vvveeiiiteiiiit e ettt ettt 58
5.3.8. Electrochemical Impedance Spectroscopy (EIS) ......cccoooviiiiniiiiiiiiicienc, 59
5.3.9. Potentiodynamic Scanning (PDS), and Substrate Testing ..........ccccvevveviirevivnennne 59
5.3.10. Scanning Electron Microscopy (SEM) and Energy-dispersive X-ray
SPECLIrOSCOPY (EDS) ...t 60
5.4. RESUILS AN DISCUSSION .....c.uvieiiiiiieiiii ettt ettt sttt ettt be e neeentee s 60
5.5, CONCIUSION L.ttt ettt ettt ettt e bt e b e ntee s 72
5.8, RETEIBINCES ... 73

viii



LIST OF TABLES

Table Page

5.1.  Heating regimen for 15 coated panels. All oven temperatures at sample insertion
were room temperature except the 800°F panels were inserted into a 650°F oven
and then brought up to 800°F for the 1-hour heat eXpoSUre. .........cccvevviveeiiieeiiie e, 57



Figure
1.1.

1.2.

1.3.

2.1.

2.2.

2.3.

2.4.

LIST OF FIGURES

Page

Corrosion cell on metal surface submerged in a corrosive solution. The letter “M”
is a placeholder for any metal ion involved in the corroSion Process. .........cccovveeviveeenvennns 3

Galvanic series of metals in seawater. The most noble metals are on the bottom

and the most active are at the top. The Y-axis displays the OCP of metals with

more cathodic lying to the left of the table and more anodic metals lying to the

right. The more negative a metal’s OCP is, the more anodic in character it is. The

black bars represent the range of OCP corresponding to the metal listed to its right

or left in the case Of MAgNESIUM.......oiiiiiiiie s 5

A galvanic corrosion interaction is displayed in agar solution. The iron nail has

been half-plated with a film of copper using electrolysis. The agar contains an

indicator which will turn pink in the presence of a base (cathodic) and an indicator

that turns blue in the presence of iron i0NS (ANOAIC) ........c.covvviiiiiiiiniiiee e 6

Layout of SECM. The PC is used as the interface to control, view, and process
data from the SECM through the connections to the positioning system and
011010 (=10 ([0S L SRS 10

Modes of diffusion in SECM mediation: (A) Bulk Solution, diffusion-controlled;
(B) Positive Feedback; (C) Negative Feedback. Both (B) and (C) can occur at
similar probe heights from the SUbStrate. ...........ccccceviiiiiii e 12

Amperometric scans obtained at -0.75V vs Ag/AgCl. (1) shows AA2024

aluminum scanned at a height of 500pum while (1a) isolated and (1b) cathodically
protected by magnesium anode. (2) shows magnesium scanned at 200um above

the electrode. (2a) an isolated electrode and (2b) connected to aluminum electrode ....... 16

Depicted are the events that occur at the tip when it was inserted into the Nafion

coating. A: The UME approaching the surface of the coating. B: The conical tip
penetrates the coating and begins oxidizing the Os(bpy)s™ mediator. C: The tip

has now fully penetrated the coating and has achieved a steady-state, diffusion-
controlled current. It is too far from the ITO substrate to receive any positive

feedback. D: The tip has now approached close enough to the substrate to begin a
positive feedback mode with the substrate. E: The tip is close enough to the

substrate that tunneling effects between the tip and the substrate begin to increase

(010 £ | T OO PP PP OPPRPN 20



2.5.

3.1.

3.2.

3.3.

3.4.

3.5.

3.6.

4.1.

4.2.

4.3.

4.4,

Curves 1 and 2 display the current response of the cone-tipped UME as it

penetrates the Nafion coating. Curve 2(right) displays the current response of the

tip as it proceeds through steps A-E from Figure 2.4. Curve 1(left) displays the

tunneling current on a scale that would be too large to view Curve 2. The tip was

held at a +0.80V vs SCE and the substrate was held at +0.20V vs SCE..........c...ccccoueee. 21

Cell configuration of SECM. The three-electrode setup is pictured with a
working, reference, and counter leCtrode. ...........ooouveiireiiiie s 32

a) Magnified image of structural transition joint. The length of the joint is 1.8cm.

The composition is SA-516-55 Steel, 1100 aluminum, and 5086 aluminum

respectively from left to right. There also exists an interfacial region between the

steel and pure Al. b) Entire mounted cell with magnesium to the bottom of the

cell. Wires shown with switch for galvanic coupling............cccoceiiieniiiiii e 34

Global techniques of individual metals. a) PDS b) OCP c) Galvanic corrosion test
Of INterfaces iN the JOINT. ..o 36

SECM line scans of individual metals. The scans were performed 150pum above
the surface of the sample with a tip potential of -0.7V vs Ag/AQCL. ........ccoovveviiveiiinne, 37

Area scan of STJ. The tip potential was -0.7V vs Ag/AgCl at a height of 150pum.
The lines on the graph show the locations of the metal transitions over the
SCANNEA AIBAS. ....eevveetieestee ettt estee et e e bt e stee et e e st e e sbe e e sbe e as bt e e bb e e be e e st e e ebe e e beeenbeeanbeenbeeanbee e 38

Line scans over STJ. Top line represents the uncoupled STJ. Bottom line represents
the STJ coupled to magnesium anode. The scan height is 150um and the tip
potential was -0.7V vs Ag/AgCl sat’d KCl. ......ccoveiiiieiiiie e 39

Electrochemical mediation of diquat and ABTS with iron ions ...........ccccceeveieeiiieciiinnn, 44

SECM lines scan at +0.5V vs Ag/AgCl(sat’d KCl). The scan height was 20pm.
The solution was 3.5% NaCl W/W in DI Water............ccceviiiiiiiiiii e 47

SECM line scan at -0.55V vs Ag/AgCl(sat’d KCI). The graph (A) is on a scale of
10° while (B) is a duplicate scan with Mg on the scale of 107 due to the current

limit reached on (A). The tip height was 20um. The solution was 3mM diquat
dibromide in 3.5% NaCl W/W SOIULION. ........ccooiiiiiiiiiicc e 48

SECM line scans at +0.6V vs Ag/AgCl(sat’d KCI). The tip height was 20pum. The
solution was 1ImM ABTS in 3.5% NaCl w/w SOIUtION............cccoeviiiiiiiiiiec 49

Xi



4.5.

5.1.

5.2.

5.3.

5.4

5.5.

5.6.

5.7.

5.8.

5.9.

5.10.

5.11.

SECM line scans at +0.6V vs Ag/AgCl(sat’d KCI). Graph (A) displays on the
scale of 107 while graph (B) displays on the scale of 10, The tip height was
20um. The solution was 1%Nal w/w in 3.5% NaCl w/w solution. ............c.cccoeevriiennnn. 51

Photos taken of all B117 samples before and after 100 hours of accelerated

weathering. The order of panels is Coating 3(top), Coating 2(middle), and Coating
1(bottom). The panels above the temperature exposure are prior the accelerated
weathering with the after pictures located below. Note: some before pictures show

the residual moisture Of EIS tESTING.........cuviiiiiiieiiesie e 61

EIS data of all 3 coatings. The data displayed is the impedance of the coatings at

low (0.01Hz) frequency. The area of the scanned area was 1 cm?. The first

number is the coating followed by the temperature level (e.g. “2-650” is

equivalent to “Coating 2 heated to 650°F”’) At least 5 replicates of each coating

WETE PEITOIMEU. ...ttt 62

TGA results of 3 coatings cured at 400°F. Coatings were heated from room
temperature to 800°C at a rate 0f 20°C/MIN........cccoieiiiie i 63

DSC Results. Individual samples were not labeled since all results yielded no
EFANSITIONS. ...ttt ettt et e b e e bt e bt e be et e e b e ntee s 64

FT-IR Results of Coating 1. Y-axis is shifted for visual-comparison purposes and
does not represent the actual reflectance ValUes.............ccccvveviiieiiiec e 65

FT-IR Results of Coating 2. Y-axis is shifted for visual-comparison purposes and
does not represent the actual reflectance ValUes.............cccvveviiieiinc e, 66

FT-IR Results of Coating 3. Y-axis is shifted for visual-comparison purposes and
does not represent the actual reflectance ValUes..............cccvveiiiieiiee e, 66

SEM pictures of 1-800.EDS location results: (A) Steel substrate; (B) Iron oxide,
trace silicon; (C) Silicon binder, inorganic pPIgMents. ...........ccccveeviiveiiiee e 68

SEM pictures of 1-1000. EDS location results: (A) Steel substrate; (B) Iron oxide,
inorganic pigments; (C) Silicon binder, inorganic pigments; (D) Void. ............ccceeeve.n. 69

SEM pictures of 1-1400. EDS location results: (A) Steel substrate; (B) iron oxide;
(C) Steel substrate; (D) Iron oxide, trace pigments and silicon; (E) Void; (F)
silicon binder, INOrganic PIGMENTS. ........oviiiiiiiiee et 69

EIS results of substrate testing at [ow freqUENCY. .......cooveiiiiiiie i 70

Xii



5.12. Corrosion current (lcorr) results attained from PDS Scans. The area scanned was
1cm?. A lower value is a Smaller COrroSioN Fate............cocveveveeveeevseieeeieeeeese e

5.13.

Mechanism explanation at each heating level

Xiii



CHAPTER 1. INTRODUCTION TO CORROSION, GALVANIC CORROSION, AND
CORROSION MITIGATION METHODS
1.1. Introduction to Corrosion

For thousands of years, humans have slowly been changing the landscapes and the
materials of the earth for the advancement of society. The industrial revolution brought upon
unprecedented growth, prosperity, and innovation that saw the need for crucial resources. The
ability to effectively exploit the resources of the land forms the foundation of our modern
society. Our mines dig and harvest the ore that has been stored since the formation of the earth to
create infrastructure, transportation, buildings, and so much more. The most important resources
that we mine out of the ground are metals. The metals exit the ground in the form of crude
minerals. These consist of oxides, hydroxides, and complexes that are impure and unusable in
their current form. We enact high-energy processes to isolate the metals into forms that we can
use to create the alloys and materials with the needed strength and property characteristics to be
used effectively. Unfortunately, this is not the end of the story. These metals, depending on
environmental factors, begin degrading and oxidizing as they begin the process we know as
corrosion.

Corrosion is defined as the spontaneous electrochemical reaction of metals returning to
oxidized states caused by environmental conditions. This natural process occurs to some extent
on the surface of most metals causing unwanted characteristics ranging from a tarnished surface
finish to complete failure of structural integrity. The environment allows this process to initiate
and propagate. Salt water, humidity, rain, and many other moisture-sources all cause corrosion
on metal surfaces. These environmental factors are found all around the world and are

realistically inescapable. Corrosion affects every part of society. Everything from infrastructure



to the metal in our cars are constantly under attack from corrosion. This widespread and constant
degradation is a large cause of expense in the United States. It is estimated that in 2002, the
estimated cost of corrosion in the U.S. for all sectors is $276 billion or 3.1% of GDP.! This cost
is a burden on society and causes wasted downtime, production, and costs. Given the
unprecedented growth of the U.S. GDP since 2002, this number can be extrapolated to much
higher with estimates ranging to a possible $1 trillion of direct and indirect corrosion impact in
the present day.2 Large costs due to corrosion is cause enough for its prevention and management
to be a priority, but unchecked corrosion also leads to loss of life and accidents through the
degradation of buildings and infrastructure.

Now that the importance of corrosion control is established, the chemical side of
corrosion will be explained. As stated above, corrosion is a spontaneous electrochemical reaction
that happens at a metal’s surface. There are four required aspects needed for corrosion to occulr.
These include an anode, cathode, electron transfer, and ion transfer. The anode and cathode form
spontaneously. The electrical transfer is typically formed through the conductive metal to allow
electrons to flow from the anode to the cathode. The ionic transfer is formed to allow the
generated ions to neutralize in solution to complete the circuit. This is usually performed above
the metal’s surface through a solution media such as a water droplet, moisture deposition, the
ocean. Figure 1.1 shows a diagram of common metal corrosion. Metal is oxidized at the anode.
This allows free electrons to travel to the cathode to reduce dissolved oxygen present in the
solution. The generated hydroxide ion, dissolved oxygen, and water all can form metal
complexes from the generated metal cation. The product of these ions forming complexes is
known as rust in iron corrosion. This process is simplified here and can include many different

redox reactions of many different molecules.



Figure 1.1. Corrosion cell on metal surface submerged in a corrosive solution. The letter “M” is
a placeholder for any metal ion involved in the corrosion process.

The chemical reactions that Figure 1.1 portrays at the anode and cathode are displayed in
Equations (1) and (2) respectively. Equation (3) is also a common reaction to occur at the

cathode which generates hydrogen gas. These equations form the backbone of corrosion

chemistry.
M=M*"+e~ (1)
0, + 4e~ + 2H,0 = 40H" 2)
2H*42e~ = H, (3)

1.2. Galvanic Corrosion

There are many types of corrosion that occur based off the types of metals and the
orientation of metals and surrounding materials. One type of corrosion will be focused on
primarily in this thesis. Galvanic corrosion is corrosive interaction of dissimilar metals. When
two dissimilar metals share an electrical and ionic pathway, the more active metal will have
predominantly anodic activity while the less active metal will have more cathodic activity. This
process stems from the inherently different qualities that metals have with respect to their

electrode potentials. We can measure the electrode potential by measuring the open circuit



potential (OCP) of metals in an electrochemical cell. The difference in OCP of different metals
becomes the driving force for galvanic corrosion to occur. The ranges of electrode potentials are
put into a table of most active (anodic) to most noble (cathodic). This table is called a galvanic

series and is shown in Figure 1.2.



Yolts v SCE
02 0 -.2 04 06 08 -0 -1.2 -14 -6

Magnesium [ ]
Bl Zinc
n Beryllium
[ ] Aluminium alloys
| Cadmium
B | Mild steel & Cast iron
[ ] Low alloy steel
Il Austenitic cast iron
I Aluminium bronze
H Naval brass, vellow brass & red brass
Tin
Copper
S0/50 lead tin solder
Admiralty brass, aluminium brass
Manganese bronze
Silicon bronze
1 Stainless steel - grades 410, 416
Nickel silver
90:/10 copper nickel
H0:20 copper nickel
[ Stainless steel - grade 430
Lead
T0/30 copper nickel
Nickel aluminium bronze
| | Mickel chromium alloy GO}
Nickel 200
Silver
1 Stainless steel - grades 302, 304, 321 & 347
Nickel copper allovs - 400, K500
- Stainless steel - grades 316 & 317
Alloy 20 stainless steel
Nickel iron chromium alloy 525
Titanium
| Gold, platinum
[ ] Graphite

4 MOST NOBLE - CATHODIC LEAST NOBLE - ANODIC »

Figure 1.2. Galvanic series of metals in seawater. The most noble metals are on the bottom and
the most active are at the top. The X-axis displays the OCP of metals with more cathodic lying to
the left of the table and more anodic metals lying to the right. The more negative a metal’s OCP
is, the more anodic in character it is. The black bars represent the range of OCP corresponding to
the metal listed to its right or left in the case of magnesium.?

The galvanic table in Figure 1.2 displays many commonly occurring metals and alloys.
The difference range in potential between two metals typically corresponds to the extent of the
galvanic corrosion interaction. Magnesium has a very negative OCP and thus would act strongly
anodic when connected to any other metal on the table. Alternatively, graphite would act very
with a strong cathodic response when connected to another metal. Aluminum has OCP ranges

5



from -0.75V vs SCE to -1.0V vs SCE. When Al is coupled with a mild steel, which has an OCP
of -0.5V to -0.7V, the Al will take on anodic character while the steel will take on predominantly
cathodic activity. That same Al can then be coupled with magnesium and become cathodic with
the magnesium becoming anodic. These comparisons can be made throughout the table with
metals acting anodic to metals with a less negative OCP, and metals .acting cathodic to metals

with a more negative OCP. An example of galvanic corrosion is shown in Figure 1.3.

Figure 1.3. A galvanic corrosion interaction is displayed in agar gel. The iron nail has been half-
plated with a film of copper using electrolysis. The agar contains an indicator which will turn
pink in the presence of a base (cathodic) and an indicator that turns blue in the presence of iron
ions (anodic).

The more noble copper displays cathodic activity due to the generation of hydroxide at
the cathode causing the pH to drop and the indicator to display a pink hue. The more active iron
near the head of the nail is anodic in nature and releasing oxidized iron ions which is being
indicated by the dark blue indicator in the agar. This same process of galvanic corrosion can be
used to prevent corrosion through a method named passive galvanic cathodic protection. This
process starts with a metal structure that is chosen to be protected. This may be the hull of a ship
or structural steel. The next step is to identify a more active metal, called the sacrificial anode, on
the galvanic series to electrically connect periodically to the structure. An example of this would

be zinc or magnesium due to their highly negative OCPs. The metals are joined together with



special care to make sure the sacrificial anode is exposed to the elements and not concealed or
coated. As the system is exposed to the environment, the sacrificial anode will oxidize rapidly
due to the accelerated anodic activity and would need to be replaced when thoroughly withered.
The result would be the original structure being protected from corrosion while replacing the
anode periodically. Examples of real life applications of this idea include anodes for maritime
use, galvanized steel, and galvanized nails.
1.3. Introduction to the Use of Protective Coatings

Another very common way to prevent corrosion is through the use of coatings and paints.
Coatings are defined in this thesis as a polymer-based film deposited onto a surface through a
solvent medium and cures once deposited. The coating’s purpose is to provide protection from
the environment by acting as a physical barrier. Coatings provide an effective way to protect
metal substrates from corrosion by limiting the ionic transfer through acting as a barrier to
moisture. Many factors affect the success of coatings. Adhesion, thickness, water-uptake, and
other factors all decide how well a coating may protect the substrate. Despite the advantages of
coatings, there are downsides. Coatings offer limited permeability. This allows certain ions and
molecules to penetrate the coated barrier to either degrade the coating’s ability to act as a barrier,
initiate corrosion underneath the coating, or both. This permeation can cause the adhesion of the
coating to weaken and degrade which would increase in the susceptibility of the substrate to
environmental conditions.* Coatings also fail due to physical impact and wear. Coatings are
typically soft in nature due to their polymeric makeup when compared to most materials such as
metals or ceramics.® Environmental factors like UV from the sun, heating/cooling,
freezing/thawing, and acidic rain can all degrade coatings.®> Coating design heavily depends on

the desired application. Usually, desired characteristics of a coating come at the expense of other



characteristic’s performance.® Despite the fallbacks of coatings, they still perform to great

success, and development in the field of study allows better, cheaper, and more environmentally

friendly.
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CHAPTER 2. SCANNING ELECTROCHEMICAL MICROSCOPY: AN OVERVIEW
OF COATING AND CORROSION APPLICATIONS
2.1. Abstract
Scanning electrochemical microscopy, or SECM, is a useful local electrochemical
measurement technique that is being applied increasingly in corrosion and coatings research. The
technique is capable of high resolution, local electrochemical potentiometric and amperometric
measurements on active and passive surfaces. It uses the oxidation and reduction of a specific
species in solution to investigate properties and events occurring near the surface of materials.
The application of this device in corrosion and coating research grows constantly and provides
more new and useful information. This review will explore in detail the background of SECM
and its applications in corrosion and coatings research.
2.2. Introduction
Scanning electrochemical microscopy (SECM) is a method within scanning probe

microscopy that utilizes an ultramicroelectrode (UME) to study, regulate, and measure local
electrochemical reactions. SECM as a method was introduced by Bard et al in 1989, but similar
scanning probe techniques were first demonstrated by Engstrom in 1987.12 It incorporates local
electrochemical monitoring with fine and coarse XYZ positioning. A solution is used as the
medium where SECM measurements are taken. A particular chemical species within the solution
is typically targeted for reduction or oxidation by the UME at the tip. The selectivity of this
species is controlled through the UME acting as a WE while maintaining a selected potential
through the use of a potentiostat. The responding tip current created from the redox reaction is

then measured.



SECM has the potential to monitor many of the electrochemical reactions that take place
in corrosion. The reactants and products of these reactions can be monitored by SECM using one
of the modes of operation. SECM can be utilized to identify the different stages of corrosion.
2.2.1. Schematic of Electrochemical Cell Configuration

The SECM is typically configured in a 3-electrode layout as shown in Figure 2.1. The
sample is submerged in solution with adequate conductivity to conduct experiments. The
reference and counter electrodes are present in the solution. The working electrode is present as
the UME in the cell. The UME is capable of XYZ-axis movement with high resolution through
the use of piezo motors. A second working electrode is present to optionally polarize the sample.
The UME is typically locked at a known height above the sample while scanning along the XY -
axes. There are select applications of the SECM in corrosion and coating research that lock the
XY-axes while manipulating the Z-axis such as artificial pit propagation and film-penetrating

studies.®

Bipotentiastat — PC

WE2 CE REF WEI1

XYZ
Positioner

C!

I

Figure 2.1. Layout of SECM. The PC is used as the interface to control, view, and process data
from the SECM through the connections to the positioning system and bipotentiostat.
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2.2.2. Theory of SECM Operation

The basis of SECM measurements depend on the phenomenon of feedback mode. As
shown in Figure 2.2, the current response of an electrochemical reaction facilitated by the UME
is dependent on the surface of the material being studied and how it affects the hemispherical
diffusion of mediator to the exposed electrode disk. When the UME tip has a diameter much
larger than the disk electrode diameter, the current response is dependent on Equation 4.

i, = 4nFDCa (4)

In (4), i is the current response, n is the number of electrons, D is the diffusion
coefficient, C is the mediator concentration, and a is the radius of the UME.*

A use of SECM becomes apparent when the current is affected by the surface or interface
of a substrate as shown in Figure 2.2. If the substrate is conductive and capable of reversing the
redox reaction at the tip, a positive feedback response is to be expected at the tip resulting in
increased current as the tip approaches the conductive substrate as shown in Figure 2.2B. If the
tip approaches an insulating substrate, the hemisphere of diffusion becomes constricted. This
limits the diffusion of mediator to the tip to undergo a reaction. This reduction in diffusion to the
electrode results in a decrease in current [as per (4)]. This phenomenon is known as negative
feedback. More frequently used SECM measurements are via the positive and negative feedback
modes. Other modes of operation are possible as well. These include substrate generated/tip

collected, substrate collected/tip generated, alternating current (LEIS), and redox competition.
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Figure 2.2. Modes of diffusion in SECM mediation: (A) Bulk Solution, diffusion-controlled; (B)
Positive Feedback; (C) Negative Feedback. Both (B) and (C) can occur at similar probe heights
from the substrate.

Substrate generated/tip collected, SG/TC, is a mode of operation where the substrate,
coating, or interfacial system release a target chemical species. The tip is then scanned through
these local concentrations near the surface of the substrate. Increases in current are usually
observed as increases of these substrate-originated species. Common applications include
substrate-originating mediators, smart coatings, inhibitors, and corrosion product sensing. This
can be applied by detecting certain products of corrosion with the tip originating from the
processes occurring at the substrate surface.

Substrate collected/tip generated, SC/TG, is the opposite of the above-mentioned method.
The tip generates a particular species that either reacts with the coating/substrate/system or
undergoes a redox reaction at the substrate and observed at the substrate through the second
working electrode with the bipotentiostat. This method has application in micro-etching and

artificial pit generation. By generating specific substrate-reactive species with the tip, precise,
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local concentrations can be selectively placed on a substrate to initiate a reaction local to the tip
location.

Alternating current SECM (AC-SECM) employs very similar theory as electrochemical
impedance spectroscopy to study interfaces and coating characteristics. LEIS is also possible in
this mode to map out areas of possible local EIS differences. Advantages of AC-SECM are
similar to common global EIS; the small alternating potential of the tip does not influence the
electrochemical makeup of the solution or substrate. This allows measurements to proceed and
be measured in a more controlled fashion without disturbing present species.

Yet another significant measurement mode is also known as redox competition mode.
This involves a redox-active species present in solution that undergoes a nonreversible reaction
at both the substrate and tip. This creates a “competition” between the two point of consumption.
Tip scanning records constant current throughout a solution or substrate surface except where
current drops where the substrate is consuming that species thus starving the tip. A common
application is O reduction which will be explained further in this review.

2.3. Modes of Operation in Corrosion and Coating Applications
2.3.1. Identifying Corrosion Before Initiation

Many methods/techniques can detect active and past corrosion. A true challenge would
be to predict corrosion through precursor activity at the substrate surface. SECM has the
capability to measure changes in mediators that are influenced and created by precursor sites to
corrosion. The pitting of Ti can be predicted using SECM with a Br™ indicator as performed by
Casillas and colleagues.* Halide ions have been shown to cause disruption of the Ti/TiO;
protective layer. SECM was applied to map out areas of high Br~ oxidation into Br,. The study

showed the correlation of increased electron-transfer rates for Br- oxidation with the locations of
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future artificial pits. Increased electron activity within the oxide film may be the pre-cursor for
pitting on Ti surfaces. This activity also appears to be linked to the Br~ oxidation measured by the
SECM tip.

A precursor to pit propagation is the formation of metastable pits on the surface of
stainless steel. This was observed by Gonzalez-Garcia et al.> SECM was employed to oxidize
Fe*? ions diffusing from the metastable pit locations. High positive potentials ranging from 0.547
to 1.077 V(SHE) were used to polarize the UME. The scanning height was 10um above the
stainless steel sample. The locations of Fe*? oxidation were short lived, intermittent, and
unrepeatable within the same scan. The inconsistency of these readings was concluded to be
indicative of the observation of metastable pits rather than propagating pits with lifetimes of the
metastable pits predicted to be <6 seconds. Zhu and Williams have performed similar work on
stainless steel on a much smaller scale of 60x60um and 0.5um probe height with results that
were less conclusive.®
2.3.2. Corrosion Initiation

The initiation of corrosion has always been an area of interest to investigate what
environment and components accelerate or restricts the process of corrosion. SECM has the
capability to initiate localized corrosion through creation of a local, corrosive species generated
by the tip. Pit formation is possible through the precision that the SECM tip provides. An
example would be the production of chloride ions to facilitate the breakdown of an iron passive
layer. Trichloroacetic acid was used as the source of chloride ions. A bipotentiostat was utilized
to control both a gold UME and an iron electrode. A passive layer was formed on the iron
electrode by applying a passivating potential for 0.5 seconds. Chloride ion creation was then

initiated. Pit initiation and propagation then occurred. The results were then observed via optical
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microscope to confirm the presence of the pit. Current was being measured throughout the entire
process of both the tip and the iron electrode. The results of the study showed that grain
boundaries of the iron electrode had a large impact on the successfulness of pit initiation. Grain
boundaries are typically locations of higher pit activity. This was observed when the UME was
in between grain boundaries and pit formation was less likely. Pits were successfully formed on
iron substrates.’

A similar study with SECM assisted electrochemical quartz crystal microbalance,
EQCM, was conducted. EQCM is a device that can measure nano-scale changes in mass. The
combination of SECM and EQCM allowed “simultaneous measurements of potential, current,
and mass variations to be performed.”® Iron atoms were deposited onto the EQCM and analyzed
with the UME of the SECM. Chloride ions were generated at the tip through the reduction of
silver chloride in solution to initiate and propagate pitting. The pH was also variable to record
the pit propagation response. It was observed that pit propagated faster and with less chloride at
lower pH and slower at higher pH.®
2.3.3. Metal Corrosion Studies

The study of the corrosion cell is possible with SECM. The cathode of a corrosion cell
can involve the reduction of dissolved diatomic oxygen. This reduction of oxygen to hydroxide
creates a localized, oxygen-depleted location near the surface of the metal that is displaying this
cathodic activity. SECM can reduce oxygen through the reduction into hydroxide to create a
redox competition mode that allows the UME tip to compete with the cathodic metal substrate
for oxygen to undergo reduction.®2 Identification of cathodic areas can be extrapolated to locate
areas of predominate anodic activity. This method is useful in galvanic corrosion studies. The

galvanic interaction between aluminum and magnesium has been studied to test the possibility of
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magnesium as a sacrificial anode/substrate. Aluminum was connected to magnesium via an
electrical switch in a single cell. SECM scans showed an increase in cathodic activity of the
aluminum when connected to magnesium than not, as shown in (1) of Figure 2.3. Also shown, is
the amperometric scan of magnesium isolated and connected to the aluminum electrode in (2) of
Figure 2.3. A local drop in oxygen concentration observed in both (2a) and (2b) of Figure 2.3

shows that oxygen reduction still occurs at the surface of magnesium even while electrically

connected to a more noble aluminum.%1°
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Figure 2.3. Amperometric scans obtained at -0.75V vs Ag/AgCl. (1) shows AA2024 aluminum

scanned at a height of 500pum while (1a) isolated and (1b) cathodically protected by magnesium

anode. (2) shows magnesium scanned at 200pum above the electrode. (2a) an isolated electrode
and (2b) connected to aluminum electrode.°

Several investigation have been performed on metal substrate-solution interactions
utilizing SECM. AZ31 magnesium was analyzed submerged in simulated biological fluid with
SECM. The goal of the study was to analyze the possibility of utilizing magnesium in biological
systems. This was approached by identifying areas of high activity on the magnesium sample’s
surface when exposed to the simulated biological fluid. Feedback mode with ferrocene methanol
was used to identify areas of electrochemical activity. H> was observed under SG/TC at 0.0V vs

Ag/AgCl to monitor sites of hydrogen gas generation. AC-SECM was used to analyze the
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magnesium sample as well. An excitation signal of 100mV in amplitude at 1 kHz was used to
identify areas of conductivity on the surface layer of the magnesium. The final use of SECM was
potentiometric mode to map local pH values on the magnesium. An Ir/lrOx UME was used to
measure local pH. The open circuit potential of the Ir/IrOx UME was measured at different pH to
create a calibration curve to correlate observed OCP to pH. The locations of high pH correlated
well with areas of H2 generation and low surface resistivity.'3

AC-SECM has also been used to study AA2024 aluminum. Area scans of a sample of
aluminum were conducted at different frequencies over increasing immersion time. The UME
had an AC signal with an amplitude of 10mV,, at two different frequencies, 55kHz and 7kHz.
This method allowed localized modulus and phase angle to be mapped on the surface of the
aluminum to identify areas of passive layer weakening.*

Stainless steel pit initiation and propagation can be tracked through Fe*? oxidation while
using the SECM in SG/TC mode. A sample of stainless steel was analyzed with SECM with a
solution of 0.1M NaCl and 10mM KI. Anodic current was applied to the steel to facilitate pit
formation. These pits were then identified and scanned at a tip potential of 0.56V vs SCE. This
anodic tip potential allowed Fe*? to be oxidized into Fe*3. The presence of I in solution allowed
greater peaks to be measured when observing Fe*2 in solution. The generated Fe™? was measured
through SG/TC but also interacted with the 17/15” feedback loop observed at the tip. This
combination allowed sharper and taller spikes in current to be measured with SECM. Findings of
this work included increased Fe*? activity in increasingly anodic conditions. Also, stages of pit
initiation were observed by polarizing the stainless steel through increasing anodic potentials
while scanning. The observation of a feedback phenomenon while performing SG/TC techniques

could provide insight into stainless steel corrosion mechanism.®
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2.3.4. Coatings Application

The coatings industry is very important in the application of corrosion prevention. The
use of coatings spans the entire globe and is a multi-billion-dollar industry. Many global methods
of coating performance are used widely with great success and dependability such as EIS. SECM
has the capability of analyzing coating performance at a local level. This section explores SECM
methods to analyze the performance of coatings and to characterize the failure of a coating. This
is performed either through an artificial defect or through accelerated weathering of a coated
system.

SECM can be applied to undamaged coatings to analyze coating properties. AC-SECM
while approaching inhibitor-containing coatings could possibly be used to monitor inhibitor
properties. AC-SECM has been used to accurately determine the probe-approach curve in
SECM. This curve was observed to change as an inhibitor-treated copper sample was approached
at different frequencies of AC signal. A change in positive and negative feedback characteristics
of the curve could show the gradual reduction of electron transfer by the organic inhibitors. This
phenomenon was measured over different time lengths and with different inhibitors present.
Advancements in this method could lead to new options to characterize corrosion inhibitors.!

Feedback mode has the ability to monitor surface topography. A sample of coil coated
polyester on steel was used in the study. Ferrocene-methanol was used as the mediator to
monitor topography. Dissolved oxygen reduction was also used in feedback mode to compare
any possible unintended coating/ferrocene-methanol interaction. The ferrocene mediator was
used in three different solutions: 0.1M KCI, 0.1M K2SO4, and 0.1M KNOs. The variety of salt
solutions used were to analyze any particular effects that an anionic presence might have on the

coating. The sample was scanned in feedback mode 10pum above the surface in an area
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200x200um. The sample was scanned periodically over 24 hours to show any possible change in
the coating surface. General swelling was observed over time by all electrolyte solutions.
Roughening of the surface was observed by SECM in the 0.1M KCI solution. This was attributed
to the chloride ions having an effect on the coating. A local swelling was observed as well in the
same sample. The experiment was replicated with dissolved oxygen reduction and similar results
were observed. The authors concluded that these observations were from the early stages of
blistering. This method could be used in further applications of accelerated characterization of
coating systems.'-1° The study was continued by the authors to confirm that SECM is fully
capable to recognize blister nucleation but would need longer times to observe coating failure at
these sites.?® Room temperature ionic liquid has been used as the conductive liquid in SECM
experiments. A study was conducted that intended to use the topographical data-collection of
SECM on a coating that swells when temperature is increased. RTIL was used to mitigate any
solution-based swelling that water would cause. The SECM successfully recorded negative
feedback in an RTIL with ImM Ka[Fe(CN)]s used as the mediator. The findings concluded that
the swelling was observed via SECM with the absence of a water-based solution.?

The ultramicroelectrode tip has the ability to be inserted into a coating to monitor
potential, kinetic, and thickness of the coating.? This study was unique when compared to other
research conducted with SECM since its advent. The purpose of this study was to observe the
feedback mode through a solid film. Instead of solution carrying the mediator, a conductive
coating of Nafion was used to contain the mediator, Os(bpy)s?*. The mediating reaction is shown
in (5). The forward reaction of (5) could be achieved through a tip potential of +0.80V vs SCE.

Os(bpy)3? < Os(bpy)3® +e” (5)
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The substrate was an indium tin oxide surface. The substrate had a potential of +0.20V vs SCE to
cause the reverse reaction of (5) to take place at the substrate. This combination of potentials
allowed a positive feedback loop to take place as explained in Figures 2.4 and 2.5. The results of
the test were that a definitive current response The significance of this study is the possibility of

utilizing SECM to analyze and characterize coatings throughout the coating thickness.®

Figure 2.4. Depicted are the events that occur at the tip when it was inserted into the Nafion
coating. A: The UME approaching the surface of the coating. B: The conical tip penetrates the
coating and begins oxidizing the Os(bpy)s*? mediator. C: The tip has now fully penetrated the
coating and has achieved a steady-state, diffusion-controlled current. It is too far from the ITO
substrate to receive any positive feedback. D: The tip has now approached close enough to the

substrate to begin a positive feedback mode with the substrate. E: The tip is close enough to the
substrate that tunneling effects between the tip and the substrate begin to increase current.®
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Figure 2.5. Curves 1 and 2 display the current response of the cone-tipped UME as it penetrates
the Nafion coating. Curve 2(right) displays the current response of the tip as it proceeds through
steps A-E from Figure 2.4. Curve 1(left) displays the tunneling current on a scale that would be
too large to view Curve 2. The tip was held at a +0.80V vs SCE and the substrate was held at
+0.20V vs SCE.?

The anodic half-reaction of corrosion yields iron ions due to the oxidation of steel. This
solubilized iron can be found as iron(Il). Souto et al employed the SECM technique of substrate
generated/tip collected to detect the presence of iron(ll) at a holiday in an organic coating. Cyclic
voltammetry showed that iron(l1) can be further oxidized into iron(I1l) using the UME at
potentials above 0.15V vs Ag/AgCIl. The potential of 0.60V was used in the experiment. The
results showed that a peak of current was observed directly over the holiday. This was concluded
to be the presence of iron(ll) ions being oxidized at the UME tip. No potential or applied current

was impressed upon the substrate. This demonstrated method is able to directly measure and

detect corrosion products of steel.??
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AC-SECM can be employed to monitor the local integrity the coating on a lacquer
tinplate. This study showed that similar modes of SECM operation can be performed in AC
mode. Positive and negative feedback modes were performed with an AC amplitude of 10mV at
10kHz. Artificial scribes and holidays were created in the lacquer coating to test the AC-SECM
response of conductive and nonconductive.?

Holidays and scribes are intentional defects that are carved into coatings on a substrate.
These defects allow the analysis of the coating-defect. In the application of holiday analysis,
feedback mode can be used over an intact coating using oxygen reduction. Once the UME scans
over the holiday, the mode is switched to redox competition from negative feedback mode due to
the presence of a corroding exposed substrate.?*?° Xia et al conducted similar holiday research
and was able to identify an initial increased rate of corrosion followed by the slowing of
corrosion due to the buildup of corrosion products.?®

This same feedback/redox competition method can be observed in self-healing coatings
as well. Self-healing coatings contain microcapsules of polymer or catalyst that, when ruptured,
release their contents with the intended design to flow and cure within the defect of the coating.
SECM has been used to monitor and track the “healing” of these types of films. Using oxygen-
reduction, one can track the corrosion process through the locating of cathodic areas. Linear
scans over a scribe in a self-healing coatings containing silyl ester microcapsules were studied by
Garcia et al.?’?8 The study describes the use of oxygen reduction to measure the corrosion
process as a self-healing coating closed. Ferrocene negative-feedback mediation was used as
well to monitor and topological changes within the scribe during the healing process. Within 15
days of the scribe being exposed, SECM showed that the competition mode of oxygen reduction

started presenting more negative-feedback characteristics. This was concluded to be a

22



confirmation that the scribe “healed” due to the silyl ester film-formation. A similar investigation
utilizing SECM involved linseed oil microcapsules to heal a scribe in an epoxy resin.?° The study
used the oxygen reduction competition mode as well as the SG-TC mode of the oxidation of Fe*?
ions using a +0.5V vs Ag/AgCl(sat’d) tip potential. This study also showed similar results of the
oxygen and ferrous ion signatures disappearing from SECM scans as the scribe was filled with a
protective film originating from the microcapsules.

Corrosion inhibition is the practice of adding a substance to a film to prevent corrosion
from occurring at the substrate. Common practices include mixing these additives into the paint
formulation or applying a pretreatment to a substrate prior to coating with a paint. SECM can use
oxygen reduction to monitor corrosion activity within corrosion inhibited coatings on defects.
The combination of oxygen reduction redox competition mode and ferrocene feedback mode
allowed the study of a scribe in aluminum flake epoxy.3%3! The study also included the addition
of either tungstate- or vanadate-doped polypyrrole for corrosion inhibition. A scribe in this
coating was monitored over time using SECM with the two above mentioned methods. By
monitoring oxygen levels, they were able to track the presence of corrosion while also measuring
any physical buildup within the scribe with the use of ferrocene with feedback mode.

SECM was used to show the corrosion mitigation caused by modified graphene oxide
film deposited on galvanized steel surface. The mediator used to study the film was Ka[Fe(CN)s]
with a UME potential of +0.5V vs Ag/AgCI. Feedback mode was instituted to measure the
conductivity of the modified surface. Potassium ferricyanide is capable of a positive feedback
when the UME approaches a conductive surface. The results of the experiment show that by
increasing the concentration of the modified graphene oxide, the surface became increasingly

nonconductive. Recorded currents over the highest concentration of additive showed current
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lower than the bulk current indicating a negative feedback. Through the use of SECM, the
researchers were able to show anti-corrosion behavior caused by a film on a metal substrate.®> A
similar study was performed by Fernandez et al with the replacement of a magnesium substrate
with modified graphene oxide deposited as a film. The results of the SECM experiment showed
the film increasing corrosion resistance due to limiting of positive feedback caused by
conductive surfaces by potassium ferricyanide.®
2.4. Future Progress of SECM and Calls for Study

SECM still has untapped potential as a method and device in corrosion science. Further
understanding micro-concentrations of corrosion products and reactants of the anode and cathode
could be achieved using the electrochemical sensitivity of SECM. Similarly, new mediators
should be explored with relation to corrosion, currently there are only a few mediators used in
studies. Substrate collected/tip generated (SC/TG) modes are under researched and have great
potential due to the local generation of species that are either unstable or difficult to transport or
study. Pit generation has been studied but has larger potential to expand upon because of its
ability to monitor and analyze metastable pitting locations and pitting initialization.
2.5. Summary

Local electrochemical techniques are increasingly advancing the study of interfacial and
solution related chemical phenomenon. SECM has the capability to monitor corrosion processes
through the monitoring of the reactants and resulting products of corrosion. The scale of SECM
allows the analysis of micro-scale corrosion events such as pitting as well as macro-scale scans
such as galvanic coupling. Many modes are available to study corrosion. The usefulness and
flexibility of these modes show that SECM can still being researched and has great promise to be

expanded as a promising and impactful technique.
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CHAPTER 3. GALVANIC CORROSION INVESTIGATION OF STRUCTURAL
TRANSITION JOINTS
3.1. Abstract
Scanning electrochemical microscopy is a useful analysis technique that is increasingly
being applied in corrosion and coatings research. In this study, the authors investigated galvanic
corrosion properties of an explosively welded iron-aluminum-aluminum alloy clad material
called a structural transition joint. Global electrochemical techniques were used to initially
identify galvanic activity. The techniques used were open circuit potential, potentiodynamic
scanning, and galvanic corrosion current monitoring. Scanning electrochemical microscopy was
then applied to sense specific corrosion reactions using a substrate generated/tip collected
technique to identify cathodic locations generated from the interfaces of the structural transition
joint. Once the galvanic activity was confirmed through scanning electrochemical microscopy, a
magnesium sacrificial anode was connected to the joint and tested for its ability to protect the
joint from corrosion by passive galvanic protection. Results showed a strong cathodic response
to the magnesium anode showing a strong possibility for the joint to be protected by passive
galvanic protection.
3.2. Introduction
Structural transition joint (STJ) clad materials are used in maritime ship construction.!

This joint allows for a strong, welded transition from a steel structure to an aluminum structure.?
It is comprised of a layer of aluminum 1100 sandwiched between a sheet of SA-516-55 steel and
a sheet of aluminum 5086. This three-layer system is created by an explosive welding process.
Explosive welding a technique that provides the immense pressure required to fuse the metal

sheets together to create the joint utilizing the violent nature of explosives.
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The investigation of galvanic corrosion in the structural transition joint is the primary
goal of this paper. Galvanic corrosion is the preferential corrosion of a more active metal when
two dissimilar metals are electrically connected in a corrosive environment. The active metal
corrodes preferentially to the more noble metal causing the active metal’s corrosion rate to
accelerate while the more noble metal’s corrosion rate will decrease. This is primarily observed
through an electrochemical cell analysis. The more active metal will show strong anodic activity
while the more noble metal will show strong cathodic activity. Significant galvanic interaction is
expected between the aluminum and iron in the STJ. The active metal in this case, aluminum, is
expected to undergo preferential corrosion at a higher than normal rate while the iron in the steel
is expected to be galvanically protected. This galvanic corrosion process could cause the
aluminum portion of the material to corrode faster than anticipated causing unexpected structural
failure of the joint. However, such preferential galvanic corrosion can be contained and
harnessed by protecting the entire joint by the presence of an active metal such as magnesium.
With respect to the galvanic series, magnesium is more active than both aluminum and iron. The
magnesium would corrode preferentially over the entire joint causing preservation of the joint at
the expense of the magnesium sacrificial anode.

Scanning electrochemical microscopy (SECM), introduced by Bard et al in 1989, is a
technique and device that can measure local electrochemical reactions.>’” A schematic is shown
in Figure 3.1 of its configuration. It incorporates local electrochemical monitoring with micro
and macro XYZ positioning. The electrochemical reaction occurs through the working electrode
in SECM. SECM uses an ultramicroelectrode, UME, as its working electrode. The UME is
typically a platinum wire that is encased in a nonconductive shell so that only a finely sanded

“disk” is exposed at the tip.
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Figure 3.1. Cell configuration of SECM. The three-electrode setup is pictured with a working,
reference, and counter electrode.

A conductive solution is used as the medium in which SECM measurements are taken.
An electrochemically active chemical within the solution is typically targeted for reduction or
oxidation by the UME at the tip. The selectivity of this redox species is controlled through the
UME acting as a working electrode while maintaining a selected potential using a potentiostat.
The responding tip current created from the redox reaction is then measured by the potentiostat.
The current response of an electrochemical reaction facilitated by the UME is dependent on the
surface of the material being studied and how it affects the hemispherical diffusion of redox
species to the exposed electrode disk. Current from the tip is dependent on (6).2

iw = 4nFDCa (6)

In (6), the current is dependent on several variables that are held constant throughout the

experiment. The variable, n, is the number of electrons transferred, D is the diffusion coefficient,

C is the concentration of the chemical, and a is the radius of the UME. This equation holds true
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when the electrode is far from the substrate and does not have any negative or positive feedback
responses from chemical species.®*8

The redox chemical used in this study is dissolved oxygen. This method of dissolved
oxygen reduction is a commonly used method to monitor corrosive activity.>! In a corrosion
cell, dissolved oxygen is reduced at the cathode into hydroxide as shown in (7).

0, + 2H,0 +4e~ 240H" (7)

This reaction consumes dissolved oxygen present near the surface of the cathode. This
process creates an area of low oxygen concentration near the surface when compared to bulk
concentration. SECM can utilize a redox-competition mode to reduce oxygen at its tip into
hydroxide. This allows the UME to act as an “oxygen sensor” by graphing the current while
scanning. Areas of high and low current correspond to areas of higher and lower oxygen
concentrations respectively.'?* Redox-competition mode is attained by the UME reducing a
species that is simultaneously being consumed by the surface being analyzed. Areas of low
current at the tip would indicate cathodic areas on the sample.

The primary goal of this study is to characterize the corrosion characteristics of a
structural transition joint using SECM through oxygen reduction. A secondary objective is to
propose the joint be protected through the passive cathodic protection of a magnesium anode.
3.3. Experimental Procedure

The STJ in this investigation consisted of an aluminum alloy sandwiched between an
aluminum alloy AA 5086 and steel SA-516-55 Carbon steel. The joint was created via explosive
welding process and was provided by NobelClad™ as the product DetaCouple™. The samples
were cut laterally such that all three metals/alloys in the joint were exposed during the

experimental processes. The STJ was cut and mounted in a mounting epoxy to create a circular
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sample that can be mounted in the SECM. As shown in Figure 3.23, there is an interfacial region
between the steel and pure Al. This region contains variable amounts of both Al and steel as well
as pitted imperfections all stemming from the manufacturing process. The dynamic material
nature of this area is “grey zone” due to the slight shifts in the locations of certain metals. A
sample of magnesium was also mounted in the same sample as shown in Figure 3.2b. A wire was
soldered to both samples before mounting to allow a switch to be attached to allow galvanic
coupling and decoupling of the two metals. The surface of the sample was polished flat with 80
grit and was polished gradually up to 1200 grit using a rotary polisher.

The SECM used in this study was a CHI900b from CH Instruments, Inc. A 10pm UME
probe was used with a platinum wire as the working electrode. The counter electrode was
platinum, and the reference electrode was Ag/AgCl in saturated KCI. SECM line and area

scanning was conducted at a height of 150pum above the substrate.
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Figure 3.2. a) Magnified image of structural transition joint. The length of the joint is 1.8cm.
The composition is SA-516-55 Steel, 1100 aluminum, and 5086 aluminum respectively from left
to right. There also exists an interfacial region between the steel and pure Al. b) Entire mounted

cell with magnesium to the bottom of the cell. Wires shown with switch for galvanic coupling.

Non-welded samples of the metals used in the joint were also obtained and used for the
preliminary global experiments. These experiments were conducted on an Interface 1000 from

Gamry Instruments. All global electrochemical experiments used saturated calomel reference
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electrodes during testing. Open circuit potential (OCP) was recorded in 3.5% NaCl solution for 1
hour and masked with an insulated tape for an exposed area of 1cm?. Immediately following an
OCP measurement was a potentiodynamic scan (PDS). The PDS scans were conducted either
1.0V above or below the final OCP measurement. Anodic and cathodic scans of the metals were
conducted as separate scans and thus the curve is composed from two separate scans. The scan
rate was 1mV/s, and the area was also masked to 1cm?. The solution used was 3.5% NaCl in DI
water. The galvanic current measurement was conducted with similar parameters as the other
two experiments. 3.5% NaCl solution was used, and metals were masked to 1cm?. The galvanic
current measurement was conducted for 24 hours for each metal pairing.
3.4. Results and Discussion

The first step in this investigation was to identify possible galvanic activity within the
joint. The individual metals of the STJ were used to conduct global electrochemical tests such as
OCP, PDS, and galvanic current measurement. OCP measurements displayed the range of
potential differences of each metal and were measured just prior to the PDS scans as shown in
Figure 3.3a and 3.3b. Figure 3.3c displays galvanic current measurements that were administered
with the interfaces of the STJ under study. The 1100 aluminum was tested against the 5083
aluminum and the steel. The results showed insignificant current difference between the two
aluminum metals but a significant current between the 1100 and the steel, implying strong

galvanic interaction between the AA 1100 and Steel 5086.
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Figure 3.3. Global techniques of individual metals. a) PDS b) OCP c) Galvanic corrosion
measurement of interfaces in the joint.

The individual metals were also analyzed with SECM. A redox-competition mode was
used to monitor the oxygen concentration above the metal’s surfaces. The results, shown in
Figure 3.4, detail a baseline of the reactivity with dissolved oxygen in solution. The steel showed

great activity along with the aluminum alloy. The pure aluminum showed the least activity.
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Figure 3.4. SECM line scans of individual metals. The scans were performed 150um above the
surface of the sample with a tip potential of -0.7V vs Ag/AgCI.

Figure 3.5 shows the results of an area scan of the STJ exposed in an epoxy mount. The
low current observed over the steel shows that the oxygen concentration is very low. When
comparing the observation of the standalone steel sample, the STJ results show lower
concentrations of oxygen. This implies that there is an increase in cathodic activity over the steel
surface. The pure aluminum shows the largest change in oxygen concentration when comparing
Figures 3.4 and 3.5. The STJ results show that oxygen concentration dropped vastly over the

pure aluminum location. Based on the galvanic series, aluminum would tend to become anodic
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when coupled with steel. If this holds true, then the decrease in oxygen would point to an overall
increase in corrosive activity of the pure aluminum.

The aluminum alloy maintained little change when comparing Figures 3.4 and 3.5. This
is mostly due to the lack of galvanic activity present between the pure aluminum and the
aluminum alloy. This result is also reinforced by the galvanic corrosion results in Figure 3.3c,

which shows very little current between the two aluminum types.
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Figure 3.5. Area scan of STJ. The tip potential was -0.7V vs Ag/AgCl at a height of 150um. The
lines on the graph show the locations of the metal transitions over the scanned areas.

The next step was to explore the cathodic protection response of the STJ. Magnesium is a
very suitable candidate that is widely used in industry as a sacrificial anode. When coupled with
the STJ, the highly active metal should assume highly anodic qualities while the STJ would
become more cathodic in nature. As shown previously in Figure 3.2b, the magnesium anode can
be connected electrically to the joint using an electrical switch. Figure 3.6 shows a line scan of
an uncoupled and coupled sample. The two tests were performed in very close succession to
show the dramatic overall decrease in current when connected to the magnesium. This decrease

in current shows the decrease in oxygen concentration over the entire STJ. Interestingly, the STJ
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holds its general “shape” where the steel is noticeably lower than the aluminum and epoxy
surroundings. Both the pure and alloy aluminum exhibit cathodic oxygen concentrations
equivalent to the steel levels prior to the magnesium anode. This data points to the joint having a
strong possibility to be protected through passive galvanic protection. The signal over the steel
portion of the STJ when connected to the Mg anode showed an oxidation current. This is a
reversal of the reduction current that was recorded up to now. This oxidation current comes from
the rapid H2 generation on the steel surface. This hydrogen then undergoes oxidation and gives

an oxidative current signal.
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Figure 3.6. Line scans over STJ. Top line represents the uncoupled STJ. Bottom line represents
the STJ coupled to magnesium anode. The scan height is 150um and the tip potential was -0.7V
vs Ag/AgCl sat’d KCL.
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3.5. Conclusion and Future Work

The study thus far has shown a galvanic presence in the metals, namely the interaction
between the steel and pure aluminum interface. SECM was successfully used with redox-
competition mode to identify the galvanic presence through oxygen reduction. The results
showed that the steel-pure aluminum interface has increased activity. When the magnesium
anode was connected to the STJ via wire, SECM was used to analyze the transition of the entire
joint to a more cathodic character. This overall increase in cathodic activity over the joint with
the Mg anode shows the ability to be cathodically protected for use in marine application.

More experiments are ongoing and are actively pursued for this study. Studies of the
effect of acidic and basic pH on the system, coupled and uncoupled, have yet to be interpreted
and refined. The use of alternative mediators such as ferrocene-methanol and other redox species
such as H*/H; are also in the interest of the study. Other local techniques are also being
considered such as SKP. AC-SECM can be applied to analyze the aluminum passive layer while
immersed in saltwater.
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CHAPTER 4. APPLICATION OF MEDIATORS FOR SECM IN THE CORROSION
INVESTIGATION OF STRUCTURAL TRANSITION JOINTS
4.1. Abstract

Scanning electrochemical microscopy is a method that incorporates an
ultramicroelectrode capable of facilitating electrochemical reactions paired with an XYZ
positioning system capable of micron-level movements. This study investigates the corrosion
behavior of structural transition joint clad material that contains steel, pure aluminum, and an
aluminum alloy blast welded into a single joint. The primary findings of this study center around
the application of new mediators and redox-active species for use in corrosion research of SECM
such as diquat and ABTS.

4.2. Introduction

Scanning electrochemical microscopy (SECM) is an electrochemical method and device
used to analyze surfaces using an ultramicroelectrode (UME) and an XYZ positioning system.
The device uses a standard 3-electrode setup for redox reactions. The UME is the working
electrode, allowing the user to change the tip potential to target specific reactions. A reference
and counter electrode is also used in the apparatus.

A structural transition joint (STJ) is a 3-layer system composed of a top, intermediate,
and base layer of Al 5086, Al 1100, and Sa-516-55 carbon steel respectively. This unique
material is formed through a process called explosive welding. Explosive welding is the process
of using explosives to exert extreme forces on 2 sheets of metal to fuse them together.!?
Typically, it is difficult to weld different metals and alloys, but explosive welding allows this
type of material to be manufactured. The primary use for a STJ is shipbuilding. The joint allows

a transition of a steel hull to the aluminum superstructure.*3
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There are two novel mediators used in this study to analyze the corrosion of the STJ. One is
diquat dibromide monohydrate (diquat), and the other is 2,2’-azino-bis(3-ethylbenzothiazoline-6-
sulfonic acid) diammonium salt (ABTS). Diquat was typically used as an herbicide and used in
the agriculture industry before glyphosate was introduced.* Diquat and ABTS have been found to
have meditative properties with iron ions.> Diquat can be reduced to produce a radical form that
will reduce Fe*® to Fe*? and form a positive feedback with sufficient Fe*3 concentrations.
Similarly, ABTS can be oxidized to produce a radical that will oxidize Fe*? to Fe*® forming a
similar positive feedback with sufficient Fe*? concentrations.® Figure 4.1 gives a visual

representation of the mediation processes.
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Figure 4.1. Electrochemical mediation of diquat and ABTS with iron ions.®

4.3. Experimental Outline

All SECM experiments were conducted with solutions prepared with 3.5% NaCl w/w in
DI water. A 3.5% NaCl solution was used for all solutions to maintain conductivity and
reactivity of the STJ throughout the experiments. A 3mM solution of analytical grade diquat
dibromide monohydrate (diquat) obtained from MilliporeSigma was prepared. A 1mM solution
of >98% 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS)
obtained from MilliporeSigma was prepared. A third solution of 1% w/w Nal obtained from
MilliporeSigma was also prepared. All SECM experiments utilized a Ag/AgCl(sat’d KCl) for a

reference electrode and a platinum wire as a counter electrode. The model of SECM was a
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CHI900b from CH Instruments, Inc. The SECM is contained within a double-walled grounded
Faraday cage.

The STJ was obtained from NobelClad and mechanically cut to size. Samples were
created to expose the interfacial face of the joint. The joint was mounted in epoxy, sanded, and
polished to a mirror finish. A magnesium anode was electrically connected to the joint prior to
mounting in epoxy. This anode is connected via a switch to allow the circuit to open or close
between the joint and the Mg anode. The use of the Mg is for its possibility as a sacrificial anode.
Passive galvanic protection is a process that utilizes the preferential corrosion of paired metals to
the advantage of the target material. A sacrificial anode, such as Mg, will corrode preferentially
over a less active metals such as Fe. This process can be used to protect certain structures from
corrosion and materials while replacing the rapidly corroding anode when needed.

4.4. Results and Discussion

The primary focus of this study was to characterize the corrosion behavior of a STJ using
new and previously studied mediators and methods with SECM. By comparing and contrasting
the results of different mediators under similar corrosion conditions, we can begin to construct a
characterization of the STJ that encompasses the many “strengths” of each mediator when
applied to corrosion studying.

Iron ion oxidation has been used before in SECM to analyze a scribe in a coating
healing.® Iron ion oxidation has also been used in the characterization of stainless steel
corrosion.”® These studies applied an oxidation potential to the UME and would oxidize Fe*?
originating from the anode of iron corrosion and oxidize it further into Fe*3.° The mode that the
SECM would operate in for this kind of iron ion oxidation would be substrate-generated/tip-

collected(SG/TC).
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The first scans performed over the STJ are shown in Figure 4.2. Peaks that are present
without Mg show areas of Fe*? generating from the surface. These spikes are caused by steel
corrosion. There are notably two locations of prominent iron corrosion: the left-most edge of the
STJ away from any Al and at the interface between the steel and the pure Al. The corrosion near
the edge of the joint is mostly likely caused by a typical corrosion process that any steel when
placed in a corrosive environment might encounter. The Al has a lot of iron mass and surface
area between the observed corrosion and the interface. Galvanic effects could be minimized at
this distance, allowing the far edge of the steel to undergo uniform corrosion. The other area of
note is the right near the interface between the steel and the pure Al. This area is closest to the
pure Al. Because of the strong galvanic corrosion potential between Fe and Al, this area would
seem to be the most “protected” by the pure Al corroding due to its close proximity to the pure
Al. There exists the pits and imperfections in the steel-pure Al interface which could allow steel
corrosion to occur.

The scan was then repeated with the Mg couple engaged to allow the Mg anode to enter
the galvanic interaction. Here we observed an increase in current across the entire surface of the
steel. However, this is not from Fe*2 oxidation. The connection of the Mg anode causes large
amounts of Hz generation on the STJ and most so on the steel portion. These rapidly generated
bubbles are saturating the solution at the surface with Ha. Ha is easily oxidized into H* with the
tip potential of +0.5V vs Ag/AgCl(sat’d KCI) which is the potential of the UME for these tests.?

Both scans exhibited little activity over the Al portions of the joint. With a slight

increase with the Mg anode most likely from a small amount of H, generation.
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Figure 4.2. SECM lines scan at +0.5V vs Ag/AgCl(sat’d KCI). The scan height was 20um. The
solution was 3.5% NaCl w/w in DI water.

Figure 4.3 displays the results of diquat being used as the mediator with SECM. Figure
4.3 displays two graphs of the same scan surface and settings, except Figure 4.3(B) is on a larger
current scale because Figure 4.3(A) maximized the current for that current range. Without the
Mg anode, there are small oxidation peaks over the edge of the steel/epoxy interface and the
steel/pure Al interface. There appears to be little activity throughout, and no reduction current
observed over the STJ. We did observe a green hue to the solution immediately above the steel
portion of the STJ. This hue is caused by the generation of the radical form of diquat, which has
a green color. As shown in Figure 4.1, the UME reduces the diquat into its radical form which
will reduce Fe*3. The cathode could carry out the reaction of the supplied electrons radicalizing

the diquat. This effectively removes any mediator for the UME to reduce. This explains the near-
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zero current shown over the steel portion, effectively converting the SG/TC mode we were using
into a redox-competition mode.

When the galvanic couple was created with the STJ, a large oxidation peak was recorded
over the steel portion. There is also increased current over both the pure-Al and Al alloy portions
of the STJ. The large spikes are most likely caused by H» oxidation similarly to Figure 4.2. The
cathode typically causes a higher pH due to the generation of OH". This can allow Ha to be
oxidized by the reduction potential of -0.55V vs Ag/AgCl used in this experiment. An interesting
observation arises from the magnitude of the oxidation current. This current is, on average, 2
orders of magnitude higher than the H. oxidation recorded during Fe*? oxidation in Figure 4.2.
There must be additional oxidation reactions occurring with the presence of diquat to causes this

increase in current that is caused by the high cathodic activity on the steel portion.
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Figure 4.3. SECM line scan at -0.55V vs Ag/AgCl(sat’d KCI). The graph (A) is on a scale of 10°
% while (B) is a duplicate scan with Mg on the scale of 10 due to the current limit reached on
(A). The tip height was 20um. The solution was 3mM diquat dibromide in 3.5% NaCl w/w
solution.

Figure 4.4 displays the results of ABTS mediation. As shown in Figure 4.1, ABTS has
the opposite mechanism as diquat. The ABTS radical formed at the UME oxidizes Fe*? to Fe*3,

It would be reasonable to assume that the results would be near identical to the Fe*? oxidation in
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Figure 4.2. This holds true for scanning over the steel portion without the Mg anode. There are
oxidation peaks observed over the Al portions of the STJ without the Mg anode. These readings
could be an interaction of the ABTS with generated species originating from the anodic Al
portions. When the Mg anode is connected, we observe the H, oxidation current seen previously
throughout the STJ. The primary differences observed between the Fe*2 oxidation and ABTS
mediation is the increased activity over the Al portions of the STJ. Fe*2 oxidation showed little to
no signal over the Al portions while the ABTS mediation displayed an oxidation current without

the Mg anode and a slightly decreased oxidation current with the Mg anode.
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Figure 4.4. SECM line scans at +0.6V vs Ag/AgCl(sat’d KCI). The tip height was 20pum. The
solution was ImM ABTS in 3.5% NaCl w/w solution.

Figure 4.5 displays the SECM results of I" mediation. lodine mediation operates in
SG/TC mode by oxidizing 3I" into I5~.”*! The generated I3 then oxidizes Fe*? into Fe*3.”
Theoretically, this creates a similar SG/TC mode as Fe*? oxidation and ABTS mediation. We
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would expect to see the presence of Fe*2 oxidation peaks above anodes and H; oxidation peaks
during high cathodic activity. In Figure 4.5, (A) displays the results of the I mediation, while (B)
shows a spike recorded at higher current capacity when scanning with the Mg couple.

Without the Mg couple, the current responded with a dip in oxidation current on the steel
edge as shown in Figure 4.5(A). The current drops over the steel portion as it gets closer to the
pure Al interface. It then spikes over the interface and increases to bulk-currents ranges over the
rest of the STJ. The dip in current could be an adsorption of iodine onto the steel surface. The
Fe*? oxidation peaks are missing in this graph. In past experiments, the steel substrates have had
to be polarized with an oxidation potential for I mediation to proceed.”** I mediation could
possibly not be sensitive enough to detect Fe*? oxidation in the parameters used in this
experiment. With the Mg anode, the I couple has a large current response over the steel edge.
The current drops considerably over the rest of the steel and increases to a steady level over the
Al portions of the STJ. The I"mediation current feedback appears to be hindered by cathodic
activity which is shown to a greater extent when the STJ is coupled with the Mg anode. The
cathode must consume the I°, possibly through adsorption onto the surface of the STJ or by an
interaction with the cathode reactions. By this presumption, it would appear that there is very
little cathodic activity above the Al alloy as well as most of the pure Al near the pure Al-Al alloy

interface without the Mg anode.
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Figure 4.5. SECM line scans at +0.6V vs Ag/AgCl(sat’d KCl). Graph (A) displays on the scale
of 108 while graph (B) displays on the scale of 10°. The tip height was 20um. The solution was
1%Nal w/w in 3.5% NaCl w/w solution.

4.5. Conclusions

The purpose of this study was to expand upon the corrosion characterization of structural
transition joints using new mediators as well as expanding upon developing mediator methods
using scanning electrochemical microscopy. The work shown in this study showed the
amperometric responses to changes in mediator concentrations over the metal portions of the
structural transition joint as well as positive feedback current responses. Fe*? oxidation displayed
the anodic locations over the steel portion of the joint and that, despite the galvanic couple, there
is iron undergoing oxidation despite the galvanic interaction with the Al portions. The same scan
also displayed no oxidizable species present in solution over the Al portions of the joint. I
mediation a strong response to cathodic activity and little current response to anodic areas. Two
new redox chemicals were used with SECM: ABTS and diquat. Diquat scans with SECM
displayed little activity when the STJ was isolated. No Fe*®ion presence was observed from the
diquat mediation. There displayed some peaks around the edge of the steel portion as well as the
steel-pure Al interface, but this was observed as an oxidation current and could not be a result of

diquat mediation. This was overshadowed by the results gathered from the attachment of the Mg
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anode. The resulting activity throughout the STJ showed that diquat exhibits strong oxidation

current characteristics in the presence of strong cathodic activity in parallel with H> oxidation.

ABTS results matched similar peaks as Fe*? moderation which is expected due to the oxidation

potential used for ABTS mediation, but little evidence of mediation was observed due to the

oxidation current levels being almost identical in scale to unmediated Fe*? oxidation. There

existed many peaks identified over the Al portions of the STJ that ABTS reacted to in small

sharp peaks. This activity held through the attachment of the Mg anode and was consistent with

and without the anode. This activity could point to an interaction with the anodic activity that is

present above the pure-Al.
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CHAPTER 5. CHARACTERIZATION OF HIGH-TEMPERATURE COATINGS
TREATED AT DIFFERENT TEMPERATURES
5.1. Abstract
High-temperature coatings, designed to be used at a wide range of temperatures, find
many applications in industries. However, there still lacks a good understanding of how these
coatings change during their service at very high temperatures. In this study, we characterize
several commercial high-temperature coatings exposed to different levels of heat. General trends
of decreasing barrier performance were observed with the exception when these coatings are
exposed to their rated temperature limit of 1400°F, at which the barrier increased slightly,
indicated by their low-frequency impedance modulus. To further investigate this “phenomenon”,
we characterize the coatings with infrared spectroscopy, thermogravimetric analysis, scanning
electrochemical microscopy, and energy-dispersive X-ray spectroscopy. The results showed that
both the substrate surface oxidation and pyrolyzed coating binder are both contributing factors of
the increase in barrier performance of samples exposed to 1400°F.
5.2. Introduction
High-temperature coatings are coatings that are designed to maintain barrier performance up

to temperatures that are much higher than environmental conditions. These types of coatings find
application in the energy sector, high-heat piping, and other applications that require metal
protection under high temperatures. High-temperature coatings can also find specific use in the
prevention of corrosion-under-insulation. The binder that is commonly used in coatings of high-
temperature application is silicone. A more formal name for silicone is polysiloxane.
Polysiloxane is made up of a repeating pattern of Si-O bonds. This polymer backbone is

commonly functionalized with organic groups to increase its thermal stability and is well-studied
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for its high-temperature applications.X The addition of phenyl groups have been shown to
increase thermal stability on polysiloxane chains and have led to the specialization of high-
temperature applications.>”

Metals that undergo high temperatures typically form what is known as scale. Scaling is the
uniform oxidation of a metals surface to form a layer of metal oxide. This layer is typically
fragile and has weak adhesion to the metal. In some stainless steels, scaling can lead to a
protective layer from corrosion due to the composition and stability of the formed scale.® Many
factors of the environment can shape and decide the nature of the scale formed on a metals
surface .81

The coatings described in this study hold a certification under the performance standard of
MIL-PRF-14105E at the time of the publishing of this study. MIL-PRF-14105E describes the
performance standard of a single-coated, single component, heat-resistant coating. The primary
goal of this standard is to describe a coating that can undergo heat to a maximum of 1400°F
(760°C). The standard describes the required compositional standards of the coating to either be
Type | or Type Il. The primary difference between types is the VOC content. Type | describes a
coating with VOC content maximum of 3.5 Ibs/gal, and Type Il describes the VOC content
maximum of 2.8 Ibs/gal.? The coatings tested in this study fall into either Type I or Type II.
MIL-PRF-14105E is important for this study since the report describes the expected performance
standards for a certified coating. This study centers around corrosion resistance and barrier
performance described within the standard. MIL-PRF-14105E describes heating a coating to
different temperatures and perform different testing to measure any possible performance
degradation due to high temperatures. These standards were used as a template in the testing

performed in this study.
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A common technique used to evaluate coating performance is electrochemical impedance
spectroscopy (EIS). The method involves applying a small AC signal to the substrate and
measuring the resulting current. Coatings have inherent resistance and capacitive qualities with
how an AC signal is measured through the coating. This method is commonly used to evaluate
coating performance and is regarded as a standard testing of barrier performance.*2° The
primary method for barrier performance centers around low-frequency impedance
measurements. Low frequency (0.01Hz) impedance gives a measure of the barrier performance
of a coating.?*2
5.3. Experimental Outline

The primary objective of this study was to investigate the coating performance changes
of coatings that were heated to 1400°F.
5.3.1. Materials

The three coatings that were investigated in this study all hold the certification of mIL-
PRF-14105E. Coating 1 is manufactured by The Sherwin Williams Company and is named
C71B6. Coating 2 is manufactured by Hentzen Coatings, Inc. and is named 02308KML-HF.
Coating 3 is manufactured by NCP Coatings, Inc. and is named N-9455. In EIS measurements, a
3.5% NaCl (w/w) solutions was used as a conductive solution. A room-temperature ionic liquid
was also used in the substrate testing with EIS and PDS in addition to the salt solution. The ionic
liquid was 1-butyl-1-methylpyrrolidinium trifluoromethanesulfonate.
5.3.2. Panel Preparation

Cold-rolled steel panels were obtained from GPI that fit the requirements of MIL-PRF-

14105E. The dimensions were 6” x 3” x 3/16”. These panels were then sand blasted to SSPC-
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SP5 standard by the manufacturer prior to shipping. Panels were then cleaned with acetone in
accordance with SSPC-SP1 prior to coating.

Each of the 3 coatings used in this study had manufacturer recommended application
instructions with wet film thicknesses ranging from 3-5 mil. Every paint was mixed for at least
30 minutes, maintaining a vortex prior to application. Air spray was used as the application
method of each coating. These coatings were then allowed 24 hours to air dry followed by a 1-
hour cure at 400°F.

B117 accelerated weathering was conducted on coated panels as described in ASTM
B117. Panels were under exposure for 100 hours.

5.3.3. Heating Regimen

Once panels were coated and cured. Panels were then selected to undergo various levels
of heat exposure. All panels were heated for 1 hour in an oven at 400°F and then heated to a
specific temperature as displayed in Table 1. Heating panels to 400°F to fully cure was specified
by all manufacturers of the three coatings. The temperatures selected were 650°F, 800°F,
1000°F, and 1400°F. Panels heated to 400°F only were used as the control for comparisons made
to other exposed panels. Once panels were heated to their respectful temperatures for 1 hour,
they were taken out of the kiln and allowed to air cool to room temperature.

Table 5.1. Heating regimen for 15 coated panels. All oven temperatures at sample insertion were

room temperature except the 800°F panels were inserted into a 650°F oven and then brought up
to 800°F for the 1-hour heat exposure.

Oven Temperature(°F) | 400 | 650 | 800 | 1000 | 1400

Panel # involved 1-15 |4-6 | 7-9 | 10-12 | 13-15
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5.3.4. Thin Film Creation

For TGA and FT-IR Spectroscopy analysis, thin films were created using glass panels
and a drawdown bar set to 4 mil of wet film thickness. These samples were heated in the same
manner as the steel-substrate panels resulting in samples of the temperature ranges of 400°F,
650°F, 800°F, 1000°F, and 1400°F. The resulting films were then removed from the glass panels
with a razor, resulting in powders to be used for analysis.

5.3.5. Thermogravimetric Analysis (TGA)

The powders underwent TGA from the ranges of room temperature to ~1500°F with a
scan rate of 68°F per minute. The weight of the powders was recorded during that time and
compared to the original starting weight. The sample had a constant rate of 50mL/min of
nitrogen gas to avoid atmospheric influence. The device used was a Q500 TGA from TA
Instruments.

5.3.6. Differential Scanning Calorimetry (DSC)

Thin-film powders were also analyzed under differential scanning calorimetry (DSC).
The samples were massed and tared from their containers and analyzed in a Q1000 DSC from
TA Instruments. The samples were analyzed through a heat/cool/heat regimen. The 2" heating
ramp was analyzed for any transitions of the coating. The coating was heated to 400°C at
20°C/min in the initial ramp then cooled at 10°C/min to 0°C. The samples were then heated at
20°C/min to 400°C while the heat flow was being measured. A constant gas flush of 50mL/min
of nitrogen gas was used to avoid any atmospheric influence.

5.3.7. FT-IR Spectroscopy
Each of the powders underwent FT-IR Spectroscopy with the intent of identifying the

molecular degradation of the coating as the exposure temperature was increased. The samples
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were scanned from 650 to 4000 wavenumber and the reflectance was recorded. A Thermo
Scientific Nicolet 8700 Fourier Transform Infrared Spectrometer was used for all samples.
5.3.8. Electrochemical Impedance Spectroscopy (EIS)

Coated steel panels were subjected to several EIS measurements before and after 100
hours of B117. Three samples of every heating level underwent this test-B117-test cycle. Two
samples were scribed with an “X” while the other one was left untouched for accurate EIS
testing. The scribing was performed after heating but before weathering. Visual comparison
between all samples were performed in accordance with MIL-PRF-14105E.

EIS was performed with potentiostats in a sealed faraday cage to avoid EM noise. A 3-
electrode setup was used with 3.5% NaCl solutions used as the dominant solution. A room-
temperature ionic liquid was also. The reference electrode was a Ag/AgCl in saturated KCI
reference. The counter used was a platinum mesh. The samples were masked to have an
exposure of 1 cm?. With a new area scanned for every test. The frequency range began at
100,000Hz and ended at 0.01Hz with a perturbation of 10mV RMS.

5.3.9. Potentiodynamic Scanning (PDS), and Substrate Testing

Uncoated substrates were evaluated using EIS and PDS. PDS describes a linear potential
scan from negative of the OCP of the metal to the positive side. The intent is to have the open
circuit potential lie in the path of the scan to form a curve that describes both anodic and cathodic
activity of the tested metal. The PDS testing scanned +/-0.5 volt from open circuit potential,
measured for 1 hour prior to testing. Scanning was performed from cathodic to anodic at a scan
rate of 5mV/s. The exposed surface area was 1 cm? and a Ag/AgCl sat’d KCl reference electrode
was used throughout testing. The device used for both PDS and EIS measurements was a Gamry

Instruments Interface 1000 Potentiostat. PDS testing was performed separately with 3.5% NaCl
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and 1-Butyl-1-methylpyrrolidinium trifluoromethanesulfonate, a room temperature ionic liquid
(RTIL). The RTIL allows a electrochemical test to be conductive without the presence of
corrosive medium such as salt water. The room temperature ionic liquid has a conductivity of
1.85 mS/cm. This conductivity is adequate to mitigate the contribution of solution resistance
towards the testing.

5.3.10. Scanning Electron Microscopy (SEM) and Energy-dispersive X-ray Spectroscopy
(EDS)

Samples were prepared by cutting small cross-sectional pieces approximately 1x1 cm and
polishing the interface with sandpaper. These were then further polished with an argon-ion beam
prior to imaging.

5.4. Results and Discussion

The initial testing involved the accelerated weathering process described in B117.
Pictures were taken of each set of panels before and after 100 hours of B117. A visual
comparison of before and after weathering was made. The pictures are displayed in Figure 5.1.
All 3 coatings showed large amounts of corrosion product as well as coating failure throughout
the temperature ranges. Coating 1 and Coating 3 showed visually an improvement in
performance in the 1400°F samples when compared to the panels of the same coating exposed to
lower temperatures. The samples had less blistering and a decrease in corrosion product
throughout the panel barring the scribe. This is an unexpected observation since heat typically

degrades a coating and performance would decrease.
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Figure 5.1. Photos taken of all B117 samples before and after 100 hours of accelerated
weathering. The order of panels is Coating 3(top), Coating 2(middle), and Coating 1(bottom).
The panels above the temperature exposure are prior the accelerated weathering with the after
pictures located below. Note: some before pictures show the residual moisture of EIS testing.

The results of EIS are shown in Figure 5.2. A general trend of decreasing performance as
the temperature increased. This is what is expected. Thermal degradation of a coating causes
physical voids, tears, and other damage to a coating. This is then recorded through EIS as low
impedance. Every coating tested has comparable barrier performance at 1000°F to bare substrate.
Interestingly, all samples show an increase in barrier performance after this at the 1400°F level.
This consistent increase in barrier performance could be caused by a reaction or physical change

that all the coatings undergo past 1000°F to cause the coating barrier to “repair” in some way.
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Figure 5.2. EIS data of all 3 coatings. The data displayed is the impedance of the coatings at low
(0.01Hz) frequency. The area of the scanned area was 1 cm?. The first number is the coating
followed by the temperature level (e.g., “2-650” is equivalent to “Coating 2 heated to 650°F”") At
least 5 replicates of each coating were performed.

TGA was used to observe thermal breakdown of the coating through mass loss. Figure
5.1 shows the results of the 3 coatings undergoing TGA. MIL-PRF-14105E gives the maximum
operating temperature at 760°C (1400°F). Heating to 800°C surpasses this standard and is used
as the maximum in the tests. As shown in Figure 5.3, all 3 coatings showed similar mass loss up
to 275°C (527°F). Coating 1 retained most of the original mass with 88% of its remaining mass
present at 800°C. Coating 3 and 2 had 84% and 70% remaining at the end respectively. The high
amounts of original mass remaining show the temperature-resistance of the substances used in

these coatings. Despite this, the formulations still contain volatile materials at such high
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temperatures in either different amounts or compositions. Based off the visual inspection after
B117, Coating 2 performed the worst at 1400°F. The TGA results show that Coating 2 loses
much more mass compared to Coatings 1 and 3. The decrease in protective coating mass could

be a factor in the low performance of Coating 2.
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Figure 5.3. TGA results of 3 coatings cured at 400°F. Coatings were heated from room
temperature to 800°C at a rate of 20°C/min.

The results of DSC testing are shown in Figure 5.4. The primary purpose of DSC testing
was to identify any transitions such as glass transition, crystallization, or melting. These could
then be compared to films that were heated to different temperatures. What is most notable about
Figure 5.4 is the complete lack of transitions. DSC data typically stems from the polymer
behavior as it is heated as transitions in the polymer causes changes in heat flow. The suspected

polymer either has little transition characteristics or has already deteriorated. Another option is
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that the polymer is so heavily crosslinked that there is no molecular maneuverability to cause

transitions that can be affected at these temperatures.
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Figure 5.4. DSC Results. Individual samples were not labeled since all results yielded no
transitions.

FTIR was used to identify possible composition of the coatings to find either a
degradation or creation of certain compounds which may affect the effectiveness of a coating
might have regarding corrosion prevention or as a barrier. Each coating was exposed to different
heating levels and the FT-IR spectrum of those results were recorded and shown in Figures 5.5-
5.7 of Coatings 1,2, and 3 respectively. Overall, silicon-based binders were observed across
every coating. It was concluded that every coating contained a silicone backbone with functional

groups being composed of phenyl or methyl groups. Poly(diphenylsiloxane),
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poly(methylphenylsiloxane), poly(dimethylsiloxane), and intermediate derivatives have been
studied before for their temperature-resistance.

Past 800°F, peaks that denote these silicone peaks mostly disappear and little to no peaks
become discernable. This is mainly due to the breakdown of most of the silicone into its
decomposed forms such as oxides. Organosilicon-based FT-IR spectroscopy always has a large
broad peak centered approximately from 1000 to 1100 wavenumber.?* This peak hides a lot of

SiO2 peaks which could be the product of the backbone decomposing.
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Figure 5.5. FT-IR Results of Coating 1. Y-axis is shifted for visual-comparison purposes and
does not represent the actual reflectance values.

65



104 /)

si
100
T 400

% 96 650
E 9 800
§ 9 1000
g 9 .

88 1400

86 Si-CH3

84 :

82 SiO,

1600 1500 1400 1300 1200 1100 1000 900 800 700

Wavenumbers [1/cm]

Figure 5.6. FT-IR Results of Coating 2. Y-axis is shifted for visual-comparison purposes and
does not represent the actual reflectance values.
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Figure 5.7. FT-IR Results of Coating 3. Y-axis is shifted for visual-comparison purposes and
does not represent the actual reflectance values.

SEM was used in this study to visually inspect the physical micro-structures of a cross-
section of the substrate and coating after undergoing the heating regimen. EDS was also utilized
to identify elements present in the different physical features identified in SEM to evaluate
possible chemical changes that happen within the system as a whole. The results of both
scanning electron microscopy imaging and energy-dispersive X-ray spectroscopy composition

scanning of samples are shown in Figures 5.8-5.10. A single coating was evaluated for this
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portion of testing, Coating 1. The 1-800, 1-1000, and 1-1400 panels were analyzed due to the
transitional performance that we observe between these samples. These samples were not
weathered prior to the imaging and X-ray analysis.

The lighter bottom half of each image is the steel substrate with the coating appearing in
the top half of the image. Observations from the pictures show that in the 1-1400 images, there is
a gap between the coating and the substrate. This gap is not present in the other two samples (1-
800 and 1-1000) despite undergoing the same polishing regimen and having the same coating.
While the polishing regimen was consistent throughout the 3 samples to expose this edge, one
cannot rule out that this gap is caused by it. Conversely, this gap is unique and well defined
throughout the 1-1400 sample. The increased temperature might have had an effect in creating
this, either through an incompatibly in thermal expansion of materials or unstable scaling of the
steel substrate.

Energy-dispersive X-ray spectroscopy, or EDS, is a method to gather data about the
elemental composition of a very fine point. This is useful when paired with SEM. EDS samples
were taken of numerous points in the samples. The results gave feedback on what elements are
present at those locations. Using this data, we can postulate different molecules that make up the
composition of the interface.

In the 1-800 and 1-1000 samples, most composition measurements show signs of
inorganic pigments dispersed in a silicon binder. This is as expected of a typical coating. Figure
5.8 shows a thin line that acts as an interface between the steel and the coating. This is a film of
most likely iron oxide. High amounts of iron and oxygen are measured on this interlayer. It is

likely that this layer was present prior to coating due to natural oxidation from the atmosphere.
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With regards to the 1-1400 sample in Figure 5.10, the gap shows interesting results. The
gap showed is not between the steel and the coating. Pure steel substrate makes up the “ceiling”
of the gap with iron oxide making up the “floor”. This means that a micron-scale layer of steel is
separating from the rest of the substrate. This layer, if consistent with the other coatings’
physical structures, could be an insulating layer that is causing increased barrier performance
readings through EIS. This additional separation with a non-conductive iron oxide layer could

cause increased impedance and causing improved barrier performance.

— lpm  NDSU_EM 9/10/2020
5.0kv LABE SEM WD 7.7mm 9:23:02

Figure 5.8. SEM pictures of 1-800.EDS location results: (A) Steel substrate; (B) Iron oxide,
trace silicon; (C) Silicon binder, inorganic pigments.
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Figure 5.9. SEM pictures of 1-1000. EDS location results: (A) Steel substrate; (B) Iron oxide,
inorganic pigments; (C) Silicon binder, inorganic pigments; (D) Void.
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Figure 5.10. SEM pictures of 1-1400. EDS location results: (A) Steel substrate; (B) iron oxide;
(C) Steel substrate; (D) Iron oxide, trace pigments and silicon; (E) Void; (F) silicon binder,
inorganic pigments.

The phenomenon described in this paper could be due to the substrate developing a
protective layer due to the heat. Bare, uncoated substrate underwent the heating regimen and then
EIS was performed on the different heat levels. Initially, the 1000°F and 1400°F samples
developed a flaky layer that released from the substrate to reveal an unaffected substrate
underneath. The EIS results obtained from this method gave consistent impedance comparable to

the control. The heating regimen was repeated with particular care and haste to move the panels
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from the oven to a desiccator as quickly as possible to avoid any effect oxygen may have on the
substrate during cooling. This worked by preserving any oxidation layers from flaking off and
maintaining adhesion to the substrate. The results are shown in Figure 5.11. EIS was performed
with two solutions. A 3.5% NaCl and a room-temperature ionic liquid (RTIL) was used as the
solution for the two sets of scans. The use of these two liquids allows us to evaluate the
impedance in both. The use of the RTIL was to be able to perform both EIS and PDS while
maintaining the fragile nature of the scaling. The ions and corrosive nature of the 3.5%NaCl salt

solution could affect the scaling.
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Figure 5.11. EIS results of substrate testing at low frequency.

The results of Figure 5.11 show a slight increase in barrier performance in the 1000°F
and 1400°F panels, particularly in the 3.5% NaCl solution. The 1400°F bare steel panels show
similar performance as Coating 1 and 2 at 1400°F. The performance increase of the 1000°F steel
panel shows better performance than the lower temperatures. When compared to the coated
1000°F panels, the 1000°F bare steel panels show better performance. This is not expected since

any coating, even degraded, would only add to the performance as a barrier.
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Figure 5.12. Corrosion current (lcorr) results attained from PDS Scans. The area scanned was
1cm?. A lower value is a smaller corrosion rate.

The results of the PDS reinforce the EIS bare substrate observation. The PDS results are
displayed in Figure 5.12. The RTIL results showed decreased current in the 1000°F and 1400°F
samples when compared to the lower temperature panels. This decrease in current is linked to
decreased corrosion. The 3.5% NaCl showed similar results with the 1400°F bare steel showing
a strong resistance to polarization, indicating corrosion resistance.

The reason for the increased performance of 1000°F and 1400°F is the creation of a
protective oxide layer. Oxide layers have the ability to maintain stability and cohesiveness when
formed under the correct conditions. The higher temperatures may create the right environment

for this oxide layer to form which could act as a barrier to corrosion.®102°
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Figure 5.13. Mechanism explanation at each heating level.

5.5. Conclusion
The results of this study show a measurable increase in coating performance when heated
to 1400°F. The coatings all contain a polysiloxane that breaks down at or above 1000°F to form

decomposition products. These products either chemically or physically change the coating to act
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as a barrier to both increase impedance and to resist corrosion. In parallel to this process, the

steel substrate is creating oxide layers that are providing protection on par with the coated

samples heated to the same temperature. The combined processes are causing a performance
increase that was measured primarily with low-frequency EIS impedance measurements
alongside many supporting testing methods.
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