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ABSTRACT

NUMERICAL MODELING AND EXPERIMENTAL VALIDATION OF
GALVANIC CORROSION BETWEEN ALUMINUM ALLOY AA2024-T3
AND CARBON FIBER REINFORCED PLASTIC CFRP

Y1ildirim, Mustafa Anil
Master of Science, Metallurgical and Materials Engineering
Supervisor: Prof. Dr. ishak Karakaya
Co-Supervisor: Assist. Prof. Dr. Metehan Erdogan

July 2020, 81 pages

During the aircraft development process, corrosion acceleration tests are often
performed to assess the risk of corrosion of designs when exposed to the outdoor
environment for an extended period or to simulate the actual situation the aircraft
structure will be exposed to during its life. However, these tests require several months
to years to complete. As an alternative approach, computational modeling has the
potential to reduce the cost of testing significantly. A calculation model was
developed, and experimental validation was performed to simulate galvanic corrosion
in the environment to which the aircraft will be exposed to. The numerical approach
was based on a 2D boundary/finite element method. The inputs of the problem were
the geometric definition and physical properties of the electrolyte and the macroscopic
polarization curves of the active electrodes. The main results of the model were
corrosion rates, current density, and potential distribution. An experimental setup was
established for the validation of the calculation results consisting of a combination of
two common planar materials consisting of aluminum AA2024-T3 and carbon fiber
reinforced polymer (CFRP). The validation approach is explained, and the critical pit

corrosion distance due to galvanic corrosion on the aluminum alloy and the maximum



pit corrosion depth is shown. A reasonably good agreement was reached between the

observed and simulated data.

Keywords: Corrosion Modelling, Galvanic Corrosion, Corrosion Risk Assessment,
AA2024-T3, CFRP
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Oz

SAYISAL MODELLEME VE DENEYSEL DEGERLENDIRME iLE
ALUMINYUM ALASIM AA2024-T3 VE KARBON ELYAF
GUCLENDIRILMIS PLASTI ARASINDA GALVANIK KOROZYON
TAYINI

Y1ldirim, Mustafa Anil
Yiksek Lisans, Metalurji ve Malzeme Miihendisligi
Tez Danismani: Prof. Dr. Ishak Karakaya
Ortak Tez Danismani: Dr. Ogr. Uyesi Metehan Erdogan

Temmuz 2020, 81 sayfa

Hava araci gelistirme sirecinde, korozyon tasarimlarinin genellikle uzun siire agik
hava ortamina maruz kalma riskini degerlendirmek veya hava araci yapisinin dmrii
boyunca maruz kalacagi ger¢ek durumu simiile etmek i¢in korozyon hizlandirma
testleri yapilir. Ancak bu testlerin tamamlanmasi birka¢ ay ila yillarca test slresi
gerektirir. Alternatif bir yaklasim olarak, hesaplama modellemesi, test maliyetini
onemli dlglide azaltma potansiyeline sahiptir. Hava aracinin maruz kalacagi gevresel
ortaminda galvanik korozyonu simile etmek igin bir hesaplama modelinin
gelistirilmesi ve deneysel validasyonu yapilmaktadir. Sayisal yaklasim 2 boyutlu bir
Sinir / Sonlu Elemanlar Y dntemi modeline dayanmaktadir. Sorunun girdileri arasinda:
elektrolitin geometrik tanimi ve fiziksel 6zellikleri ile aktif elektrotlarin makroskopik
polarizasyon egrileri bulunmaktadir. Modelin ana sonuglart korozyon oranlari,
elektrik akim yogunlugu ve potansiyel dagilimdir. Aluminyum AA2024-T3 ve karbon
fiber takviyeli polimerden (CFRP) olusan ortak diizlemsel iki malzeme
kombinasyonundan olusan hesaplama sonuglarinin validasyonu igin bir deney
diizenegi olusturulmustur. Dogrulama yaklasimi agiklanmis ve AlUminyum alasimi

tizerinde olusan galvanik korozyon nedenli kritik ¢ukurcuk korozyonu uzakligi ve

vii



maksimum olusabilecek ¢ukurcuk korozyonu derinligi gosterilmistir. G6zlemlenen ve

simiile edilen veriler arasinda 1yi bir yaklasim saglanmaistir.

Anahtar Kelimeler: Korozyon Modellemesi, Galvanik Korozyon, Korozyon Risk
Tayini, AA2024-T3, CFRP
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CHAPTER 1

INTRODUCTION

In today's aviation industry, the design of the aircraft by reducing the weight of aircraft
is becoming more and more critical because it is intended to minimize the impact of
the aviation industry on global warming and environmental pollution, and at the same
time, produce more fuel-saving aircraft [1]. For example, on a Boeing 787, 10% -12%
savings in fuel consumption was achieved with 20% weight reduction [2]. In
expansion to the diminishment of carbon footprint, weight-reducing aircraft designs
have also achieved results that increase flight performance, such as faster take-off, and
higher structural strength [3]. The fundamental guideline of lightweight plans is to
decrease the fabric utilized or to utilize materials with lower thickness and at the same

time, not losing any of its performance [4].

The selection of aviation materials covers the period from the design stage to the end
of the life of the materials and is very important for many reasons. A structural
aerospace material must meet the requirements in low density; high corrosion

resistance. Also, cost, service, and manufacturability characteristics should be high
[5].

To meet the demand for high fuel efficiency in aircraft and to increase the life and
overall performance of structures, complex combinations of light materials such as
aluminum, magnesium, titanium, and CFRP are continually being developed and used
by the aircraft industry [6]. As an example shown in Figure 1.1 for Boeing commercial

passenger planes.



Boeing 747 Boeing 777 Boeing 787
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H Misc.

Figure 1.1. Increased use of composite material in Boeing aircraft (The image was reproduced from
the source [2]).

However, in the presence of a conductive electrolyte due to the environmental impacts
of the aircraft during use, the combination of such different materials can lead to
accelerated galvanic corrosion, which can pose serious structural problems to the
plane if adequate corrosion control measurement is not taken into account [7]. For
example, galvanic corrosion on rivets in the engine area of an aircraft is shown in

Figure 1.2.

Figure 1.2. Galvanic corrosion on rivets in the engine area of an aircraft (The image was reproduced
from the source [8]).



Galvanic corrosion is the typical form of corrosion that occurs when two materials
with different electrochemical properties are combined in the presence of an abrasive
electrolyte, causing the breakdown of the more electrochemically anodic component
[9]. For example, galvanic corrosion is the primary corrosion mechanism of the
corrosion damage cases of the aircraft structure [8] encountered in different part of
typical passenger plane have found corrosion type percentage as shown in Figure 1.3.
Therefore, protection against galvanic corrosion plays a vital part within the plan and

support techniques of airplane [10].
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Figure 1.3. Typical example of corrosion type percentage encountered in aircraft parts after almost
40.000 flying hours (The graph was reproduced from the source [8]).



The “find and correct” maintenance concept currently applied in the aerospace
industry is a common approach to corrosion that needs to be repaired and maintained
without affecting the operational effectiveness of the corrosion damage. However, it
is widely accepted that planned maintenance measures are more efficient in the
medium to long term, so the benefit of modeling becomes clear for the prediction of
corrosion risk and optimum design. The “find and correct” approach should be
complemented by an understanding of the corrosion process and the ability to predict
its behavior. The use of corrosion prediction models can lead to the development of

cost-effective predictive corrosion integrity and maintenance programs [10].

The fundamental standards of galvanic corrosion are well characterized and well
caught on. Still, the general understanding so far has not yet been sufficiently used to
narrow the gap between scientific research and reality. On the other hand, the advance
of computational assets over the past few decades has presently made it possible to
model various complex corrosion systems, thus representing a pioneering technology
not only for research in the field but also for direct application in engineering design
[11]. Currently, a computational modeling approach is one of the foremost viable
apparatuses for plan and optimization, as well as blunder discovery, observing, and
quality execution assessment. One of the general objectives of modeling galvanic
corrosion is to adjust corrosion security measures to prevent galvanic corrosion for
hybrid structures without performing multiple laboratory tests. An important
viewpoint of computational modeling for galvanic corrosion is its pertinence to reality
and its unwavering quality as a prescient apparatus. In this manner, the confirmation

step of any demonstration is as imperative as the other perspectives of the exhibit [12].

This ponder for the most part depicts the advancement of a conceptual galvanic
corrosion model based on the Boundary / Finite Element Method to optimize the
protection of galvanized corrosion from mixed structures under electrolyte layers in

aircraft structures [13].



Galvanic corrosion modeling has proven its applicability among corrosion modeling
studies [14-17]. Deshpande [18] reported that galvanic corrosion couple rates can be
well predicted that magnesium alloy AE44-mild steel couple and AE44—-aluminium
alloy AA6063 couple in brine solution were studied by Comsol software and model
was validated with both immersion test and Scanning Vibrating Electrode Technique
(SVET). Y.Zhang et al. [19] presented galvanic corrosion of aluminum alloy in single
bolted lap joint (both bare and coated) in an aircraft structure simulated in atmospheric
condition by using thin film approach. They proved their modelling studies with
potential and current measurement on the anode surface. Some studies focuses on the
coating application, Samuel R. Cross et al. [20] developed numerical modelling for
galvanic corrosion of zinc and aluminum coating which were galvanically coupled to
a mild steel substrate in H.SO4 electrolyte. Simulation was validated with corrosion

testing and electrochemical measurement.

Only few works presented galvanic corrosion modelling, especially between
aluminum alloy and CFRP [21-23]. Among these studies, S. Palani et al. [23]
investigated and validated atmospheric corrosion on AA2024-T3 and CFRP couple
with very thin electrolyte of different thickness (13 um- 45 pm). The outcomes of this
modelling were electric current density and potential distribution on the electrode
surface. As a result of modeling, potential, and current changes on the surface with
very thin electrode thicknesses were validated with real-time electrochemical
measurements. M. Mandel and L. Kriger [22] developed the galvanic corrosion
model between aluminum alloy AA6060-T6 and CFRP, and validated this model by
immersion test that showed critical pitting sensitivity on the aluminum alloys, which
provides a link between galvanic corrosion induced pitting corrosion, has been

associated and a critical pitting corrosion distance has been defined.



Within the scope of this work, it has been aimed to contribute to the literature by
modeling the pitting corrosion sensitivity and critical pitting corrosion distance and
determining the critical pitting corrosion distance for the aluminum AA2024-T3 and
CFRP galvanic pair, which have not been studied before, and to validate the results
by immersion tests for 3, 15 and 45 days. The validation approach involves comparing
the experimental measurements of electrolyte potential and corrosion rates from an
abrasive sample with estimates from the equivalent calculation model. The materials
included in the experiment are bare aluminum alloy AA2024-T3 and CFRP, which
serve as anode and cathode, respectively.



CHAPTER 2

REVIEW OF LITERATURE

Galvanic corrosion is simply a type of corrosion that occurs when a metal comes into
contact with another conductive material in a conductive and corrosive environment.
The driving force of the process is the electrochemical potential differences between
the two materials in contact. The relatively noble material acts as a cathode, that is,
where some oxidizing species are reduced, and the more active material is the anode,
where corrosion occurs. The metal dissolves in the anodic reaction, oxygen reduction

or hydrogen evolution in the cathodic reaction, or both [24].

2.1. Electrochemical Theory [25]
Thermodynamics of Electrode Reactions
Under equilibrium conditions, the reaction of a simple electrode can be defined as:

0" +ne” 2R 1)

Where O represents oxidized species, R is the reduced species, and n is the number of

electrons in the reaction.

The standard potential of the reaction is that under standard conditions, considering
the electrolyte solution and the activity of all ions in the reactions as unity and the

pressure of the gas as 1 atm [26]:

E®° = —AGY/nF )

Where AGYis the standard Gibbs free energy of the reaction.



The electrode potential of the reaction under the non-standard condition is represented
by:

RT C(R)

E=E'——in-2
nF ' C(0)

©)

Where C(R) and C(0) show the activities of the reduced and oxidized species for
above reduction process. This equation is also known as the Nernst equation. It

identifies potential deviations in the electrode reaction under equilibrium conditions.
Kinetics of Electrode Reactions

While the reaction takes place in nonequilibrium conditions, two opposite currents
densities, one anodic i(a) and one cathodic i(c) and net current density i are formed.

Therefore:

i=i(c) —i(a) (4)

At equilibrium condition, no net current density formed

i = i(c) = i(a) ()

Where i, represent the exchange current density

The relationship between current and potential for reaction 1 can be explained by the
following equation as well known Butler-Volmer equation by neglecting the mass
transfer effect.

i =iy [exp (— a;in) —exp (%)l (6)

i is the current density

i, Is the exchange current density



«a is the transfer coefficient
n is the overvoltage
Exchange current density is given by:

ip = nFkoC(0)§C(R)5™™ (7)

Where C(0), and C(R), show the activities of oxidized and reduced species at the

electrode surface at equilibrium.
Where k, is the reaction rate constant

The relationship of Butler Volmer equation with Tafel and linear approximation

method shown in Figure 2.1 below as i/i, counter anFn/RT

3 -
Linear Tafel
2 . .
Approximation Approximation
anFn/RT
F
| [ | | || i/
3 1 3 10 30

Figure 2.1. Tafel and linear approximation of Butler VVolmer equation (The graph was reproduced
from the source [25]).



Reverse voltage reaction value can be neglected at high voltage values. In this way,

the equation (6) becomes the known Tafel equation:

anFn

2.3RT ®)

logi = logi, +

Linear expansion of exponential terms at low voltage values 2a= 1 considering the

following decimal.

nkn
L _ M 9
L= 1o RT )
When the mass transfer effect is added to Equation (6) [27].
= [ LD (- 2y (1= a)nFy 10
P @1 "P TR ) T Lo 1P\ RT (10)

Where i;(a) and i, (c) are the anodic and cathodic diffusion limited current densities

represented by:

w@ = "2 @y, - caryy) 1)
and

] nFD(0)

i1(c) = 5 (C(0)p —C(0)s) (12)

D(R) and D(0) are the diffusion coefficients of reduced and oxidizing species,
respectively, and ¢ is the thickness of the diffusion layer. Subscript B represents bulk

concentrations
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At high overvoltages, equation (10) can be simplified by neglecting back reaction. An

example cathodic reaction can be shown as the equation below.

oo ()
L= iy anFn (13)
1+ m exp (— T)

With the mass transfer effect, a comparison between equations (13) and (8) can be

seen on Figure 2.2 graphically.

TAFEL
APPROXIMATION

1 10 100 1000

i/i

Figure 2.2. Mass transfer effect on Butler-VVolmer equation (The graph was reproduced from the
source [25]).

In general, Equations (6) and (10) versions serve as general expressions for an
electrode reaction rate in terms of reaction rate constant, the concentration of reacting

species, and electrode overvoltage.
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Mixed Potential Theory on Two Materials

The mixed potential theory can be explained by combined electrodes on which two or
more oxidation and reduction reactions occur. This indicates that two or more
electrochemical reactions can occur simultaneously on the surface of a metal in a
solution or similar metals. The total potential resulting from the corrosion process is
defined as mixed or corrosion potential and explains that when the sum of the whole
anodic currents and total cathodic currents is equal at this potential, the net current or
current density is zero [28]. The protection of the load is balanced by the net reaction
rates of the anode and cathode. In Figure 2.3, electrochemical reactions of abrasive
metals My and M2, when combined in the same solution, are represented in a graphical

form called the Evans diagram.

Potential
L 3
My = M+ ne”
Econ,l '''''
M{" 4+ ne” = M,
Ecorr, mixed |+ === mrm = P -
[
[
M, - M3" + ne” ;
i
Ecorr,2 s '
M3" +ne” - M, ! '
P |
! i
' 1 .

corr,2 lco:r,l I{orr,mixed |0g |

Figure 2.3. Galvanic couple between two metals (The graph was reproduced from the source [28]).

According to Wagner and Traud [29], the intersection point obtained by extrapolation
of both anodic and cathodic partial polarization curves gives the corrosion potential

and corrosion current density of the total reaction.
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Laplace's and Poisson's Equations

The corrosion rate at any point on a metal surface in an electrolyte can be estimated if
the electrochemical potential in the electrolyte adjacent to that point is known. The
equation regulates the distribution of potential in a galvanic system [30].

Charge conservation requires that the current per unit volume / relates to the charge

density g by

—V.i=— (14)

Where V= (6/6x) + (6/8y) + (8/62)
For a steady state §q/6t) =0
With the relationship for electric field intensity

E= -V (15)

By applying Ohm’s law;

i = oF (16)

The continuity equation transformed to

VoVo = 0 (17)

For uniform, isotropic conductivity, Laplace equation can be achieved.

Vg = 0 (18)

This continuity equation becomes the Poisson equation at the points where the

polarization currents i,, in the electrolyte enter or exit.

V@Vo + iy = 0 (19)
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The solution of this equation with appropriate anodic and cathodic polarization
expressions and related boundary conditions will give the potential distribution
throughout the electrolyte and thus the corrosion rates on the component metals in the

system.
2.2. Factors Affecting Galvanic Corrosion

Apart from electrochemical effects, many factors are affecting galvanic corrosion. The
factors that are summarized are shown in Figure 2.4. A summary on the effects of each

factor is given below.

Total Geometry
*  Area ratio

Electrode Potentials Prote:tivg Film Characteristics .
. Standard potential of = Potential dependence ——
metal in solution * pH dependence o Z :
Galvanic potential * Solution dependence Surface condition
Number of galvanic cells
between metals
Reaction Kinetics Bulk Solution Properties
* Metal dissolution * 0O, content
* 0, reduction overvoltage + pH
* H, evolution overvoltage *  Conductivity

= Corrosivity
| T ] o Pollutant level

Alloy Composition Mass Transport Bulk Solution Environment
* Major constituents I\/!Igraf:lnn * Temperature
*+ Minor constituents ) Elffus:tr.\ * Flow rate
* Impurities el els] + Volume
* Height above surface

Figure 2.4. Galvanic corrosion impact variables (The diagram was reproduced from the source [31]).

Electrode Potentials

The standard electrode potential of a metal in a solution of its ions gives a rough guide
to the position of that metal in the galvanic series. In practice, the best method of
obtaining a "galvanic series” of potentials, some of them, according to relative
positions, are shown in Figure 2.5, is to measure these potentials in the environment

under consideration.
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Figure 2.5. Galvanic series of some alloys in seawater (The diagram was reproduced from the source

[32]).
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Reaction Kinetics

Electrode potential data will show whether galvanic corrosion will occur. Reaction
kinetic data shows how fast corrosion can occur. Metal dissolution kinetics provide
information about the rate of anodic reaction in the corrosion cell; oxygen depletion
or hydrogen development overvoltage on both metals or alloys, or both rate of

cathodic reactions and whether they will occur on one or both materials.

Alloy Composition

The composition of an alloy directly affects the corrosion resistance of the alloy,
affecting galvanic corrosion. Also, the components affect the corrosion potential and
the kinetics of the related cathodic processes; small components and impurities can
play an essential role in this regard.

Protective Film Characteristics

The properties of the protective film, found in most metals and alloys, are important
in determining whether galvanic corrosion will occur and what form it will take, for
example, in a specific environment, either general or locally. Potential dependence,
pH dependence, and resistance to various solution components are particularly

important.

Total Geometry

One of the most critical parameters in galvanic corrosion is the "area rate," high
cathode/anode ratio, or high anode/cathode ratio giving slow corrosion or high
corrosion, resulting in rapid corrosion. When choosing materials to be used in material
design, if it is inevitable to use galvanically incompatible materials, the surface area

of the material that will act as an anode should be more than the other material.
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Modelling Galvanic Corrosion

Galvanic series, as shown in Figure 2.5, have been used as a guide on whether galvanic
corrosion will occur for many years. Qualitative statements about the possible degree
of attack are often related to the series. Such tables and guides are useful, but they do
not make a quantitative assessment of the degree of corrosion or from which area to
expect. This can only be done with detailed and time-consuming tests in the

appropriate environment, or with some form of mathematical modeling [33].

The electrochemical reactions involved in galvanic corrosion, in mathematical terms,
have pointed out that Laplace's and Poisson’'s equations must be solved with the
relevant boundary conditions to give the current and potential distribution of the
system [34]. The advantages of analytical techniques are that they offer a precise
solution based on the assumptions made. Although serial solutions based on simple
geometries and boundaries are instructive, they are not in actual practical use. The
finite difference technique can be used for slightly more complex situations. Although
they are assumed to provide analytical solutions, the relevant geometries are still
relatively simple. The finite element approach, on the other hand, complex geometry
and polarization relations. Finite difference and accuracy of the results obtained using
finite element techniques it is largely determined by the available computer capacity.
This determines the number of "differences"” and "elements”, respectively, that can be
addressed [35].
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2.3. Pitting Corrosion on Aluminum [36]

Aluminum and its alloys are thermodynamically active metal, and it is resistant against
corrosion with the protective oxide film it forms on it. When looking at the Pourbaix
diagram in Figure 2.6, which contains the potential-pH diagram to see the behavior of
the aluminum in aqueous solutions at room temperature, it is seen in which
thermodynamic conditions passive protective film layer is formed. As it is understood
from the diagram, aluminum between 4-9 pH range forms passive film for 10° molar
soluble species. The thickness of the protective passive oxide film formed in the
aqueous environment and at room temperature consists of several nanometers and
shows an amorphous structure. As the ambient temperature increases, a thicker film

layer is formed [37].
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Figure 2.6. Pourbaix diagram of potential-pH for Al-H,O system at 25°C (The diagram was
reproduced from the source [38]).
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In aluminum alloys exposed to inorganic salt solutions with a pH of 5-8.5, local pitting
corrosion is observed rather than homogeneous corrosion. It has been observed that
pitting corrosion formation in solutions containing chloride ions is much more than
other solutions. The rate of corrosion formation depends on the specific amount of
ions present in the solution. Generally, the corrosion rate in acid solutions containing

chloride is very high, and it is harmful to the material [39].

The corrosion product aluminum hydroxide formed in the pitting corrosion seen in
aluminum and its alloys is generally small, white and covers the pitting formed [40].
When exposed to an environment outside the pH range where aluminum and its alloys
do not form the natural protective oxide layer, homogeneous corrosion attacks begin.
When the potential in the environment reaches the potential value required for pitting
corrosion, pitting corrosion occurs. Pitting corrosion starts at the weakest point of the

passive layer on the surface of the aluminum alloy [41].

Reactions on the anode:

Al > Al*3 + 3e™ (20)

Al*3 +3H,0 - Al(OH); + 3H™ (21)

The pH value becomes more acidic when the hydroxide ions are consumed by the
migration of chloride ions during the anodic reaction. These ions assist in the
formation of anodic reaction and give the formation of aluminum chloride compound
and hydroxide and acid by hydrolysis. For this reason, pH values approach acidic

values.
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Reactions on the cathode:

AlCI; + 3H,0 — AL(OH); + 3HCI (22)
3
3H" +3e™ - EHZ (23)
1
502+ H;0 +2e™ —> 20H" (24)

It is more alkaline due to the formation of hydroxide in the cathode reaction. Oxygen

in the environment is a significant factor in the formation of pitting corrosion.
Pitting Corrosion Steps

The start of the pitting corrosion of the aluminum in an oxygenated chloride solution
controls the kinetics of the cathodic reaction [42]. A sufficient amount of chloride ion
concentration is required in the pit formed for pitting corrosion to progress. These
chloride ions cause the formation of AICI3 compound in the active pit as shown in

Figure 2.7.

Passivating Oxide Film
@ #®

Al(OH),

6 OH"

34

Cathode \ Cathode

Noble Particle

Anode

Figure 2.7. Pit propagation steps (The diagram was reproduced from the source [43]).
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Reboul et al [43] described the pitting corrosion mechanism and its progress on

aluminum in steps below.

e Chlorine ions leak into the passive film with the help of a high electric field
into the oxide film layer on the material through micro flaws and locally
creates an aluminum-air corrosion cell.

e Slow start of oxygen reduction reaction in the cathodic region.

e Oxide film breakage from a weak point due to micro-cracks.

e Initiation of rapid aluminum oxidation and formation of soluble chloride and
oxychloride compounds at the bottom of micro cracks.

e Hydrolysis of soluble chlorides/oxychlorides increases the acid levels of the
pit in the exposed solution.

e Due to the continuation of the reactions formed, the accumulation of cone-
shaped corrosion products in the mouths of the pits occurs by dissolving
hydroxide compounds in the pits and the precipitation of aluminum hydroxide
outside the pits.

e Due to the formation of aggressive hydrochloric acid, aluminum corrosion
continues in the bottom of the pit.

e Over the time, the chloride/oxychloride film is dissolved and replaced with a

passive oxide film, thereby halting the pitting corrosion.
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CHAPTER 3

EXPERIMENTAL METHODOLOGY

3.1. Potentiodynamic Polarization Resistance Measurement

It is associated with the potential applied externally to a material in the electrolyte
desired to be tested, causing reactions to start at the anode and cathode.
Electrochemical information can be obtained over the system to which potential
dynamic measurement scanning was applied. This technique can provide information
about the corrosion rate, the kinetic data of the pitting corrosion and passivation
formations such as passivity region and activity region potential ranges, as well as the

cathodic behavior of the material [44].

3.1.1. Materials

Corrosion behavior of aluminum alloy AA2024-T3 (SAE AMS QQ-A-250/5) clad
sheet and CFRP (Carbon-fiber-reinforced plastic) epoxy prepreg 120°C cure materials
were investigated separately by potentiodynamic polarization resistance
measurements. The T3 temper designation of the aluminum alloy means solution heat-
treated, cold worked, and naturally aged. The chemical composition of aluminum
alloy AA2024-T3 is given in Table 3.1.
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Table 3.1. Composition of AA2024-T3 [45].

Element Weight %
Copper (Cu) 3.80-4.90
Magnesium (Mg) 1.20-1.80
Manganese (Mn) 0.30-0.90
Silicon (Si) Max. 0.50
Iron (Fe) Max. 0.50
Zinc (Zn) Max. 0.25
Titanium + Zirconium Max. 0.20
Titanium Max. 0.15
Chromium (Cr) Max. 0.10
Other (Each) Max. 0.05
Others (Total) Max. 0.15
Aluminum (Al) Balance

3.1.2. Sample Preparation

The samples used in the potentiodynamic polarization test setup system are normally
cylindrical and attached to the test setup with a screw. Since CFRP cannot be found
as a rod, it was integrated to the system with the help of a cylindrical sample holder
(see Figure 3.1b). Flat test samples were sequentially cut to 10x10 mm squares and
attached to the cylindrical sample holder by a carbon tape (see Figure 3.2.) Then, they
were taken to cold mounting; the surface was cleaned with sandpaper and finally

mounted on the system to check the electrical conductivity.
Cutting

AA2024-T3 and CFRP plate samples that were subjected to the potentiodynamic
polarization tests were cut by an ATM Brillant 220 precision cutting device, in the
form of 10x10 mm squares as seen in Figure 3.1a. To allow the samples to be suitable
for the test setup, the cylindrical sample holder, made of aluminum as shown in Figure
3.1b.
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AA2024-T3
Intermediate Sample Holder

AA2024-T3

1 mm

1mm

@) (b)

Figure 3.1. Potentiodynamic polarization test samples: (a) Main samples tested; (b) Cylindrical
sample holder for test setup.

Assembly

To integrate the flat test samples to the test system, the material to be tested was
bonded to the previously cut cylindrical sample holder with the help of a carbon tape.
In this way, the flat sample was connected to the system both physically and

electrically as seen in Figure 3.2.

Assembled

Carbon Tape Intermediate Sample Holder
Sample

1mm
Carbon Tape 1mm

Test Sample Intermediate Sample Holder

Test Sample

(a) (b)

Assembled Test Samples

y o

CFRP

(c)

Figure 3.2. Potentiodynamic polarization test samples: (a) Test sample with carbon tape; (b)
Assembled test sample example; (c) Front view of the assembled test samples.
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Mounting

For the potentiodynamic polarization tests to be carried out properly, only the
10x10mm test specimen should come in contact with the electrolyte. To ensure this,
epoxy cold embedding was applied to the assembled test samples as shown in Figure
3.3. The insulating tape was glued to prevent the epoxy from entering the hole portion
of the sample. After the epoxy was poured on to the samples, it was left to solidify for

about 15-20 minutes. After solidification, the samples were removed from the mold.

Adding@
Cold

Mounting

(@) (b)

After Mounting

(©)

Figure 3.3. Mounting steps: (a) Placing the test sample into the mold; (b) Molding of epoxy cold
bakelite; (c) Cooling of liquid epoxy.

Grinding

Since the backside of the test specimen remained in bakelite after cold molding, the
excess area was cut with the precision cutting device as shown in Figure 3.4a. The
front of the test specimen was then sanded with SiC foil #1200-4000 (see Figure 3.4b
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and Figure 3.4c). The back of the sample was sanded until the surface was opened by

using Struers Tegramin-25 Grinding and Polishing Equipment (see Figure 3.4d).

(b)

Back Side
Grinded with P4000 sand paper Grinded until to reach open surface
4, 4 y
SN—— e O e o
(©) (d)

Figure 3.4. Grinding steps: (a) Cutting out excess bakelite; (b) Grinding with 1200 and 4000
sandpaper; (c) Front surface view of the sample after sanding; (d) Grinding until to back surface of
the sample was opened.

Continuity Control

The test samples were finally mounted to the gears of the cylinder sample, as shown
in the Figure 3.5a on the Gamry test assembly. As shown in Figure 3.5b, the joint was
protected from liquid contact using a Teflon apparatus and tape to ensure the
insulation. The continuity of the aluminum and carbon fiber test specimen setups were
then checked using a multimeter. As shown in Figure 3.5¢ and Figure 3.5d, one end
of the multimeter was contacted to the front of the test specimen, and the other end to

the conductor and the continuity of the system was tested (<30.0kQ).
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Figure 3.5. Continuity control step: (a) Test sample connection stepl; (b) Test sample connection
step2; (c) Multimeter (Keysight U1282A); (d) Continuity control.

3.1.3. Electrolyte

Figure 3.6 shows the possible corrosive environments that may occur in a typical
aircraft structure while in service [46]. While the corrosive environment on the upper
part of the aircraft frame contains a thin layer and low conductivity, the thickness of
the corrosive electrolyte increases, and the conductivity increases as it goes down.
Therefore, the most aggressive effect of corrosion appears in the lower parts of the
aircraft frame. To represent this condition, 5 wt.% NaCl solution was used in both

electrochemical measurement and immersion testing [47].
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Figure 3.6. Possible electrolyte thickness in the aircraft structure [46].

Then, conductivity and pH measurement were performed for numerical modelling
input by using Thermo Scientific Orion Star A211 pH Benchtop Meter. The results

are shown in the Table 3.2.

Table 3.2. Electrolyte conductivity and pH measurement.

Composition (%wt) pH Conductivity (mS/cm)
5 wt.% NaCl solution 5.7 ~83

3.1.4. Test Setup

The potentiodynamic polarization scanning experimental setups were prepared for
AA2024-T3 and CFRP materials separately. The tests were carried out in a specially
produced glass made Gamry jacketed multiport kit. Electrolyte (%5 NaCl solution)
was added to the corrosion cell. The materials were mounted on the working electrode
part as the sample to be measured. The counter electrode was graphite and saturated
calomel electrode (SCE) was placed as the reference electrode. The cables of all
electrodes were then connected to the GAMRY REFERENCE 600 instrument. The
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data generated after scanning was analyzed by Gamry Frame Work software installed

on the computer as seen in Figure 3.7.

‘Working

Electrode ~ | Reference

) ~ Counter
Potentiostat

RE WE CE
__® [ [
5 B /
Fi 4 =

i Adapter Rod

Computer

Test

Test Samples
Sample

%5 NaCl Solution @RT |

Electrolyte

(@) (b)

Figure 3.7. Potentiodynamic polarization test setup: (a) A schematic test setup and connections (b)
Gamry multiport kit with jacketed for electrochemical corrosion cell.

The test setup and test parameters as shown in Table 3.3. for the aluminum alloy and
CFRP samples were established. After aluminum alloy was immersed in the solution,
it was left in the electrolyte for one day to reach stable open circuit potential. Then,
the test parameters were entered into the system, and potentiodynamic test results were
observed. Then, the test setup was installed for the CFRP sample. Likewise, after
immersing the sample in the electrolyte solution, it was held in the electrolyte for a
day until it reached stable open circuit potential. By entering the experiment
parameters, a potential dynamic test scan was initiated, and data were received.
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Table 3.3. Potentiodynamic test setup for samples.

Potentiodynamic Test Setup for AA2024-T3

Port Name Material
Working Electrode AA2024-T3
Counter Electrode Graphite
Reference Electrode Saturated Calomel Electrode (SCE)
Electrolyte %5 NaCl @RT
Parameters Values

Initial E (V) -1.7

Final E (V) -0.3

Scan Rate (mV/s) 5

Sample Period (s) 1

Sample Area (cm?) 1

Potentiodynamic Test Parameters for CFRP

Port Name Material
Working Electrode CFRP

Counter Electrode Graphite
Reference Electrode Saturated Calomel Electrode (SCE)
Electrolyte %5 NaCl @RT
Parameters Values

Initial E (V) -0.1

Final E (V) 0.5

Scan Rate (mV/s) 5

Sample Period (s) 1

Sample Area (cm?) 1

3.2. Laboratory Immersion Corrosion Testing

Immersion corrosion laboratory tests are used to obtain information about the
corrosion resistance of the materials quickly. The factors such as environmental
temperature and the humidity that the materials can be exposed during the service can
be simulated, and the corrosion resistance of the materials in service conditions can
be predicted [48].
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3.2.1. Materials

Aluminum alloy AA2024-T3 (SAE AMS QQ-A-250/5) clad sheet of 0.5 mm
thickness and 45x100 mm dimensions and CFRP (Carbon-fiber-reinforced plastic)
epoxy prepreg 120°C cure material having 0.5 mm thickness and 45x100 mm
dimensions were joined as shown in Figure 3.8. by A resin based coated (RBC)
titanium bolt which was galvanically compatible with both materials was used in

joining.

r —

100 mm 100 mm

45 mm

45 mm

(@) (b)

(©)

Figure 3.8. Immersion corrosion test elements in %5 NaCl solution @RT (a) AA2024-T3; (b) CFRP;
(c) RBC coating Titanium bolt.

3.2.2. Sample Preparation

The glass layer adhered as a protective layer on the carbon fiber material was removed
with P4000 sandpaper to ensure electrical conductivity when it is in contact with
aluminum. The conductivity was checked with a digital multimeter. The surface of
aluminum material was ground with P1200 and P4000 sandpaper to remove the clad
structure. Then it was joined together with the help of a titanium bolt as seen in Figure
3.9. They were controlled with the help of a digital multimeter to ensure that materials

were electrically connected continuously (<30.0kQ).
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(b) ()

Figure 3.9. Preparation steps of the test sample (a) Continuity control for CFRP after the glass layer
was removed from the surface (b) Combining AA2024-T3 and CFRP material with RBC coating

Titanium bolt (c) Final test sample.

3.2.3. Electrolyte

A 5% NaCl solution, also used in the potentiodynamic polarization test, was used to
represent the maximum environmental impact the materials would be exposed to in
the aircraft. In order to represent the hazardous area, as shown in Figure 3.6, the

immersion test was carried out with a solution 5 mm above the test materials.

3.2.4. Test Setup

To observe the galvanic corrosion effect, firstly, the prepared material system was
cleaned with water and alcohol, carefully dried so that no moisture remained, then
immersed in NaCl solution. Three sets of test devices, having 3 pieces each were
grouped, totally 9 samples, placed in a plastic container that was not affected by

corrosion for 3, 15, and 45 days, respectively, and the 5 mm solution level was
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continuously controlled with the help of a ruler and maintained at that level as shown
in Figure 3.10.

The stabilization and maintenance of the electrolytic conductivity of solution at a
constant value during the experimental study and modeling was achieved by regularly
renewing and controlling depending on the immersion days. After the immersion test,
the joints were again purged with water and ethanol and finally dried. Then the
materials were separated from each other, and the pit corrosion caused by galvanic
coupling on aluminum alloy was examined by electron microscope (Zeiss Gemini
Field Emission Gun). Furthermore, surface topology was investigated to examine the

surface by a digital microscope (ZEISS Smartzoom 5).

Figure 3.10. Test setup for corrosion immersion test and electrolyte control mechanism (a) Test
samples (b) Test setup (c) Electrolyte level control.
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3.3. Numerical Modelling

COMSOL Multiphysics 5.2 software was used to model galvanic corrosion between
aluminum alloy AA2024-T3 and CFRP material under 5 mm NaCl electrolyte
thickness for 3, 15 and 45 days. With the help of potentiodynamic measurement results
as input to the system, the potential distribution, local current density on aluminum
and carbon fiber material, and electrolyte thickness change were taken as output. The
bolt used to combine aluminum alloy and carbon fiber material was not included in
the modeling because it is galvanically compatible with both materials and was far

from the surface corrosion observed.
3.3.1. Setting Model Environment

For this modeling, the deformable geometry corrosion module of the Comsol software
was chosen. As the interface, a secondary corrosion module was used, which gives
current, potential distribution and geometrical changes in the corrosion cell, neglecting
the compositional changes in the electrolyte solution. This module uses secondary

current distribution and deformable geometry as shown in Figure 3.11.
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f Electrodeposition, Tertiary Nernst-Planck
Laminar Flow (spf)
¥ AC/DC

) Acoustics 4 =~ Corrosion, Deformed Geometry
E':::;i;lfmpz:nmfz ~— Corrasion Primary
~ Corrosion, Secondary
e S ==, Corrosion, Tertiary Nernst-Planck

£ Electrode, Shell (els)
Battery Interfaces
4 % Corrosion, Deformed Geometry
TCorrosion, Tertiary Nemst-Planck
| Electrodeposition, Deformed Geometry
Fluid Flow
Heat Transfer

Structural Mechanics
Au Mathematics

Figure 3.11. Selecting physics for modelling (The picture was taken as screenshot from Comsol

software).
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3.3.2. Creating Geometric Object

The model geometry is shown in Figure 3.12 . A single domain electrolyte was used.
The left part of the bottom boundary is the surface of the CFRP material; the right part
iIs the corroding aluminum AA2024-T3 alloy. Since the AA2024-T3 aluminum alloy
corrodes in the model, the right boundary is displaced downwards in the geometry. A
small height step of 0.025 mm in the negative y-direction was added at the starting
point of the geometry to maintain the topology of the geometry during the simulation.
The vertical limit of the step was assumed that belongs to the CFRP surface.

o
A >
.~ Cathode I Anode
— (CFRP) ! (AA2024-T3)
!
!
|
x=0
0.1 Q.08 ©.06 Q.04 ©0.02 70 0.02 004 0.0¢ 008 01

Figure 3.12. Model geometry.
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3.3.3. Specifying Properties of Materials

Electrochemical properties (equilibrium potential, exchange current density, Tafel
slope constant and limiting current density) of aluminum and carbon fiber material
found as a result of potentiodynamic measurements were entered into the model as
shown in Figure 3.13. Since aluminum is highly anodic compared to CFRP in the

galvanic series, CFRP acts as the cathode while aluminum as the anode.

v Parameters

E Name  Expression Value Description

Eeq_cat “0.04(v) -0.04V Equilibrium potential, cathode
10_cat ';'J.GJ[A."m | 0.04 A:Jm: Exchange current d:en:»ty, cathode
A_cat -34[mV] -0.034V Tafel slope, cathode

Eeq_an :0.85{V] -0.85V Equilibrium potential, anode

i0_an b.OO?'[Af’m A2] 0.007 A/m* Exchange current d:enslty, anode
A_an M[mV] 0.054V Tafel slope, anode .

ilim_an 0.05[{A/m*2] 0.05 &/m* Limiting current dehsity, anode

Figure 3.13. Material parameters (The picture was taken as screenshot from Comsol software).

Since the 5% NaCl solution is homogeneously mixed, the secondary flow distribution
equation can be used because it exhibits the same properties, or the properties are not
dependent on the direction (Isotropic conductivity) throughout, while solving for the
electrolyte potential, @1 (V), in the domain. The conductivity of the electrolyte

measured as 8.3 S/m (see ) was entered into the model as can be seen in Figure 3.14.

~ Electrolyte

Electrolyte conductivity:

O | User defined -
83 S/m
Isotropic -

Figure 3.14. Electrolyte conductivity (The picture was taken as screenshot from Comsol software).
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3.3.4. Defining Physics Boundary Conditions

Electrochemical responses are chemical responses that include discharge and take-up
of electrons from/to an external circuit. One electrode acts overwhelmingly as an
anode (electron and cation creating). It is the component of the galvanic couple that
experiences material disintegration. In contrast, the other acts overwhelmingly as a
cathode and is the location where a cathodic (electron and anion expending) response
takes place. The electrons delivered by the anodic response are precisely utilized up
by anions at the cathode by the cathodic response.

Galvanic corrosion is an electrochemical action that happens when at most two
different metals are in electrical contact with one another. The sum and rate of
disintegration of the anode material are specifically related to the electrochemical

potential dispersion at the anode-electrolyte interface.
Electrode Reaction on Cathode

Since the equilibrium potential of AA2024-T3 is -0.85V and CFRP is -0.04V from the
potentiodynamic polarization resistance measurement, CFRP will act as a cathode in
the galvanic couple formed by these two materials. In the model, the surface was
defined as shown in Figure 3.15 so that there is a cathodic reaction on the CFRP

material surface.

Figure 3.15. Cathode (CFRP) reaction surface.
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The cathodic Tafel expression shown below was used to describe the reaction kinetics

herein [49] and also shown in Figure 3.16.

_n_
lcat = _iO,cat * 104cat (25)

Where ig cqc = 4x107%2 A/m? is the exchange current density of cathode (CFRP), and
Aqqr = —34 mV from the Tafel slope of CFRP cathodic reaction.

The overpotential of electrode reaction for cathode is expressed as n (unit: V)

n==o; —d; — Eeq,cat (26)

Where @, is the cathodic material (CFRP) potential and @, is the electrolyte potential
in the electrode. E,g 4. is the equilibrium potential (-0.04V) for the cathode material
(CFRP)

v Equilibrium Potential -
Equilibrium potential: )
Eeq User defined . = =

Eeq cat : - v

JE¢o/dT | Userdefined 2 >
0 - - VIK

¥ Electrode Kinetics
Kinetics expression type

Cathodic Tofel equation ) -
Exchange current density: -
fo 0_cat s . A/m?
Cathodic Tafel slope (<0):

floc = ip X 1074

Figure 3.16. Cathode (CFRP) reaction parameters (The picture was taken as screenshot from Comsol
software).
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Electrode Reaction on Anode

In an AA2024-T3 and CFRP galvanic pair, aluminum will act as anode, and anodic
reactions will take place on aluminum material. In the model, the anode surface was

defined as seen in Figure 3.17.

N 7]
Q Q’A‘- B - B8 :\ =@ N x EE ? O @
‘ o
0.037] i
0.027]
0.01
. ‘l ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, l, .
ool : : bkt
002 | ; ; AA2024-T3 Surface
-0.03 ; ; . :
]0 1 l0 08 l—0 06 ]0 04 I0.02 ‘0 I0 02 l0 04 l0.06 I0 08 l0.1:
Figure 3.17. Anode (AA2024-T3) reaction surface.
Oxidizing of aluminum takes place according to:
+3 -
Al = Algy) + 3e (27)

Since the main element forming the AA2024-T3 alloy is aluminum, the oxidation

reaction of other alloying elements in the alloy were neglected.

Diffusion limited anodic Tafel equation was used for anode electrode reaction as
described below [49]:

_n
itafel = loan " 104an (28)

Under assumption of Nernstian diffusion layer and first order dependence of

concentration, reaction can be stated as:
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= Liim
an ilim
14 ~lum
ltafel

(29)

Where igq, = 7x1073 A/m?, ~Ag, = 54mV (Tafel slope of anodic reaction of

AA2024-T3), and i;;,,, = 5x1072 A/m? (Limiting current density)

As the aluminum dissolves in by the anodic reaction, the electrode boundaries move

at a velocity v (m/s), consequently

g M
U_ZFp (30)

Where F is the Faraday constant, M is the mean molar mass g/mol and p is the density

of aluminum alloy.
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Anode reaction parameters were entered into the model as shown in Figure 3.18.

Electrode Reaction : i

. .

v Equation 5 7

Show equation assuming:  * >
Study 1, Current Distribution Initialization ¥ .

v v

’l'=‘/’s.ut‘4'l 'Ecq * ¢

. .

e Modellnpils o S S e G e e e et e e e e il

Temperature: . N
T User defined A . ».
293.15(K] * ® K

¥ Materials . .

w Equilibrium Potential * .

Equilibrium potential: 3 g
Eeq User defined - : v
Eeq_an d i v
Temperature derivative of equilibrium potentiak T
GEoq/dT | Userdefined . : M
0 = al VIK

¥ Electrode Kinetics .

Kinetics expression type: 5 .
Anodic Tafel equation & o v

Exchange current density:  * ’
o i0_an * ‘ A/m?

Anodic Tafel slope (>0): .
Aa AN e v me ¢ e e B R ¥ W 4 Ye % 56E @ Seat % ves v ies 3 NIve

Texpe =g X1 o"'4a . .

. .

v Limiting current density,
Iim  im_an . . A/m?
i/ expr

o e Wand

v Stoichiometric Coefficients

.

Number of participating electrons: ®
Nm 3 * . 1

.
Stoichiometric coefficients for disso!ving~depositing species:
ir-fti s bisr bt ol B erpiir vt

+ e s e e s e s @

»
Species 2 Stoichiometric coefficient (1)
Al . 1 .

Figure 3.18. Anode (AA2024-T3) reaction parameters (The picture taken as screenshot from Comsol
software).

42



Non-Deforming Boundary

Since only corrosion on the aluminum anode surface will be observed, all other
surfaces except the anode surface have been identified as non-deformable boundaries
as shown in Figure 3.19.

aa@é @ L Ben S@ENY ~sAEES> a@

Non-Deforming-Boundary

T T T
0.1 0.08 -0.06 0.04 -0.02 0 0.02 0.04 0.06 0.08 01

Figure 3.19. Non-Deforming boundaries on model (The picture was taken as screenshot from Comsol
software).

These non-deforming boundary surfaces will have zero normal displacement as
boundary conditions in modeling. Non-deforming boundary parameters were entered
into the model as seen in Figure 3.20.

v Equation

Show equation assuming:

- Study 1, Current Distribution Initializatiorr : -
(x-X):N=0 '

v: Non-Deforming Boundary

Boundary condition:

: Zero normal displacement -
v Coupled Interfaces

Electrochemistry:
: Secondary Current Distribution (siec) -

Deformed geometry:

Figure 3.20. Non-Deforming boundary parameters (The picture was taken as screenshot from Comsol
software).
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Deforming Electrode Surface

The deformable surface is defined on the aluminum surface where the deterioration

will occur, as seen in the Figure 3.21.

Qa4 @ L~ Ben @@6aly ~AEE> a&

Deforming Electrode Surface

T T T T T T T T T T
0.1 -0.08 -0.06 -0.04 -0.02 o 0.02 0.04 0.06 0.08 0.1

Figure 3.21. Deforming electrode surface on model (The picture was taken as screenshot from
Comsol software).

The parameters used to define the deformed surfaces are shown in Figure 3.22. The
software's moving boundary smoothing feature was activated to get better results

while moving the boundaries.

v Equation

Show, equation assuming:

Study 1, Current Distribution Initiakization - . -

d:
n-S=y,

¥ Moving Boundary Smoothing

¥ Enable moving boundary smocthing
Mcwé\g boundary smoothing tuning parame(e:c

Sy 0.5 s 1
v Coupled Interfaces

Eledr:cchemlsny.
Secondary Current Distribution (siec) . . -
Deformed geometry: ’

Deformed Geometry (dg) ; . v

Figure 3.22. Deforming electrode surface parameters (The picture was taken as screenshot from
Comsol software).
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3.3.5. Creating Mesh

Meshing the model geometry is one of the critical steps of the simulation processes
because all the operations in modeling are done over these small meshes as seen in
Figure 3.23 The tetrahedral mesh was used as the mesh type, and the finer mesh was
used as the size (Complete mesh consists of 175 elements. Minimum quality: 0.6957,
average quality 0.8978). Since the region to examine is the junction region, more

meshes were used here to get better results [50].

Figure 3.23. Mesh on model (The picture was taken as screenshot from Comsol software).

The time-dependent simulations were performed for 3, 15 and 45 days to replicate
immersion test times. The automatic remeshing option was chosen as the dissolution
system of the meshes, and the deviations from the mesh in the results were minimized

as shown in Figure 3.24.
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.'me:Deper‘dent........:............:......
= Compute C* Update Solution

Label: - Time Dependent
v Study Settings
Time unit: | s
Times: range(0,259200,3838000). : s
Relstive tolerance: ¥ 0001 :

‘

[

(@)

- Siudy Extensions
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f et

O .Adaptive mesh refinement

Adaption in geometry: | Geometry 1
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Remesh in geometry: | Geometry 1 ’ ; - ‘ﬁJ

(b)
Figure 3.24. Automatic remeshing option and time dependent study (a)Time dependent parameters;
(b) Automatic remeshing option (The picture was taken as screenshot from Comsol software).
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CHAPTER 4

RESULTS AND DISCUSSION

4.1. Results of Potentiodynamic Polarization Resistance Measurements

The potentiodynamic polarization graphs of aluminum AA2024-T3 and CFRP

materials are shown in Figure 4.1 and Figure 4.2, respectively.

2024-T3

200
Anodic Tafel Slope = 54.12 mV/decade
-300
w
et y=54.12In(x) + 24.475
~
>E j Corrosion Potential = -850 mV
o 800 JK T ;
!
L N -
: y=-60.57In(x)-1339
i
i
-1300 I Cathodic Tafel Slope = -60.57 mV/decade
i
i
Exchange Current Density = 7.00E-07 (A/cm?) | i
i
|
|
-1800 ®
1.00E-09 1.00E-08 1.00E-07 1.00E-06 1.00E-05 1.00E-04 1.00E-03 1.00E-02
i(A/cm?)

Figure 4.1. Potentiodynamic polarization measurement for AA2024-T3.
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CFRP

1000

Anodic Tafel Slope = 37.31 mV/decade
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0

o+ il

y=37.31In(x) + 415.3

E (mV/SCE)

y=-34.41In(x) - 546.16
-500

-1000

Cathodic Tafel Slope = -34.41 mV/decade

Exchange Current Density = 4.00E-06 (A/cm2) |
i

|

|

-1500 *
1.0E-09 1.0E-08 1.0E-07 1.0E-06 1.0E-05 1.0E-04 1.0E-03 1.0E-02

i (Afcm?)
Figure 4.2. Potentiodynamic polarization measurement for CFRP.

As can be seen in Figure 4.1, the scanning process for 2024-T3 was started at -1700
mV and continued up to -300 mV. Open circuit potential, in other words, equilibrium
corrosion potential (Ecorr,aa2024-13), Was observed at about -850 mV (SCE) and
exchange current density (icorraa2024-13), Was observed at about 7.00E-07 A/cm?. The
scanning interval for CFRP material was started at -1000 mV and continued up to 500
mV, as seen in Figure 4.2. Open circuit potential (Ecorr,crre) Was approximately at -40
mV (SCE) and exchange current density (icorr,Aa2024-13), Was approximately at 4.00E-
06 A/cm?2. At Ecor point, the sum of the anodic and cathodic reaction rates on the

material surface is zero. For this reason, the total current value is approximately zero.

As the equilibrium begins to move away from the potential of corrosion, this area is
called the Tafel region, anodic and cathodic slopes are constant in this region. In the
Tafel analysis approach, the intersection point will theoretically give the corrosion
current density as a result of extrapolating linear changes in the anodic and cathodic
regions. This linear field may not be provided precisely in many real corrosion

systems.
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Gamry eChem software gives pa (Tafel slope, anode) and pc (Tafel slope, cathode)
values to fit experimental data to Butler-VVolmer equation as shown in Table 4.1. Since
the Chi-square parameter is about 187x103. It can be understood that the data fit well

with this equation.

Table 4.1. The overall Tafel slopes obtained from potentiodynamic tests for AA2024-T3 and CFRP.

Materials Banode (MV/decade) Bcatnod (MV/decade)
AA2024-T3 54.12 -60.57
CFRP 37.31 -34.41

4.1.1. Critical Pit Current Density

As the potential applied for aluminum alloy after the Tafel zone increases in the anodic
screening zone, the pitting corrosion on the material surface starts locally. Still, the
oxide layer formed by the aluminum on its surface is not entirely broken [51].

When the applied potential increased sufficiently, the critical current density value of
1.0E-4 A/lcm? is enclosed in the red circle in Figure 4.1. At the same time, as seen in
the graph drawn near the critical region in Figure 4.3, the current of corrosion started

to increase very rapidly.

2024-T3

Pit Potential
-380

-390

-400

-410 L
Metastable Pit Stable Pit Growth
Growth Region i Region

E (mV/SCE)

-420
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F o

1

i

i

440 /
i iy 1.00E-04 (A/cm?)

i

i

-450 ®
1.00F-05 1.00E-04 1.00£-03 1.00E-02

i(Afcm?)

Figure 4.3. AA2024-T3 Potentiodynamic polarization critical current.
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It can be concluded like very similar example of shown as Figure 4.4 from H. Bohni
[52] that the pitting corrosion formed after this value occurs stably. For this reason,
we can assume that the oxide layer on aluminum breaks at current density values
above this value, and pitting corrosion continuously occurs. One can consider this
critical current density value (ipit) = 1.0E-4 A/cm? as the minimum value required for

the formation of pitting corrosion.

Potential [mV (SCE)]

L { EEPEPTTT BT | ud.

Current density [ mA /cm?]

Figure 4.4. Example of stable and metastable pitting potential curve of a passive metal (The graph is
reproduced from the source [52])

4.1.2. Limiting Current Density

In a reaction, two main kinetic factors control the reaction rate. First, charge transfer
is also called activation control. As long as the driving force is available, the reaction
rate is controlled according to the size of the power (for example, hydrogen
development reaction or the water indication reaction). The reaction speed increases
as long as the driving force increases, but this does not go on forever. Second, due to
mass transfer from the mechanisms controlling the reaction rate, the reaction rate is
controlled depending on the diffusion rate from the electrolyte to the electrode surface.
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At a certain point, the current density value has reached the maximum. This current
density value depends on the diffusion functions of the concentrations of the species
in the electrolyte. Even if the applied potential force is increased, the reaction rate will

not increase [53].

When the cathodic scanning curve formed on aluminum alloy is examined in Figure
4.1, it reflects the oxygen reduction reaction between -0.8 and -1.6 V values depending
on the pH level in the electrolyte and the amount of dissolved oxygen. The resulting
reaction rate will occur at a specific upper limit, depending on how fast the oxygen
molecules diffuse (mass transport control). This is known as the limiting current

density, which is the factor that controls the reaction rate.

In diffusion-controlled cathodic reactions, the limiting current density value is an
important parameter since it determines the reaction rate. The plateau part formed in
the curve obtained from the first derivative of the current density potential curve,
which is one of the methods suggested by Ponce de Leon [54] to find the limiting
current density value, may be composed of a combination of hydrogen formation and
oxygen reduction on the cathodic surface. This situation corresponds to the inflection
point in the current density potential curve. This value corresponds to approximately

ilim.an~5.0E-6 A/cm? for aluminum.

When the potential value applied reaches a sufficiently negative value for the cathodic
reaction (-1.6 V in Figure 4.1), the thermodynamic thrust force causes additional
cathodic reactions. When this potential is further increased, this reaction, which occurs
in the range of -1.6 to -1.7 volts in Figure 4.1, becomes dominant. Such extra reactions
usually involve the reduction of other species in the electrolyte. Probably the water

reduction reaction became dominant in this region.
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4.1.3. Mixed Potential Theory

Theoretically, a mixed potential approach can be used to find the galvanic corrosion
current and potential values on the AA2024-T3 and CFRP pair. In this theory, when
two or more electrochemical reactions occur simultaneously, the potential of the
resulting corrosion can be defined as the potential of the entire system. When the total
current density of the realized anodic and cathodic reactions is zero, the current and
potential values at this point can be evaluated as the current and potential values of
the system.

Wagner and Traud [29] state that the potential and current density value of the
galvanic corrosion system can use the intersection points of anodic and cathodic
potential current polarization curves in the system as shown in Figure 4.5. When this
approach is applied, the mixed corrosion potential of the AA2024-T3 and CFRP
material pair can be defined as Ecorr,couple=-0.4 V (SCE) and the mixed current density

Value iCorr'coupIe ~1.5E-4 A/0m2

2024-T3 & CFRP

700

200

Couple Corrosion Potential = -400 mV
-300

CFRP

E (mV/SCE)

-800
2024-T3

-1300

i
Couple Current Density = 1.5E-04 (A/em?) &‘u
1

-1800 'S
1.00E03  1.00E-08  1.00E07  1.00E06  1.00E05  1.00E-04  100E03  1.00E-02 1.00E-01

i (A/em?)

Figure 4.5. Potentiodynamic polarization curves for mixed AA2024-T3 and CFRP.
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4.2. Laboratory Immersion Corrosion Test Results

Nine test samples, three sets for each immersion duration, were kept in %5 wt NaCl
solution for 3, 15 and 45 days. The samples were then examined from the region where
two distinct materials were connected to each other as shown in red in Figure 4.6. For
the pitting corrosion caused by the galvanic corrosion effect on the aluminum surface,
the critical distance from the junction and the maximum depth formed were
determined.

Galvanic Corrosion
Effected Area

Figure 4.6. The region where the galvanic corrosion effect was examined on the aluminum AA2024-
T3.

4.2.1. Critical Pit Distance

The critical pitting corrosion distance was determined based on the pitting corrosion
seen at the maximum distance from the aluminum alloy and CFRP junction. The
junction between aluminum alloy and CFRP was scanned through the test sample by

a digital microscope (ZEISS Smartzoom 5). The results found for all test samples can
be seen in Table 4.2 below.
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Table 4.2. Critical pit distance on AA2024-T3 from the joint in microns (The maximum values were

shown in Bold).

Critical Pit Distance (um)

Test Samples 3 Days 15 Days 45 Days
Test Sample 1 2460 - -
Test Sample 2 2880 - -
Test Sample 3 2100 - 3
Test Sample 4 - 4830 -
Test Sample 5 - 4390 -
Test Sample 6 - 3740 -
Test Sample 7 - - 5000
Test Sample 8 - - 4790
Test Sample 9 - - 4530
Average 2480 4320 4773

Maximum critical pit distances on AA2024-T3 from the joint line with CFRP after 3,
15 and 45 days are visible from the pictures as shown in Figure 4.7, Figure 4.8, and

Figure 4.9, respectively.

As expected, the density of pitting corrosion caused by galvanic corrosion, which
occured after three days, was low, and the critical distance is approximately 2880
microns. The dark and united dots seen in Figure 4.7 were caused by galvanic
corrosion. Moving from the junction point to the inner side of AA2024-T3, seperate

corrosion points are also seen.
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2882 ym
Corrosion

Figure 4.7. Maximum critical pit distance sample 2 after 3 days immersion test.
It can be said that the pit corrosion caused by galvanic corrosion at the end of 15 days,
is more severe than the 3-day results as shown in Figure 4.8.Notably, the corrosion
intensity at the junction is higher, and also corrosion depth is further away (4828

microns) from the junction.

EEE  Corrosion et

Figure 4.8. Maximum critical pit distance sample 4 after 15 days immersion test.
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When the 45-day dipping test samples are analyzed, it is seen that the pitting corrosion
density was at the highest level as shown in Figure 4.9. Although the pitting density
increased compared to the 15-day test, the critical pit corrosion distance (5000 micron)

was similar.

= 5006 pm 3

Figure 4.9. Maximum critical pit distance sample 7 after 45 days immersion test.

Characterization of Pits

After the immersion tests, the surfaces of the samples near the junction were examined
by the electron microscope (ZEISS GeminiSEM). The SEM photograph of sample 2
from 3 days immersion test is given in Figure 4.10 . As can be seen in this photo, the
pits formed on the aluminum alloy surface are visible. The corrosion products formed
as a result of galvanic corrosion are seen as white deposit and they do not go away

after cleaning with ethanol after the test.
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500 um

Figure 4.10. A typical SEM (Scanning electron microscope) image of joint area of test sample 2
subjected to immersion test for 3 days.

Elemental mapping (Figure 4.11) and quantitative (Figure 4.12) analyzes were
performed on the image taken from the junction point to characterize the resulting
corrosion products. As expected, there is an increase in oxygen concentration at the
places where corrosion has occurred. The corrosion product was most probably
Al(OH)3 due to the aqueous environment. Carbon comes from carbon fiber material

and copper is one of the alloying elements of the AA2024-T3 alloy.

12

oK

AlK

CIK

Cuk

Figure 4.11. Elemental mapping analysis of joint area.
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It should be noted that the quantitative analysis result given in Figure 4.12 is not

reliable for oxygen element, as it is a light element.

Live Map 1

390K
Al Kal

351K

273K

234K

195K

156K

117K

78K

O Kal
39K | cuta
C Kal A Cl Kal Cu Kal
A A —— -

0SDB 1.00 200 3.00 400 5.00 6.00 7.00 8.00 9.00

Lsec: 327.7 1.136K Cnts 2.300 keV Det: Element-C2B

eZAF Smart Quant Results

Element Weight % Atomic %

CK 0.00 0.00
OK 14.25 22.46
AlK 80.62 75.36
CIK 0.46 0.33
CuK 4.67 1.86

Figure 4.12. Quantitative elemental analysis of joint area.

4.2.2. Maximum Pit Depth

To measure the maximum pitting depth caused by galvanic corrosion between
aluminum and carbon fiber material, ASTM G-46 [55] (Standard Guide for
Examination and Evaluation of Pitting Corrosion) section 4.1.5 Metallographic
Examination method was used. Three places from the aluminum surface at the
maximum distance seen in the critical pitting distance measurement (Section 4.2.1)
were first cut, as shown in Figure 4.13a. Then, the samples containing the pits that
were formed during the tests were positioned to measure the depth of corrosion by

looking at the edge of the section with bakelite (Figure 4.13b) and conductive bakelite
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(Figure 4.13c). The prepared samples with P4000 paper were then examined under the

electron microscope to determine the depth of the pitting corrosion.

@

(b)

()

Figure 4.13. Sample preparation steps to measure maximum pit depth (a) Cutting step; (b) Cross-

section sample; (c) Conductive bakalite step.

The same operations were done for samples that were immersed for 3, 15 and 45 days,

and the pits having the highest depth were selected to determine the maximum pit

depth. Table 4.3. shows the maximum pitting depth for all samples.

Table 4.3. Maximum pit depth in microns (The maximum values were shown in Bold).

Maximum Pit Depth (um)

Test Samples 3 Days 15 Days 45 Days

Test Sample 1 13

Test Sample 2 17

Test Sample 3 15

Test Sample 4 70

Test Sample 5 80

Test Sample 6 61

Test Sample 7 100

Test Sample 8 89

Test Sample 9 76
Average 15 ~70 ~88
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As a result of the three-day immersion test, the depth of the pitting corrosion caused
by galvanic corrosion is around 15 microns and measured maximum pit depth for
sample 2 is around 17 microns , as seen in Figure 4.14. The entire surface of the
sectional sample was scanned, and it was observed that the place with the highest

depth was formed near the junction.

10 pym* EHT = 15.00 kY Signal A = SE2
WD = 14.5 mm Mag= 891X

Figure 4.14. Maximum pit depth of sample 2 after 3 days immersion test.

When samples subjected to immersion test for fifteen days are examined, the average
depth was around 70 microns and measured maximum pit depth for sample 5 seen in
Figure 4.15 rises to around 80 microns in the sample with maximum pitting corrosion
depth. Compared to the samples exposed to three days of immersion, it is seen that the
density of corrosion is high. Corrosion products have filled the pits because, although
polishing was done, the corrosion products remained in-depth as seen in the cross-
sectional view of the sample.
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Figure 4.15. Maximum pit depth of sample 5 after 15 days immersion test.

As expected, the deepest pitting corrosion was observed in the samples subjected to
the immersion test for the longest 45 days in the experimental planning. As can be
seen in Figure 4.16, the maximum pit depth is around 100 microns. Although there is
a two-fold increase compared to the depths of pitting corrosion formed as a result of
the 15-day immersion test, it can be seen that the depth of corrosion does not increase

linearly.

This situation can be explained as follows. Firstly, the Al(OH)s corrosion product,
which is very difficult dissolve, probably reduced the rate of the corrosion reactions.
Secondly, as the pit corrosion progresses, the oxygen permeability becomes difficult
or decreased [22]. Finally, the pit corrosion is reduced due to the passive layer formed

by the aluminum material.
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100 ym*  EHT = 15.00 kV Signal A = SE2
WD = 12.2 mm Mag= 297X

Figure 4.16. Maximum pit depth of sample 7 after 45 days immersion test.
Pit shape
According to the ASTM G-46 [55] (Examination and Evaluation of Pitting Corrosion),

pitting corrosion patterns can be defined as elliptical (b), as shown in Figure 4.17,

according to the 3-15 and 45 days of experiment results.

VA

(a) Narrow, Deep (b) Elliptical (<) Wide, Shallow
(d) Subsurface (e) Undercutting
(Horizontal) (Vertical)
(f) Microstructural Orientation

Figure 4.17. Pit shape standards according to ASTM G-46 [55].
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Kinetic Modeling

According to Godard's model [56], the change in the pitting corrosion depth on
aluminum material depending on time can be estimated according to the following

equation.

Amax. = C(t)1/3 (31)

Where;

d is the maximum pit depth

t is the time

C is the parameter related to the material and environment combination

It is possible to observe the change in the pitting corrosion depth that may constitute
a structural hazard on the material. The graphic given in Figure 4.18 shows how the

created equation changes over time.

Max. pit depth

Exposure time

Figure 4.18. Godard’s model relationship between maximum pit depth and exposure time [56].
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According to Godard's model, if the maximum experimental depth of pitting corrosion
as shown in Table 4.4. is placed into the equation over time, the following equations

are obtained when dmax is in microns and t is in days.

Table 4.4. Maximum pit depths result for Godard’s model.

Sample No Time Max. Pit Depth
Sample 2 3 Days 17 microns
Sample 5 15 Days 80 microns
Sample 7 45 Days 100 microns

In order to produce a kinetic model from the data obtained, the equations that were

roughly deduced from Godard's model were combined in a single equation as follows.

Amax = 28173 (32)

C value is 28 for this test setup parameter related to the material and environment
combination. Where dmax is in microns and t is in days. When dmax vs. t graph is
drawn, a curve similar to Godard's model is obtained as shown in Figure 4.19. This

curve shows that the pitting corrosion rate will decrease with increasing time.

Exp(45,100)

Exp(15,80)
@

Pit Depths (microns)

®Exp(3,17)

Time Days

Figure 4.19. Fitting experimental data to the kinetic model.
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Characterization of Pits

In order to confirm the pitting corrosion resulting from the immersion tests, the
elemental mapping was performed using the EDS mapping method as an example
from the SEM photograph shown in Figure 4.20 below. As can be seen from the test
result, the corrosion products which show oxide formation as Al(OH)s. appearing on

the aluminum material as green area.

|
B o

AlK
SiK

Cuk

Figure 4.20. Elemental mapping analysis of pit depth area.

4.3. Simulation Results and Validation of Numerical Model
4.3.1. Local Current Density

Local current density distribution on AA2024-T3 and CFRP surface especially on
joint for 3, 15 and 45 days were calculated by using Comsol Multiphysics software
can be seen in Figure 4.21. As expected, the current density curves appear to be the
highest 1.6 A/m? (1.6E-4 A/cm?) at the junction where the galvanic corrosion is most

intense. This is very close to mixed potential theoretical value 1.5E-4 Alcm?, confirms
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the modeling results. The galvanic current density values that occur as it moves away

from the junction decreases and approaches zero as the distance increases.
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Figure 4.21. Local corrosion current density distribution on 2024-T3 and CFRP surfaces distribution
calculated by using Comsol Multiphysics software.

As a result of potentiodynamic polarization experiments on aluminum alloy, the
critical local corrosion current density required for the formation of stable pitting
corrosion was found to be 1 A/m? (1.0E-4 A/cm?) as shown in Figure 4.3. From the
modeling, corrosion current density value was observed to be reached on aluminum

alloy near the junction point.

Part of Figure 4.21 was expanded to show calculated pit distances in Figure 4.22 as
4500 microns for a 3 days, 6000 microns for a 15 days, and about 7900 microns for a
45 days immersions. This does not mean that pit corrosion will not occur when the

critical current density is below 1 A/m? (1.0E-4 A/cm?). But this formation will be at
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the level called metastable. On the critical current density, we can see from the results
of potentiodynamic polarization tests that when the critical current density value is
exceeded, the self-formed passive protection layer of aluminum alloys will deteriorate

and cause stable pitting corrosion.
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Figure 4.22. Local corrosion current density distribution on 2024-T3 and CFRP surfaces distribution
in zoom view with stable and metastable region. Point A (4500 microns), Point B (6000 microns), and
Point C (7900 microns) represent the critical pit distances from the joint for 3, 15, and 45 days
respectively.

4.3.2. Surface Electrolyte Potential

Surface electrolyte potential distribution of the joint with different time are shown in
Figure 4.23-26. From the results of the mixed potential theory application, -0.4 V
(SCE) was expected as the galvanic corrosion potential, as shown in Figure 4.5. When
looking at the junction on the model shown in the expanded view of the junction in -
Figure 4.24-26. for 3, 15 and 45 days, the value of yellow color is seen between
approximately -0.38 and -0.42 volts. Therefore, the mixed potential value calculated

from the results of experimental polarization curves was confirmed by modeling the
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electrolyte potential near the junction. It is necessary to examine the change in the
electrolyte surface over time in order to understand maximum pitting corrosion depth
through modeling.

Time= 45 days Surface: Electrolyte potential V (SCE) 2

V (SCE)

y coordinates, mm
°

L L L L L L L L L L L
-100 -80 -60 -40 -20 0 20 40 60 80 100

x coordinates, mm

Figure 4.23. Surface electrolyte potential distribution at T=45 Days.

The change in the electrolyte potential over the surface with time is given in Figure
4.24-26.
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. Deformation on AA2024-T3 boundary and surface electrolyte potential distribution at
T=3 Days.
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Figure 4.26. Deformation on AA2024-T3 boundary and surface electrolyte potential distribution at

T=15 Days.
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Figure 4.27. Deformation on AA2024-T3 boundary and surface electrolyte potential distribution at
T=45 Days.
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On the CRFP part, which is the cathodic side, the surface of the material has not been
deformed, so no change has been made on the surface. Electrolyte solution caused
corrosion on the surface of the material due to the reactions on the aluminum surface

as expected.

The arrows at the junction point in Figure 4.24-26. indicate the direction of the current
formed. The most largest depth of corrosion is observed at the end of 45 days, which
was the longest duration in this study. It is observed that the galvanic corrosion effect

decreased as we move away from the junction point at all time intervals.

When the critical pit distance and maximum pit depth calculated from the model and
the result of immersion tests are compared, it can be seen that the modeling results are
higher than the actual experimental data, as shown in Figure 4.28 and Figure 4.29,

respectively.

Critical Pit Distance
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p | 5000
4000 80 5 0 430
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21

1000

0

Sample1 Sample2 Sample3 Sample4 Sample5 Sample6 Sample7 Sample 8 Sample 9

EEE3 Days [EEE15 Days 45 Days == COMSOL Modelling

Figure 4.28. Comparison of critical pit distance results between modelling (shown with line) and
immersion test (shown with bars).

71



Maximum Pit Depth
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Figure 4.29. Comparison of maximum pit depth results between modelling (shown with line) and
immersion test (shown with bars).

Figure 4.30 shows the difference between the model and experimental results given
as percent of the vale calculated from the model. When looking at the results, the
closest values to the experimental results were obtained in 15 days, both in terms of
critical pitting corrosion distance (%20) and maximum pitting depth (%7). It can be
said that the passive layer formed by the aluminum continuously slows down the rate
of corrosion formation in the 3 days experiment. Furthermore, It can be said that
Al(OH)s compound, which forms as time progresses and also dissolves difficultly, is
one of the main factors that stop the continuous progress of corrosion. In addition, the
corrosion formation will decrease after a certain depth as the pitting corrosion occurs,
and the oxygen permeability decreases as the degree of corrosion increases. Since
these effects could not be simulated in the model, the data obtained as a result of 15

days immersion gave the closest results to the modeling.
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Numerical Model Over Predicts
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40%
30%
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B Maximum Pit Depth 19% 7% 52%

Figure 4.30. Convergence of modeling to experimental values.

Considering the correlations between critical pitting corrosion distance and maximum
pitting corrosion depths, it is seen that the samples with high critical corrosion distance
in the 3-day (sample 2) and 45-day (sample 7) tests also have the maximum pitting
depths. However, the maximum pitting corrosion depth of the sample, which has the
most critical pitting corrosion distance in 15-day samples, does not have the same
value. Although this correlation was observed in 3-day and 45-day corrosion samples,
the absence of that in 15-day samples prevents the conclusion that there is a clear
correlation between these two factors. The critical pitting corrosion distance is mostly
related to the intensity of the electric field formed between the galvanic couple [57].
However, the oxygen permeability and the passive layer formed by the aluminum
alloy itself are more effective in the pitting corrosion progression. In addition, the

corrosion products formed in the pit prevent the corrosion to go deeper there.

Discrepancies between the theoretically and experimentally obtained results for
critical pit distance and maximum pit depth may be due to:
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1) Different corrosion reactions that may be occurring in the secondary phases of

aluminum alloy are neglected in the model.

2) Itis assumed that there is no concentration change in the electrolyte solution during

corrosion.

3) Dissolution reactions were assumed to be only on the anodic surface, and those on

the cathodic surface were neglected.

4) The current density differences between the lower part and the upper part of the
formed pit were neglected and the current value of the corrosion formed was taken as

a constant.

5) Presence of Al*3 and OH" ions formed during corrosion were neglected to affect the

permeability of the electrolyte directly.

6) Especially in pitting formation, decrease in oxygen permeability and its effect on

the rate of corrosion reaction was neglected.

7) The incubation time of chloride ions to the surface and the local dissolution time of

the passive protective layer on aluminum material were unknown.
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CHAPTER 5

CONCLUSION

The following conclusions can be drawn from the study of developing and verifying

the finite element modeling method depending on the time (3-15-45 days) of galvanic

corrosion occurring in the connection area between aluminum AA2024-T3 and CFRP

material in %5 NaCl solution:

With the potentiodynamic polarization measurements made separately for
aluminum AA2024-T3 and CFRP, important parameters showing the
corrosion behavior of the materials have been used effectively in galvanic
corrosion modeling.

The current and potential values of the galvanic couple found as a result of
modeling. The potential result is between -0.38 V and -0.42 V and the current
density curves appear to be the highest 1.6E-4 A/cm? at the junction where the
galvanic corrosion is most intense. This is very close to mixed potential theory
current density value 1.5E-4 A/cm? and potential value is -0.4 V supported the
theory by giving a close result to the current and potential values found through
the mixed potential theoretical.

The closest results of the immersion tests performed for 3, 15 and 45 days in
terms of both the critical pitting corrosion distance and the maximum pitting
depth values are seen in the tests performed for 15 days. As can be seen from
this result, there is an optimum time value for modeling corrosion kinetics.
When all the test durations are evaluated on the test samples, it is seen that
there is no clear correlation between the critical pitting corrosion distance and

the maximum pitting depth.

In summary, the model developed for galvanic corrosion occurring in a harsh aircraft

environment between aluminum AA2024-T3 and CFRP material, provides adequate
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correlation with experimental results. The model can be used not only for this material

pair but also for numerous galvanic couples.
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