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ABSTRACT

Cadmium electroplating is widely used in the aeagspindustry for the corrosion
protection of high strength steels. Cadmium is alsed as compatible coating to
reduce the galvanic corrosion generated in the nadsye of components
manufactured with different materials. However, iemymental and safety concerns
over the high toxicity of cadmium has led to thevestigation of suitable

replacements.

Aluminium coatings are promising coatings for tleplacement of electroplated
cadmium. Previous studies have shown that the USemneTel 984, a commercial
aluminium sprayed coating, is beneficial in eliming the hydrogen direct
embrittlement without increasing the risk of re-eititlement. However, the coating
has shown to be prone to passivation in the mitdosove environment. The addition
of active zinc and magnesium particles are thowghdavoid the passivation of the
aluminium. A range of modified SermeTel 984 coatingpntaining 0.5%, 3%, 10%
and 50% of zinc, and SermeTel 984 modified with dddition of 30% and 50% of
Mg/Al alloy particles in weight have been evaluatad possible alternatives.
Chromium free SermeTel 984 and a SermeTel 984 meddfith aluminium alloy
7075 particles together with IVD aluminium coatifgs/e also been included in the
project.

The sacrificial protection of the new coatings bagn evaluated together with the
associated risk of hydrogen re-embrittlement anchpared with the electroplated

cadmium.

Zinc modified SermeTel 984, containing 1% of zimd &% of zinc electroplated
aluminium, 1IVD aluminium and electroplated Zn-Niatimgs have been studied as
alternative coatings to cadmium as compatible ngati

Slow strain rate testing has been performed toystuel effect of hydrogen on the re-
embrittlement of steel substrate as a result ofctireosion of the aluminium-based
coatings in 3.5% NaCl. Linear polarisation testing3.5% NaCl has been used to



evaluate the self-corrosion rates of the coatilggdyanic coupling measurements
have been used in the case of steel substrateatoag® the sacrificial properties or,
in the case of bronze/aluminium assembly, to evaltree compatibility properties of
the coatings. Polarisation behaviour tests haven hesed to study the anodic or
cathodic control of the corrosion mechanisms. Tatrosion, calculated as the
addition of self-corrosion and galvanic corrosibas been calculated to evaluate the

duration of the coating in service compared totedgtated cadmium.

Vi
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INTRODUCTION

The electrochemical characteristics of cadmiunmcareently utilised for the cathodic
protection of individual mechanical components wtimit the problem of galvanic
corrosion produced by the coupling of different at&tDue to its toxicity the use of
cadmium will be limited in the future and altervaticoatings have been studied as

substitutes.

High strength steels used for some aeronauticapooents, are usually protected by
the electrodeposition of a cadmium layer that avdlte contact between the steel
and the corrosive environment. Moreover the eletiemical potential of the
coating, i.e. more active than the potential ofste=l, provides sacrificial protection
where the coating is slightly damaged becauseepthRsence of scratches, pores or
other defects that could exposes the substratertosion phenomena. The use of
sacrificial protective coatings in the aeronautiield is necessary in order to
preserve the physical and chemical integrity of enals which are designed to

provide good reliability of the different compongfior a long time.

Generally the use of sacrificial protective coasipes not cause any side effects to
the substrate but in the case of high strengthsstiere is a problem related to the
embrittlement, caused by hydrogen, which reduces dkceptional mechanical
characteristics of these types of steel. The hyaltogesponsible for the
embrittlement could come from the chemical readtioglated to the deposition of
electrodeposited coatings or subsequently, fromréaetions characteristic of the
cathodic protection, regardless from the depositexhnique utilised. In the first
case, we will refer to “hydrogen embrittlement” andhe second case to “hydrogen

re-embrittlement”.

The embrittlement can be effectively eliminatedtihgrmal treatment and it has been
proved by previous studies [1] that a baking treathat 208C for 24 hours is fully
effective in the de—embrittlement of those steekcgpens that had been

electroplated.



The re-embrittlement is instead related to thegmtodn that the coating provides to
the metal and cannot be eliminated without redutiregdevelopment of hydrogen in

the reactions or the penetration of the elemewutin the coating.

The amount of hydrogen produced is dependent on electrochemical
characteristics of the coating and primarily on thatential of the coating. A
different study [2] has shown that an additionablemlayer of nickel, deposited
between the protective coating and the steel satlestis beneficial in decreasing the
diffusion of hydrogen toward the steel becauseheflow diffusivity coefficient of
the hydrogen in the metal. Nevertheless, the bagifiect that any coatings can
provide as opposition to the hydrogen producedt®isurface which is diffusing to
the substrate, is a characteristic that also dependts thickness and porosity and

not only on the diffusion coefficient of the hydeagin the material.

However, the possibility of effectively interposirglayer of nickel should still be
accurately studied in the future to understand dblesequences of the corrosion
protection of the sacrificial coating. In the séiec of the sacrificial coating to be
used, it is important to correctly balance the @ecbon provided with the negative
effects due to the risk of hydrogen re-embrittlemevhich is associated with the
electrochemical characteristics of the coating anth its ability to reduce the

diffusion of the hydrogen.

Most modern aerospace structural components argngeis from low alloy high

strength steels. These alloys generally have exeeght mechanical properties
including yield and ultimate tensile strengths aul800 and 2000 MPa,
respectively.[1-3] The strength levels of these lalloyed steels are higher than
virtually any other structural alloy, with approxately 40% strength to weight
advantage over 7000 aluminium series, and superahanical properties compared

to most titanium alloys.

The high strength steel selected for the projeohes of the most commonly used low

alloyed high strength steels for modern aerospécetaral components. It is the



AISI-4340, a nickel-chromium-molybdenum low allotesl, heat treated to reach
tensile strength levels of approximately 1800 MHze alloy has a good combination
of tensile strength (1700 to 2000 MPa), toughnesd fatigue resistance for

structural applications.

However, the main drawback of high strength steselkeir intrinsic susceptibility to
delayed failure, caused by hydrogen embrittlemetit)( stress corrosion cracking
SCC, or fatigue.

The common sacrificial coating for the AISI 4340 eédectroplated cadmium.
Cadmium is a sacrificial coating to the steel, tasopen—circuit potential is more
negative than that of steel, suggesting that ifab&ting is damaged, cadmium will

preferentially corrode instead of the exposed satust

Recent research at Cranfield University [1] has dlesirated that severe hydrogen
re-embrittlement of high strength steel can occhenvsacrificial protective coatings
undergo corrosion. This finding could have impottaafety implications for high
strength steel components used on aircraft. Thenexof re-embrittlement is
influenced by the corrosion potential of the cogitand it is recommended that the
potential should not be more active than is necgdsaprovide adequate protection

of the steel.

Aluminium-based coatings have corrosion potentthist are similar to that of
cadmium and the research to date has shown thgt dhese slightly less re-
embrittlement. However, a disadvantage of some ialium-based coatings is that
they can passivate in mildly corrosive conditiomfhich leads to loss of their
sacrificial properties. For these reasons, furtieksearch is required on aluminium-

based coatings to obtain the optimum balance af pineperties.

The aluminium—based coatings, examined in the progre as possible alternatives
to Cd, were SermeTel CR984—-LT and Alcotec Galvarorinium.



A later study [3] considered different alternativés electroplated cadmium,
electroplated  Zinc-14%Nickel  alloys and  aluminiuasbd  coating
SermeTé{1140/962, which were strong candidates for the amphent of

electroplated cadmium due to their promising charastics.

In the two projects the two SermeTel coatings, sbthhe advantage of being able to
eliminate the problem related to the hydrogen diexabrittlement caused by the
electrodeposition. Despite the important resultsioled by these studies with the
alternative coatings, the tendency to passivatién984 coatings in marine

atmosphere exposure underlined the risk in usirgydbating as a good sacrificial
coating. The addition of more active elements iis fhroject has been thought to

overcome the tendency to passivation of SermeT4l 98

A range of new coatings based on SermeTel CR984aluminium IVD coatings
and aluminium alloy coatings, have been producedtlagir compositions have been
modified to seek optimum properties. Suitable capineed to be sufficiently active
to provide adequate sacrificial protection to aktibstrate without passivating in
service and without promoting excessive hydrogetakgy which could lead to re-
embrittlement.

SermeTel CR984 will therefore be modified by theiadn of zinc and magnesium,
which are more active metals than aluminium. Thadditions are expected to
improve the resistance of the coating to passimafithe commercial coating CR984
will also be modified by eliminating chromium froms formulation since this
element could be prohibited in the future for aerdrcal applications. Pure
aluminium IVD coatings will be studied because tloeyld result in an alternative
deposition technique to electroplating and sprayedal coatings. Additionally, a
spray coating produced by using the aluminium al®y5 has been introduced into
the study as this alloy is expected to give perggtvanic compatibility with many

parts of the airframe, when produced with the salaminium alloy.



Electrochemical tests supported by marine atmospé&egposure and mechanical test
under corrosive conditions to evaluate the riskhydrogen re-embrittlement of the

steel will be used in order to study the alterretivatings.

The aims of the research can be summarised asvfollo

[] To develop novel sprayed metal particle coasingf the SermeTel type with
compositions chosen to minimise the risk of hydroge-embrittlement of high

strength steel, while avoiding the problem of augtipassivation and loss of
sacrificial protection.

[I] To study the extent of hydrogen re-embrittlamhef high strength steel that is
caused by corrosion of aluminium-based coatinggh Boetal particle and PVD

coatings will be included.

[I] To evaluate the corrosion performance of s&e aluminium-based coatings in
conditions that are representative of aircraftarvie.

A second important application regarding sacrific@atings is their use as
compatibility coatings and electroplated cadmiura been successfully used also for
this purpose.

It is quite common in aerospace applications fmnke bushes and bearings to be
pressed into aluminium forgings. This type of assky could cause serious galvanic
corrosion of the aluminium component in servicedibons and it is essential that
the surface of the noble bronze component is coaidd a metal that reduces its

inherently cathodic behaviour.

Without the protection, and because the materr@®kectrochemically more active,
the aluminium would increase its corrosion ratehwserious consequences on
durability. In the assembly of bronze componentghwaluminium ones, the
aluminium, which is more active than the bronzeulddncrease its corrosion rate.
By coating the bronze with a material with an elechemical potential similar to the
aluminium, the corrosion rate of the aluminium cament would be significantly

reduced. Ideally the coating to be used shoulde hepotential identical to the



aluminium although small variations around thisgmdial are possible. In this study,
different coatings with different characteristicerh cadmium will be evaluated, i.e.
studying materials with electrochemical potentiliat are not necessarily more

active than the aluminium.

The electrochemical potential, its stability, anties factors such as the anodic or
cathodic control of the corrosion will be evaluatedrder to study in detail possible
alternative coatings to cadmium and to identify ¢juedelines for the correct choice
of a compatibility coating for this and for othefferent applications that require a

compatibility coating.

On the basis of the experience gained from theystficiternative coatings for high
strength steels [1, 4], aluminium coatings are ¢mvuo be promising alternatives to
cadmium as well as in different applications in evhithe coating is applied for

compatibility purposes.

SermeTel coatings containing 1% and 5% in weightio€, IVD aluminium and

electroplated aluminium have been selected for giggect. Together with these
aluminium based coatings, an electroplated Zn-Mtiog, with a deposit containing
between 8% and 14% nickel, has been included sgioject. Zn-Ni coating has
been studied in the past as a possible alternaiivadmium for high strength steel
substrate [5, 6] showing electrochemical charasties which could be suitable for

the new application.



1 LITERATURE REVIEW

1.1 INTRODUCTION

Metal alloys commonly used for structures or medtsncomponents, like
aluminium, copper, iron, zinc etc., are intrinsigalnstable. In many environments
in which they are exposed, their carbonates, hydesx oxides, sulphides, sulphates,
and many other salts are potentially more stabbn tthe metal itself. These
compounds are in many conditions thermodynamicatigre stable and the
conversion can be driven by a large negative freggy. The physical or mechanical
properties, such as strength, ductility and tegagftthe metals, can be seriously
changed by the formation of corrosion productsdileg to the failure of the
components. Corrosion in metals that are proneotoode is rarely completely

eliminated but can be reduced to allow the matet@httain their expected lifetime.

1.2 ELECTROCHEMICAL NATURE OF AQUEOUS CORROSION

Corrosion in aqueous solutions has been foundvimlve electron or charge transfer.
Thermodynamics gives an understanding of the engrggges providing the driving
force and controlling the spontaneous direction &bremical reaction. When

corrosion is possible, however, thermodynamics capredict the rate.

When immersing zinc in hydrochloric acid, the csrom of zinc is represented by

the following reaction

Zn + 2HCI- ZnCh + H> (1)

And, in ionic form, the reaction is
Zn + 2H + 2CI - zrf* + 2CI + H, )



Eliminating CI from both sides of the reaction gives

Zn+2H - zZrtt + H, ®3)

Reaction 3 can be separated as follows:

Zn- Zrtt + 2¢ anodic reaction 4

2H" + 26 = H, cathodic reaction (5)

All corrosion reactions in water involve an anoddaction such as Reaction 4

Thus, for corroding metals, the anodic reactioof e form

M- M"™ +ne (6)
Cathodic reactions are few in number. The simptest of the most common is
reduction of hydrogen ions in acid solution (reawctl). Another is reduction of an
oxidised ion in solution as the reduction of fetoderrous ions,

Fe* + e o Fe* @

The reduction of dissolved oxygen is often obserwedeutral and acid solution

exposed to ambient air. The respective reductiaotiens are

O, + 2H,0 + 4€e - 40H 8)
and
O, + 4H" + 4€ - 2H,0 9)

In the absence of all other reduction reactionsemaill be reduced by



2H0 + 2e — H, + 20H (10)

which is equivalent to Reaction 5 assuming dissimcizof water toH" andOH" and
subtractingOH" from both sides of the reaction.

The free-energy changelG, associated with any chemical reaction, may be
associated with an electrochemical potentalat equilibrium, by the fundamental

relationship

AG=-nFE (11)

Where n is the number of electrons (or equivalemtshanged in the reaction, and F
is Faraday’s constant, 96,500 coulombs per equivaf®r Reaction 3y is 2, i.e. the

electron number change in the reaction.

Table 1 shows a list of Standard Electrode Potlsntia



Standard
Potential, ¢°

Reaction (volts vs. SHE)
Noble Auwdt +3e” = Au +1.498
Cl, + 2¢~ = 2CI” +1.358
0, + 4H' + 4¢~ = 2H,0 (pH 0) +1.229
Pt + 3¢~ =Pt +1.2
0, + 2H,0 + 4¢~ = 40H™ (pH 7)° +0.82
Agt +e = Ag +0.799
Hg,?" + 2¢~ = 2Hg +0.788
Fe3t + e~ = Fe?* +0.771
0, + 2H,0 + 4e~ = 40H™ (pH 14) +0.401
Cu?t +2¢” =Cu +0.337
Sn*t + 2¢” = Sn** +0.15
2H" +2¢~ =H, 0.000
Pb?** + 2¢” =Pb -0.126
Sn?* + 2¢” = Sn -0.136
Ni2* + 2¢~ = Ni —0.250
Co*t + 2¢~ = Co -0.277
C +2 =Cd —0.403
Fe?t + 2¢~ = Fe —0.440
Cr** 4+ 3¢ =Cr —0.744
Zn*t + 2¢” =Zn —0.763
2H,0 + 2¢~ = H, + 20H" —0.828
APT + 3e” = Al —-1.662
Mg?* + 2~ = Mg —2.363
. Na* + e~ = Na -2.714
Active K"+e =K ~ -2.925

Table 1. Standard Electrode Force Potentials

The half-cell reactions 4 and 5 also have freeggnehanges analogous #t65 and

corresponding potentiaks, ande.. The algebraic sum of these potentials is equal to
E, that is

E=e,t+ec (12)

e, ande; are not absolute values and a zero point mustsbenged. The arbitrary
zero point is the electrochemical potential of Hadf cell H/H, and the reference
half-cell potential is established with the easdgnstructedstandard hydrogen

electrode (SHE)Table 1 shows a list of Standard Electrode Potisntia

10



1.2.1 Corrosion potential and current density

When a metal such as zinc is corroding in an aaligtion, both the anodic,

Zn - Zrtt + 2¢ (13)

and the cathodic,

2H" + 2e - H, (14)

half-cell reactions occur simultaneously on thefesie. Each has its own half-cell
electrode potential and exchange current densighawn in Figure 1, wheigis the
exchange current densityquivalent to the reversible rate at equilibrium awfy

chemical reaction.

The two half-cell potential®znzn2+ and eq+y2 cannot coexist separately on an
electrically conductive surface. Each must poladsehange potential to a common
intermediate value, &, which is called corrosion potentialeE is referred to as a

mixed potential since it is a combination or mietuof two half-cell electrode

potentials reactions. Figure 2 shows graphically golarisation of anodic and

cathodic half-cell reactions for zinc in acid sabat

11
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Figure 1. Anodic and cathodic half-cell reactions gesent simultaneously on a corroding

zinc surface

A list of different E, of different half-cells coupled with the same refece half-

cell is called Galvanic Series. Figure 3 shows dv&@sc Series measured in
seawater and in respect of a Saturated Calomelr&tiec Galvanic Series should not
be confused with emf. The emf is a list of halficgdroportional to the free-energy
changes of the corresponding reversible half-eattions for standard (unit activity)
conditions. The Galvanic Series is a list of calnspotentials, each of which is
formed by the polarisation of two half cell reaooto a common mixed potential,

Ecom 0N the corroding surface.
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Figure 2. Polarisation of anodic and cathodic haltell reactions for zinc in acid solution

to give a mixed potential E., and a corrosion rate (current density),cor

The Galvanic Series are available for useful allagd pure metals, and a selection
of alloys with a minimum potential difference witlinimise corrosion in a Galvanic
Series. The Galvanic Series depend on the elettr@glution and do not give any

information about the corrosion rates of eitherdhthode or anode.
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Figure 3. Galvanic Series of seawater. Yellow bordicate behaviour for active-passive

alloys. (From Denny A. Jones — Principles and Prewéion of Corrosion, p.169, 1992)

1.2.2 Electrochemical nature of galvanic corrosion

1.2.2.1 Two-metals galvanic corrosion
Any metal or alloy has a unique corrosion potentil,, when immersed in a
corrosive electrolyte. When any two different allogre coupled together, the one

with more negative or active.§ has an excess activity of electrons, which are los
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to the more positive alloy. In a couple between twetals, M and N, the anodic
dissolution or corrosion reaction

M- M™ +ne (15)

of the active metal, M, has its rate increasedosg bf electrons. M thus becomes the
anode in the galvanic cell. The more positive dolaealloy, N, has the rate of its

cathodic reaction

N- N™ + me (16)

decreased due to the excess of electrons drawn floN is the cathode of the
galvanic cell, and the corrosion-rate decreas@asbiasis of cathodic protection by

sacrificial anode alloy such as M.

Io.HQ(N) ’o,Hz(M) Total
reduction 3
~ ikl x (\"@
S W
S Y
~
~
~ /
S couple
Ecorr‘ N[ S = fcovr, M-N
E - ) N
Ecouple corr, N N
corr, M

?Total

oxidation

’oN

(=) - POTENTIAL —»= (+)

IoM

log CURRENT

Figure 4. Schematic polarisation in a galvanic coup between corroding metals M
(anode) and N(cathode). (From Denny A. Jones — Piiples and Prevention of

Corrosion, p.175, 1992)
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In Ecorr Of M, the anode shifts to a more positive valubjlevE.,; of N shifts to a
more negative value, until both the potentials hefle same intermediate potential
Ecouple. The effect can be explained by anode and cathotigigation between the
couple. Figure 4 schematises the galvanic coughetyveen corroding metals M
(anode) and N (cathode).

At Ecouplethe anodic dissolution rate for M has increasethft;ormy to lcorrdV-n), and

that for N, the cathode, has decreased f@sam) to leorrgu-Ny @s shown in Figure 4.

1.2.2.2 Cathodic protective coatings

In galvanic couples involving two corroding metathe potential of the couple

always falls between the uncoupled corrosion pa@kniof the two metals. The

corrosion rate of the metal with the more activerasion potential, the anode, is
always increased, while the corrosion rate of the with more noble potential, the
cathode, is always decreased. Decreased corrokithe @athode at the expense of
increased anode corrosion is the basis for cathaditection by sacrificial anodes.

The same principle can be used for sacrificial iogatin aqueous corrosion, where
more active coatings are applied on the surfaca ofore noble metal that needs
protection. The metal continues to be protectethbysacrificial coating even after a

scratch on or damage to the coating surface.

Cathodic protection increases the amount of hydrogeduced by the cathodic
reaction. Part of the hydrogen produced by theocchtireaction

H* +€ - H (7
can be adsorbed by the surfaces to diffuse intdtile Some metal alloys such as

high strength steel are susceptible to hydrogenrigtelment with a consequent

decrease of their mechanical properties.
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1.3 CADMIUM SACRIFICIAL COATINGS AND ALTERNATIVES
TO CADMIUM

1.3.1 Introduction

Different publications about alternative coatings dadmium have shown that
aluminium, modified aluminium and Zn-Ni coatingsgarovide improved sacrificial

protection to steel components. Although the resafe good in terms of corrosion,
some of the alternatives can be deposited by exmetechniques that can limit the
real utilisation. In this project, particle sprayeshtings were introduced to modified
aluminium coating, where the additional active edaimis present in the coating not
in terms of alloy but as individual particles. Thge of sprayed coatings allows the
production of a less expensive coating while oing the composition of the

sprayed coatings.

1.3.2 Previous studies on cadmium replacement at Cranfiel

University
Chalaftris and Robinson [1], studied two aluminibased coatings as alternatives to
electroplated cadmium coatings. Their research Ve&sised on the corrosion
characteristics of the coatings and on the permeaif hydrogen in the steels. In
their research, high strength AISI 4340 steel wssduas testing material in the
mechanical testing (SSRTSs), whilst low—carbon stbehs were applied in hydrogen
permeation measurements. The aluminium-based gsatiexamined in the
programme as possible alternatives to Cd, were SE#MCR984—-LT and Alcotec
Galvano—Aluminium. Hydrogen re-embrittlement caudmd the two alternative
coatings was compared with the re-embrittlemensedwy electroplated cadmium
and re-embrittlement tests were carried out on atetbhydrogen charged unplated
steel tensile specimens. Electrochemical permeati@asurements were used to
determine the amount of absorbed hydrogen by usgpladteel membranes,
potentiostatically charged at the potential of e@ding coating, in order to simulate
the hydrogen absorption during the re—embrittlem@ntorroding coated tensile

specimens.
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A wide range of corrosion tests were used in thekvio evaluate the possibility of
replacing electroplated cadmium with the alterrati@luminium coatings, i.e.
galvanic corrosion test, polarisation behaviout, tegyether with 1000h salt fog test
and marine atmosphere exposure. In the latter &sts,t coated tensile specimens
were tested together with a coated panel, in otdeevaluate the risk of re-

embrittlement subsequent to the exposure in th@siwe environment.

The exposure to the corrosive environment eithecgued the SSRT (Slow Strain
Rate Test) or occurred during the test. Immersm8.5% NaCl solution and neutral
salt spray tests, complying with the ASTM B117-%dndard, were used in the
laboratory. Moreover, other tensile specimens wexposed to a coastal marine
atmosphere for two years at a QinetiQ test sit&\Vieymouth, Dorset, as marine
atmosphere exposure is considered to represent alos®ly the service conditions
on an aircraft. Additional uncoated steel tenspecimens were exposed to 3.5%
NaCl solution and held at the electrochemical pidémf a corroding coating to

investigate the effects of electrolytic hydrogerarghing when a coating corrodes in

service.

It was found that cadmium electroplating caused esevdirect hydrogen
embrittlement to the quenched and tempered AISIO4Bh strength steel. In
contrast, no reduction in times to failure was obsé by the application of the
SermeTel CR984—-LT coating. On the other hand, kbetredeposition of Galvano—
Aluminium Alcotec in an organic electrolyte intrashd a very small amount of

embrittlement, which was proven to be statisticaibignificant.

Direct embrittlement is the damage caused to thel sluring the deposition typical
of the electrodeposition processes. It is intrinsithe methodology utilised for the
deposition. The term re-embrittlement, in contrasters to the hydrogen produced
during the sacrificial protection provided by theating to the steel during the
service. Direct embrittlement has been proved tceb®ovable by a baking treatment

at 200C for 24 hours. This was found to be fully effgetin the de—embrittlement
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of the steel specimens that had been electroplaitdcadmium, as well as coated

with Alcotec.

No embrittling effect was observed in the casergflated steel specimens that were
potentiostatically charged and then stressed inTae range of the applied potentials
was more negative than the free corrosion potentidl Alcotec, SermeTel and

cadmium.

Re—emobrittlement occurred when uncoated AISI 4346l specimens were strained
and simultaneously potentiostatically charged aathodic potential to simulate the
corrosion of a sacrificial coating. A higher degafge—embrittlement was observed
at more active potential values, showing that tbeeqtial of a corroding sacrificial

coating is an important factor influencing the extef re—embrittlement.

Hydrogen permeation measurements showed that iv@nere hydrogen uptake by
steel substrates at more negative applied potenNareover, it was found that there
is good correlation between the degree of re—eti@ment and the amount of
hydrogen absorbed by steel, following a logarithreiationship for a wide range of

applied potentials.

The corrosion of cadmium, SermeTel and Alcotec edus substantial amount of
hydrogen re—embrittlement to AISI 4340 steel wheposed to 3.5% NaCl solution
during slow strain rate tests. The severity of nebettlement was in the order

Cadmium > SermeTel > Alcotec.

A second major factor affecting the amount of rebgttbement is the barrier
properties of the coating. Although Alcotec was ti@st active coating, it caused the
least re—embrittlement, because it was the demseding, and it is thought that it
contained fewer pores where the steel substrateew@ssed and hydrogen charging
could take place. On the other hand, cadmium wése gorous, allowing hydrogen
an easier access to the steel substrate andeaslg its corrosion caused the largest

amount of hydrogen re—embrittlement.
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A small amount of hydrogen re—embrittlement ocalirre coated steel tensile
specimens that had been exposed to a marine ateresfur two years prior to the
slow strain rate tests, showing that corrosion uiaghplied stress is not a prerequisite
for re—embrittlement to occur, which can take plagen if aircraft components are
only stressed intermittently. The severity of thearme environment in re—
embrittlement was in the order Alcotec > SermeTd&ladmium. These results are
particularly pertinent as marine atmosphere exmos$esting is thought to be most

representative of service conditions on aircratft.

Open circuit potential measurements of the invastid coatings showed that
Alcotec was the most active coating, while Sermeiv&$ fluctuating between more

noble values, and cadmium was the most noble gpatimong them.

According to linear polarisation resistance resulke self—corrosion rate of the
studied coatings in 3.5% NaCl solution was in tmdeo Alcotec < SermeTel <
Cadmium. In particular, the corrosion rate of thelated cadmium coating was far

higher than that of the aluminium—based coatings.

The galvanic corrosion rate of the examined coatiwpen coupled to steel after
1000 hours of exposure to 3.5% NaCl solution wathénorder Alcotec > Cadmium
> SermeTel. In particular, the dissolution rateAdbfotec was far higher than the
galvanic corrosion rate for the other two coatings.

Cadmium and Alcotec both performed well in marine@sphere exposure, but
SermeTel appeared to passivate in these conddiotsfter 12 months red rust was
visible in scribed regions, as well as in the cosrend at the edges of the panels.

Although there were many good results obtainedhbyauthors using the alternative

coatings, the tendency to passivation of 984 cgatin marine atmosphere exposure
underlined the risks in using this coating as adgsacrificial coating. However, the
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addition of more active elements in the new proghduld overcome the tendency to
passivation of SermeTel 984.

Following Chalaftris and Robinson [1], Figueroa g3lidied different alternatives to
electroplated cadmium, electroplated zinc-14%nickébys and aluminium-based
coating SermeT€lL140/962, which represented strong candidates foe t
replacement of electroplated cadmium due to theasmgsing characteristics. The
aluminium based coating together with a ceramicganic binder (coating system
962) were applied by spray painting and subsequentled at temperatures up to
315°C. Further application of a modified polyuretbatop-coat layer (top-coat
system 1140) was applied on the coating. Altholnghvtork was mainly focused on
the 300M and AerMéEtL00 high strength steels, alternative alloys Gif&iMI0 and

CSS-421™ were also considered in some tests.

It was shown that a thin layer of nickel which Haekn applied before the cadmium
acted as a barrier to hydrogen uptake by the G@000 steel. This alloy displayed
no susceptibility to hydrogen re-embrittlemenEl=-0.05), when the cadmium
coating, applied after thenickel strike’ process, was corroding in 3.5% NacCl
solutions. It appears that a thin nickel layerdah the sacrificial coating would
provide a promising method for controlling bothedir hydrogen embrittlement and
hydrogen re-embrittlement. Alternatively, the setogroup of cadmium-plated,
baked and corroded GifloM2000, which did not reee#s nickel strike treatment,

showed to be susceptible to hydrogen re-embritthénaisplayingel of 0.19.

The alternative sacrificial coating, SermeTel40/962, proved to have an advantage
over the electroplated cadmium and the zinc-nidi@ded on the lack of direct

embrittlement produced by its deposition process.

The levels of re-embrittlement susceptibilitiesptiyed by the high strength steels
due to the corrosion of the three sacrificial aogdi were associated with two main
factors: 1) the electro-negativity and 2) the lmrproperties of the coating. The

electrochemical activity of the coatings increasethe order SermeT&1140/962 <
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Cadmium < Zinc-Nickel coating. In relation to thinding, permeation
measurements showed that the hydrogen uptake ssttea an exponential rate as
the potential was lowered from -0.90 to -1.15 VEC

After the study of Chalaftris and Robinson [1], stady of Figueroa [3] which was
more focused on the steel susceptibility of différesteel to hydrogen re-
embrittlement, confirmed the good characteristicthe aluminium based coatings as
alternatives to electrodeposited cadmium. Howeter risk of passivation of the
alternative aluminium coating was not evaluated emacerns remain regarding the

risk of passivation of this coating and its possiliée as sacrificial coating.

1.3.3 lon Vapour Deposition (IVD) aluminium

Historically, IVD was developed in the 1970s foreusn fatigue-critical aircraft
parts. The aluminium coating provides good fatigemistance because it is soft and
thus is less prone to serve as a crack initiatger [7]. However, its benefits as an
environmentally friendly coating have become insnegly appreciated as the use of
heavy metals, such as cadmium, have become moldyhiggulated. The IVD
process is similar to the familiar physical vapdeposition (PVD), with one major
difference: during plating, the substrate is heldaahigh negative potential with
respect to the vacuum chamber and evaporationesolints potential produces a DC
glow discharge of inert argon gas in the deposittblamber. A number of the
evaporated aluminium atoms are ionised by this rargbow discharge and
accelerated toward the cathode (substrate). Thoduges stronger adhesion and

increases the uniformity of the aluminium coating.

Aluminium coatings applied by PVD, including IVDh®wv good substrate adhesion.
However, they tend to be highly porous, and consetly glass beading is
necessary to compact the structure, as well asowepthe corrosion resistance and
protection performance of the IVD coatings. The IVprocess has been

commercially known for many years, with the McDolhmouglas aircraft company
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developing the IVADIZE process to coat landing gparts, engine mountings and

fasteners with aluminium.

Drawbacks of the IVD technique can be avoided bplyapg another vacuum
technique, termed as Unbalanced Magnetron SpudtgtiivS). Steel parts are
cleaned, placed in a vacuum chamber, and afterveaatser—cleaned under an argon
atmosphere prior to coating with aluminium. A magaivantage of this technique is
that the aluminium coatings are very dense. Aluommrimagnesium alloys have
recently proved able to be deposited by the UM8&rtiegie, and have also displayed
an improved corrosion resistance at an approxima@twt% Mg [5].

1.3.4 Electrodeposited Zn-Ni

Zinc based coatings have been used for years iautmmotive industry to protect
ferrous substrates from the effects of corrosiandBction is well established in the
surface coatings industry. The early commerciatisaof the UK zinc nickel market
occurred in the mid-1980’s, with the installatiointioe first acidic based technology
[8]. This metal can be readily deposited througmumber techniques such as
electrodeposition, mechanical plating and hot dilvanising. The resultant coatings
are anodic to iron and steel, providing sacrifigiabtection. The application of
conversion coatings on to the zinc deposit exténeldsime to oxide formation which

greatly enhances the overall corrosion protection.

Studies on the toxicology of chromium are more th@ryears old. In thEood and
Cosmetics Toxicologyournal, published by Elsevier, the first studigsout the
toxicology of chromium are dated 1963 [9]. For theason many efforts have been
made to find alternatives to the chromatation otzirhe addition of nickel to zinc
alloys to enhance their corrosion resistance staitelependently from the
production of electrodeposited coating. In 1986zu&uand Enjuz{10] studied the
effects of the addition of several elements, i.¢. ®u, Sn, Ti, Cr, Bi and Nb
additions on 25% Fe-Zn and measured the corrositenaf the alloy when compared
with the compactness of corrosion layer. They fodhdt titanium, chromium,

bismuths, copper and niobium tended to precipitaggr compounds on the zinc
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alloy surface instead of playing a role in compagtthe zinc compounds such as
zinc hydroxide and basic zinc chloride. Apart frddu all the other elements

produced a corrosion layer less dense than theloaéned adding Ni.

The first commercially modified zinc coatings werealised by adding small
guantities of nickel, typically 5-7% of nickel. Thirst major UK commercial
development of the electrodeposited alkaline zickat alloy occurred during 1992
with the installation of a large production voluro€é low alloy having a typical
deposit composition of 5-7% nickel [8]. In the saryear, the research into
alternative for CrVI passivation replacement wasulght to the study of high alloy
zinc nickel. Baldwin and Robinson [11] [6] carriemit an extensive study on
different concentrations of nickel addition to @fedeposited zinc. They found that
Zn alloys containing 14% Ni by weight can afford aptimum level of corrosion
resistance to steel in neutral salt fog tests. danecircuit potential measurements
they noticed that Zn-Ni alloys become more noblthwinmersion time, which was

attributed to the preferential dissolution of zinc.

In this work Zn-Ni coatings will not be proposed srificial coatings for the steel
because further studies have confirmed the ristteafncification [12] and concerns
have arisen about the integrity of the coatingstduesidual stress generated by the
dealloying mechanism. Gauvrila et al. [13] notickdttafter 48 hours of immersion in
the neutral aerated saline solution, the Zn-Ni $taalvn varying degrees of cracking.
The surface had become a network of cracks whichmainly dense and developed.
The same author in the same publication concludas whichever Zn—Ni alloy is
considered, its corrosion behaviour is very différ® the cadmium deposit which it
will replace. The cadmium samples corrode more Isi@and uniformly, whereas the
Zn—Ni deposits corrode in a localised manner whle Bappearance of surface

cracking and partial dezincification’.
In this project Zn-Ni coating will be proposed as@mpatibility coating for the

aluminium-bronze assembly. The addition of nickelzinc has been proven to

increase the electrochemical potential of the mo@ing [6] and this could result in
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a better galvanic compatibility with the aluminiuvimrging alloys generally more

noble than pure zinc.

1.3.5 Chromate conversion coatings (CCCs) on aluminiuchsdeel

substrate

Conversion coatings can provide corrosion protedby converting some of the base
metal to a coating in which ions of the base matala component. The chromium
passivating ion is reported by different authorstlas most efficient passivator
known [14], [15]. However, due to health and enmim@ntal concerns associated

with hexavalent chromium, alternatives have beadistl for years.

Aluminium alloys can be protected by chromate cosioa coatings. Exposure of Al
to a dichromate-containing CCC solution resultsimultaneous oxidation of Al and
reduction of the chromate to Cr(lll) [16], [17]:

2Al - 2AF* + 6¢ (18)

Cr,0;4+8H"+6€ — 2Cr(OH) + H-0 (19)

Zhao et al. [18] showed that chromate is releage@®Cs and migrates and protects
a nearby uncoated area in an artificial scratch etheir experiment they mounted
a freshly polished, uncoated surface of AA20244T8poxy resin in close proximity
(1.8mm gap) to a CCC-coated surface. The CCC suras obtained by exposure
to Alodine powder, a commercial solution widely dder chromating aluminium
alloys. The whole sample was exposed immersed iNa®l solution for different
times and the self-corrosion rates of the unmadifid 2024-T3 surfaces was
measured. After exposure in the artificial scrateh for 96 hours the unmodified Al
surface showed very little corrosion. In contralse control sample exposed to an
artificial scratch cell without the CCC-treatmerassheavily corroded. Furthermore,
they measured the corrosion rate of the aluminiurfase after the test for the three
samples, the two with the CCC-treated sample, vatid without electrical
connection between the surfaces, and the one wittieu presence of the CCC-
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treated sample. The polarisation resistance is $eeincrease for the samples
exposed to a cell with the CCC-treated samphe presence of chromium oxides or
hydroxide on the aluminium surface was not prowethle author, but the increase in
the corrosion resistance even when the aluminius lteen removed from the
scratch-cell seems to suggest that the aluminiufaca has been modified maybe
by the presence of a protective film §Og or Cr(OH}].

Similar mechanisms have been proposed for the. dt@esgren [14] has reported
possible mechanisms for the protection of stedlilzs proposed by Rosenfeld et al.
[19]. “CrO,* are absorbed onto the steel surface, where they raduced to
trivalent ions. These trivalent ions participate the formation of the complex
compound FeGgo14-(OH),, which in turns forms a protective film. Largindan
Rosenfeld have proposed that chromates do not ynévein a mixed oxide film,
accompanied by a considerable increase in the beametgy between the iron and

oxygen atoms. This leads to an increase in theeptive properties of the filn{20].

1.3.6 Electroplated Aluminium

There are few publications regarding the use aftedplated aluminium as sacrificial
coating. The use of electrodeposited aluminiumingtéd to the difficulty of the
deposition process. Electrodeposited Al coatinggdccoot be obtained in aqueous

solutions since hydrogen evolution occurs befoeedéposition of the metal.

Currently, there are two main types of media awédor the electrodeposition of
aluminium i.e. nonaqueous organic solvents and enadialts. Organic solvents as
aromatic hydrocarbons and ethers are usually imflabie, volatile, and have
relatively low conductivity and a narrow electroatieal window. Inorganic molten
salts such as AICI3/ NaCI/KCI systems operate latively high temperatures (above
150°C), while organic molten salts (also calledigoiquids) such as AICI3/N-(1-
butyl) pyridinium chloride and AICI3/1-methyl-3-gtimidazolium chloride operate

at near room temperatures.
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Kautek [21] studied the galvanic interaction betwearbon steel and six galvanic
coating materials including electroplated aluminjucadmium, zinc and duplex

combinations with copper, nickel and tin using pttelynamic techniques and
continuous monitoring of the galvanic current. Rissfor different galvanic couples

were reported in the publication for immersion ngan and air saturated sulphate
and chloride solutions of various acidity. Kautekid that steel can cathodically be
protected not only by cadmium and zinc, but alsoelctroplated aluminium, in

moist urban, industrial and marine atmospheresalde evaluated the influence of
ultrathin intermediate layers in duplex coatingsedj. nickel or tin, and concluded
that they have a practically negligible influenae tbe aluminium top layer and the

steel base.

1.3.7 Modified aluminium coatings by addition of Zn or Mg

Enders et al. [22] studied the electrochemical attaristics of aluminium and
aluminium alloy coatings containing magnesium farifarm and local pitting
corrosion protection of low carbon steel substraiéir results show that corrosion
protection of aluminium coating on steel substcae be improved by the use of Mg
and Zn addition. In their study, the authors udwsal ibn-beam-assisted deposition
(IBAD) technique. This deposition method allows @d control of the deposition
parameter but is slow and expensive and not seitsl complex shapes and large

components.

1.4 HYDROGEN EMBRITTLEMENT

Hydrogen embrittlement of steel under load miglsutefrom the exposure of the
sample to a hydrogen-rich environment. It can biendé as the loss of ductility or
delayed fracture caused by absorbed hydrogen withén material during the
application of load. In this process, the matenanifests a non-ductile fracture
mode or loss of ductility, sometimes together vaitteduction of tensile strength due
to the hydrogen trapped into its microstructuredidgen embrittlement was initially
found in steels but there are studies regardingntkeehanical properties of other
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metals and alloys which show they can deteriorateh3drogen under certain
conditions [23].

The vulnerability of steels to hydrogen embrittlernasually increases as the tensile
strength increases. Consequently, high strengtl samponents are particularly
prone to this phenomenon by failing prematurely amgbidly with serious
consequences [24-26] and even relatively small atsowf hydrogen can
deleteriously control their mechanical properti&ow strain rate specimens can
exhibit a decrease in tensile strength due to Hif wiconcurrent reduction in area
but their yield strength is not significantly affed.

Hydrogen can be absorbed during metal processiddadmmication processes such as
electroplating, solidification, forging and welding7]. Furthermore, hydrogen
absorption may occur in specific offshore condiiosuch as corrosion and cathodic
protection. Slow strain rates and moderately eéz/demperatures increase HE,
suggesting that the phenomenon is under the coofrdahe lattice diffusion of

hydrogen .

Hydrogen embrittlement is a reversible phenomemzhpost—baking treatments can
relieve hydrogen—containing steels from hydrogemuchS processes facilitate
hydrogen to escape to the atmosphere or diffuseitoostructural traps within the

steel, but the temperature and duration of therreat has to be controlled to avoid
loss of strength. During these treatments the auraif the exposure in the range of
temperature of 400-500 should be reduced as much as possible to prelent

diffusion of hydrogen in inclusions and grain boands, where hydrogen may
reduce carbides and oxide inclusions to form medlgas (decarburisation) or water,
a phenomenon identified as hydrogen attack.

Before hydrogen can produce any embrittlement e dteel, it has to be situated
within the vicinity of the surface, to be absortadl finally transported to the bulk
of the alloy. This growth and entry of hydrogenoirithe metal is the preliminary

stage of the hydrogen embrittlement process [28].
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The mechanism is illustrated in Figure 5 [29]:

1) Transport of the hydrated protons(t) to the electrical double layer that exists
at the iron-electrolyte interface

2) Loss of water of hydration shield in the vicyndf the double layer

3) Adsorption of the proton to the electrode swfac

4) Discharge of the proton to an adsorbed hydragem

5) Combination which can occur in two ways, chenhycgba) or electrochemically
(5b)

-5a) two adjacent adsorbed hydrogen atoms can iceni form a hydrogen
molecule with a possibility of surface migration tween the discharge and
recombination site

-5b) an adsorbed hydrogen atom can combine with a pretawhich is
reduced by an electron, hence forming a hydrogem at and consequently forms a
hydrogen molecule
6) Desorption of hydrogen molecule, which will deyeas hydrogen bubbles (HER)
or absorption of atomic hydrogen (HAR)

7) Diffusion of hydrogen into the metal bulk

29



@

@ Desolvarion
Tronsport

@1‘
e d@
G O o H
O, :
@ Evolution of He
Diffusion of H

t
<o |

©

Adsorption

A ,
o Discharge
~® 1 G
i
O

) ‘ o
/-/e’f i

Atom - ton Atom -Atom

®. Combinalion
Desorption or
Entry

Figure 5. Hydrogen evolution and absorption [29]

Only a part of the evolved hydrogen really diffuges the lattice to stay in the bulk.

The access mechanism of hydrogen into the stesgd tis still under discussion and
there are several theories. Two of these mechan@msllustrated in Figure 13.

Hydrogen entering the metallic crystal lattice cbutome from the adsorbed
hydrogen on the surface, or could directly go thgfothe metal as proton species
[28].
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Figure 14. Models for hydrogen entry into metals: A) Absorption from atomic
hydrogen and (B) absorption from protons [29]

One part of the hydrogen entering into the metah&a solid solution with the iron
and another part is trapped in lattice defectshsas vacancies, dislocations,
inclusion boundaries or microcracks, where the bgdn is segregated. It is
reported that hydrogen is responsible for the weiake of the bonding strength
between atoms in the crack tip or for the cohestvength decrease in the cleavage
planes [30]; the lattice decohesion and the foromatif cracks take place as an effect

of the interaction between the accumulated hydr@jems and iron atoms.

1.4.1 Barrier effect of coatings

When evaluating the risk of hydrogen re-embrittlatmsaused by sacrificial coating,

it is important to consider the barrier effect loé tcoating to hydrogen. Some metals
like nickel have been proven to act as a barriehydrogen and even a very thin
layer of this metal between the substrate and th&egtive coatings can reduce the
amount of hydrogen that can permeate to the suwbdtieough the coating. Hillier
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and Robinson [2] in their research on electroplatett-cobalt alloys for high
strength steels proved that nickel acts like aiéato hydrogen, reducing the risk of
hydrogen re-embrittlement when using nickel asrderiayer between the substrate
and the protective coating. In their work they istvgated the extent to which
electroplating with zinc—cobalt alloys causes hgémo embrittlement of high
strength steel. Slow strain rate tests were cawigdon plated tensile specimens to
measure the effect of the absorbed hydrogen orno®of the steel’'s mechanical
properties and the effectiveness of post-platingjigatreatments in restoring these
properties. For comparison, further tests were gotedl on specimens plated with
pure zinc, Zn—-10%Ni and cadmium and also with Z86C»—-9%Fe to investigate

ways in which hydrogen uptake could be controllgdhe coating composition.

During their work, Hillier and Robinson [2] foundvary low embrittlement caused
by Zn—-10%Ni compared to cadmium. Their results sftbthat electrodeposited Zn—
1%Co coatings promoted high levels of hydrogen étidment in a susceptible high
strength steel substrate. This embrittlement washngreater than that caused by
Zn—-10%Ni plating but not quite as severe as thatpfage zinc or cadmium. The
lower risk of embrittlement from zinc—10%nickel togs was attributed to the
deposition of a nickel-rich layer in the first sésgof electroplating. Nickel is an
effective barrier to hydrogen uptake by the stemhfthe coating as it has a very low
coefficient for hydrogen diffusion. Their conclusgowere supported by the results
for the dual bath treatments in which a Q& layer of nickel deposited beneath a
zinc—1%cobalt layer reduced hydrogen embrittlementhe level caused by zinc—

10%nickel alone.

The barrier effect of the coatings, which is demerdon the hydrogen diffusion
coefficient, should be considered when comparirey rdtembrittlement caused by
sacrificial coatings. Some metals, such as nickelld reduce the penetration of
hydrogen through the coating, resulting in a bemafreduction in the amount of re-

embrittlement.
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1.4.2 Solubility of hydrogen in metals

Crystal structure analysis and diffusion studiegeat that the first series of non
metallic elements, i.e. H, B, C, N, upon combinwgh transition metals, form

interstitial solid solutions and compounds [31].eTemall size of the non-metal
atoms permits their packing into the intersticesha host metal structure. While
hydrogen can occupy both octahedral and tetrahedeaktices the other interstitials
are only incorporated into the octahedral inteesticThe interstitial alloys retain
many of the metallic properties of a metal-metalndyo such as electrical

conductivity, metallic reflectivity and opacity, tabugh properties such as the
ductility and strength of the metallic bond maydrefoundly altered.

According to Sievert’s law the solubility of hydyen G, in a metal is

Cu = NT)P(H)"? (20)

where P(H) is the partial pressure of;Hn the atmosphere anf{T) a parameter

depending on the temperature.

The solubility of hydrogen iro- andy- Fe in the form of the equation 21 and
equation 22 respectively [32]

Log S (cni/g Fe) = -0.205 - 1500/T + 0.5logP (torr) (21)

Log S (cnilg Fe) = +0.018 - 1630/T + 0.5logP (torr) (22)

where T is the temperature in Kelvin.
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1.5 HEALTH RISK OF CADMIUM

1.5.1 Cadmium toxicity

Cadmium is regarded as an occupational hazard §38pciated with industrial

processes such as metal plating and the productiamckel-cadmium batteries,

pigments, plastics and other synthetics. The pymaute of exposure in industrial
settings is inhalation. Cadmium has been definec dsiman carcinogen by the
International Agency for Research on Cancer and Ulse National Toxicology

Program. Cadmium is one of six substances bannedhéyEuropean Union's
Restriction on Hazardous Substances (RoHS) dieectdn the 1st July 2006 the
Restriction of the Use of Certain Hazardous Sulestsuin Electrical and Electronic
Equipment Regulations 2006, implementing the Eumadeirective, came fully into

force. These regulations restrict the use of lemtimium, mercury, hexavalent
chromium, PBE and PBDE in electronic and electriegliipment covered by the
regulations. Table 2 shows part of the safety waysiproposed by the same

international organisation.

34



Important Data

Physical State, appearance: Routes of exposure:

Soft blue-white metal lumps or greyhe substance can be absorbed into the
powder. Malleable. Turns brittle qgrbody by inhalation of its aerosol and by
exposure to S and tarnished ohingestion.

exposure to moist air. Inhalation risk

A harmful concentration of airborne

particles can be reached quickly when
Physical dangers: dispersed, especially if powdered.
Effects of short-term exposure

Dust explosion possible if in powder pfrhe fume is irritating to the respiratory
granular form, mixed with air. tract. Inhalation of fume may cause lung
oedema (see Notes). Inhalation of fumes

may cause metal fume fever. The effects
Occupational exposure limits: may be delayed. Medical observation is
indicated.

TLV: (Total dust) 0.01 mg/m3; Effects of long-term or repeated
(Respirable fraction) 0.002 mg/ms3; @exposure

TWA,; A2 (suspected humanLungs may be affected by repeated or
carcinogen); BEI issued; (ACGIH 2005)prolonged exposure to dust particles. The
MAK: skin absorption (H); Carcinogensubstance may have effects on the
category: 1; Germ cell mutagen grougkidneys, resulting in kidney impairment.
3A; (DFG 2004). This substance is carcinogenic to
humans.

Table 2. Cadmium safety data sheet, from Internatinal Labour Organization
database (Cadmium ICSC 0200 April 2005).

1.5.1.1 Occupational hazard definition

Occupational safety and health (OSH) is a crosslisary area concerned with
protecting the safety, health and welfare of pe@plgaged in work or employment.
As a secondary effect, OSH may also protect co-arstk family members,
employers, customers, suppliers, nearby communitiad other members of the

public who are impacted by the workplace environimen

Since 1950, the International Labour OrganizatiirtOf and the World Health
Organization (WHO) have shared a common definiibaccupational health. It was
adopted by the Joint ILO/WHO Committee on OccupstioHealth at its first
session in 1950 and revised at its twelfth sesgot995. The definition reads:
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"Occupational health should aim at: the promotiod aaintenance of the highest
degree of physical, mental and social well-beingvofkers in all occupations; the
prevention amongst workers of departures from hea#tused by their working
conditions; the protection of workers in their eoyhent from risks resulting from
factors adverse to health; the placing and maim@maof the worker in an
occupational environment adapted to his physioklgi@and psychological
capabilities; and, to summarize, the adaptationark to man and of each man to his

job.

36



2 METHODS

2.1 MATERIALS

2.1.1 Substrates
The material used for the hydrogen re-embrittlenestis was the high strength steel
AISI 4340 with the composition shown in Table 3.

%C %Mn %Si %Cr %Ni %Mo %Cu %S %P

0.40 0.49 0.24 0.80 1.75 0.24 0.12 0.006 0.014

Table 3. Composition of AISI 4340 Steel in weight %

Carbon steel panels (40x40x1mm) were used to dejp@scoatings for the series of
corrosion tests.

Aluminium/bronze (40x40x2mm) panels were used &stsate for the deposition of
the coatings for the study of alternative coatiogbronze-aluminium assemblies. A
second smaller group of uncoated aluminium/broraree|s (10x10X2mm), used to
simulate the damage on the coatings, and 7075 aiumi alloy panels
(40x40x1.5mm) panels were used for the galvanitosarn test. The composition of

the panels is shown in Table 4.
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% in weight

Dim(mm)| Si | Mn| Mg | Cr Zn| Ti| Al Fe| Ni| Cu Total

7075 Al 40x40x1.5 04 0.3 2.1-0.18-|5.1-| 0.2| Rem.| 0.5 1.2-] 100.0
29 1028 | 6.1 2.0

(10x10X2mm),| 10x10x2.5| - - - - - - 8.4 42 46 Rem. 100.0

Al/Br

(40x40x2mm) | 40x40x2.5| - - - - - - 9.0 55 54 Rem. 100.0

Al/Br

Table 4. Composition of the aluminium and aluminiunibronze panels for the
study of aluminium/bronze assemblies

2.1.2 Coatings
Table 5 shows the coatings used for the high stinestgel substrate and for the

aluminium/bronze substrate, the type of coatinlgs, tominal composition and the

coating deposition method.
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Nominal composition Coating Type Coating Method
Steel substrate
984 (A) Al 50% - Zn Active additions SermeTel metal particle
984 (B) Al 90% - Zn 10% coating
984 (C) Al 97% - Zn 3%
984 (D) Al 99.5% - Zn 0.5%
984 (E) Al 50% - Al/Mg 50%
984 (F) Al 70% - Al/Mg 30%
984 (G) Al alloy 7075 — 100% Active & noble addit®
984 (H) CR984 - LT Commercial coating
CF1725 Al-100% Cr free binder
VD1 Al — 100% lon Vapour Deposition
VD2 Al — 100% + wax Dipped in acetyl alcohplcoatings
IVD3 Al —100% + PTFE Low friction surface
Un Cd Unpassivated Cd Control coating Electrodepdsi
Aluminium/Bronze substrate
Pa Cd Unpassivated Cd Control coating Electrodépasi
Un Cd Passivated Cd Control coating Electrodepdsite
984 1%Zn | Al99% - Zn 1% Active additions SermeTel metal partigle
984 5%2Zn | Al 95% - Zn 5% coating
El Al Al-100% - Electrodeposited
Zn-Ni Zn85%-15%Ni - Electrodeposited
IVD Al — 100% - lon Vapour Deposition

Table 5. Summary of coating types and nominal comgitions

2.1.2.1 SermeTel coatings

SermeTel CR984 — LT coating was produced by Sewghateternational Inc of

Lincoln. This coating consists of pure aluminiumrtjgées held in an inorganic

chromate and phosphate binder. They were appliathtaded tensile specimens and
steel corrosion test panels as a slurry and theedcoy baking at 163-19C. This
temperature does not affect the microstructurehef tensile specimens as it was

lower than the tempering temperature of Z50Furthermore, as the coating was not
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applied electrolytically it does not introduce skrof direct hydrogen embrittlement.
SermeTel CR984 — LT has been included in the progra as a baseline coating.

2.1.2.2 New SermeTel Coatings

Instead of pure aluminium particles, as used irreruly available coatings, new
formulations containing particles with a range ofmpositions have been produced
to optimise the coating properties. Small additidifferent particles with different
compositions have been made to the commercial alumiparticle coating in order
to modify the electrochemical potential of the @ogtand reduce its tendency to
passivation.

Two different approaches have been adopted in tsaethe compositions of the
different coating compositions.

(1) Addition of a more active alloying elemenin the first case, additions of pure

zinc particles have been made as zinc is knownaie la more active corrosion
potential than aluminium alone (-1000mv(SGEmpared to -750mV(SCE) for
pure aluminium). Two further coatings have beendpoed with magnesium

additions. As magnesium has a very negative peatefti500mV(SCE)), which

would be expected to lead to severe re-embrittléntiea additions were made in the
form of an Al/Mg alloy to moderate its effect.

(2) Additions to promote self corrosionAn alternative method of overcoming

passivation of the pure aluminium coating is to enadditions that promote a
controlled amount of corrosion and maintain anvacturface. Copper is known to
have this effect and coatings have been produded aspowder of the high strength
aluminium alloy 7075 (Al-Zn-Mg-Cu). Clearly, thisoating will possess excellent
galvanic compatibility with the aluminium alloysadsin the airframe. However, the
research will need to examine not only if this au@timaintains a suitable potential
but whether it still has an acceptable life.

Nine new coating formulations have been producedh® project by Sermatech Inc
in Pennsylvania, USA and their compositions arevshim Table 5. In addition, three
types of IVD aluminium coatings have been produogdcorn Surface Technology
in Nottingham, UK. The first of these is 100% Aitlva nominal thickness of 25

pm. The second has the same composition but hasdijgged in acetyl alcohol wax
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after coating to improve its corrosion resistantee third is duplex coating with a
layer of PTFE deposited on the surface to reducedn. Finally, further specimens
have been electroplated with cadmium to act asllestblished control coating for
comparison purposes. All of the coatings in thegpaoame have been supplied in the
unpassivated condition so that the properties ef ¢batings themselves can be
studied directly.

2.1.2.3 Zn-Ni coatings
The ZnNi was produced by the acid zinc/nickel Cham process with a deposit

containing between 8 and 14% nickel.

2.1.2.4 Electroplated aluminium
Electroplated aluminium coatings were produced iern@ny by Aluminal
Oberflachentechnik & Co. KG with the specificatsimown in Table 6.

41



Coating deposition standard

DIN 50898

Coating Electroplated aluminium Cr(VI) free

Min layer thickness 10m

Layer thickness Middle| Edge

Coatings identification number 1 14.9 21.7
2 135 235
3 13.9 21.6
4 12 18.5
5 13.6 17.9
6 12.6 17.9
7 115 16.1
8 12.9 19.6
9 111 16.4

Table 6. Electroplated aluminium specifications

2.2 CORROSION TESTING

The corrosion tests were carried out using the ASdbkignation G 71-81
(Reapproved 2003) for “Conducting and Evaluatingv&aic Corrosion Tests in
Electrolytes”. Although the standard refers to Gaie Corrosion Tests, part of the
standard, was applied, where possible, to the abepsion tests. In particular the

ratio surface area exposed/solution volume wasctgeleaccording to the ASTM

standard.

A computer controlled multiplexer Solartron 1281swesed together with a Solartron

Galvanostat/Potentiostat Sl 1280 to perform ther@3won Potential Measurement

and the Linear Polarisation Measurement.

A 12-channels Zero Resistance Ammeter, ACM Galvdgl] was used to carry out

the Galvanic Corrosion Tests.
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All the SCE electrodes were compared before easthweh an unused reference
SCE and the results corrected. This procedure waessary because of the small

fluctuation that can affect the SCE potential alideig usage.

2.2.1 Corrosion Potential Measurements

Steel or Aluminium/Bronze panels (40x40x1mm or 40X2mm) that had been

coated with the coatings listed in Table 5 beforravsuspended in 3.5% NaCl
solution so that the bottom half was immersed. ifTinee corrosion potentials were
measured against a saturated calomel referenceoeleSCE) and the values were

recorded on a data logger at one minute intervals.

2.2.2 Linear Polarisation Measurement (LPR)
Steel panels or Aluminium/Bronze panels (40x40x1omd0X40X2mm) had been

coated with all the coatings described in Tabl€Hey had been coated on both faces
with a total surface area of 32 tnPanels were partially (70% of their surface)
immersed in quiescent 3.5% NaCl solution for tegsd&pecimens were polarized
from -15 mV versus open circuit potential (free rogion potential) to +15 mV
versus open circuit potential and back again to\b with a polarisation rate of
0.1667 mV/sec; thus resulting a cycle of 360 sesordn each coating the
polarisation measurement was repeated at approynd minutes intervals,
depending on the number of coatings tested. Arrelac filter was used to stabilize
the output signal (current) and a filter frequenggis chosen depending on the
activity of the coating. A Stern-Geary constante(#e@pendix) of 16 mV was used
for Cadmium and 18mV was used for the remainingdiogs.

All the potentials reported are referred to then8#d Calomel Electrode, which has
a potential of +241 mV vs. Normal Hydrogen Elect&od

Linear Polarisation Resistance consists in applyoanptrolled overvoltage on
corroding electrode to calculate the polarisatiesistance Ras the inverse of the
slope of thed,p vs. E data near the Open Circuit potentig) tan be estimated using
Stern-Gear relationship, shown in Equation 23.
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B,xB, _ (23)

oo = =
“r 23(B,+B,)R, R,

where B, and B are the cathodic and anodic Tafel constants tepemd on the
materials tested and must be estimated experitherffggure 6 shows three of the
several polarisation curves obtained for coatind T tested for this report after
44, 76 and 102 hours from the beginning of the test

-067

y

-0,72 -

-0.73 L | L L | L
-50e-6 -2,5e-6 0 2,5e-6 50e-6

I (Amps/cm?)

Figure 6. Example of polarisation curves recorded tadifferent times for CF1725
coating after 44 hours (bottom graph), 76 hours (ntidle graph) and after 102
hours (top graph)

The gradient of the trend line is Rp as showedguie 7
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Figure 7. Example of Rp calculation from a polariséion resistance
measurement on CF1725 coating

For every coating one of these curves was plotpaoximately every hour for a
period of ten days. For every curve thg \Ras calculated from the trend line to
calculate the corrosion rate.

Equation 24 was used to calculate the corrosianRat

) . . (24)
(A/ cm_ ) X Equngelgm(g/eq) x10(mm/ cm) % 315360107 ()
Density(g/cm’) x 9650 coulomb eq)

!
R(MmPY) = -~

Linear polarisation resistance measurements werdgedaout to measure self
corrosion rates of the coatings. It was assumeidiieacoating gave protection to the
steel substrate for all the test duration. Howeifdhe coating passivated during the
test it would become too noble and could stop gidathodic protection to the steel.
In this case the steel substrate could start tooderchanging LPR corrosion rate
measurement. If the steel starts corroding its osion rate will influence the

measurement. In this case the Stern-Geary valualgshme changed to the new
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condition in addition to the density and the eglamé weight used for the
calculation.
In practice, the area of corroding steel was sreakn at the end of the test, and any

error is not thought to have been very significant.

2.2.3 Galvanic test for steel substrate coatings

The coated and uncoated panels were connectedzéooaresistance ammeter and
immersed in quiescent 3.5% NaCl solution. Couppotential and galvanic current
were recorded every minute. The tests lasted fodéys and were carried out on all
the coated panels shown in Table 5.

2.2.4 Galvanic test for aluminium/bronze coatings

In the case of the Aluminium/Bronze substrate adhmetal configuration was used
to simulate the galvanic compatibility between thleminium components, the
bronze bush and the coating applied to the busé.tAilee panels were connected to
a zero resistance ammeter and immersed in quiescbft NaCl solution. The
couple potential and galvanic current were recoreleely minute and all the tests
lasted ten days.

The zero resistance ammeter (ZRA) was used to meeaswcurrent between two
points of a circuit without interposing any resigta. In a galvanic corrosion
measurement this allows the current flowing betwego metals to be recorded
while maintaining them at the same potential.

In these tests the bronze panel was coupled with the aluminium and the coated
panel and all the three panels were immersed inséime beaker. This test was
designed to record the galvanic compatibility betwethe coating, the bronze
substrate and the aluminium forging. Samples ofctbeting under test, the bronze
and the aluminium alloy were prepared to give sigfareas that are representative
of service conditions. The aluminium alloy and toated panel had the largest area
(16 cnf) while that of the bronze was relatively small ¢ir?). Two currents,
Al/Bronze and Coating/Bronze, were measured, wiliée third current, exchanged
between the aluminium panel and the coated one caksilated using the First

Kirchoff's Law for the electrical nodes.
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Figure 8. Three metal galvanic corrosion measurememonfiguration.

Ch1: measured Al/Bronze current

Ch2: measured Coating/Bronze current

Al/Coating Current: calculated through the Firstdioff's Law, laycoating=-lch1-lch2
Electrochemical potentials: Ch1=Ch2=Al/Bronze/Cogtelectrochemical potential
vs. Standard Calomel Electrode

2.2.5 Polarisation behaviour test

The ability of a sacrificial coating to supply aopective current to another metal to
which it is coupled depends on its anodic polaiesatharacteristics. ldeally, the
coating would supply the required current withotg potential being changed
excessively. The polarisation characteristics @f thating have been measured at
intervals during the galvanic coupling experimeafter one day, five days and ten
days of testing. The test was carried out during $econd galvanic corrosion
measurement repetition on the aluminium/bronzetsafiescoatings. The three panels
were disconnected and three resistors were plaestdebn them using a star
configuration. The resistor values were changednfrdO Mohm to 10 ohm,
following a logarithmic scale. The difference int@uatial at the ends of the resistors
was measured at each step, the currents were aigidudnd the results were plotted

on a graph with potential vs. log current axes.
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In the usual two-metal configuration the resiswisimply placed between the two
panels; the anode and the cathode. When threespaeedl to be tested, two of them
should be short circuited in order to keep the saeteip. With this configuration the
two panels showing the same anodic or cathodicvieimashould be connected so
that the three-metal experiment assumes the samg s&s the common two-metal
experiment. Nevertheless, this setup does not atlowitoring of the current flowing
between the two panels that are joined together.

Using the new setup shown in Figure 9 it is possiblmonitor the three currents at
the same time. The three panels were connectddetpdints A, B and C and the
reference electrode connected through a voltmeteéhé¢ node. The three resistors
were controlled to have the same values, so thaRR2=Rz=Rc. VN, Va, Vs and \&
were measured by a voltmeter vs. a SCE. Knowingviiee of the resistance the

currents A, Is and t were easily calculated being I=V/R

SCE

Figure 9. Three star configuration for polarisation behaviour test.

The measurement described was repeated for eadimgaturing the galvanic
corrosion test after one, five and ten days. Bdid two-panel and three-panel

configuration were used at each stage.
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2.2.6 Marine Exposure

This test was performed on the steel substratengsatCoated panels were exposed
at testing site on the coast, as this environmgntoinsidered to represent most
closely the service condition on an aircraft. Tlfeaiveness of the coatings was

assessed by a visual inspection after four moritegmosure.

In June 2005 thirteen coatings were scratched ensaie and sent to QinetiQ Bin

Cleaves, in Weymouth, Dorset. The panels were Ineldylon nuts, bolts and spacer
so that they are clear of the holder. Finally, tiodders were mounted on frames at
the test site.

After four months, photographs of the panels waken to evaluate the appearance

of signs of corrosion.

2.3 SELECTIVE ATTACK AND COATINGS
CHARACTERIZATION

The study of a possible selective attack in them®diel zinc-aluminium coatings for
the steel substrate and the structural and micumtsral characterization of some
coatings before and after the corrosive exposuree waarried out using a
combination of different techniques.

SEM and EDX was used to analyze the 50%Zn mod®i@4 before and after the
corrosion exposure to investigate the possibilify ao significant zinc particles
preferential oxidation resulting in a prematureedieration of the coating in use.

FIB images and EDX analysis were used to invedifja status of corrosive attack
to the coating and to the substrate after ten daggposure in 3.5% NacCl.

XRD was used on “as made” and corroded 984A SerhrmBting to investigate the
formation of corrosion compounds. Additionally tormal XRD setup a technique
called “Rocking Curve” was used to locate the pneseof the corrosion compounds
on the coating surface rather than in the coatirl. b

Optical microscope cross section analysis waseathout on all the coatings in order
to measure their thickness and, in the case of &eehtoatings, to investigate their

particles morphology.
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2.3.1 Corrosion micromonitoring-EDX SEM analysis

The surface was polished with an alumina suspensaiwh four micro-Vickers
indentations were used to identify a square of g@0side. This area was observed
with a SEM and analyzed with the EDX. The analys#s repeated after polishing
the sample and after 4 days of exposure in quiésBf NaCl solution. The micro
analysis was repeated on the same aluminum and @Eamtcles to make a
comparison between them. An EDX mapping was ploteeddentify preferential

corrosion in the identified area.

2.3.2 Focus lon Beam (FIB)

Focus lon Beam allows one to etch small pits irlte toating to look at its
microstructure and, if deep enough, at the coatirigrface with the substrate.
Although this is an attractive possibility, the @mequired to etch a pit can make this
process too long and expensive when working wittktand hard coatings.

To overcome this problem the use of FIB was conbiméth the traditional
mechanical grinding. The ion beam was basicallydusepolish a small area of the
specimen after it had been mechanically grounds iiéw technique allows looking
at the specimen without any need of tilting thecapen in the SEM chamber Figure
10 shows a scheme of the procedure used to pblkskgecimen interface using the
FIB.
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Figure 10. Sample preparing procedure for interfaceobservation.

2.3.3 X-Ray Diffraction

X-ray diffraction was carried out on 984 and 984A“made panels” and “after 10
days in 3.5% NaCl solution” panels. The configumatused was a conventional X-
ray (Cu K-alpha) - Bragg Brentano with Cu K [alpka].5406 A..

2.3.3.1 Rocking curve

Different incident angle scans were performed \28hn the range 9.5°-12.5° with a

resolution of 0.15° and 37.5°-39.5° with a resantiof 0.20°. For both of them,

three different incident angles were used, 3°, &} @° and 25 seconds as time for

step.

2.3.4 Coating thicknesses

Samples were cut on the cross section mounted vaikielite ground and polished
with alumina powder. The cross sections were oleserwith standard optical
microscope to measure the thickness of the coatiimgages were taken at 40x

magnification for all the specimens.
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2.4 MECHANICAL TESTING

2.4.1 Hydrogen Re-embrittlement Testing
Tensile specimens were produced from the AISI 434@l by CNC machining to

give a gauge length of 25 mm and diameter of 2.8f as shown in Figure 11. They
were then hardened by Holt Brothers of Halifax teega tempered martensitic
microstructure by first heating in a neutral sa#thb for 30 minutes at 850°C,
followed by an oil quench and then tempering thnees for 2 hours at 250°C. The

mean UTS of the specimens was 1800 MPa.

75-0
120 51-0 12:0
27-0 ] 31-0 o
2-0 I 25-0 o i o 29
s S =
O +1 X
N Y =
w 0-q n'sl
N U
¥

S
¥

Figure 11 .Dimensions of slow strain rate tensilgpgcimens

Slow strain rate tests were performed on the tersplecimens at a strain rate of
9.7x10-7s-1. A load/time graph was recorded usimata logger and five or more
replicate tests were conducted for each experirheotalition.
The failure times of uncoated specimens testedriwere compared with those of
coated specimens that had been scribed in theeceintine gauge length and tested in
3.5% NaCl solution. The reduction in time to fadwf the coated specimens was a
sensitive measure of the effects of re-embrittlemand in each case an
embrittlement index (El) was calculated, as follows

El = 1 - (ttfeoated) ttf uncoated)) (25)
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3 RESULTS

3.1 SACRIFICIAL COATING FOR STEEL SUBSTRATE

3.1.1 LPR Measurements

Figure 12 shows the electrochemical potentials  @ommercial coating and
electroplated Cd. For the 984 the initial valuesw-703 mV (SCE) while for Cd it
was -816 mV (SCE).

Electrochemical Potential
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4//__\/w o
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Corrosion Potential vs. SCE (V)
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Figure 12. Corrosion potentials of 984 commercialaating compared with
electroplated Cd. Tested in naturally aerated 3.5%NaCl solution.

The potential of 984 started to decrease afterdlifshto reach the minimum of -918
mV (SCE) after 30 hours. Then gradually the potmticreased to stabilize around -
750 mV (SCE) after six days. The last final potantvas -740 mV (SCE). Cd

showed a quite constant potential that ranged lestw@&17 and -798 mV (SCE) for

all the duration of the test.

53



Corrosion Rate

0.14

0.13

N
0.12 / \

o A\ pm
v VA -

0.09 \
0.08 \ A /\/ \
0.07 }

0.06 \ ~\ / \,\
VA AV B \
Wy \\

0.02

A W

0.00

Corroson rate (mmPY)

0 1 2 3 4 5 6 7 8 9 10

Time (Days)

Figure 13. Corrosion rate of 984 commercial coatingompared with
electroplated Cd. Tested in naturally aerated 3.5%0NaCl solution

Figure 13 shows the self corrosion rates of 984meruial coating and electroplated
Cd. After the first ten hours, during which the rosion rate increased and decreased
very quickly, 984 showed a corrosion rate that eahgetween Qum/yr and 1.7
um/yr from the second to the last day. The lasteyakcorded was 2 @/yr.

Cd showed a different behaviour with higher valdd® initial corrosion rate was 99
um/yr and the last value recorded wasy@&'yr. The appearance of the panels at the
end of the test is shown in Figure 14. Cadmium pheeame darker during the test.
The difference in the colour can be noticed lookadghe top of the panels that was
the surface kept out of the solution and coverati Wacomit. Both of them showed
no signs of red rust at the end of the test.
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Figure 14. Appearance of unmodified 984 on the leédnd Cd electroplated on
the right. Tested for ten days in naturally aerated3.5% NacCl solution

Figure 15 shows the comparison between the foumadified 984 coatings with
unmodified 984 and Cd. The initial potential valum® respectively -1108 mV
(SCE), -1023 mV (SCE), -762 mV (SCE) and -748 m\CE$ for 50% Zn 984,
10%2Zn 984, 3%Zn 984 and 0.5%Zn 984. The final v@lere -1051 mV (SCE), -
773 mV (SCE), 760 mV (SCE) and -746 mV (SCE).
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Figure 15. Corrosion potentials of Zn modified 984o0atings compared with
electroplated Cd and unmodified 984. Tested in natally aerated 3.5% NacCl
solution
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The appearance of 50% Zn 984 and 10%Zn 984 aftetetit is shown in Figure 16.

Neither of them showed signs of red rust at theddrite test.

Figure 16. Appearance of 50%Zn modified 984 on thkeft and 10%Zn modified
984 on the right. Tested for ten days in naturallyaerated 3.5% NaCl solution

Figure 17 shows the self corrosion rates of Zn riedli 984 compared with
unmodified 984 and electroplated Cd. The final asion rates for 50% Zn, 10%Zn,
3%Zn and 0.5%Zn were respectively @@/yr, 3um/yr, 3um/yr and 6um/yr. The

corrosion rate of 50% Zn seemed to be still de@ngashen the test was stopped.
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Figure 17. Corrosion rate of Zn modified 984 coatigs compared with

unmodified 984 and electroplated Cd. Tested in natally aerated 3.5% NacCl
solution.
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The appearance of 3% 984 and 0.5% 984 is showigurd-18. Both the coatings
showed corrosion pits that had not been shown emutimodified 984 or from 50%
Zn 984 and 10% Zn 984.

Figure 18. Appearance of 3%Zn modified 984 on theeft and 0.5%2Zn modified
984 on the right. Tested for ten days in naturallyaerated 3.5% NaCl solution

Figure 19 shows the electrochemical potential of mgdified 984 compared with
unmodified 984 and electroplated Cd. 50% Mg showeadore active curve for all
the duration of the test. Its initial potential wd250 mV (SCE) and after the first
day started to increase slowly to reach valueseadrgtween -1090 and -1014 mV
(SCE) from the fifth to the last day. The curversed to be still increasing when the
test was stopped. The coating modified with 30%d¥igwed an initial potential of -
1152 mV (SCE), less active than 50% Mg, as was @ggdebecause of the smaller
amount of Mg. Otherwise 30% Mg seemed to reachateall at the end of the test
with values ranging around -940 mV (SCE).

57



Electrochemical Measurement

50Mg

—30Mg

—984

Corrosion Potential vs. SCE (V)

0 1 2 3 4 5 6 7 8 9 10

Time (Days)

Figure 19. Corrosion potentials of Zn modified 984o0atings compared with
electroplated Cd and unmodified 984. Tested in natally aerated 3.5% NacCl
solution

Figure 20 shows the corrosion rates of Mg modifmmhtings compared with
unmodified 984 and Cd electroplated. Both of thefterafive days showed low
corrosion rates, lower than 20n/yr for 50%Mg and 1@um/yr for 30% Mg for most

of the last five days.
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Figure 20. Corrosion rate of Mg modified 984 coatigs compared with
unmodified 984 and electroplated Cd. Tested in natally aerated 3.5% NacCl
solution

Figure 21 shows the appearance of 50% Mg modifetl ¢h the left and 30% Mg
modified 984 on the right. Neither of them showeghs of red rust at the end of the

test but white corrosion products are visible of03dg.

{ S

Figure 21. Appearance of 509%1g modified 984 on the left and 30%Mg
modified 984 on the right. Tested for ten days in aturally aerated 3.5% NaCl
solution
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Figure 22 shows the electrochemical potential eimahium alloy 7075 coating

compared with unmodified 984 and electroplated Ttk initial potential was -724

mV (SCE) and after four days it reached valuesirangetween -680 mV (SCE) and
-740 mV (SCE) by the end of the test.
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Figure 22. Corrosion potentials of aluminium alloy7075 coating compared with
electroplated Cd and unmodified 984 tested in natwlly aerated 3.5% NacCl
solution.

Figure 23 shows the corrosion rate of aluminiumyalf075 coating compared with
unmodified 984 and electroplated Cd. The scale lom graph is larger than
previously because of the high corrosion rate eft@75 between the fourth and fifth
day. During that time the coating reached 480/yr, to stabilise around values

comparable with those of unmodified 984 from theesgh day to the end.
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Figure 23 Corrosion rate of 7075 coating compared ith unmodified 984 and

electroplated Cd tested in naturally aerated 3.5% ECI solution.

The appearance of 7075 is shown in Figure 24 onetitheA mix of white rust and

darker spots is visible on its surface.
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Figure 24. Appearance aluminium alloy 7075 coatingn the left and chromium
free 1725 on the right. Tested for ten days in natally aerated 3.5% NaCl
solution

Figure 25 shows the electrochemical potential abchium free 1725. This coating
differs from unmodified 984 due to the absence lmbmium in its composition.
Apart form a lower initial potential, that was -7h8v (SCE) instead of -703 mV
(SCE) for the 984, from the second day it showedoae noble potential for all the
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duration of the test. After the first four days tberve became smoother and it
stabilized around -680mV (SCE).
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Figure 25. Corrosion potentials of chromium free 125 coating compared with
electroplated Cd and unmodified 984 tested in natwlly aerated 3.5% NacCl
solution.

Chromium free 1725 corrosion rate is shown in Fege@. After the first four days of
decreasing values the corrosion rate settled ab@yen/yr for most of the last five

days.

The appearance of 1725 is shown in Figure 24 omigie. After ten days of testing
it did not show visible signs of corrosion on theet substrate although white
products were noticed on its surface.
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Figure 26. Corrosion rate of chromium free 1725 cdang compared with
unmodified 984 and electroplated Cd tested in natwlly aerated 3.5% NacCl
solution.

Figure 27 shows the corrosion potential of puremaium IVD coatings. IVD1 is

the basic IVD coating while IVD2 has a layer of waxits surface and IVD3 a layer
of PTEF designed to reduce its friction coefficiehll the three initial potentials are
very close to -750 mV (SCE), but IVD2 showed aetiéit behaviour during the first
four days remaining more noble and constant despi#emore scattered plot. This is

thought to have been caused by the barrier pra@seofithe wax layer.
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Figure 27. Corrosion potentials of pure aluminium MD coatings compared with
electroplated Cd and unmodified 984 tested in natwlly aerated 3.5% NacCl
solution.

Figure 28 shows the corrosion rate of the sameingst still compared with
unmodified 984 and electroplated Cd. IVD2 showedveer corrosion rate for the
first eight day of the test with values almost am/dower than 1@um/yr during the
first eight days and lower than 20n/yr during the last two days. IVD1 and IVD2
showed values that ranged betweemnud@yr and 2Qum/yr for most of the ten days.

The appearance of the three coatings is showngur&i29 with, from the left to the
right IVD1, IVD2 and IVD3.
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Figure 29. Appearance pure aluminium IVD1 on the I&, IVD2 in the middle
and IVD3 on the right. Tested for ten days in natually aerated 3.5% NaCl

solution

Table 7 describes the appearance of the coatirdysfahe solutions during the test.
During the fourth day 7075 became darker, 1725 Ndntl IVD3 showed white
products of corrosion on their surface and, consetly, the solution became white.

IVD2 showed small black pits on its surface durthg same day but the solution

became slightly white during the fifth day. Duritige sixth day 50%Mg showed

white gel on the coating surface and a white filppeared floating on top of the

solution. During the seventh day 7075 showed blanl white deposits on its
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surface and all the IVD coatings showed gel onrtbeifaces. The 30%Mg 984, the
unmodified 984 and Cd did not show significant desduring the test. However
Cd became progressively and uniformly darker duthmgten days. Regarding the
dark pit of the surface of 3%Zn and 0.5%Zn in FggW8 they were not noticed
during the test and it is not possible to say witeyy appeared for the first time.

1st | 2nd | 3rd | 4th 5th| 6th| 7th 8th 9th  10th
50%<Zn | - - - - - - - - - -
10%Zn | - - - - - - - - - -
3%Zn | - - - - - - - - - -
0.5%Zn| - - - - - - - - - -
50%Mg | - - - - - |ec | - - - -
30%Mg | - - - - - - -
7075 - - - ub - - WR- | RS
DP

CR984 | - - - - - - - - - -
CF1725| - - - WP- GC

WS
VD1 WP- GC

WS
VD2 DP WP GC
VD3 WP- GC

WS
Cd - - - - - - - - - -

Table 7. Appearance of the solutions and the coatysurfaces from the first to
the tenth day. WP=White Products of corrosion, RRRed rust, WS=White
solution, RS=Red solution, DP=dark pits on the coatg, GC=Gel on the
coating, UD=uniform darkening.
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3.1.2 Galvanic Coupling Measurement

The coated and uncoated panels were connectedzéooaresistance ammeter and

immersed in quiescent 3.5% NaCl solution. The gatvaurrent and the couple

potential were recorded over a ten day period.
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Figure 30. Couple potential of 984, 50% Zn 984 an@d with steel
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After reaching a maximum the couple potential daseel progressively to stabilize

after 4 days between -720 and -710 mV (SCE) umtileand of the test.

The galvanic current between the two panels is shaw Figure 31. Current

decreased quickly in the first three days from thaximum value of 107QA

reached in the first few hours to 4\. From the fourth day to the last one the

current continued to decrease slowly until@0in the last day.
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Galvanic Coupling
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Figure 31. Couple potential of 50% Zn 984 with std€blue line) and galvanic
current (yellow line)

Figure 32. Appearance of 50% Zn 984 and steel parsehfter ten days of testing.
Coated panel on the left and steel panel on thegtt.

Concerning the appearance of both panels and thdosg the steel panel became
darker between the first and the second day anddloeir of the solution changed to

a light yellow. The appearance remained the saniétha last two days in which
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the steel panel clearly showed signs of red rustsosurface and the solution became
red.
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Figure 33. Couple potential of 984, 10% Zn 984 an@d with steel

Figure 33 shows the trend of coupled potential @1Zn 984 with steel, compared
with the coupling of Cd with steel and 984 withedtélhe low initial potential of the
couple, -1012 mV (SCE) increased quickly to highalues in approximately two
hours. For three days the potential stayed betw@&8fA and -710 mV (SCE) to
increase after the third day to a range around P8@qSCE).

Figure 34 shows the galvanic current the two pangle current stabilized in the
first three days. Despite of the periodical ostiblas with a period of one day, the
trend line of the current became constant aftezetidays around the value of 300
MA. The oscillation almost disappeared after eiglysdwhen the panels started to

show red rust.
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Galvanic Coupling
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Figure 34. Couple potential of 10% Zn 984 with std€blue line) and galvanic
current (yellow line)

Figure 35. Appearance of 10% Zn 984 and steel parseafter ten days of testing.
Coated panel on the left and steel panel on thegtit.

Concerning the appearance of the panels, the golstiowed white precipitation
during the second day. After the third day the sotubecame darker but red rust
was still not clearly visible on both the panelsiring the ninth and tenth day both
the panels became rusty.
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Figure 36. Couple potential of 3% Zn 984 with steel
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Figure 36 shows the trend of coupled potential %f Zn 984 with steel, compared

with the coupling of Cd with steel and 984 withedté'he low initial potential of the

couple, -892 mV (SCE) increased quickly to highatues in approximately one
hour. For three days the potential remained betw&80 and -720 mV (SCE) to

increase slower than 10% Zn to the plateau valoenal -630 mV (SCE).

Figure 37 shows the plot of the galvanic curremhpared with the couple potential.

Despite several high peaks the current trend Bneround 30QA. As for the 10%

Zn these high peaks disappeared after the panaigeshred rust.
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Galvanic Coupling
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Figure 37. Couple potential of 3% Zn 984 with steglblue line) and galvanic
current (yellow line)

Figure 38. Appearance of 3% Zn 984 and steel panafter ten days of testing.
Coated panel on the left and steel panel on thegtit

Concerning the appearance of the panels, the solstiowed white precipitation
during the second day. After the fifth day the siolu became darker but red rust was
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still not clearly visible on both the panels. Afsven days signs of red rust became

clearly visible.
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Figure 39. Couple potential of 0.5% Zn 984 with sel
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Figure 39 shows the trend of coupled potential .6#4¥n 984 with steel, compared

with the coupling of Cd with steel and 984 withedteStarting from the value of -733
mV (SCE) the potential ranged between -700 and -68¢ (SCE) from

approximately the third to the eight day of testingncrease slightly up to -675 mV

(SCE) in the last two days.

Figure 39 shows the plot of the galvanic currenthef coupling. Between the fourth

and the tenth day the trend line of the curreninse® be slightly lower than what

showed by 10% Zn and 3 %Zn but also in this plaiooécal peaks are clearly

visible from the fourth to the seventh day. Theiqutof the peaks is of one day so

probably the experiment was influenced by the pkcel fluctuations of the

temperature.
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Galvanic Coupling
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Figure 40. Couple potential of 0.5% Zn 984 with st (blue line) and galvanic
current (yellow line)

Figure 41. Appearance of 0.5% Zn 984 and steel palseafter ten days of testing.
Coated panel on the left and steel panel on thegtit

Concerning the appearance of the panels, the solstiowed white precipitation

during the second day. After the second day thetisol became darker but red rust
was not clearly visible on both the panels. Aftmefdays first signs of red rust

became clearly visible.
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Galvanic Coupling
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Figure 42. Couple potential of 50% Mg 984 with stde

Figure 42 shows the trend of coupled potential@65Vig 984 with steel, compared
with the coupling of Cd with steel and 984 withedteStarting from the value of -
1093mV (SCE) the potential increased quickly in thest hour and then
progressively in the first three days to stabileund the value of -890, -870 mV
(SCE) after the fourth-fifth day.

Figure 43 shows the plot of the galvanic currerthefcoupled panels. In this plot the
current is clearly linked to the potential trend #he potential became less active the

current decreased until values smaller than i®@n the last three days.
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Galvanic Coupling
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Figure 43. Couple potential of 50% Mg 984 with st (blue line) and galvanic
current (yellow line)

Figure 44. Appearance of 50% Mg 984 and steel parsehfter ten days of testing.
Coated panel on the left and steel panel on theght

Concerning the appearance of the panels the soldt@bnot show change in colour
and remained clean and transparent for the entir&idn of the test. During the last
two days some slight signs of rust appeared orstibel panel and the coated panel

showed white products of corrosion on its surface.
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Galvanic Coupling
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Figure 45. Couple potential of 30% Mg 984 with stde

Figure 45 shows the trend of coupled potential@63Vig 984 with steel, compared
with the coupling of Cd with steel and 984 withedt& he initial potential was not as
low as expected and from the beginning the measnmemas not very stable. In the
first two days the potential remained below -800 (®CE) except than for an high
peak in the first day that reached a value of 585(8CE). From the third to the fifth
day the potential was still unstable but duringdheh day it stabilized around -690,
-680 mV (SCE), still showing some scattering.

Figure 46 shows the plot of the galvanic currergsjiite of the scattering of both the
potential and the current, especially in the firgé days, the trend line of current
decreased as the trend line of the potential isedathat is when the potential
became less active. With the formation of red thst current decreased close to

Zero.
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Galvanic Coupling
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Figure 46. Couple potential of 30% Mg 984 with st (blue line) and galvanic
current (yellow line)

Figure 47. Appearance of 30% Mg 984 and steel parsehfter ten days of testing.
Coated panel on the left and steel panel on thegtit

Concerning the appearance of the panels, duringgbend day some slight signs of
rust appeared but they became clearly visible after fifth day of testing. The
solution did not show evident change of colour.
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Galvanic Coupling
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Figure 48. Couple potential of 7075 with steel

Figure 48 shows the trend of coupled potentiall@ingnium alloy 7075 coating with
steel. The initial value of the potential was -#Y (SCE) and it remained almost
stable at similar values for five days. During 8ieth day it started to increase to
reach again stable values around -645mV (SCE) tnatiend of the test.

Figure 49 shows the plot of the galvanic currembni-the third to the fifth day and
part of the sixth one, the current ranged approteipebetween 300 and 4Q0A.
During the sixth day its trend line started to @éese as the potential started to

become less active.
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Figure 49. Couple potential of 7075 with steel (bk line) and galvanic current
(yellow line)

Figure 50. Appearance of 7075 and steel panels aften days of testing. Coated
panel on the left and steel panel on the right

Concerning the panels and solution appearance, sikedays the solution showed
white corrosion deposits on the bottom of the eltl after another day a white
precipitate started to float on the water line. Rest became visible during the last
two days of testing.

80



-500 +

-550 4

-600

-650

-700

-750

-800

-850

Elecrochemical Potential vs. SCE (mV)

-1050

-1100

-900

-950

-1000 A

White rust
: on coating panel

Galvanic Coupling

E A, )
"’\.___/ i Redrust
: // i crearly visible 084
¥/ —os
: T T T T T T T 1
0 1 2 4 5 6 7 8 9 10

Time (Days)

Figure 51. Couple potential of 984 with steel

Figure 51 shows the trend of coupled potential & 8oating with steel compared

with the couple Cd-steel. The couple potentialtethfrom the initial value of -751

mV (SCE). After less than one day it started torease quickly reaching -930 mV

(SCE). From this minimum value the potential insexh continuously for four days

to settle above -650 mV (SCE). In the last five glay testing the couple potential
ranged between -649 and -624 mV (SCE).

Figure 52 shows the plot of the galvanic curremwt:. &l the test the current ranged

between 413 and 286A, showing a decrease of the trend line during thettioand

fifth that coincided with change of the slope o tiotential trend line.
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Figure 52. Couple potential of 984 with steel (bkiline) and galvanic current
(yellow line)

Figure 53 Appearance of 984 and steel panels aftemn days of testing. Coated
panel on the left and steel panel on the right

The coated panel showed slight signs of white dusing the first day. During the
fifth day, due to white products of corrosion, Hwution became white and jelly-like
corrosion deposits became visible on the coatinfase. First signs of red rust
appeared after six days.
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Figure 54. Couple potential of 1725 with steel

Figure 54 shows the trend of coupled potentiallsbmium free 1725 coating with
steel. From the initial value of -718 mV (SCE) thaential increased progressively
for three days. In the fourth day it reached theximam of -601 mV (SCE) to
remain just below  -600 mV (SCE) for the refsthe test.

Figure 55 shows the plot of the galvanic currestphnels. In the first two days the
current ranged between 550 and 4% Then the current started to decrease and
from the fifth to the eight day it stayed betweddb4and 340uA to continue to
decrease during the ninth and the tenth day ub8iL@\.
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Figure 55. Couple potential of Chromium Free 172%vith steel (blue line) and
galvanic current (yellow line)

Figure 56. Appearance of 1725 and steel panels aften days of testing. Coated
panel on the left and steel panel on the right

The coated panel showed slight signs of white dusing the first day. After two
days of testing the solution became white withygile products on the coating
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surface and first signs of red rust appeared orctlaged panel. After another day,
during the fifth day red rust appeared on the giaakl as well.
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Figure 57. Couple potential of IVD1 with steel

Figure 57 shows the trend of coupled potential IV&hting with steel. From the
initial value of -752 mV (SCE) potential reachednanimum at -906 mV (SCE) in
less than one day to increase quickly to -730 m@EEIin less than one day and an
half. It maintained values around -730 mV (SCE)dordays and during the seventh
day it started to increase again, up to -677 mVEB4 the end of the test.

Figure 58 shows the galvanic current of IVD1 codphgth steel. The graph reflects
very well the inverse trend of the potential andrent changes. For the first seven
days, before red rust appeared the current digmddwer than 36 UA. For most of

the test it ranged between 350 and gB0

85



Galvanic Coupling

-500 600

White solution
550 Gelly solution

-600 500
-650

-700

N
(=3
o

-850

w
8
Current (uA)

-900

n
o
o

-950

Elecrochemical Potential vs. SCE (mV)
@©
8

-1000 100

-1050

-1100 0

0 1 2 3 4 5 6 7 8 9 10

Time (Days) ‘ —IVD1 IVD1 Current ‘

Figure 58. Couple potential of VD1 with steel (ke line) and galvanic current
(yellow line)

Figure 59 Appearance of IVD1 and steel panels aftéen days of testing. Coated
panel on the left and steel panel on the right

The solution of IVD1 and steel became white, gékg- deposits and white
precipitates floating on the solution appearedrduthe fourth day. After seven days

the solution became red. At the end of the tesrustiwas not clearly visible on the
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panels, probably because of the same colour o$adhdion. Some signs of red rust
became visible after the test was stopped and dinelp were removed from the
solution and left to dry. The red rust visible de tcoating in Figure 59 appeared

above the water line where the solution had deerkekEvel.
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Figure 60. Couple potential of IVD2 with steel

Figure 60 shows the trend of couple potential dD®/and steel. IVD2 differs form
IVD1 in the presence of a layer of wax applied @nsurface. From the initial value
of -711 mV (SCE) the potential did not decreasdirtifly like IVD1 and IVD3.
From the second day to the seventh its potentrajed between -710 and -690 mV
(SCE). During the eight day it started to incregssdually to reach -654 mV (SCE)
by the end of the test.

Figure 61 shows the galvanic current of IVD2 coupith steel. Comparing it to the
plots of IVD1 and IVD3 this coating did not showetminimum during the first day
of testing. The current ranged between 290 and#6@or all the duration of the

test.
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Figure 61. Couple potential of VD2 with steel (ke line) and galvanic current
(yellow line)

Figure 62 Appearance of IVD2 and steel panels aftéen days of testing. Coated
panel on the left and steel panel on the right

Compared to IVD1 the solution did not show gelkelideposits but the solution
became white during the fourth day showing a whitecipitates floating on the
solution. After eight days the solution became aedl red rust appeared on the
coating above the water line. At the end of thé ted rust was not clearly visible on
the panels because of the red colour of the soluBmme signs of red rust became
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visible after the test was stopped and the panets wvemoved from the solution and
left to dry.
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Figure 63. Couple potential of IVD3 with steel

Figure 63 shows the trend of coupled potential IMid&ting with steel. The initial
potential was -730 mV (SCE) and in one day themi@kreached the minimum of -
930 mV (SCE) to increase and settle around -700unM the seventh day. Only
during the eighth day the potential started toease slowly to reach -655 mV (SCE)
by the end of the test.

Figure 64 shows the plot of the galvanic currensThot is similar to IVD1 but with
more pronounced peaks. In the first day we founthaximum in the galvanic

current, which corresponded whit the most activegpt® potential.
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Figure 64. Couple potential of VD3 with steel (ke line) and galvanic current
(yellow line)

Figure 65 Appearance of IVD3 and steel panels aftéen days of testing. Coated
panel on the left and steel panel on the right

Compared to IVD1 the solution did not show gelkelideposits but the solution

became white after the same period of time, dutivggfourth day of testing. The
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solution became red after seven days of testing.rét rust on the coating in Figure
65 was not noticed during the test because of @ptate on the water line after four
days. At the end of the test red rust was not lgleasible on the panels, maybe
because of the colour of the solution that becadeafter seven days. Some signs of
red rust became visible after the test was stoppedthe panels were removed from
the solution and left to dry
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Figure 66. Couple potential of Cd with steel

Figure 66 shows the couple potential of Cd-steke ihitial potential was -728 mV
(SCE). The potential remained between -740 and +&Y0(SCE) for almost five
days and the it became to increase. At the endeffifth day it increased very
quickly to reach values between -630 and -610 m@EHBuntil the end of the eight
day. After that it decreased of approximately 30.mV

Figure 67 shows the galvanic current. The initalue of the current is 376A and
the last value at the end of the test is p80lower than the same value for IVD1

(345pA) IVD2 (360 pA) and VD3 (302uA).
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Figure 67. Couple potential of Cd with steel (bludine) and galvanic current
(yellow line)

Figure 68 Appearance of Cd and steel panels afteem days of testing. Coated
panel on the left and steel panel on the right

Concerning the panels and solution appearance, fafte days the coated panel
became darker but the solution was still clean.im@uthe sixth day the solution
became red and the coated panel started to showsedAt the end of the test red

rust was not clearly visible on the steel panelase of the colour of the solution.
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Anyway some signs of red rust became visible onsteel panel after the test was
stopped and the panels were removed from the solatd left to dry.

3.1.3 Marine exposure

Pictures of marine exposure are shown below.

Picture of the coated test panels after 4 montimsasfne exposure are shown below.
In general, the trends observed are similar toettseen in the laboratory tests but
less extensive corrosion has taken place at thggestor example, some corrosion of

the 984 panel is visible in the scribed region gsfjgg passivation of the coating.

Figure 69. Appearance of A-50%Zn, B-10%Zn and C-3%4 modified 984
after four months in marine exposure
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Figure 70. Appearance of D-0.5%2Zn, E-50%Mg/Al and F30%Mg/Al modified
984 after four months in marine exposure

Figure 71. Appearance of G-7075, unmodified H-984nal CF1725 after four
months in marine exposure
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Figure 72. Appearance of IVD1, IVD2 and IVD3 afterfour months in marine
exposure

=

Figure 73. Appearance of IVD3 and electroplated Cafter four months in
marine exposure
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3.1.4 Hydrogen Re-embrittlement Tests

3.1.4.1 Uncoated Control Specimens

A Weibull plot of the failure times of six uncoatedntrol specimens tested in air is
shown in Figure 74. Although the experimental ctiods were the same in all of the
tests the specimens failed in times ranging betwk8 hrs and 16.6 hrs due to
differences in the size and distribution of the mnostructural flaws that they

contained. The theoretical basis of the Weibuit @ described in the Appendix.
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Figure 74. Weibull plot for uncoated AISI 4340 spemens tested in air

3.1.4.2 SermeTel CR984-LT Coatings

Coated specimens tested in 3.5% NaCl solution daiife shorter times than the
uncoated controls, as shown in Figure 75. The ntiea@ to failure was reduced
from 15.4 hours to 9.9 hours and fractures occunedbrittle manner.

Although the specimens were scribed in the cerfttbeogauge length to remove the
coating and expose the steel substrate, all ofdigres occurred in the unscribed

region near to the water line. It appears thaticgaht hydrogen was generated on
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the steel at pores in the coating for re-embritdetto occur outside the scribed
region at the site of the largest microstructui@hg within the gauge length.

Load/time graphs for the coated specimens are sloWwigure 76, together with the
median uncoated specimen tested in air. The &slwf the coated specimens

occurred near the ultimate tensile stress, witly \igfe necking.
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Figure 75 .Weibull plot showing the re-embrittlemen of CR984-LT coated
specimens tested in 3.5% NaCl solution
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Figure 76 . Comparison of Load/time graphs for spemens coated with CR984-
LT tested in 3.5%NaCl and an uncoated control testin air

3.1.4.3 SermeTel CF1725 Chromium Free Coatings

The application process as this coating containshmomium in the inorganic binder
it needs to be applied to the steel under diffecmtditions from the CR984-LT
coating. The steel is usually preoxidised at°8@ avoid a chemical reaction with
phosphate in the binder but this temperature wasidered too high as it would
affect the mechanical properties of the AISI 434& thad been tempered for 6 hours
at 250C. Trials were carried out by Sermatech Inc andviés found that
preoxidation for 8 hours at 243 was satisfactory. The CF1725 coating was
subsequently applied in two layers and each ofetl#lved curing for 8 hours at
243 C. In consequence, the specimens received heatneat of 24 hours at 294G

in addition to the initial tempering. For this sea slow strain rate tests were carried
out on further uncoated tensile specimens thatbeaeh given this heat treatment to
investigate any effect on their mechanical propsrtiThe results are shown in the

Weibull plot in Figure 77.
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Figure 77. Weibull plot showing the effect of addibnal heat treatment at 243°C
for 24 hours on failure times of uncoated AISI 4340

The mean time to failure for specimens with theitaoithl heat treatment was 15.5
hours compared to 15.4 hours for the original coowli  Student t-testing showed
that, with a confidence of 95%, it was not posstiolesay that the two sets of data
belonged to different populations.

The times to failure of specimens coated with CEla2d tested in 3.5% NacCl
solution are compared with results for the CR984doating in Figure 78. The re-
embrittlement caused by the two coatings was sinaitel again it was not possible
to say that they belonged to different populatiofi$is finding is to be expected as
both coatings had the same corrosion potential 89mV(SCE).
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Figure 78 .Weibull plot comparing re-embrittlementof specimens coated with
CR984-LT and CF1725

3.1.4.4 Electrodeposited cadmium coatings

The re-embrittlement results for electroplated caimare shown in Figure 79. Of
the five specimens tested, two failed in a britti@anner with reduced times and the
other three displayed no re-embrittlement; theilufa times were comparable with
the uncoated controls. This behaviour was unegrgeand the probable cause has
been investigated.

A distribution of flaw sizes within the gauge lehgs to be expected and these
different flaw sizes would affect the severity efembrittlement and times to failure.
However, it would not be expected that any of theceanens would contain so few
microstructural flaws that when charged with hy@nogduring corrosion of the
coating they would fail in a ductile manner beferabrittlement occurred. Previous
work on cadmium plated specimens has shown consistees to failure and a high
level of re-embrittlement.

Inconsistency in the composition and quality of ttexdmium deposit is being
considered as this could affect the generatiomspart and uptake of hydrogen by

the steel. However, the corrosion potential of¢bating was monitored during the
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SSR tests and shown to be approximately -790mV(S&Epnch case; close to the
expected value for cadmium.

One of the specimens that did not display re-erthdamient was examined by
metallography. It was shown that a thin layer mkal had been deposited on the
steel before it was electroplated with cadmiumhigTreatment is sometimes used to
improve the adhesion of the coating.) The niclaglel was 2-3 microns thick in
most places but there were some areas where ttknésis was about 10 microns.
The reason for the lack of re-embrittlement in ¢hoé the SSRT specimens is now
clear. Nickel has a very low hydrogen diffusioneffizient (8 x 10'° cnfs?®
compared to approximately 2 x 1@n?s™ for AISI 4340). The nickel layer acted as
an effective barrier to hydrogen generated by @oro of the cadmium. All of the
specimens received the same treatment and it usneskthat the two specimens that
failed by re-embrittlement had an incomplete nicleler on the surface so that
hydrogen uptake by the steel occurred.

These results could have important practical ingpioms. A thin nickel layer
beneath the sacrificial coating would seem to be #mswer to both direct
embrittlement and re-embrittlement problems.

The Weibull plots for the SermeTel and cadmium ioggt are compared in Figure
79.
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Figure 79 .Weibull plot showing re-embrittlement ofcadmium plated specimens
tested in 3.5% NacCl solution

3.1.4.5 Aluminium alloy 7075 sprayed coatings

The re-embrittlement of the steel was caused byosmn of the 7075(2) coating.

Time to failure was reduced from a mean of 15.4r&idor uncoated steel to a mean
of 9.7 hours for the 7075(2) coated specimens. adteesion of this experimental

coating was poor and it flaked off the gauge |brag the test proceeded.
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Figure 80. Weibull plot for times to failure of 705(2) coated specimens vs.
uncoated specimens

3.1.4.6 Zn modified 984 coatings

In each case, six specimens were tested for evarymadified 984 coating.

Specimens coated with 10%Zn-984 failed with a mi&ae of 10.5 hours while the
means of time to failure for 3%2Zn-984 and 0.5%Zn98%e 11.7 hours and 11.1
hours. Although 3%2Zn-984 showed a longer time toifa than 0.5%2Zn its standard
deviation was 2.3 hours and higher than the 1.0 b60.5%Zn-984. The standard
deviations for 50%Zn-984 and 10%Zn-984 were of [&Rrs and 2.3 hours. The
0.5%2Zn-984 showed the smallest standard deviatwden the three Zn modified

984 coatings and it was the same value as thatlagdd for uncoated specimens.
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Figure 81. Weibull plot for times to failure of Zn modified 984 coated specimens
VS. uncoated specimens

3.1.4.7 Mg/Al modified 984 coatings

30%Mg/Al 984 and 50%Mg/Al 984 coatings caused Veigh re-embrittlement on
the steel specimen. The first coating time to failtanged from 6.58 hours to 9.93
with an average value of 8.61. The 50%Mg/Al 984vetud very similar results with

time to failure ranging between 5.56 hours and an@an average value of 8.56.
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Figure 82. Weibull plot for times to failure of maghesium modified 984 coatings
VS. uncoated specimens

3.1.4.8 IVD aluminium coatings

IVD aluminium coatings showed the longest time adufe between the coatings.
Some VD1 specimens showed time to failure grethtan the uncoated specimens.
All the specimens showed red rust after the tedtfeagments of the coating were
noticed in the solution. The almost absence ofmeérétlement together with the

signs of corrosion on the steel indicate that tbating detached from the steel
because of the mechanical deformation stoppinghgigiacrificial protection to the

substrate. SEM analysis was carried out on theaserfof the specimens to
investigate the condition of the IVD coating aftiee test.
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Figure 83. Weibull plot for times to failure of maghesium IVD aluminium
coatings vs. uncoated specimens

3.1.5 Selective attack and coating characterization

3.1.5.1 Optical-thickness measurement

The cross sections of the specimens were obsernieamwoptical microscope at 40x
to measure their thickness. Figure 84 shows th&scsection on 984A 50%Zn. In the

observed area the thickness is in the range of0758 The bigger particles visible

were afterwards found to be zinc particles.
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Figure 84. Optical image of 984A (50%2Zn) crossection Magnification 40x.

Figure 85 shows the cross section of 984E (50%NMtg).thickness has been
measured between 78-8@n. The not spherical particles were found to be Allg/

particles by a following EDX analysis.
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| ]

Figure 85. Optical image of 984E (50%Mg/Al) crossestion. Magnification 40x.
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Figure 86 shows the cross section of aluminiumiegat075. Its thickness has been
measured in the range of 55-@. This coating has been deposited using only one

type of powder, the aluminum alloy 7075.

70 um
| ]

Figure 86. Optical image of 7075 aluminium alloy cating cross section.
Magnification 40x.

Figure 87 show the 984H, the aluminium based coroiaealloy from Sermatech.

Thickness has been measured in a range of 36¥60
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Figure 87. Optical image of 984H free cross sectioMagnification 40x.

Figure 88 shows the cross section of IVD2 aluminaoating. This coating is clearly

thinner than the 984 series coatings and its tl@skiwas measured in a range of 12-

27um.
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Figure 88. Optical image of IVD2 cross section. Magfication 40x.
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Figure 89 shows the cross section of the electtegleadmium coating. This coating

thickness was measured between 10 anad.3

Figure 89. Optical image of electroplated Cd crossection. Magnification 40x.

70.um

Table 8 summarizes the thickness measurementseafaatings. The IVD coating

are much thinner than the 984 spray coatings, geoted from the different

deposition technique.

Coating 984A 984B 984C 984D 984E|  984F 7075
Thicknessim) | 75-80 60-65 | 73-78 55-60 78-83  50-55 55160
Coating 984H 1725 IVD1 VD2 IvD3 | cCd

Thicknespm) | 55-60 62-67 | 12-25 12-27 5-30| 10-13

Table 8. Coatings thickness. Values measured fronoatings cross sections.

3.1.5.2 SEM analysis and Focused lon Beam on 984A
Figure 90 shows a secondary electrons image d@8d& surface for the “as made”

coating and the EDX analysis of the area markathésved in Table 9.
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Electron Image 1

Figure 90. SEM Secondary Electrons top view of “asiade” 984 A surface”.

Bias voltage 15kV.

Element Weight% Atomic%
C 8.10 16.17

@] 20.50 30.75

Al 47.78 42.48

P 4.46 3.46

Cr 1.71 0.79

Fe 0.35 0.15

Zn 16.59 6.09

Ag 0.51 0.11
Totals 100.00 100.00

Table 9. EDX analysis of the area marked in Figur®0.
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Although the nominal concentration of zinc was 50%weight the EDX shows a
concentration of 16.58% for zinc and 47.78% formahium that means a ratio
aluminium/zinc much smaller than what expected.sTdrror in the concentration
might be due to different factor:

-manufacturing process error

- zinc preferential oxidation on the surface

-segregation of the heavier zinc particles to thgdm before the curing.

Figure 91 shows the cross section of as made 98&4lATable 10 the EDX analysis
of the area. The amount of zinc detected was s ¢hse higher than what detected
from the top view analysis. This confirms zinc s segregation.

Figure 91. Secondary Electrons image of “as made84A cross section on the
left and zinc mapping on the right. Bias voltage 1&v.

Aluminium Zinc

Sum Spectrum (% in weight) 62 38

Table 10. EDX analysis of area selected in Figurel9

Figure 92 shows a FIB pit etched on the 984 A “aml@i. EDX point analysis
proved the big bright particle to be a zinc pagtidPorosities are also clearly visible
inside the coating while the etching seems haveresthed the steel substrate. The

coating substrate appears rough as expected fsprag coating.
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Figure 92. FIB section of 984 A “as made”. Bias vtdge 15kV.

The same kind of analysis was repeated on a 984Al dter 10 days of exposure in
3.5% NaCl. Figure 93 shows the FIB pit for this @&t specimen. The coating
surface visible in the upper part of the picturemse to be smoother than that in the
“as made” coating. The brighter colour of the téphe coating from the BSE image

also suggests a different composition of the area.
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I 10pm 1 Electron Image 1

Figure 93. Back Scattered Electrons image of FIB sgon for 984 A after 10
days in 3.5% NaCl. Bias voltage 15kV.

The EDX analysis of the points marked in Figura®dhown in Table 11. It shows a
ratio zinc/aluminium higher than the unit. The ca@mgon of this result with the
analysis before the exposure suggests the formafian layer richer in zinc with
some amount of Chlorine in it. The EDX analysisfooms the presence of Chlorine
and an high amount of zinc on the surface. Thedrigimount of zinc compared to
aluminium could be due to a preferential dissolutidd aluminium compounds in the

electrolytic solution during the corrosion test.
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+SgspTSpectrum 3

+Sp»aat.:trum 4

Figure 94. Secondary Electrons image of FIB sectidior 984 A after 10 days in
3.5% NaCl
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C O Na Al P Cl Cr Zn Ga Re Tot
Spectrum | - 30.97 | - 20.31| 1.73| 653 - 4046 - - 100
1
Spectrum | 4.36 | 32.35| - 19.11| 2.22 6.13 - 3583 - - 100
2
Spectrum | - 3235 - 17.77| 6.14| 5.65 3.1% 31.37 0.32 100
3
Spectrum | - 25.68| 1.85| 48.89] 6.84 - 5.85 10.90 - 100
4

Table 11. EDX analysis of points marked in Figure . Percentages in weight

The same top area of the coating is shown in Fi@dret a bigger magnification.
This last picture was taken using a low voltag®ldf to avoid an excessive sample
charging, but because the low Bias, it was impdéssdcarry out an EDX analysis in

order to detect the zinc.
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Figure 95. SEM Secondary Electrons image of FIB fo884 A 10 days in 3.5%
NaCl solution. Particular of the coating surface. Bas voltage 5kV.

The FIB technique was also used, as describeceiméthodology section, to look at
the interface between the coating and the stedtsaib as shown in Figure 96. The
zinc mapping by EDX is shown on the right side led same picture and seems to

confirm zinc particles segregation at the bottorthefcoating.
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Figure 96. Etched area by FIB for 984A (50%Zn) afte 10 days in 3.5% NaCl
solution. View of the coating interface with the stel substrate on the left. Zinc
mapping on the right.

Al Zn Total

Sum Spectrum 36.55 63.45 100

Table 12. EDX analysis of area selected in Figur&9All the other elements
except Zn and Al have been omitted. Percentagesweight.

Table 12 shows the composition of the area in Eig@# where all the elements
except zinc and aluminium have been removed framatialysis. The concentration
ratio Zn/Al, higher than one, suggests a partidegregation probably due to the

difference in density between the two metals.

3.1.5.3 SEM-EDX analysis
Figure 97 shows the four indentations used to ifleatcertain area, and inside that
area, a smaller zone, marked in blue was identtitetepeat the analysis after the

exposure to 3.5% NaCl solution.
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Figure 97. Area marked by four Vickers indentations Bias voltage 15kV.

Figure 98 shows the 984A selected area after pogstEDX point analysis has
shown that Spectrum 2, Spectrum 3 and Spectrume5zarc particles while
Spectrum 4 and Spectrum 6 are both aluminum pesticTable 13 shows the
analysis of zinc and aluminum particles. The amafnbxygen on the aluminum
particle is higher than on the zinc particle. NoldZine was found on any of the

particles analyzed.
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Figure 98. ES SEM image of 984A after polishing. Bs voltage 15kV.
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Spectrum?2 (Zinc particle) Spectrum4 (Aluminium pee)
Element Weight% Element Weight%
CK 7.32 CK --

OK 3.99 OK 19.46
Al K - Al K 76.89

P K - P K 2.50
CrK -~ CrK 0.46

Fe K -- Fe K --

ZnK 88.69 ZnK 0.45
AgL - AgL 0.24
Totals 100.00 Totals 100.00

Table 13. Point analysis of Spectrum2 and Spectrumés marked in Figure 98.

Figure 99 shows the secondary electrons image eofséme area after 4 days of
exposure in 3.5% NacCl in quiescent condition. EDdhp analysis was repeated on
some of the identified particles. The EDX of thensazinc and aluminium particles
tested after the exposure is reported in TableAlbigger amount of oxygen was
found on the zinc particle surface but it is n@aclwhether the oxygen is bonded to
the zinc or maybe to the Iron, also present indtea selected. From the table it is

also clear that chlorine is present on the zintg@arbut not on the aluminium.
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Figure 99. ES SEM image of 984A after 4 days in 3&®NaCl. Bias voltage
15kV.
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Spectruml (Zinc particle) Spectrum3 (Aluminium pee)
Element Weight% Element Weight%
CK - CK 3.90
OK 30.49 OK 7.81

Al K 4.15 Al K 83.26
SiK 2.47 SiK -

P K 0.00 P K 1.09
CrK 0.00 CrK 0.34
ClK 4.95 ClIK -

Fe K 20.94 Fe K 1.74
ZnL 37.00 ZnL 0.77
Ag L - Ag L 1.09
Totals 100.00 Totals 100.00

Table 14. Point analysis of Spectrum2 and Spectrumes marked in Figure 99.

Zinc, Iron and Chlorine mapping, after the exposigeshown in Figure 100 and in

Figure 101. Chlorine and iron seem to be preseriherzinc particle but iron seems

to be present mostly in correspondence with theemtorrosion compounds while

chlorine seems to be more uniformly spread on ithe zarticle.

l' 30pm 1 Mix

l' 30pm 1 Mix

Figure 100. From left to right zinc and chlorine maping by EDX of 984 A
(50%2n) surface after 4 days in 3.5% NaCl solutionBias voltage 15kV.
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r - 30pm : 1 Mix

Figure 101. Iron mapping by EDX of 984 A (50%Zn) suface after 4 days in
3.5% NaCl solution. Bias voltage 15kV.

3.1.5.4 X-ray diffraction

The presence of a chlorine corrosion compound heen lproved by the XRD

analysis. Figure 102 shows the X-Ray diffractiotigra of the 984A after 10 days in
3.5% NaCl in aerated conditions. Apart from thespreee of metallic zinc and

aluminum, aluminum hydroxide, simonkolleite and czimluminum carbonate

hydroxide hydrate were identified from the diffiact The main peak of

simonkolleite reference pattern is very closeh® rhain peak of iron oxide chloride
reference pattern, as shown in Figure 103, bufitsiecompound seem to match the
diffraction pattern much better than iron oxidecelde since it not only matches the
main peak but at least two or three more seconu@ais.
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Figure 102. Diffraction pattern of 984 A after 10 dys of exposure in 3.5% NaCl
in aerated solution.
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Figure 103. Iron oxide and chloride reference patte in blue.

Although the sample has been rinsed before theysisalthe pattern of NaCl is

shown in Figure 104 to disprove the presence o$#fieon the surface.
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Figure 104. Diffraction pattern of 984 A after 10 dys of exposure in 3.5% NaCl
in aerated solution. NaCl reference pattern in gree colour.

Figure 105 shows the diffraction patterns of theinmaeak of simonkolleite and
aluminium. The corrosion compound main peak deeagth an increase of the
incident angle while the aluminium peak increaskisTproves that the corrosion

compound is mostly present on the coating surfatteer than in the coating bulk.
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Figure 105. Comparison for different incident angls between a corrosion
compound main peak and aluminium main peak.

3.2 COMPATIBILITY COATINGS

3.2.1 Galvanic test Results and Discussion
A preliminary galvanic measurement between onlalaminium and a bronze panel
was carried out as a reference test for compangtm the following tests on the

coatings.

3.2.1.1 Galvanic test between aluminium alone

Figure 106 shows the couple potential and the ourfeowing between the
aluminium and the bronze panel over ten days, wbetd panels had the same
surface area.

The open circuit potential was measured beforetdéiseé and resulted in -300mV
(SCE) for the bronze and -800mV (SCE) for the atuom. After coupling, the

mixed potential was as expected, between thesevams, at -630 mV (SCE) for
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most of the test. The aluminium behaved as an afmdéhe entire test, providing
current to the more noble bronze.

The average current was 2p8 and the average current density was calculatéd® at
HA/cm?. This high current density indicates that accééetaorrosion would occur
on the aluminium surface and it is to combat thigbfem that a coating for the

bronze is being sought.

Aluminium-Bronze
Galvanic currents-Coupling potential
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Figure 106. Galvanic corrosion measurement betwedhe bronze and the
aluminium panels. Surface area of 16 cfifor both the panels.

The following results will show how the applicatiasf a sacrificial coating is

beneficial in terms of galvanic corrosion.

3.2.1.2 Mixed potentials

The mixed potential of the coatings coupled with bronze and aluminium panels
are shown in Figure 107. Passivated cadmium, uiyaaed cadmium and

electroplated aluminium were quite stable durirgttst, with potentials in the range
between -800mV and -700mV (SCE). Similarly the ZnsNowed a potential in the

same range for seven days, before increasing tosal00mV (SCE) after nine

128



days. After this increase its potential stabilizacbund -610mV (SCE). This
behaviour is thought to be due to zinc depletionnduthe test.

A different behaviour, in terms of potential, wasown by the IVD aluminium
coating. In this case the mixed potential was unstduring the first three days when
it decreased to very active values to then increasielly again. The potential settled
around -730mV (SCE) from the third day to the ehthe test. The active potential
in the first three days explains the high anodicent of the coating at this time.

The zinc modified 984 were the most active coatiaighe beginning of the test but
their potentials increased in approximately oneriiowalues above -700mV (SCE).
Both their potentials stabilized to around -600n8CE) after four days. The 1%
zinc 984 remained, unexpectedly, more active then5&6 zinc until the end of the

test. Only in the first hour was the 5% zinc 984renactive than the 1% zinc 984.

Electrochemical Potential
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-1000 \\,/
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— IVD Aluminium
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Figure 107. Mixed potential of the galvanic coupleduring the ten days of
galvanic test.

From the potential plot and from the current plotsseems that a value around -
600mV (SCE) is the mixed potential at which theemsal of polarities between the

coating and the aluminium panel occurs.
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3.2.1.3 Galvanic currents

Each plot consists of three curves representingctineents flowing from or to the
panel.

A positive current in the plot means that the metdiehaving as an anode while a
negative value means that the metal is behavirgaghode. For the majority of the
plots the coating behaved as the anode providingruto both the bronze and the
aluminium. Some of the coating, like the 984 1%czthe 984 5% zinc and the Zn-
Ni became cathodic or provided very small curreitéraa few days, while the
aluminium became the anode. This is called reverfgablarities.

The results for passivated cadmium, are showngnrgi108. This test will be used
as the reference for the further comparisons.

The coating showed cathodic protection behavioutHe duration of the test, while
both the aluminium and the bronze were protecteasimRhe third to the last day the
coating provided a protective current between iB0and 150pA. The cathodic
current on the bronze was around 0 while the current on the aluminium was
between -50A and -10QiA for the last seven days of the test.

One of the beneficial properties of cadmium is skability of the electrochemical
potential that seems to be confirmed in this casa lvery protective current. The
mixed potentials of all the coatings are showniguFe 107. The blue line shows the
passivated cadmium has one of the more stable fmitentogether with the
unpassivated cadmium and the electroplated aluminiu

The mixed potential is the potential of the threegqds connected together so a stable
mixed potential does not necessarily mean that ab&ting potential is stable.
Anyway the first test between the aluminium andkhenze, in Figure 106, did not
show any particular fluctuation in the mixed poianbf these two panels so that it
seems acceptable to think that any additional datdns in the coating-aluminium-

bronze experiment is caused by the fluctuatiomefgotential of the coating.
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Figure 108. Three metal galvanic corrosion measureemts. Bronze-Aluminium-
Passivated Cadmium.

The unpassivated coating in Figure 109 showedgatsli lower anodic current that
resulted in lower cathodic protection during thet.te

As for the passivated cadmium, the currents becawore stable after the first few
days. A small fluctuation of the current is alwaggected in the first days of the

tests, when all the surfaces are more reactive.
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Figure 109. Galvanic currents. Bronze-Aluminium-Ungssivated Cadmium.

Figure 110 shows the galvanic currents betweerZthéli coating, the aluminium
and the bronze panel. The Zn-Ni coating behavednaanode for approximately
eight days of testing, while in the last two datgsdurrent became cathodic and the
aluminium started to be the anode. This reversgladdirities was probably due to
coating ennoblement as a consequence of zinc depleifter the reversal, the
coating became cathodic, the same as the broneemEans that the aluminium was
now corroding and giving protection not only to th®nze but also to the coating,
with an anodic current around 8. The cathodic behaviour of the coating after the
reversal is not a benefit for the aluminium becaitdeads to an increase of its
corrosion.

Comparing this result with the cadmium it is clézat, apart from the last few days,
when the zinc had probably been completely depleékedorder of magnitude of the

currents involved, both anodic and cathodic, wasoat the same.
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Figure 110. Galvanic currents. Bronze-Aluminium-ZNi coating.

Figure 111 shows the currents exchanged in thecoeltaining the electroplated

aluminium coating. The coating was anodic for thére test while both the bronze

panel and the aluminium panel were protected. ThazZe panel showed, after two
days, a cathodic current around 1Q@8; that is much higher than the currents
recorded for the bronze in the passivated and sngaed cadmium and in the Zn-Ni

cells. When the test was repeated the bronze dighmwv the same high cathodic
current.

However, on the base of this first test, the etgidited aluminium seems to provide
a good stable current, at least comparable witlcditgnium, and more importantly,

it did not show any reversal of polarity.
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Figure 111. Galvanic currents. Bronze-Aluminium-Eletroplated Aluminium.

Different behaviour was shown by the 1% zinc medifi984 (Figure 112). The
coating started as anodic at the beginning of ¢ése After three days of testing the
current on the coating decreased and the alumipianel also became anodic. The
coating showed the biggest anodic current for itts¢ four days and then there was a
reversal of the polarities with the aluminium pastrting to be more anodic then
the coating. This was probably due to the deplaticthe small amount of zinc in the
coating. After seven days of testing the coatingab®e cathodic and the aluminium
panel remained the only anodic material.

In the last 5 days the coating exchanged very souaitkents. The coating was then
behaving merely as a barrier layer on the bronbstsate, isolating it from exposure
to the corrosive process. Compared to the Zn-Ntimgecell, the aluminium was
corroding with a lower final anodic current, result in a small benefit for the
component. This is due to the fact that in thisdhg coating did not rapidly reverse
into the cathodic region and the only panel demamdurrent from the aluminium
was the bronze.

In this situation the bronze was under protectind the aluminium was corroding

with a current that was approximately half of therents recorded on the coating
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before the reversal. The OCP of the coating shoald be the mixed potential of the

aluminium/bronze without the introduction of theatiag. This potential was

measured in around -630mV (SCE) during the galvaoicosion test shown in

Figure 106, for equal areas of bronze and aluminidmeduction of the area of the

bronze would probably change this value towardatheninium OCP.
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Figure 112. Galvanic currents. Bronze-Aluminium-984(1% Zinc) coating.

Similar behaviour was shown by the 5% zinc 984igure 113; the only difference

being the point where the coating and aluminiunedircross each other occurred

after a longer time.
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Figure 113. Galvanic currents. Bronze-Aluminium-984(5% Zinc) coating.

Figure 114 shows the galvanic currents for the BIminium cell. The coating was
anodic for the ten days and no reversal was obdedueing the entire test. The
cathodic current of the bronze panel exceeded @r most of the test and the
anodic current reached very high values duringfitisé three days, classifying the

IVD as the most active coating during initial expas
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Figure 114. Galvanic currents. Bronze-Aluminium-1VD Aluminium.
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3.2.1.4 Appearance of the panels after the galvanic  corrosion test
The appearance of the panels after the test isrshroigure 115 and in Figure 116.

Coating Bronze Aluminium Panel

Passivated cadmium

BN won

Electroplated aluminium

Figure 115. Appearance of the panels after the gawic test. 10 days in 3.5%
NacCl solution.
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All of the coatings showed some signs of corrosionyarying degrees. The IVD
aluminium was most affected and this reflects tigh lanodic current from this
coating. The electroplated aluminium also showedketh corrosion, particularly
around the edges. Again, this coating producedja &nodic current.

Discoloration also occurred on all of the aluminipanels, even those that remained
cathodic during the entire test. It should be refpemad that aluminium is an
amphoteric metal and is attacked in both acid dkaliae solutions. In this case, the
increase in pH associated with the cathodic reaatias responsible for the observed
corrosion of the panels.

In contrast, the aluminium became anodic towarésethd of the test with the two
zinc modified 984 coatings and these panels caseba to have evidence of active
corrosion. It should also be considered that selfesion of the aluminium can occur
in cases where the galvanic currents due to camosf the sacrificial coating are
insufficient to give full protection.

The bronze panels coupled with the passivated eadmand unpassivated cadmium
were discoloured after the test. The bronze pawelgpled with electroplated
aluminium and IVD aluminium were heavily discolodrehile those coupled with
Zn-Ni, 1% zinc 984 and 5% zinc 984 were lightlyati®ured. Overall, the bronze
panel coupled with 5% zinc 984 had the best appearafter the test, being only
lightly discoloured.
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Coating Bronze Aluminium Panel

1% zinc 984

5% zinc 984

Figure 116. Appearance of the panels after the gawic test. 10 days in 3.5%
NaCl solution.
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3.2.1.5 Repetition of the galvanic test

The galvanic test was repeated three times for eaating. Table 15 compares the
times for reversal to occur in each.

The second and third series of tests were eactrupted for a few minutes on days

one and five to take the polarisation measuremeantthis is not thought to have

affected the overall galvanic behaviour.

PassCd| UncCd 984 1% Zn 9845% Zn  Zn-Ni IVD El Al
1% test No rev No rev 3 days 4 days 9 days No rev reNlo
2"%test | 4 days No rev 3 days 5 days 8 day No rev reMo
39test | Norev No rev 7 days 9 day 9 days No rev &No r

Table 15. Summary of times to current reversal

It is well confirmed that the coatings containinq& suffered reversal, probably

because of the preferential oxidation of the Zihhis seems to be an important
result, especially for the Zn-Ni. In contrast t@ timodified 984 coatings, the Zn-Ni

coating is not a novel coating and it is consideagane of the promising candidates
for cadmium replacement. The effect of prefereraitation of the zinc should be

carefully considered to avoid the risk of an uneteé behaviour in service.

Apart from these zinc containing coatings, only gassivated cadmium showed a
reversal of polarity in any of the three tests.sliehaviour was unexpected.

In conclusion pure metal coatings, like cadmiunthertwo aluminium coatings seem

to be safer in terms of avoiding risk of potentiainge in service.

3.2.2 Polarisation curves

Polarisation curves relative to Figure 106 are shamw the following two plots.
Figure 117 shows the polarisation curves obtainefbrb starting the galvanic
current measurement while Figure 118 shows the galotetaken soon after the
galvanic measurement was stopped. In both the fhletsorrosion seems to be under

mixed control. The OCPs of the aluminium and of bhenze became slightly more

141



active after ten days, probably due to a small ¢gdn in the dissolved oxygen
concentration in the cell, which caused more psédidon of the cathodic reaction.

Aluminium-Bronze
Polarization curves after one days
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-300

-400

=== Aluminium
“~==Bronze

-500

-600

-700

Electrochemical potential (mV) vs. SCE

-800

-900
1.0E-05 1.0E-04 1.0E-03 1.0E-02 1.0E-01 1.0E+00
Current (mA)

Figure 117. Polarisation curves before starting thgalvanic current
measurement. Aluminium and bronze panel with sameusface area.
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Aluminium Bronze
Polarization curves after ten days
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-800

-900
1.0E-05 1.0E-04 1.0E-03 1.0E-02 1.0E-01 1.0E+00
Current (mA)

Figure 118. Polarisation curves after ten day. Alunimium and bronze panel with
same surface area.
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The following results show the second repetition tbeé galvanic corrosion
measurement that was used to take the measurearethtef polarisation behaviour
curves of the coatings. It is useful to comparesieond galvanic test repetition with
the first one and to notice that, apart from thespated cadmium, all the other
results were in good agreement. The discussiondegathe controlling mechanism,
explaining whether it is cathodic, anodic or mixatlyays refers to the one-resistor
setup that is shown on the plots in continues lines

Figure 119 shows this second repetition of the ayaty corrosion test for the
passivated cadmium that was used to take measuteni@n the polarisation
behaviour curves. After four days the aluminium aheé passivated cadmium
showed a reversal of polarities. Before that, thgsjvated cadmium was the anode,
while the bronze and the aluminium were the twhi@dés. During the fourth day the
aluminium and the passivated cadmium suddenly sedetheir polarities and the
aluminium became anodic until the end of the téstthe same time, the mixed

potential rapidly increased to a more noble valu&a0mV.

Passivated Cadmium
Galvanic currents-Coupling potential

400 400

300 A T 200

200 0

100 -200

Passivated cadmium

1 400 — Bronze
o » By i I

\/‘\—wl., N | it g -

-100 - T -600

Current ( pA)
o

Aluminium panel
—— Coupling potential

Coupling potential (mV) vs. SCE

-200 - T -800

-300 -1000

-400 T T T T T T T T T -1200

Time (days)

Figure 119. Passivated cadmium, bronze and aluminim. Galvanic currents and
mixed potential.

Comparison of Figure 120 and Figure 121 shows @@P of the bronze did not

substantially change. The passivated cadmium O@Wesh a strong ennoblement
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increasing from -812 mV to -477 mV vs. SCE while tAluminium open circuit
potential decreased from -633 mV to -806 mV vs. SCE

The control of corrosion changed from cathodic manio mixed control after the
cadmium and the aluminium reversed their polarities

Passivated Cadmium
Polarization curves after one day

-250

-350

-450

Passivated cadmium
Aluminium and Bronze
= = Passivated Cadmium
= = Aluminium

= = Bronze

-550

-650

Electrochemical potential (mV) vs. SCE

-750

-850
1.0E-06 1.0E-05 1.0E-04 1.0E-03 1.0E-02 1.0E-01 1.0E+00
Current (mA)

Figure 120. Polarisation curves after one day. Passated cadmium, aluminium
panel and bronze panel. One resistor setup in comtiious lines, three resistors
setup in dashed lines.
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Passivated Cadmium
Polarization curves after ten days
-250

.................

-350

-450

= Passivated Cd and Bronze
= Aluminium
= = Aluminium
= = Bronze
Passivated cadmium

-550

-650

Electrochemical potential (mV) vs. SCE

=750

-850 T T T T T
1.0E-06 1.0E-05 1.0E-04 1.0E-03 1.0E-02 1.0E-01 1.0E+00
Current (mA)

Figure 121. Polarisation curves after ten days. Pawated cadmium, aluminium
panel and bronze panel. One resistor setup in comtiious lines, three resistors
setup in dashed lines.

Figure 122 shows the repetition of galvanic comnsneasurement for unpassivated
cadmium. As in the first test, the unpassivatedach did not show any reversal of
polarities. The coating behaved as an anode foenkiee test and the bronze and the

aluminium showed a stable cathodic behaviour.
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Unpassivated Cadmium
Galvanic currents-Coupling potential
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Figure 122. Unpassivated cadmium, bronze and alumiam. Galvanic currents
and mixed potential.

Figure 123 and Figure 124 show the polarisationabielir curves of the
unpassivated cadmium, the bronze and aluminiumh Bbthe beginning and at the
end of the test the galvanic corrosion is undehadit control. The open circuit
potentials of the unpassivated cadmium and of theiaium did not significantly
change while the bronze became less noble, movorg 242 mV to -334 mV vs.
SCE
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Unpassivated Cd
Polarization curves after one day
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Current (mA)

Figure 123. Polarisation curves after one. Unpassted cadmium, aluminium
and bronze. One resistor setup in continuous line#ree resistors setup in
dashed lines.

Unpassivated Cd
Polarization curves after ten day
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Figure 124. Polarisation curves after ten days. Urgssivated cadmium,
aluminium and bronze. One resistor setup in continaus lines, three resistors
setup in dashed lines.
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Figure 125 shows the repeated galvanic test foelbetroplated aluminium. As in
the previous one, no reversal of polarities waswshand the electroplated
aluminium was confirmed to be a good protectivetioga providing a current
comparable with the ones of the unpassivated cadmand of the passivated

cadmium before the reversal of polarities.

Electroplated Aluminium
Galvanic currents-Coupling potential
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Figure 125. Electroplated aluminium, bronze and alminium. Galvanic currents
and mixed potential.

The coating behaved as an anode for the entire gestiding a stable current of
around 10QuA. The mixed potential was measured at approxima#®d0 mV for the

entire test.

Figure 126 and Figure 127 show the polarisationabelir curves for the
electroplated aluminium, the bronze and the alummmpanels. In the first plot the
OCP of the electroplated aluminium increases fr@88-mV to -731 mV while the
OCP of cathodic couple decreases from -571 mV 81 4nV as the resistor was
adjusted from 10 Mohm to the short circuit. Therasion process seems to be under

mixed control. Similar behaviour was found aftar tays, with very similar values.
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Electroplated Aluminium
Polarization curves after one day
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Figure 126. Polarisation curves after one day. Eléoplated aluminium,
aluminium panel and bronze panel. One resistor sefuin continuous lines, three
resistors setup in dashed lines.

Electroplated Aluminium
Polarization curves after ten day
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Figure 127. Polarisation curves after ten days. Etgroplated aluminium,

aluminium panel and bronze panel. One resistor sefuin continuous lines, three
resistors setup in dashed lines.
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Figure 128 shows the galvanic corrosion measuremgtite VD aluminium, the
bronze and the aluminium. As in the first repefitithe IVD aluminium showed big
potential fluctuations during the first five dayAt the same time, the current
followed the trend of the potential, increasing wiige coatings became more active.
After the first days the mixed potential stabilizzdund -730 mV and the protective
current at -8QuUA. In ten days the coating did not show any reves$golarities,

with the coating remaining the anode.

IVD Aluminium

Galvanic currents-Coupling potential
400 0

- -100
300

- -200
200
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-500 IVD
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Current ( pA)
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l X 1 700

- -800
-300
T -900

-400 T T T T T T T T T -1000

Time (days)

Figure 128. IVD aluminium, bronze and aluminium. Gdvanic currents and
mixed potential.

Polarisation behaviour curves, in Figure 130 andFigure 131, show that the
corrosion is under cathodic control. The alumini@@P changed considerably after
ten days, showing ennoblement from -1036 mV to mM%1vs.SCE.
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Figure 129. Polarisation curves after one day ofMD aluminium, aluminium
and bronze. One resistor setup in continuous line#iree resistors setup in

dashed lines.
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Figure 130. Polarisation curves after ten days. IVRaluminium, aluminium and
bronze. One resistor setup in continuous lines, tiee resistors setup in dashed

lines.




Figure 131 shows the galvanic corrosion measuresriggtiveen the Zn-10% Ni, the
bronze and the aluminium. The Zn-10% Ni showedwensal of its polarity after

approximately nine days. This result confirmed thst results where the same
coating showed a reversal after approximately #mesperiod of time. The mixed
potential showed a gradual ennoblement from thenbegy of the test to reach a
stable value around -600 mV after the revershlthe aluminium and of the
Zn-10%NIi.

Electroplated ZiNi

Galvanic currents-Coupling potential
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Figure 131. Zn-10% Ni, bronze and aluminium. Galvait currents and mixed
potential.

Polarisation curves, in Figure 132 and Figure EB®w an OCP of -800 mV for the
Zn-10% Ni after one day with the corrosion prooasder cathodic control. After the
reversal the OCP of the Zn-10% Ni increased to #H¥0and the corrosion changed
to a more mixed control. As in the first repetitibre ennoblement of the Zn-10% Ni

is thought to be due to the depletion of the matea zinc during the test.
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Electrochemical potential (mV) vs. SCE

1.0E-06

Polarization curves after one day
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Figure 132 Polarisation curves after one day. Zn-2@ Ni, aluminium and
bronze. One resistor setup in continuous lines, tiee resistors setup in dashed
lines.
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Figure 133. Polarisation curves after ten days. Zd0% Ni, aluminium and
bronze. One resistor setup in continuous lines, tiee resistors setup in dashed
lines.




Figure 134 shows the galvanic corrosion measurebeiateen the 984-1% zinc, the
bronze and the aluminium panel. The coupling p@éeiricreased in two days and a
half to a constant value of approximately -620 m3/ 8CE. At the same time the
aluminium panel showed a reversal of its polaritarging from a cathodic to an
anodic behaviour. The bronze remained a cathodihéoentire test while the coating
stopped to give protection when the aluminium bexéme anode. After the reversal
of the aluminium the coating stabilized at aroundhd. This behaviour confirms

what was found qualitatively in the first repetitiocof the galvanic corrosion

measurement.
984 (1% Zinc) Modified
Galvanic currents-Coupling potential
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Figure 134. 984-1% zinc, bronze and aluminium. Galnic currents and mixed
potential.

Figure 135 and Figure 136 show the polarisatiorabielur curves of the three panels
after one and ten days. After one day, before ¢versal took place, the corrosion
process was under mixed control. The two open ipnientials are very close with
-610mV for the aluminium and -680mV for the 984-1ac. After the end of the
test the OCP of the coating had increased to -61GnYd the potential of the
aluminium panel had decreased to -800mV. In tielw situation the corrosion is

under cathodic control. In both the plots the ao@dirve were slightly polarized.
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984 (1% Zinc) Modified
Polarization curves after one day
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Figure 135. Polarisation curves after one day. 98%% zinc, aluminium and
bronze. One resistor setup in continuous lines, tiee resistors setup in dashed
lines.

984 (1% Zinc) Modified
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Figure 136. Polarisation curves after ten days. 984% zinc, aluminium and
bronze. One resistor setup in continuous lines, tiee resistors setup in dashed
lines.
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Figure 137 shows the galvanic coupling of the 98¢-fnc modified. In this case,
the reversal of the aluminium occurred after alnfos days. After the reversal of
the aluminium, the coating did not become the ad¢hdut remained anodic
continuing to give a small current to the bronzegdaThe current of the bronze
remains constant even after the reversal. Thigptaaed by the Figure 139 where it
is clear that the corrosion is strongly under cdibiaccontrol. The bronze cannot
increase its current because this is limited by ridte of the oxygen that can be
reduced on its surface. In this situation an ingeeaf the areas of the anodes does not
affect the current provided to the bronze becahsaeduction of oxygen is limited
by its transport to the surface of the bronze.
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Figure 137. Zn-10% Ni, bronze and aluminium. Galvait currents and mixed
potential.

The increase of the coupling potential before theersal of the aluminium seems to
suggest an increase of the potential caused bgriheblement of the 984 coating.
Once this process stopped the new mixed potensialmgher than both the OCPs of
the coating and of the aluminium and that is whly dime bronze remained cathodic.
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984 (5% Zinc) Modified
Polarization curves after one day
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Figure 138. Polarisation curves after one day. 988% zinc, aluminium and
bronze. One resistor setup in continuous lines, tiee resistors setup in dashed
lines.

984 (5% Zinc) Modified
Polarization curves after ten day
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Figure 139. Polarisation curves after ten days. 988% zinc, aluminium panel
and bronze panel. One resistor setup in continuouses, three resistors setup in
dashed lines.
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3.2.3 Linear polarisation resistance

Figure 140 shows the open circuit potentials ofassprated cadmium, Zn-10% Ni
and the two 984 coatings modified with zinc, coneplawith the OCP of the bronze
and the aluminium panels. Bronze was confirmedetdhe noblest material, with a
stable potential around -260 mV vs. SCE, while #heminium panel showed a
potential around -650 mV vs. SCE. Among the fouatoms, 984-5% zinc was the
most active at the end of the test, with a findligaf 826 mV vs. SCE. 984-1% zinc
stabilized more slowly than the 5 % of zinc ancermhained more active for a longer
period of time. Zn-10% Ni potential stayed at amwv60 mV vs. SCE for
approximately eight days and after that its posriiecame more active, to reach -
726 mV at the end of the test. The increase inmiaieconfirms what was shown by
the galvanic measurement and seems to indicataravbkement of the potential due
to the depletion of zinc. The Zn-Ni did not reaclp@tential more noble than the
aluminium panel although its potential was stitrigasing at the end of the test. The
galvanic test is more demanding for the coatingn ttiee simple self-corrosion test
and for this reason its potential did not reachgbtential of the aluminium in this
test. A longer test would have probably caused eemsevere depletion of zinc and
would have raised its potential above the aluminasrconcluded from the galvanic
corrosion results.

Also the potential of the 984-1% zinc was slowlcrgasing in the last day
confirming as for the Zn-Ni the ennoblement du¢hi® preferential oxidation of the

zinc particles.
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Open circuit potentials
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Figure 140. Open circuit potentials of 984-1% zinc984-5% zinc, Zn-10% Ni
and unpassivated cadmium compared with the aluminion and the bronze.

Figure 141 shows the corrosion rates of these doatings. Cadmium and Zn-10%
Ni showed relatively high corrosion rates, with €xroding at 8um/y at the end of
the test and Zn-10% Ni at ¢On/y. 984-5% Zn and 984-1% Zn showed lower
corrosion rates during the entire test. After tagsdthe corrosion rate of 984-5% Zn
was 3.5um/y and 2.4im/y for the 984-1% Zn.
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Corrosion Rate
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Figure 141. Corrosion rates for unpassivated cadmm, 984-1% zinc,
984-5% zinc and Zn-10% Ni.

Figure 142 shows the open circuit potential of tieenaining three coatings;
electroplated aluminium, IVD aluminium and passa¢atadmium, compared with
the aluminium panel, the unpassivated cadmium amith Whe bronze panel.

Passivated cadmium was very stable during theeetdst, with a potential of -780
mV and confirmed the good quality of this coatingserms of potential stability.

Nevertheless electroplated aluminium also showeera stable potential around the
same values of passivated cadmium. IVD aluminiuow&d a stable potential after
the first four days but was slightly less activartithe other coatings. Its potential

was measured at -750 mV vs. SCE at the end oé#ie t
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Figure 142. Open circuit potentials for passivateg@admium, electroplated
aluminium and 1VD aluminium compared with aluminium and bronze.

Figure 143 shows the corrosion rates of the sanaéings; passivated cadmium,
electroplated aluminium and IVD aluminium compavégth unpassivated cadmium.
Unpassivated cadmium corroded faster than pasdivadmium especially in the
first day, reflecting the more active potential s@&d for this coating compared to
the passivated one. Also the corrosion rate of\ie aluminium reflected the trend
of its OCP with higher corrosion rates in corregpemce with the more active
potentials. At the end of the test its corrosiote revas stable at aroundur/y.

Electroplated aluminium showed a very low corrosiate with an average of 0.6

um/y over the entire test.
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Figure 143. Corrosion rates of passivated cadmiunynpassivated cadmium,

electroplated aluminium and IVD aluminium.
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4 DISCUSSION

The discussion of the results regarding the saa@ifcoating for high strength steel
substrate will start with preliminary discussion the corrosion potentials of the
coatings. The corrosion potential of the coatingshie first important value to be
discussed and compared with the electroplated aadmihe coating that has been
successfully used as a sacrificial coating for rsglength steel [34]. The corrosion
potentials can provide a first important indicatfon the coating selection and on the
sacrificial properties of the coatings that will Biscussed in the galvanic corrosion
section. The variation of the potential of the augtvith respect to the steel substrate
is relevant since the potential of the coating nmashain sufficiently negative to
cathodically polarise the steel to a potential hicl its corrosion rate is negligible
[35].

A good alternative active coating is able to previthe same good cathodic
protection to the steel as cadmium without incregdhe risk of hydrogen re-
embrittlement and also exhibits a low corrosiom rétl the tests were carried out in
3.5% NacCl solution and the assumption is made wWiale aqueous corrosion is
complex and depends on many interrelated factosgfull information can be
determined in short-term tests in which the coatiegl is immersed in an aqueous
solution with a high concentration of aggressivasiorhis approach is, to some great
extent, justified by the observation that duringdmer atmospheric corrosion the
major part of the corrosive attack takes place lpefore the aqueous film dries out

when, through evaporation, the concentration ofeggive ions is greatest [35].

SSRT have been carried out for the evaluation dfdryen re-embrittlement and the
distributions of results compared by using theistiaal Student’s t-test [36]. The

primary use of SSRT is to furnish accepted procesifwr the accelerated testing of
the resistance of metallic materials to environrakassisted cracking under various
environmental conditions [37] like in the case bé tproduction of hydrogen as a
consequence of the corrosion reactions.

At the end of this discussion, the galvanic coonsbf the coating has been
combined and added to the coating self-corrosit®) ta calculate the total corrosion
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of the coating in order to provide a useful indimaton the possible duration in
service of the coating.

The dissolution rates of the anodg {(n a galvanic couple [38] can be obtained by
adding the corrosion rate of the uncoupled allgyifr the same environment to the
galvanic rate ). The selection of the best alternative coatinig e made on the

basis of its ability to provide good sacrificialopection, to reduce the consequential
risk of hydrogen re-embrittlement and to reduceséH-corrosion rate, expressed in

terms of metal loss.

Figure 144 schematises the effect of the coatingmi@al on the corrosion rate of the

steel substrate and on the risk of hydrogen re-githelbnent

_ Increasing re-embrittlement

of HS steel
Increased corrosion _
of steel substrate
Active Zn Corroding steel Noble
-1000 mV (SCE) -660 mV (SCE)

Coating Potential

Figure 144. Effect of the sacrificial coating potetial on the corrosion of the
steel and on the risk of hydrogen re-embrittlement

SSRT results will be compared with similar residtsnd in literature [39] and a new
mechanism that influences the absorption of thedgeh in presence of a sacrificial

coating will be proposed.
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The discussion will continue with the case of thedg of the compatibility coating
for the aluminium bronze assembly. Differently frothe high strength steel
substrate, the risk of hydrogen re-embrittlemerst hat been studied for the bronze
substrate since it is not a concern for this makefihe discussion will show the
beneficial effect of the use of the coating in r@dg the corrosion between the

uncoated bronze and the aluminium.

The author will consider the ability of the coatitg provide a good sacrificial
protection in comparison with the self-corrosioteraf the coating that should be
minimised. The galvanic corrosion will be addedhe self-corrosion following the
same procedure described by Mansfeld [38] anda@dyreised for the steel substrate.
The importance of the equivalent weight and the siignof the sacrificial
compatibility coating will be explained in the calation of the metal loss from the

galvanic corrosion expressed in terms of current.

The overall discussion will provide useful guidelnexplaining different approaches
in the choice of sacrificial coating for steel swate or for the selection of a
compatibility coating for the assembly.

In the second case it will be explained as tweceddit criteria that can be considered
and the coating that could behave either as saalifito both the assembly
component or could have a potential in betweertwltecomponents. In this second
case the coating will act as a compatible coatimgmising the total corrosion of the
system bronze-coating-aluminium but without totgdhgventing the corrosion of the

aluminium component.

4.1 SELECTION OF SACRIFICIAL COATINGS FOR HIGH
STRENGTH STEEL SUBSTRATE

The first part of this project was to extend tHe bf the commercial 984 SermeTel

coatings by additions of more active particles e and Mg without significantly
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increasing the risk of hydrogen re-embrittlemersit thban be caused by more active
coatings. Zn and Mg addition to aluminium coatihgse been studied before [22]
by the addition of Mg and Zn ions to ion-beam-dssisieposition coatings, which
proved to be beneficial in improving the sacrifigmotection of the coatings. The
sacrificial protection of the high strength stedbstrate was evaluated and compared
with the reference coating to be replaced — thetmlplated cadmium coating.
Together with the modified commercial 984 SermeTeiee more coatings were
included in the project; the IVD aluminium that Hseen previously proposed [7, 40-
42] as an alternative to cadmium and a 984 Sermeiflebut chromates, in order to
evaluate the importance of the presence of chranatethe 984 binder. An
additional coating similar to the unmodified 984t beontaining 100% 7075
aluminium alloy particles was included in the grooipalternative coatings to be
studied in order to compare the characteristicsthef coatings produced with
aluminium/zinc and aluminium/magnesium particleghva coating produced with

aluminium alloy particles containing Zn and Mg deyang elements.

4.1.1 Extent of the problem

Commercial aluminium 984 SermeTel coating has bstemied before as an
alternative to cadmium replacement but concerns haisen about its sacrificial

protection characteristics and tendency to paseivét].

Electrochemical tests and marine atmosphere ex@dssts carried out in previous
work [1] have shown that the coating is prone tespate and not able to provide the
same protection as electroplated cadmium. In thegkwa 12 month marine
atmosphere exposure test on scribed 984 SermeTeklactroplated Cd showed
signs of red rust on the SermeTel scribe marksscZibed panels did not display any
signs of corrosion degradation either on their ae$ or on their scribed marks.
Differently from the SermeTel 984, the electroptht€d was able to provide
protection to the substrate in the scribed regidme signs of red rust on the 984
SermeTel scribed regions showed that the coatingpisable to provide sacrificial

protection for the same period of time as elecatgal Cd.
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Laboratory tests carried out at Cranfield Univegrsit 3.5% NaCl solution have

shown that SermeTel 984 does not remain suffigieatttive for the same duration as
electroplated cadmium. The potential of electragdaCd in 3.5% NaCl solution,

-800mV vs. SCE, can be considered as a refereneatml to be achieved by the
alternative coatings in order to provide similacr#fecial protection to the steel.

4.1.2 Corrosion potentials of the alternative coatings

Table 16, Table 17 and Table 18 show the initiaklfand average potentials of the
coatings during the test. Together with the averpgeentials over ten days, the
standard deviations have been calculated to ewathat stability of the potential in
the same period. Addition of zinc or magnesium l@dethe potential of the
unmodified coating but only the 50% Zn, the 30%Ad/Mind the 50%AIl/Mg
remained significantly more active than the unmedi©84 until the end of the test,
as seen Figure 12, Figure 15 and Figure 19 inaestil.1.

Coating 50%Zn | 10%Zn| 3%Zn  0.5%Zn 50%AIl/Md 30%Al/Mg FI725
mV(SCE) -1110 -1020 -760 | -750 -1250 -1150 -720
Coating VD1 VD2 IVD3 | 7075 CR984 El Cd

mV(SCE) -750 -750 -760 | -720 -700 -820

Table 16. Initial corrosion potential of the coatirgs

Coating 50%Zn | 10%Zn| 3%Zn 0.5%Zn 50%AI/Md  30%Al/Mg FI725
mV(SCE) -1050 -770 -760 | -750 -1040 -940 -690
Coating VD1 VD2 IVD3 | 7075 CR984 El Cd

mV(SCE) -740 -740 -760 | -730 -740 -800

Table 17. Corrosion potential of the coatings aftel0 days
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Coating 50%Zn | 10%Zn| 3%Zn  0.5%Zr 50%AI/Md 30%AIIMg FI1725
mV(SCE) -1070 -810 -790 790 1090 970 680
St Dev % 1.0 4.7 6.2 7.6 5.3 7.1 20
Coating VD1 VD2 IVD3 | 7075 CR984 El Cd

mV(SCE) 810 740 790 -730 -780 -810

St Dev % 8.8 2.2 7.0 3.6 5.5 0.4

Table 18. Corrosion potential average in ten daysmal standard deviation in
percentage

The initial corrosion potentials of the 984 coatingnodified by the addition of
magnesium are more active than the SermeTel 984remd than the electroplated
cadmium. The addition of magnesium particles ledh same effect as the zinc
particles but with an increased effect due to theagr activity of magnesium
compared to zinc. At the end of the test, all #mec or magnesium modified
coatings were more active than the commercial 98¢tlae standard deviation shows

that the coating with more active particles wasergiable during the test.

After 10 days only the 50%Zn, the 50%Mg/Al and 88®6Mg/Al resulted in more
activity than the electroplated cadmium. The IMiating showed an initial potential

more active than the 984 but the values becamerctditer ten days of exposure.

The corrosion potential tests carried out on th&57€bating showed that the zinc and
the magnesium contained in the alloy, not as differparticles, did not have the
same effect on the modification of the SermeTel p8tentials. The 7075 coating
corrosion initial potential was slightly more adithan the SermeTel 984 (-20mv)
but at the end of the test the 7075 was less athiga the 984. In the 7075
commercial aluminium alloy, the zinc is normallyntained in percentages between
5.1 and 6.1 in weight and the magnesium betweemr2d12.9 in weight. The small
addition of less active elements such as coppeepten a composition of 1.2-2.0%
in weight could, in part, mitigate the effect oktimagnesium and zinc addition. In
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the past [22] it was noted that addition of magmasiand zinc by addition to
aluminium coating with a ion-beam-assisted depamsi(iIBAD) shifted the corrosion

potential of the pure film to more active values.

The elimination of chromium from the 984 binder diegatively affect the tendency
to passivation of the coating. The test showed tifatinitial corrosion potential of
the 1725 coating was 20 mV more active than thenceroial 984 but at the end of
the test the chromium free coating was 50 mV lesiseathan the 984, far from the
electrochemical potential of the electroplated cadm In terms of final
electrochemical potential, the CF1725 showed thstlactive potential.

The corrosion potential measurements have shown tha potential of the
unmodified 984 is not as stable as the electroplasimium which is by far the
most stable coating. The 984 was very active duthefirst 5 days of the test.
Although this behaviour seemed to be related toctieing activity during the first
days due to the active surface, on the basis dhaltests on the modified SermeTel
coatings, it seems it could be also related tgptlesence of chromates in the binder.
This seems to be suggested by the behaviour ofltt@nium free 1725 — the only
coating that did not show any active behaviouhm first days. This coating showed
a very stable corrosion potential but probably was active enough to provide a
sufficient sacrificial protection to the steel. Wdiugh it has not a sufficiently active
potential, the CF 1725 would be an optimum coatorgfurther development of a
chromium free coating. Its stable potential couddldwered by the addition of zinc
and magnesium which have been shown to work indingstion.

The standard deviation shown in Table 18 is a Ugasfwmameter to express the
stability of the electrochemical potential durinigettest. It shows that a greater

addition of active particles tends to stabilise ¢berosion potential.

4.1.3 Summary of self-corrosion rates

Corrosion currents have been integrated over thppsxe time to calculate the
charge passed as a function of time. The totalgehdensity passed in ten days is

proportional to the metal loss through constanthsas the element valence and the
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metal density. At this stage the total charge phsdter ten days is an important
parameter to be linked to the composition of thatiogs. Figure 145 shows a
comparison of the charge passed for all coatingk this can be regarded as an

indicator of the relative rates of self-corrosiontal loss.

Of the zinc containing 984, the highest charge itfersccurred in the 50%Zn
composition and reduced systematically with lowerczcontents. Similarly, the

addition of Mg/Al powders increased the charge pdss

Charge density over 10 days of test (Coulomb/cm”2)
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Figure 145. Total charge density passed by self-gosion of coatings in 10 days
in quiescent 3.5% NacCl solution

The self-corrosion rate of 7075 was particularighhipresumably due to the effect of
copper rich precipitates and other intermetallics the microstructure. These
intermetallics are presumably [43]AluFe that may serve as a local cathode in the
evolution of localised corrosion of aluminium allé@75 and is capable of sustaining
oxygen reduction reactions at rates of several fedsdofpA/cm?. It is thought that
while the 7075 is less likely to passivate than,384 rate of self-corrosion would
limit the coating life. Interestingly, the 1725 ohme free had a higher charge density

than the chromium containing 984.
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Of the three IVD coatings, the wax layer on IVD2aared to have acted as a barrier

and reduced the charge density.

High self-corrosion rates are generally unwanted thee coatings. The galvanic
corrosion of the coatings to the steel represdmsctrrent provided by the coating
for protection; the self-corrosion rate has onlg #ffect of limiting the life of the
coating. In section 4.1.10 the galvanic corrosibthe coatings will be compared to
the self-corrosion rate in terms of charge den$&tyccessively the same comparison

will be made on the basis of the metal loss.

4.1.4 Appearance of red rust

A summary chart of galvanic measurements afterdayeof exposure is shown in

Figure 146. The time of the comparison was choseone day to be able to

compare the coating before any of the coatinghersteel panels showed signs of
corrosion. Higher zinc contents resulted in morg&vacaverage potentials in the first
day. Excluding the potential of the 0.5%Zn 984isipossible to identify a trend in

the addition of the more active particles, zinc amagnesium, with the current and
the mixed potential of the coating during the fataly.

As expected, the more active potentials generallyesponded to higher galvanic
currents being supplied to the steel — this prowgjda greater degree of corrosion
protection. This protection has been compared bitipy the time of appearance of

the first red rust and within each category of cwpthere is a fairly systematic trend.
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Figure 146. Average coupling potential during theifst day, average current
over the first day and time of appearance of signsf red rust.

For example, the higher zinc contents corresporiddtie longer times to red rust.
Of the Mg containing coatings, the 50%Mg coatindg hdonger time to red rust than
the 30%Mg coating. The 7075 coating performed wvegl} in this aspect, although it
was noticed earlier that the self-corrosion rateilvdimit the coating life. The three
IVD coatings all performed well but cadmium hacekatively short time to red rust,
due, it is thought, to the high rate of self-comos In each case the life of these

coatings could be improved with the use of an gmpate passivation treatment.

4.1.5 Hydrogen re-embrittlement risk

From the Weibull plot in Figure 147 it is clear tlaastatistical analysis is necessary
to distinguish between different mean failure timésve consider as an example the
0.5%Zn984 and 3%Zn984 coatings, the means of ttméailure for these coatings
were 11.1 hours and 11.7 hours. We would like tovknf these two coatings
promote different amount of hydrogen re-embrittleimee. if the different amount of

Zn really influences coating characteristics othié difference in the two means
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simply belongs to a normal statistical variationttoed mean. The Student’s t test, on
the basis of the two means, their standard dewvisttemd the number of specimens
tested for each set of coatings, allows an assedsaiewhether the two sets of

coatings really belong to different populations.

SSRT Weibull Plot

0.0 ‘ ——UNCOATED
N —8=HT 243°C 24h
CR984
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Figure 147. Weibull Plot of all the coatings

The five 50%Zn 984 specimens tested failed in aerage time of 9.03 hours
showing evidence of hydrogen re-embrittlement. 50§/ 984 specimens failed
with an average of 8.56 hours and 30%Mg/Al 984 v@étG2 hours. IVD coatings
showed better results with 14.49 hours for 1IVD1,183for IVD2 and 13.19 for
IVD3. However, the coating showed evident signsust after the test, suggesting
that the good results (in terms of re-embrittlehgmbbably hide a low corrosion
cathodic protection. The SEM analysis on some ef 3ISRT IVD specimens after
the test, has shown a large area of the specimerewhe coating has been removed.
Since the electrochemical tests had not shown @cpkar problem with the IVD
coating, this suggests that the coatings might Ihagdemechanical characteristics and
are unable to follow the specimen deformation dutire SSRT.
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Embrittlement indices have been calculated fromdiqn 26 to provide a more
practical value to compare the different coatirtgewever, the number itself could
lead to wrong conclusions if not supported by distteal test. It is important to
provide the embrittlement indices together withtatistical test on the different
distributions. Student’s t-test was selected topsupanalysis of the embrittlement

indices.

El =1- thcoated 26
Ttf

uncoated

Re-embrittlement indices are shown in Figure 148%B6Ig/Al 984 has shown a
higher index than 30%Mg/Al 984 as expected. 9848680 has shown the highest
re-embrittlement index, 0.41, among the Zn modifeedtings tested as expected
from its active electrochemical potential. 50%Mg884 has shown the highest re-
embrittlement index, 0.44, among all the coatiregged also as expected according

to its potential, as the most active among alldb&tings tested.
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Figure 148. Re-embrittlement indices of all the cdang.

When using the Student’s t-test to study whetherdibtributions of results belong to

different populations, the level of confidence that affirmation must be declared.
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By increasing the level of confidence it becomesrendifficult to be able to
distinguish between different sets of coatingsayér number of specimens for each
set would be useful to increase the level of canfak. The following tables show
the results for the Student’s t-test for all thatangs, compared with the uncoated
specimens, the HT 243 and the electroplated cadmilima tables have been made
using a =0.05, i.e. a level of confidence of 95%. Whenah# is green it means that
the Student’s t-test has shown that, with a levetanfidence of 95%, the two
distributions of results belong to different pogidas. In this case, it appears that
compositions influence their behaviour to hydrogerembrittlement. The power of
the test3=0.1, must be taken into consideration when the twdridigions do not
belong to different populations. If this is the €asis possible to assert that with a

power of the test of 90% the two distributions Ingl®o the same population.

Uncoated | HT

Uncoated

984 50M 1725 IvD1 VD2 IVD3

984 30Mg Cd Plated

Uncoated

Table 19. Student’s t-test on time to failure meanfr a 95% level of confidence.
Green=coatings distributions belong to different ppulations; Red=coatings
distributions do not belong to different populations

In Table 19 the comparison between the uncoatecimpas and the HT shows that
that the two distributions belong to the same pafpah with 90% of probability.

This means that the heat treatment at’@éBius did not cause hydrogen re-
embrittlement in the steel. Since all the Sermed@htings were cured at this
temperature this allows for the exclusion of anfe@t of re-embrittlement caused

by the heat treatment.

The same table shows that, compared to the uncstget] all the coatings caused
re-embrittlement in the steel, except the IVD1.vAB be explained later, the IVD1
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aluminium detached from the steel during the SSRDpably because of bad
adhesion to the substrate, and the absence of batdement can be attributed to
this. The IVD2 and IVD3 remained probably in pataehed or close to the substrate

because of the additional external wax and PFTErsay

984 984 0.57r984 3Zn | 984 10Zn 984 50Zp 984 30MgB84 50Mg

Cd Plated

7075 1725 VD1 VD2 IVD3

Table 20. Student’s t-test on time to time to failce means for a 95% level of
confidence. Green=coatings distributions belong tdifferent populations;
Red=coatings distributions do not belong to differat populations

Table 20 shows the results of the Student’s tfimsthe electroplated Cd and the
alternative coatings. Comparing the test with thlewation of the re-embrittlement
indices shown in Figure 148, there is a probabitfy95% that the three IVD

coatings can cause less re-embrittlement and time gaobability that the 50%2Zn

984, the 30%Mg 984 and the 50%Mg 984 can cause regmbrittlement. The test
shows that on a statistical analysis a small agidibf zinc to the commercial 984 did
not lead to an increase in the risk of re-embrnidat compared with cadmium. The
same result was obtained with the three coatingsowi addition of zinc, i.e. the

7075, CF1725 and the 984.

4.1.5.1 IVD coating detachment

IVD coatings showed unexpectedly good results ims$eof re-embrittlement but all
the IVD series coating showed evident signs ofasion during the SSRT. Despite
the fact that this coating had not shown such aadagosion during the corrosion
tests, the SSRT in the 3.5%NaCl solution seemebetowery demanding for the
coating. SEM analysis has shown the almost totsg¢ate of re-embrittlement in the
IVD1 and this was probably due to a severe detaohrokthe coating from the
substrate that has reduced the cathodic proterah the amount of hydrogen

produced. Figure 149 shows the surface of one 'BBRT specimen after the test
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with the mapping of the iron. Several similar aregse found everywhere on the
specimen surface that might suggest a severe detsthof the coating during

deformation.

Other works for the study of Cd replacement by ahiumm based coatings have
shown that the IVD aluminium has shown poor adhesib this coating on high
strength steel substrate [44]. In the cited repbe coating showed “significant

flacking/peeling” damages as a result of the betitsion test.

Figure 149. IVD1. Secondary electrons SEM image dhe left and iron mapping
on the right. Bias 15kV.

4.1.6 Effect of applied cathodic potential

The results of the re-embrittlement test were camegbawith other studies on
SermeTel coatings, electroplated cadmium and elgletied aluminium. In a
previous work [4] the effect of hydrogen re-emlbeitient on AISI 4340, caused by
holding uncoated specimens at a range of cathatenpals in 3.5% NaCl solution,
was compared with the amount of re-embrittlemenised by the application of a
sacrificial coating on the steel substrate as shiowFigure 150. The mean times to
failure were compared with the potential applied tlee uncoated specimens and

with the coating potentials for the coated specsnen
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Figure 150. Comparison of mean failure times for spcimens with freely
corroding coatings and applied cathodic potentialsirom [4] fig.7 p.31.
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Figure 151. Comparison of mean failure times for spcimens with freely
corroding coatings and applied cathodic potentials.
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The same comparison was made in this work andebelts are shown in Figure
151. Like in the work cited some of the coating8%#/1g, 30%Mg and 50% Zn

caused less re-embrittlement than the equivaletgngial applied to the uncoated
steel. Many others caused more re-embrittlemenglyaelow the applied potential
curve. The point above the curve can be explaineddnsidering the effect of the
coating barrier mentioned by the author while, rdep to explain the presence of
points under the curve, an additional mechanismdbexists with the consideration

of the barrier effect of the coating will be propdsn the next section.

When considering the hydrogen re-embrittlementaaited high strength steel under
tensile stress, the extent to which re-embrittlenoecurs in a particular test depends
on several factors [39]:

a) the electrochemical potential of the coating #redresulting couple potential with
the steel

b) the presence of through-thickness flaws in teting, which leave areas of steel
exposed

c) the rate of hydrogen uptake by the exposed steel

d) hydrogen transport and trapping within the steel

e) the susceptibility of the steel’s microstructtoerack initiation and propagation

The electrochemical potential of the coating arel idsulting couple potential with

the steel is one of the parameters that deterrhmarnount of hydrogen produced in
the reactions. Furthermore the steel and coatirghage current densities also
determine the amount of hydrogen produced on tlestwfaces which is responsible

for the re-embrittlement. This will be discussedriare details in section 4.1.7.

The presence of through-thickness flaws in theiogatvhich leave areas of steel
exposed, increases the area of substrate expodbe tmrrosive environment. The
substrate exposed in correspondence with the gpfidéiws is directly exposed to the
hydrogen accelerating hydrogen uptake in these.digss porous coatings give the

advantage of leaving fewer areas of the steel edés corrosion with an added
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advantage in the life of the coating, reducingha& $ame time the number of sites
where the steel is directly exposed to the hydrogen

The rate of hydrogen uptake by the exposed stiel,hydrogen transport and
trapping within the steel and the susceptibilitytefmicrostructure to crack initiation

and propagation are characteristics belongingédcsttbstrate and common to all the
specimens. Therefore, they are not responsibléhrdifferences in hydrogen re-

embrittlement observed between the different cgatiested.

4.1.7 Effect of the exchange current density on the hyenore-

embrittiement

When considering an aluminium coating and a stelestsate, the hydrogen density
produced per unit area is higher on the steel timathe coating. In this situation, an
uncoated specimen, held at the same potentiakoédivalent coating should suffer
a higher re-embrittlement than the coated specink@m.instance, the sample G7075
in Figure 151 failed in 9.7 hours with a potentadl -694 mV (SCE) while the

uncoated specimen held at the same potential hargdiwed any re-embrittlement,
failing in 20 hours. In this case, if the hydrogemoduced on the aluminium was
higher than that produced on the steel, a coatiitly & bad barrier effect to the
hydrogen would let the hydrogen permeate and eaedyh the steel substrate,
increasing the re-embrittlement. Figure 152 showsillustration of a similar

situation for an aluminium coating on the steel sétdie. The exchange current
density of the aluminium is T0times smaller than that of the steel, so everhén t
case of a fast permeation through the coating tgkeh re-embrittlement would

remain unexplained.

The exchange current density values are dependethteamaterials as reported from
different authors [45, 46].
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Figure 152. Effect of the exchange current densitgn the hydrogen production.
Eo is the equilibrium electrode potential at the pH & the experiment

The plot in Figure 152 has been drawn using a nibexperimental values and
literature values and is meant to be an illustratithe exchange current density for
following the reaction

H*+e =H 27)

was considered to be 1X¥®mp/cnt for the coating and 1X10Amp/cnt for the
steel. These values are reasonable if considelumgigum or zinc coatings on the
basis of the data that can be found in literattadl¢ 3.2, p.98 [46]]. The mixed
potential Eqr used in the illustration and the value fgylis -500 mV vs. SHE and
4X10° Amplcnt are the experimental values for the couple siéBl/aluminium.
The free corrosion potentials and the free corrosiarrent in the example were also
taken from the experimental result for the steel B/D aluminium.
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4.1.8 Increase of the amount of the hydrogen absorbé#ueiporosity
of the coating

The amount of hydrogen formation, adsorption andsequential absorption has
been proposed by many authors [28, 47-49] and teghdoy others [39, 50]. The
mechanism has been proposed to follow a reactipnesee at the cathode surface in

the form:

FeH,, 01 - H, +Fe

~

H,O0" +e+Fe 00 - FeH,, @ - FeH,,

Figure 153. Hydrogen formation, adsorption and absgtion on the steel
substrate

where FeHp refers to adsorbed hydrogen on the metal surfaebls refers to

absorbed hydrogen directly beneath the metal seirfac k, and kg, are the rate

constants for the corresponding reactions.

This mechanism shows that after hydrogen is addodoethe metal surface, two
possible reactions may take place: firstly the sghent absorption of hydrogen
below the metal surface which could be a revergibteess; secondly, the reaction
with additional atomic adsorbed hydrogen to gerenmalecular hydrogen that
escapes from the metal surface.

The new mechanism is based on that proposed bprthaous authors but it also

considers the effect of the coating’s porosity loa ¢quilibrium reactions and the role
of the partial pressure of the hydrogen in the gjasve the solution entrapped in a
pore and how that would increase the amount of dgain absorbed. Inside the
porosity, the hydrogen can remain trapped withsalteg increase of its pressure. A
bubble of hydrogen that is generated into a smadélnoporosity connected to the
external through a thin capillary, should, to escéfom the pore, have a pressure

greater than the external partial pressure of tltiedgen plus an additional pressure
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necessary to win the surface tension of the salutiadhe capillary. Smaller radius of
the capillary would result in a greater additioqakssure. In the situation the

mechanism described in Figure 153 should be coexbles follows

v H,+Fe

H*+e+Fe FeH, ' pH,
AN

FeH,z

where the rate of the reaction 1 is controlledhatequilibrium, by Equation 28

1 1 (28)
- [Fe]solid [{pH,)? _ (pH,)?
" ylFeHy|  ylFeH,]

and the reaction 2, at the equilibrium, by Equagé.

— Vz[FeHAB] (29)
“® plFeH,,]

If the pressure of the hydrogen increases, AoeWlill consequently reach the new
equilibrium. From the second equilibrium FgHwill also increase, amplifying the

risk of re-embrittlement.

When comparing two coatings with a different numiskepores of the same size, the
substrate covered with the more porous coating avéail in a shorter time. On its

surface a larger number of sites, with a conceotradf hydrogen absorbed higher
than the uncoated steel held at an identical palemtould increase the amount of
hydrogen that permeates into the steel causirfgiltse.

A change in the area of steel exposed to the solikirough the porosity would not
change the current density of the cathodic reaafotme hydrogen on the steel and
the hydrogen produced inside the pore per unit reéfa awould be the same.
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Theoretically a different number of pores contaimetivo different coatings, all with
the same shape and dimension, would all reachigdmondition at the same time

and the more porous coating would be disadvantageouhe substrate.

A different cause of the modification of the hydeogentry kinetics into the steel,
proposed in the literature, is known by the genégitns “cathodic poison” and

“cathodic promoter” [51].

Different authors have reported that hydrogen enity steel in the presence of
promoters is facilitated by formation of a promotgdride [52, 53], which thereby
weakens the Fe-H bond. The order of effectivenéfiseopromoters studied [52] is S
> P > Se > Te > As, but the authors refer, in tpablication, to previous studies in

which a different order was found.

SermeTel coating contains phosphates in the bibderf this could explain the
results for these coatings, the high re-embrittienoe Cd electroplated, compared to

the charged uncoated specimen would remain unegalali

4.1.9 Advantage of the use of aluminium in terms of mkiss

The corrosion rate of the coating expressed indeyfimetal loss is dependent on the

charge density; the equivalent weight and densishown in Equation 30.

[EqWeight (30)
Density

) |
CorrosionRate= -

Table 21 reports the equivalent weights and thesitlerof the pure elements
contained in the coatings. The calculation of tagos EqWeight/Density and the
gain of the coatings compared to Cd, calculateti ®guation 31, is shown in Table
22.
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Physical characteristics Equivalent Weight (g/eglént) Density (g/cR)
Cadmium 56.2 8.6
Aluminium 8.9 2.7

Zinc 32.7 7.14
Magnesium 12.2 1.7

Table 21. Physical characteristics of some of theaim elements of coatings

GainOnCadrium = (EqWeight Density ¢ ,.i,, — (EqWeight Density) c.qmium 100 (31)
(EqWeight Density) c.gmium

EgWeight Density EqgWeight/Density | Compared to
(g/equivalent) | (g/cn) (cm*equivalent) | cadmium

Aluminium 8.9 2.7 3.3 -49%

Zinc 32.6 7.1 4.5 -29%

Cadmium 56.2 8.6 6.5

Magnesium 12.2 1.7 7.1 +10%

984 50% Zinc-50% Al| 20.8 4.9 4.2 - 35%

984 10% Zinc-90% Al| 11.4 3.1 3.6 -44%

984 3% Zinc-97% Al 9.7 2.8 3.4 -47%

984 0.5% Zinc-99.5% 9.1 2.7 3.3 - 48%

Al

984 50% Mg/Al 9.6 25 3.8 - 40%

984 30% Mg/Al 9.3 2.6 3.6 - 44%

Table 22. Physical characteristics of the coatingf the calculation of the metal
loss

In the calculation of the metal loss, mixed valbagse been used for the 984 coatings
modified with zinc and magnesium, using a weightezgan, where the weights are

the composition of the aluminium, zinc or magnesilims interesting to note that
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the aluminium has the smallest EQWeight/Densityu@awith 3.3 while 6.5 is the
value for the cadmium. In the calculation of thetahdoss from the current,
aluminium would lead to a metal loss -49% smalemtthe value for the cadmium

and the other coatings whose values are shownhle 2.

Considering the same protection provided by alummmiand a cadmium coating
there is an advantage, in terms of metal losssingualuminium coatings to increase
the durability in service. The results in Tablea2 plotted in the bar chart in Figure
154. This is a theoretical calculation assuming phetection in terms of current
provided by the coatings is the same.

100

80

60

40 + 1

- Percentage (%)

20 A

° []

-20

Figure 154. Decrease of metal loss of the alternaé aluminium-based coatings
compared to electroplated cadmium in terms of metdlss expressed in
percentages

4.1.10 Total corrosion

The total corrosion of the coatings was calculdtg@dding the self-corrosion to the
galvanic corrosion. Figure 155 and Figure 156 reploe calculation in terms of
charge density and metal loss. The results wergaoed after one day, before any
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of the coatings showed any signs of corrosion. Alsaddition of the active element
seems to be insufficient to improve the galvaniotgetion provided by the 984.
Among all the coatings, the highest galvanic pridd@cwas provided in order by, the
50% Mg 984, the 50% Zn 984 and the IVD1. It is impot to note that in this test
the IVD aluminium is not exposed to any mechans@éss and it would be a
mistake to analyse this result together with thdrbgen re-embrittlement test. In
fact, the IVD coatings showed the ability to pravid good protection for the steel
but because of the poor adhesion of the coatirlge@ubstrate it was not possible to

evaluate the amount of re-embrittlement that theuld cause to the steel.

O Self corrosion
B Galvanic corrosion
O Total corrosion

Charge density over one day (Coulomb/cm?)

/\/(\ QS /\/Q\ /\/(\ O @Q /\<’) chv

e

o7k g g A SR QD Q >
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> g ™ ™ > S QS
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SR F & ¢
SN R R R4

Figure 155. Charge density for self-corrosion, gabnic corrosion and total
corrosion calculated over a period of one day

For the reasons discussed previously, when caicgl#te total corrosion in terms of
metal loss, the cadmium coating has the disadvandag to its equivalent weight
and density. This leads to the conclusion then ewdarge addition of zinc or
magnesium, which could provide very good cathodiotgrtion, would be

competitive with the cadmium in terms of duratiarservice.
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Figure 156. Metal loss for galvanic corrosion andatal corrosion calculated over
a period of one day

4.1.11 Selection of the coating

On the basis of the results obtained during theeexental work, three values have
been determined as fundamentals for the selectioeo alternative coating, the
appearance of red rust, the self corrosion rate thadhydrogen re-embrittlement

indices. These values are summarised in Table 23.
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Appearance of red rust inSelf corrosion rate Hydrogen re-
the galvanic test (days) In metal loss in ten embrittlement index
days (microns) (ED
984 50% Zn 9 1.29 0.41
984 10% Zn 9 0.17 0.32
984 3% Zn 7 0.16 0.24
984 0.5% Zn 5 0.12 0.27
984 50% Mg/Al 10 0.41 0.45
984 30% Mg/Al 5 0.29 0.44
984 6 0.18 0.36
CF 1725 25 0.27 0.35
7075 9 1.15 0.37
VD1 9.5 0.41 Coating detachement
VD2 9.5 0.21 Coating detachment
IVD3 9.5 0.40 Coating detachment
Electroplated Cd 5.5 2.25 0.32

Table 23. Appearance of red rust in the galvanic &, metal loss caused by self-
corrosion rate and hydrogen re-embrittlement indices

The three IVD coatings, although they performed Iwel terms of cathodic

protection and without showing (as in the casénefl¥D2) an excessively high self-
corrosion rate, cannot be compared with the otloatimgs and considered as an
alternative to electroplated cadmium because of feor mechanical adhesion that

led to the coating detachment from the steel satestturing the SSRT.

During the test. the CF 1725 showed a very stabtenpial but was not sufficiently
active to provide a good protection. The time gfegrance of red rust was measured
in 2.5 days and is the lowest value recorded.dliscerrosion rate was greater than
most of the zinc modified 984 coating with the gt of the 50% Zn. In terms of

re-embrittlement, the coating did not show an Hbssantially different from the
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electroplated cadmium so there would be no advantaghe replacement of the
cadmium with this coating.

The 7075 was an interesting coating. It showed gumtiodic protective coatings
with El not greater than the electroplated cadmiurits performance is penalised
by the high self-corrosion rate. Compared to cadmibis value is still lower, as a
consequence of the better ratio EQWeight/Densdyighfavourable to the aluminium
coatings, and lower than the 50%Zn 984 that alsavel a similar El. Although
there is a difference between these two coatingsartl values, the Student’s t-test
between the couple has shown that there is nstitati difference between the two
means. Comparing the 7075 with other coatings pravided similar cathodic
protection, such as the 10%Zn 984, the 7075 wadillchave the disadvantage of the

high self-corrosion rate that would limit the dumatin service.

The zinc modified 984 coatings showed interesting @onsistent results with trends
depending on the different addition of zinc paesclThe appearance of red rust, and
the El increased with the increase of zinc padiotentained in the coating as
expected. The self-corrosion of the coatings stidbwed a trend linked to the amount
of zinc but with an increase of the coating selfrgsion rate for the coating
containing more zinc. A greater addition of zina gaovide longer protection to the
steel but increases the self-corrosion of the ngasind the risk of hydrogen re-
embrittlement. Although the Student’s t-test haswam that among the four zinc
modified coatings only the couple 50%Zn 984/3%Z4 @8d 50%Zn 984/0.5%Zn
984 are statistically different, the trend of thieckearly shows that the addition of
zinc causes more re-embrittlement and the samenaiised for the addition of the

Mg particles.

When comparing the results of the zinc modified 884tings with the original 984,
the addition of zinc greater than 3% or 10% butlenshan 50% can improve the
coating’s sacrificial protection characteristicsthwiut increasing the self-corrosion
rate and the El. By comparing the same coatings thi¢ electroplated Cd, all the
coatings can provide a smaller corrosion rate antbrager protection while

maintaining, apart from 50%2zZn 984, a similar rigked. The values calculated for
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the EIl indices seem to suggest that the 50%Zn @84ed more re-embrittlement
than the cadmium. The Student’s t-test carriedwotlt a level of confidence of 90%
has shown that there is a statistical differendsvéen the electroplated cadmium
and the 50%2Zn 984 but not between the electropledddiium and the 10%Zn 984,
the 3%2Zn 984 or the 0.5Zn 984. Therefore an amoftininc between 50% and 10%
seems to be able to enhance the duration of thieodiat protection without

increasing too much the self-corrosion of the cagtiand the EI.

The addition of magnesium caused a similar effadhe 984 to the addition of zinc,
showing a positive trend between the additionshef dctive element and the self-
corrosion rate, the time of appearance of redandtthe EI. The 50%Mg/Al coating
provided the best protection to the steel, progdginotection until the end of the test.
The composition analyses of the magnesium 984 rggmthave shown that the
amount of magnesium in the coating is 20% for t©%B&Ig/Al 984 and 10% for the
30%Mg/Al 984. These two values were used to caleuthe metal loss of the
coatings from the measurement of the currents. Vbemaring the 50%Mg/Al 984
with the 50%2Zn 984, the first coating provided dtdresacrificial protection but at
the same time showed a lower corrosion rate. Desfsitgood corrosion behaviour
the El was, as for the 50% zinc coating, still ¢geahan the cadmium one and the

result was confirmed by a Student’s t-test witle\ael of confidence of 95%.

The three IVD aluminium coatings provided a verpdgaacrificial protection and a

self-corrosion rate comparable to the 50%M/Al 9&4cept for the IVD2 which also

showed a smaller self-corrosion rate. IVD aluminicoatings have been studied for
years as good alternatives for cadmium replacenSamhe coating manufacturers of
IVD aluminium refer to the coating as able to giwathodic protection almost

without causing any re-embrittlement to the st&anilar results were apparently
obtained during this study but a further analydishe IVD coating on the tensile

specimen after the test has shown that the goadises terms of re-embrittlement

were in reality caused by poor adhesion of theiegdb the steel which left the steel
almost without protection because of the detachroktiite coating.
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4.2 SELECTION OF THE COMPATIBILITY COATINGS FOR
ALUMINIUM/BRONZE ASSEMBLY

4.2.1 Extent of the problem
Table 24 shows the average galvanic corrosion otgdat have been measured in
these tests between aluminium and the uncoatedzér@b8uA). This relatively

high current is an indication of the potential gesb that needs to be overcome.

Current (1A)
Uncoated — Bronze/Aluminium coupling 258
IVD Aluminium 255
Passivated Cadmium 155
Electroplated Aluminium 147
Unpassivated Cadmium 141
Zn-Ni 135
984 1% Zinc 133
984 5% Zinc 128

Table 24. Current averages over the first three dgs.

4.2.2 Effect of applying a coating

Coating the bronze has been shown to reduce theageegalvanic current to
approximately half its previous value. In additidhe coating became the anode,
instead of the aluminium, which was then sacrifigiprotected. Table 24 shows that
the average anodic currents on the coatings werpiigé similar, for the first three
days, with the exception of the IVD aluminium. Hox@e over a ten day period the

average currents began to differ. The reasonhéset changes are described below.
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4.2.3 Comparison of the charge produced by each coating

The charge produced by the coatings in protectiegatuminium and exposed areas
of bronze are compared in Figure 157. The grapHiroos that all the coatings,

except the IVD, had similar behaviour for the fitstee days.
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Figure 157. Total charge density provided by the @aiings during the galvanic
test.

At three and five days, the charge produced byB84-and the 984-5Zn levelled off
and no further anodic current was produced by tlees¢ings. It is thought that the
formation of corrosion products on the surface #mel presence of the inorganic
binder acted as a barrier to the aluminium and padicles in the coating and

prevented further corrosion from taking place.

It can also be seen in Figure 157 that the Zn-Mitiog produced no further charge
after 9 days’ exposure. This is thought to be aduthé selective dissolution of zinc
from the coating and progressive ennoblement dilee@nrichment of nickel. After
nine days the Zn-Ni coating was no longer anodith® aluminium and sacrificial
protection ceased.
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The high rate of charge production from the IVDnalnium coating was quite
different from that of the other coatings. It isokwn that this coating has high
porosity and the effective surface area, at whiehanodic reaction took place, was

therefore higher than on the other types.

4.2.4 Time to coating reversal
The loss of sacrificial protection provided by tB84-1Zn, 984-5Zn and Zn-Ni
coatings is confirmed by the results in Table 2&jclv shows the times at which

polarity reversal took place and the aluminium beedhe anode.

Pass Cd| UnCd 984 1% 7Zn 9845% Zn  Zn-Ni IVD El Al
1% test No rev No rev 3 days 4 days 9 days No rev reNlo
2"%test | 4 days No rev 3 days 5 days 8 day No rev reMo
3%test | Norev No rev 7 days 9 day 9 days No rev &No r

Table 25. Summary of times to current reversal

The behaviour of passivated Cd (test 2) is regaegedntypical. In contrast to the
three zinc containing coatings listed above, teetebplated Al, IVD aluminium and

unpassivated Cd remained protective to the alumirduring the entire test.

4.2.5 Potentials of the coatings

A further factor that influences the extent of dagal protection conferred by the
coating is its potential, compared to that of tHemanium. The Open Circuit
Potentials (OCPs) after one day of testing are @etpin Table 26. All of the

coatings were sufficiently active to sacrificiayotect the aluminium.
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Coating Aluminium Bronze

984 1% Zinc -675 -612 -261
984 5% Zinc -753 -670 -326
Electroplated Al -998 -567 -208
IVD Al -1036 -585 -231
Passivated Cd -811 -633 -295
UnpassivateCd -782 -580 -242
Zn-Ni -802 -605 -242

Table 26. OCPs of the coating, aluminium and bronzafter one day of testing.

The potentials after 10 days are shown in TableV2ith the exception of the 984-
1Zn, the 984-5Zn, the Zn-Ni and passivated Cd{tladl coatings had more active

(electronegative) potentials then the aluminiumer€fore, they acted as anodes, as

intended.

Coating Aluminium Bronze
984 1% Zinc -611 -799 -260
984 5% Zinc -751 -822 -345
Electroplated Al -951 -585 -225
IVD Al =721 -599 -242
Passivated Cd -477 -806 -287
Unpassivated Cd =773 -575 -334
Zn-Ni -570 -652 -261

Table 27. OCPs of the coating, aluminium and bronzafter ten days of testing.

984-1Zn, 984-5Zn and Zn-Ni had more active poténfiar the first three days and
the values reported here (-611, -751 and -570 nGE{}pindicate that after 10 days
they had become noble to the aluminium (-799, -82@ -652 mV (SCE)) and that

polarity reversal had taken place. After ten dtyes potential of the electroplated
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aluminium was still exceptionally active, indicainthe excellent sacrificial

protection that can be expected from this coating.

4.2.6 Corrosion control

The polarisation behaviour test has shown thattmesion is often under cathodic
control. 984-1% Zn has shown anodic control, 984-Bfband the electroplated
aluminium have shown mixed control and all the rieing coatings have shown
cathodic control. Table 28, Table 29, Table 30 @able 31 summarise the results

obtained from the polarisation curves.

The tables report the OCPs of the bronze, the alwmi and each coating measured
after one day. The tables report the mixed potsnitietween the coupled aluminium
and the bronze and finally the mixed potentialsveen the three coupled coatings.
The last line of the table reports a comment raggrthe type of corrosion control

observed.
7i-Ni VD
QOCP Bronze oOCP QOCP Coating OCP Bronze QCP QOCP Coating
mV (SCE) Aluminmum mV mV (SCE) mV (SCE) Aluminium mWV mV (SCE)
(SCE) (SCE)
=227 -599 -242 -599
Al and Bronze mixed potential my -T4 &1 and Bronze mixed potential m -728
(SCE) (SCE)
=594 =593
Mixed potential my (SCE) Mized potential mV (SCE)
-T2 =700
Cathodic control Cathodic control

Table 28. Zn-Ni and IVD coatings OCPs and mixed pentials after one day.
Type of corrosion control after one day.
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Passivated Cadoium

Unpassivated Cadmimm

OCP Bronze OCP OCP Coating CCP Bronze QOCP OCP Coating
m¥ (3CE) Alminmm my m¥ (3CE) my (3CE) Ahminum my m¥ (3CE)
(SCE) (SCE)

-295 -633 -334 -575
Al and Pronze mixed potential mWV -B12 Al and Pronze mixed potential mV -TES
(SCE) (SCE)
-633 -572

Mixed potential m¥ (3CE)

Mixed potential m¥ (3CE)

787

S

Cathodic contral

Cathodic contral

Table 29. Passivated Cadmium and Unpassivated Cadam OCPs and mixed
potentials after one day. Type of corrosion controafter one day.

084 1% Zn 084 5% Zn
QOCP Bronze oOCP QOCP Coating OCP Bronze QOCP QOCP Coating
mV (BCE) Aluminum my mV (BCE) my (3CE) Aluminum my my (SCE)
(SCE) (SCE)
-257 -fil5 -326 -670
A1 and Bronze mixed potential my -631 &1 and Bronze mixed potential my -753
(SCE) (SCE)
603 -663
Mixed potential my (SCE) Mized potential mV (SCE)
-62d -713
Anodic contral Mized control

Table 30. 984-1% Zn and 984-5% Zn OCPs and mixed pentials after one day.
Type of corrosion control after one day.
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Flectroplate d aluminium

OCP Bronze OCP OCP Coating
m¥V (SCE) Aluminmm mV mV (5CE)
(SCE)

-225 -585
Al and Bronze mized potential mV -951
(SCE)
=585

Mized potential mV (SCE)
-T2E
Mized control

Table 31. Electroplated aluminium OCP and mixed pantial after one day.
Type of corrosion control after one day.

Although some of the coatings have shown cathodiitrol, the corrosion currents
have shown different values. Theoretically, whedarcathodic control, a variation
of the mixed potential should not change the valithe corrosion current. In this
situation, due to the diffusion of the oxygen thgbuhe solution, the cathode has
reached tha.iln practice, in the author’'s experimental cormuhi§, the cathodic curve
does not reach its vertical limit, showing a negagradient that is responsible for
different values of currents resulting from theensection with the anodic curves.
The corrosion of the anode is dependent on thesixtéon of the anodic curve with
the cathodic curve. The gradiefibf the cathodic curve has been calculated in -661
mV/decade in the case of IVD aluminium after ong dé testing, assuming the
linearity in the region of interest. This value Haeen calculated from the cathodic
curve of the couple aluminium/bronze in Figure t@@sidering the gradient of the
line intersecting the points;593 mV; 42 A) and B (-939 mV; 140u A). This
particular case has been chosen to calculate dmiegt of the galvanic curve. All
the coatings have been coupled to the same catllodenium/bronze and for this
reason the value calculated from the VD plod hesnbalso used for the calculation
related to the other coatings.

In particular this plot has been preferred to otbhecause of the wide difference
between the mixed potential of the three panels d@hd OCP of the

aluminium/bronze couple cathodic curve.
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This value has been used for a prediction of theosmn current from the measured
mixed potential. The current | has been calculaigdg equation 32 and the results

are shown in Table 32

logl =(E-E,)/ B +logl, (32)

where B and b, equal to -622mV and 128A, are the mixed potential and the
corrosion current of the last coating in the tabhe 984 5% Zinc that has been
chosen arbitrarily as the starting point for thdcation. Table 32 shows the

comparison between the calculated values for theegcuand the measured one over
ten days of testing. Apart from the IVD aluminiuhrat has shown a current that is
particularly high when compared to the calculatdte trend of the calculated

currents for the other coating is close to thedrefithe measured data. An important
error in the calculation is thought to be relatedhte value of3 that to simplify the

calculation has been considered constant over imenduration of the test.

Mesured mixed | Calculated Measured
potential (mV) current (1A) current (1A)
Uncoated — Bronze/Aluminium coupling 258
IVD Aluminium -876 309 255
Passivated Cadmium -760 206 155
Electroplated Aluminium =737 190 147
Unpassivated Cadmium -766 211 141
Zn-Ni -766 211 135
984 1% Zinc -633 133 133
984 5% Zinc 622 (B 128 128 (§)

Table 32. Comparison between calculated current ancheasured current on the
basis of the experimental Tafel constant

The situation explained is illustrated in Figure8 l&here the brown curve represents
the cathodic curve of the IVD aluminium obtainednfr the polarisation behaviour

test after one day. The two anodic lines, in lighie and yellow are only illustrative
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for two different cases. The dashed blue line rsgmes the vertical trend of the
cathodic curve when controlled by the dissolutiébthe@ oxygen in the solution. In
this situation the interception of the yellow arme tight blue line with the dashed
line would lead to two different mixed potentialst the same value of the current. In
our experimental conditions, in the range of inkpton with the anodic curves, the
experimental cathodic line has a very high gradoeritnot infinite, leading to values
of currents that are still considerably differeft.the illustration the interception
between the brown and the yellow line is BA and -720 mV (vs. SCE); the
interception between the brown and the light blone Is 128uA and -855 mV (vs.
SCE). The interception with the dashed line wolddbBUA and 740 mV (vs. SCE)
for the yellow line and 6RA and -900 mV (vs. SCE) for the light blue line.

The illustration leads to the conclusion that acrease of the cathodic control leads
to a general decrease of the corrosion currentereergl decrease of the mixed
potential and to values of the currents closeh®limiting |. This also means that,
when under cathodic control, the activity of thathag plays a secondary role as its
dissolution is controlled by the cathode. In pragtiin our experimental conditions,
this situation has not been really reached and ractige coatings have provided a

greater current to the cathode.
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Figure 158. lllustration of the effect of the cathdic curve gradient on the
corrosion currents compared with a situation of complete cathodic control
(dashed line)

4.2.7 Lifetime of the coatings
The coatings are depleted not only by providingriBa@l protection to the
aluminium but also as a result of self-corrosiomhe total corrosion metal loss,

expressed as the sum of the galvanic and selfsiorrccontributions, is shown in
Figure 159 and Figure 160.
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Total corrosion after 3-days exposure

O Self corrosion
B Galvanic corrosion
OTotal

Metal loss (microns)

984 1% Zinc 984 5% Zinc ZiNi Electroplated IVD Aluminium Passivated Unpassivated
Aluminium Cadmium Cadmium

Figure 159. Total corrosion after 3-days’ exposuréefore reversal of any
coating took place.

Total corrosion after 10-days exposure

o

3

O Self corrosion
@ Galvanic corrosion
OTotal

I

Metal loss (microns)

N w

[N

984 1% Zinc 984 5% Zinc ZiNi Electroplated IVD Aluminium Passivated Unpassivated

Aluminium Cadmium Cadmium

Figure 160. Total corrosion after 10-days’ exposure

Figure 159 shows the metal loss after 3-days’ exygoBefore reversal of any coating
took place. The results might be expected to belainfor each coating as the
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charges produced were shown to be similar in Figls&. However, when
expressing corrosion in terms of mass, rather tduerent, higher values are seen for
the cadmium and Zn-Ni compared to the aluminiunmetasoatings. The reason is
the higher mass of these coatings and the Cd, dnNarhaving a valency of 2

compared to 3 for Al.

Figure 160 compared the metal loss after ten daythis case, lower values are seen
for the two 984 coatings as they only acted as eséat the first 3-5 days of the test.
Referring again to Figure 157, the 984-1, 984-5 dned Zn-Ni are considered the
least favourable coatings as they failed to provmletection to the aluminium
throughout the test. Of the remaining coatings patlvided satisfactory protection.
The choice, therefore, is between the two cadmiwplacements; IVD and
electroplated aluminium.

The very low self-corrosion rate and the lower ltotetal loss of the electroplated
aluminium are both favourable properties. In additiits active potential and dense,

pore-free structure make it a good choice.

4.3 OVERALL DISCUSSION

In the selection of a sacrificial coating to higheagth substrates it has been seen
that the following characteristics are importanttfte selection:
- the coating electrochemical potential must bevacin order to provide
protection to the steel
- the coating self-corrosion rate to extend tfeeih service of the coating
- the ratio equivalent weight/density of the cogtmust be low to minimise
the metal loss when considering equal sacrificiatgrtions
- the porosity of the coating should be minimiseihcrease the barrier effect
of the coating and to minimise the accumulatiorhgdrogen in the porosity
that would consequentially increase of the amotfihydrogen absorbed.
In the selection of the coating for the bronze/ahium assembly there are two
different approaches that can be followed for thlection of the coating. The first,
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on which the discussion has been based, is sitailine one for the high strength
steel substrate. The best coating has the followlragacteristics:
- active potential to provide good sacrificial fgction both to the aluminium
and to the bronze component
- low self-corrosion rate to minimise the totalrosion of the coating and to
extend its life in service
- low ratio equivalent weight/coating density tinimise the metal loss of the
coating and extend its life in service
On the basis of these considerations the Serme®elified 984 coatings with a
small addition of zinc have shown to be good ad#@wes to cadmium for the high
strength steel substrate coating, and the eleetiegplaluminium seems to be the
most suitable coating for the substitution of thadmium in the case of
bronze/aluminium assemblies. The electroplated aum has not been tested for
the steel substrate but it might result in a gobber@ative for that application and

should be tested in the future work.

A second alternative approach for the selectiothefcompatibility coating has been
suggested by some of the results obtained duriageperimental work. The 984
1%Zn and the 984 5%Zn after a few days reacheceatfal position” between the
aluminium and the bronze without exchanging anyenirwith them. This unusual
behaviour suggested an alternative approach wéltdlating that is not more active
than the two other components and exchanges veayl gralvanic currents with
them. In this different situation the coating caverost of the bronze thus avoiding
contact with the aluminium. The only galvanic caiom in this situation would be
between the big anodic area of the aluminium amrdstimall cathodic area of the
bronze, which would be exposed in correspondendbeopossible damages of the
coating. In these conditions, and if the corrosisnunder cathodic control, the
dissolution of the anode (aluminium component) widag proportional to the area of
the cathode that is relatively small. AccordingMansfeld and Kenkel [54] the

corrosion current density on the aluminium, in ttase the anode, would be:
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A:-L AC (33)

Ig Ioz AA

Whereig2 is limiting c.d. for diffusion of oxygen on the brpe that is constant and it

is dependent on the material. If the coating istaking part in the corrosion and its
effect is only to reduce the area of the cathodmosed, in condition of diffusion
control, it would result in being beneficial to th&minium, because its corrosion

would be proportional to the area of cathode exgose
The two cases can be summarised as follows:

a) the coating is the only anode, the aluminium tiledoronze are both cathodes.
If the electrochemical potential of the coatingriere active than the potentials
of the bronze and the aluminium, the coating wdaddthe only anode. In this
condition the galvanic corrosion that would occatvieen the uncoated bronze
and aluminium is completely “transferred” to theirainium. The coating is
now giving protection to the same area of aluminiama to the small area of
bronze not covered by the coating.
In these conditions, with the areas considerechénexperimental work, that
have been assumed as representative of the raditioos, the corrosion on the
coating would be smaller than the corrosion onaflaeninium coupled with the
uncoated bronze.
In this case an increase in the area of the expbsexdze could cause a
significant increase in the corrosion on the coritydéy coating.

b) the coating is in a neutral position and therahium is the anode.
If the coating has an electrochemical potentiabelto the mixed potential of
the coupling aluminium-bronze without the coatiftgwould exchange very
small galvanic currents with the two other materibhdded to the couple.
In these conditions, the coating would cover mdsthe bronze, leaving a
smaller area of the cathode exposed, with an adgarfor the corrosion of the

anode as described by Equation 33. The galvaniosion would be on the
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aluminium but considerably reduced if compared whig situation without the

compatibility coating.

In case (a), the coating is coupled to a small af@astrong cathode, the bronze, plus
a large area of a weak cathode, the aluminium.calse (b) the coating does not
exchange any galvanic current and the aluminiue atiode, is only coupled to the

small area of the strong cathode, the bronze.ase ¢a), the additional disadvantage
for the anode would be its more active electrocleaimpotential compared to case
(b), as the coating must be more active than batbtonze and the aluminium to be
the cathode. In terms of total galvanic corroswminthe system, case (b) is

advantageous.

Depending on the applications of the compatibiitating, the two cases, (a) and (b)
can be considered desirable or not. In the speaggembly setup studied in this
project, even a small amount of corrosion on tlenalium component is undesired
since the aluminium one is a structural componémtother situations, a small

corrosion on the uncoated component could be telérand the use of a coating
with a potential in between the potential of theotether components could be
beneficial in the reduction of the total galvaniorrosion of the system. These
considerations clearly depend on the use of the ¢twmponents and on the
possibility of replacing the less noble componexther than the coating and on the

costs involved.

Despite practical considerations, it seems cleair tte perfect compatibility coating
used to cover the cathode in a galvanic assemiolyldhhave a potential in between
the two components. In particular this potentiabidd be very close to the mixed
potential of the two components coupled withoutdbating, taking into account the

reduction of the area of the more noble componiet the coating has been applied.
The use of a sacrificial coating as a compatibitibating is an interesting use that

must be conveniently selected or designed by chanigs electrochemical potential

to make it compatible with the assembly considered.
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The two cases studied in this project show theerkfit uses that can be made of
sacrificial coatings on the basis of specific neadd applications by trying to limit
the side effects caused by the hydrogen, in the cha high strength steel substrate,
or to limit the galvanic corrosion between the adslg of two components acting

more as a compatibility coating.
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5 CONCLUSIONS

5.1 ALTERNATIVE SACRIFICIAL COATINGS FOR HIGH
STRENGTH STEEL SUBSTRATE

[A] Additions of small quantities of alloying elemis were effective in improving
the corrosion performance of commercially availa@®984-LT coating. They
avoided the tendency to passivation and in somescastended the times at which

red rust appeared.

[B] Addition of zinc particles systematically lowest the potential of the coatings,
increased the sacrificial current to protect exdoaeeas of steel and extended the

time of protection. Similar effects were observathvaddition of Mg/Al powder.

[C] IVD coatings performed well both in terms oflg@nic protection of the steel

substrate and in the self-corrosion rates.

[D] 7075 displayed promising corrosion potentialst ted to a high rate of self-
corrosion which would limit the coating life. Siraily the self-corrosion rate of the

Cd coating was high.

[E] Despite the improvements in corrosion perforoeprovided by the addition of
Zn particles, no increase in re-embrittlement @& ligh strength steel substrate was

observed during corrosion of the coatings.

[F] All the coatings showed self corrosion ratesalien than electroplated cadmium
although aluminium. Over a period of ten days ahiomh 7075 coating and
SermeTel 984 5% Zn showed the greatest corrosides rbbut smaller the
electroplated cadmium. The self corrosion ratesevi2et microns/year for cadmium,
1.1 microns/year for the aluminium 7075 and 1.2S3ermeTel 984 5% Zn. All the
remaining coatings showed self corrosion rateslsmiddan 0.4 microns/year.
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[G] In terms of galvanic protection all the coasngxcept CF1725, SermeTel 984
0.5% Zn and SermeTel 984 30% Mg, performed bétian electroplated cadmium,
increasing the time of appearance of red rust fiobndays to 9 days in the case of
SermeTel 984 50% Zn SermeTel 984 10% Zn and alumi7075, 9.5 days in the
case of IVD coatings, 10 days in the case of Saind®Co Mg.

5.2 ALTERNATIVE COMPATIBLE COATINGS FOR
ALUMINIUM/BRONZE ASSEMBLIES

[A] Each of the coatings investigated was effective reducing the galvanic
corrosion between bronze and aluminium and in pliogi sacrificial protection to

the aluminium.

[B] The charge produced by all the coatings in @cbhg the aluminium was similar
for the first three days, with the exception of th® aluminium, due to its porosity
and higher effective surface area.

[C] The effectiveness of the zinc-containing cogsginvas lost when polarity reversal
took place: 984-1%Zn (3 days), 984-5%Zn (5 day9);14%Ni (9 days). The
aluminium and, in general, the cadmium coatingsaiaed protective during the

entire 10-day tests.

[D] The aluminium coatings displayed lower ratesmdtal loss than cadmium, due
in part to their higher charge capacity (valencyptompared to 2 for Cd) and their
lower density.

[E] Both the aluminium coatings offered the advaeteof a very active initial

potential close to -1000 mV (SCE) and, in the aafsthe electroplated aluminium,
this was maintained for most of the test period.
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[F] The very low self-corrosion rate of the elegiated aluminium, combined with
its active potential and dense, pore-free structuekes it a good alternative to

cadmium for this application.

5.3 GENERAL CONCLUSIONS

[A] The project has shown that the same coatings lma used with a different
approach on active substrate or noble substrate.

In the case of active substrates, which have baogtosion rates, the use of a coating
with a more active potential is beneficial to paitthe substrate from the corrosion,
providing cathodic protection. The amount of prtitat provided has to be balanced
with the self-corrosion characteristics of the amato find the optimum compromise
between corrosion protection, duration of the ewgpin service and, in the case of

HSS, the risk of hydrogen re-embrittlement.

[B] In the case of noble substrates, which are |@sse to corrode than active
materials, the use of a metal coating is recomneendeen the noble material is in
contact with a more active component and galvanicosion could occur. In this
case the noble material can be covered with a mctiee coating, which would act
as a compatibility coating, reducing the galvanarrasion between the noble

component and the active component.

[C] The potential of the compatibility coating staile as close as possible to the
potential of the active material in the couplinghisl would reduce the galvanic
corrosion between the active component and thangpathe possibility to select
coatings with potentials slightly more active asdective than the active component

has been evaluated in the project.

[D] A coating more active than the active matenabuld reduce the galvanic

corrosion between the two components. In correspocel of possible damages on
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the coating surface, with consequent exposure allsareas of the noble substrate,
the coating would provide sacrificial protectionthe active component avoiding its
galvanic corrosion. This approach is important wtiem active component needs to
be preserved from galvanic corrosion, while a ¢eaount of galvanic corrosion is

considered acceptable on the coating.

[E] Nevertheless, in terms of minimisation of tlmtat galvanic corrosion between
the noble component, the active one and the cobiligticoating, it has been shown
that a coating with a potential slightly more aetihan the active component would
be beneficial. In this case the ideal potentialtteg coating would be the mixed
potential generated by the surface areas of thectwmponents in contact. For the
noble component, the surface area to be considdredld be the one eventually

exposed in correspondence of damages on the cdntipatioating.

5.4 FUTURE WORK

From the findings of this research programme sévearportant topics have been
identified which should be investigated furtheonder to use these novel aluminium
based coatings in service.

[A] Beneficial effects of a nickel layer beneath saificial coatings for HSS

A thin layer of nickel electrodeposited onto higineegth steel before applying a
coating of cadmium could virtually eliminates theolpem of hydrogen re-
embrittlement. The reason for this improvementat the nickel acts as a barrier to
hydrogen generated during corrosion of the cadnsonthat little hydrogen enters
the steel. The diffusion coefficient for hydrogén nickel is 8 x 13° cms?
compared to a value of 2 x 1@ms’ for the unprotected steel.

Whether a nickel layer is also effective in corlingl hydrogen re-embrittlement
caused by corrosion of aluminium-based sacrifictabtings could be further
investigated. Whether this approach has any dettmheeffects should be
considered. For example, could the nickel layereaskly affect the corrosion of the

steel component when the sacrificial coating apgresa the end of its life?
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A nickel layer could be electrodeposited as a nigteke and its effect on both
SermeTel metal particle and IVD aluminium coatingsld investigated.

[B] Study of chromium-free aluminium coating modified by additions of active
elements for HSS

CF 1725 would be an optimum coating for furtherelepment of a chromium free
coating. Its stable potential could be lowered lxy addition of zinc and magnesium

which have been shown to work in this direction.

213



APPENDIX

A) INTERPRETATION OF POLARISATION CURVES

Figure 161 shows the polarisation curves of a 24 pamel of copper and 8 ém
panel of steel. The corrosion is under cathodidrobrthe reduction reactions on the
cathode have reached their limit and they cannadiroat a higher rate. This is shown
by the fact that an increase in the area of thel@nim Figure 162, does not change
the current. The cathode has reached its limigims of the number of electrons that
can be consumed by the reduction of the oxygenontrast, an increase in the area
of the cathode, shown in Figure 163, increasedctireent exchanged, because a
larger cathodic surface would be able to consumgesater number of electrons in
the cathodic reduction of oxygen. It can been gbanh in this case, some anodic
polarisation has occurred and the current showssswf being limited by the
concentration of metal ions (E¥ accumulating at the anode. Situations where
polarisation of both the cathodic and the anodaxctiens takes place are termed

mixed control.
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Figure 161. Polarisation behaviour curves betweeropper and steel. Area steel
24 cnf, area copper 8 cri
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Figure 162. Polarisation behaviour curves betweeropper and steel. Area steel
48 cnf, area copper 8 cm
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Study of the corrosion control makes it possibleevaluate whether the protective
coating would be able to provide more current withohanging its potential. It
shows whether the corrosion of coated componerdsrisinated by the effect of the
environment or by the coating itself. In a situatio which the corrosion process has
already moved to a mixed control, as in the siimtshown in Figure 163, an
increase of the area of the cathode would movenied potential to a more noble

value with a consequent decrease of the proteptiovided to the anode.

Polarization behaviour curves
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Figure 163. Polarisation behaviour curves betweeropper and steel. Area steel
24 cnf, area copper 24 crh

The implication in the case of diffusion controsHzeen studied in literature [54] and

they showed, as in the example, that the galvadlcigz with respect to the cathode

is independent of the area ratio since

—C _:L AC 34
I, =1S(E,) =i5 A (34)
and
I (35)
A—i:i;::ioL = const
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where A° is the area of the cathodbc‘f(Eg)is the cathodic current on the cathode,

icL,Z is the limiting c.d. for diffusion of oxygen.

The galvanic c.d. with respect to the anode isrilesd by:

c (36)
i :iL(1+A—J

iA :iC :iL (37)
so that

c (38)
i2 =i;(1+%j

B) STERN-GEARY VALUES

The Stern-Geary values used in the calculatiomefcbrrosion rate were calculated
from the Tafel coefficientsoand k. These values cadmium [1] and for aluminium
[55] are shown in Table 33

s, mV be, mV B
Cadmium - - 16
Aluminium 45 600 18

Table 33. b and b values used to calculate the Stern-Geary constants

The same values were used for all the Al-basedngstin the work it was chosen
to use values published in the scientific literattather than measuring the values by
mean of potentiodynamic scan measurements. Therimygwal difficulties in the
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determination of the correct values to be usediloutation of the corrosion rates are
listed below:
- the anodic and cathodic constantsaibd 3 change over time
- bais not linear
- the diffusion control of the cathodic control makekfficult the
determination of p
For these reason it was preferred to refer to phbt values that are the results of

comparisons between different published studies.

C) WEIBULL MODEL OF FAILURE TIMES

It is common for replicate hydrogen embrittlemesdts carried out under apparently
identical experimental conditions to result in aga of times to failure due to the
variation in the number, size and distribution ofcrostructural defects in the

specimens. For this reason, Weibull statistics wssd in order to distinguish

between the effects of each of the experimentahlybas.

For a Weibull model the probability,s,Fof a specimen not failing within time t is

given by equation 39

o= 1-p= e (39)

where R is the probability of failure and x is a shapegmaeter termed the Weibull
slope, which represents the probability per umitetithat during time t a crack will
develop in the specimen of sufficient size to caadare. The value of x gives the
scatter of failure times and is an indication of tlange of defect sizes within the
specimens. The termis the minimum crack incubation time below whitlere are
no failures (i.e. whend= 1). A schematic plot of failure times is shownHigure
164.
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Figure 164. Schematic Weibull plot of failure times
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