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Abstract

Corrosion is one of the major damage problems met in aircraft structures that can significantly affect
its structural integrity. Accumulated corrosion damage on ageing aircrafts may lead to premature
failure of the aircraft components due to interactions with other forms of damage such as fatigue
cracks. The increasing demand of aeronautic industries for reduction of energy consumption and
increase in payload led the material engineers to the development of light-weight materials with
improved mechanical properties in several parts of the aircraft structure. Thus, the development of
third generation Al-Cu-Li alloys took place. Some of their advantages that make them preferable than
conventional Al-Cu aluminium alloys are the low density, improved specific strength, high stiffness
to weight ratio and good corrosion resistance. However, it is of major importance for all aircraft
structural components to withstand corrosive environments while continuing to perform at optimum
levels after long-term operation (simulating natural ageing). The ageing-induced thermomechanical
transformations in old aircrafts significantly influence their corrosion behaviour with the corrosion-
induced degradation to be irreversible unlike mechanical properties degradation which can be
reversible with special treatments. Hence, it is crucial to identify the corrosion degradation
mechanisms on aircrafts in order to give feedback for the development of anti-corrosion protection
methods and enhance aircrafts structural integrity.

The present Thesis aims to identify the corrosion-induced degradation mechanisms of Al-Cu and
Al-Cu-Li alloys and correlate these mechanisms with corrosion-induced degradation of mechanical
properties. Higher emphasis is given on ductility which is evaluated through elongation at fracture
As. Comparison of Al-Cu against Al-Cu-Li alloys is performed during the whole Thesis in order to
highlight the potential of Al-Cu-Li alloys and justify the replacement of Al-Cu alloys in aircraft
structures. Towards these objectives exposure of specimens to different corrosive environments was
performed and both the corrosion kinetics as well as the residual mechanical properties were
investigated through immersion tests, electrochemical tests (electrochemical impedance
spectroscopy-EIS, potentiodynamic polarization), microscopic examinations (e.g., light optical
microscopy, stereoscopical analysis, scanning electron microscopy-SEM, transmission electron
microscopy-TEM, micro X-ray computed tomography-XCT) and mechanical tests (tensile, fatigue,
fracture toughness).

Different embrittlement mechanisms were noticed for the different corrosive solutions for both
Al-Cu and Al-Cu-Li alloys. Grain boundary embrittlement was evident at specimens exposed to
EXCO solution, which lead to secondary cracking formation, while intergranular and transgranular
corrosion were present at 3.5 wt. % NaCl solution. Corrosion degrades all aspects of the tensile

behaviour of AA2024-T3 at a higher level and rate compared to the respective degradation of
[xi]



AA2198-T8 at long exposure times, where pitting corrosion mechanism takes place. Regarding
elongation at fracture, AA2024-T3 was found to degrade at much higher rates even at short exposure
times where hydrogen embrittlement is possibly the dominant degradation mechanism.

Synergetic effect of micro-cracks and hydrogen embrittlement was revealed in Al-Cu 2024-T3
alloy. Hydrogen embrittlement on AA2024-T3 specimens corroded on both surfaces was found to
contribute to approximately 27% of the ductility (4f) decrease while micro-crack formations to the
rest 73%. Different corrosion attack mechanisms were noticed for the different exposure times and
the different surfaces of the alloys. Depth of micro-cracks increases with increasing exposure time to
exfoliation corrosion (EXCO) solution and for the single-sided corroded specimens of AA2024-T3
this depth is essentially higher than for the respective half-corrosion exposure time for the both-sided
corroded specimens. Pitting corrosion on both surfaces of Al-Cu-Li 2198-T351 alloy was noticed for
the short exposure times while two cases of corrosion damage were noticed for long exposure time
(= 24 hours): a) the formation of corrosion-induced surface cracks on the small side-surfaces along
with transition to exfoliation on the large surfaces due to grain boundaries delamination and b) the
accumulated corrosion products on the large surfaces. Regarding Al-Cu 2024-T3 alloy, pitting
corrosion within grain boundaries was evident for short exposure times, while connection of
corrosion-attacked sites along with cracking between the grains, was the dominant corrosion
degradation mechanism for long exposure times. AA2024 was found to be more sensitive to side-
surfaces corrosion attack, where a contribution of approximately 60% to the total Ar decrease was
noticed for short exposure times, while accumulated corrosion on large surfaces (L/LT) is more
critical in ductility decrease regarding Al-Cu-Li 2198 alloy.

AA2024 showed high responsiveness to microstructural transformations due to artificial ageing
heat-treatments since both the electrochemical behaviour and the mechanical properties of the
different ageing tempers exhibited high differences, with the peak-aged (PA) specimens to be less
susceptible to corrosion evolution. However, this was not the case for AA2198 where no notable
differences between the different ageing tempers were observed regarding corrosion propagation. In
general, the advanced Al-Cu-Li 2198 alloy seems to be more corrosion resistant than Al-Cu 2024
both in terms of charge transfer resistance and Ar reduction rates; however, this superiority is more

intense in short exposure times where slight pitting formation takes place.
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Iepiinyn

H 514Bpwon eivar pio omd Tic onpoavtikdtepeg PAAPES TOV GLVAVTOVTAL GTIG SOUEG TV OLEPOCKAPDV,
LELOVOVTOG CIOVTIKA TNV SOLIKT TOLG akepatdtnta. H cvcowpevpévn d1dfpwon ota ynpackovta
0EPOCKAPN UTopel VoL 001 YNGEL GE TPOWPT ACTOYI0 TWV OOUKDV LEPDV TOVG AOY® TNG CUVEPYELNG
™G He GAAEG Lopég BLaPdv, dmmg etvar o1 pnypatmdcelg AOym kOTmong. Ot avEavOIEVES UTAITNOELS
TOV 0EPOVOVTIYIKAV BLOUNYOVIGV Yo Lelmon TG KATOVIA®MONG EVEPYELNS KOl 0DENGT TOV MPEALLOV
(QOPTIOV 0ONYNGE TOVG UNYAVIKOVG VAIKOV GTNV avATTLEN DAMK®V YapnAoy Bdpoug pe Peltiopéveg
unyavikég 1010mes. 'Etot, mpaypoatomomdnke n avantoén tov kpapdtov Al-Cu-Li tpitng yevidg.
Mepikd amd to, TAEOVEKTNUATA TOVG OV To KOOIGTOOV TPOTIHOTEPE OO TO GLUPOTIKA KpAuATO
alovpwviov Al-Cu elvar  younAn mokvotra, 1 Bertiopévn €01k avtoyn, N LYNANR ovoroyio
axopyiog mpog Papog kot  KoA avioyn otn odPpmon. Qotdco, eival TOAD oNUOVTIKO OAo TO
JOUIKA GTOLYEID TOV OEPOCKAPOVG VO AVIEYOVV G€ JPpwTiKd TepBdAlovta, evd cuveyilovv va
arodidovv ota PéAtioTo emimeda petd amd pokpoypovia Agttovpyio (TPOCOUOI®GT QUOIKNG
mpavong). Ov Bgpuopnyovikol pHeETOGYNUATIGHOT 7OV TPOoKOAOVVTOL OO TN YHPOUVON TOV
AEPOCKAP®V EMNPEALOVY CNUAVTIKE TN GLUUTEPIPOPA TOVS € dAPpmaon, e TV vIoPadcn Aoyw
daPpwong va givar un ovactpéyiun o€ avtifeon pe v vIoPAOoN TOV UNYOVIKOV 1O10THTOV TOL
umopet va etvar avactpéyun pe ewwég eneepyaciec. Emopévag, stvat onpovtikcd vo eviomiotodv ot
unyoviopol vroPaduong Adym dPpwong ota aepockden, ®ote v ovamtuyBovv pébodot
AvTOPPOTIKNG TPOSTACTOS KOl Vo eVIGYLOEL 1 SOUIKT OKEPOLATNTO TOV ALEPOCKAPDYV.

H mapovca datpiry otoyedel 61OV EVIOTICUO TOV UNYXAVICUOV VIToBabong A0y dtaPpmong
TV kpapdtov Al-Cu 2024 kot Al-Cu-Li 2198 kot 6tV 6uoY£TIoN TOVG LE TNV EMAyOLEVT] Od T
daPpwon vrofdduion Tov unyovikav wottov. Meyaldtepn pupacn divetal otnv oAKdTNTA, M
omoia mpocolopiletan and v mapapdpemon Bpavong Ar. Zoykpion tov kpapdtov Al-Cu pe ta
kavotopa kpdpato Al-Cu-Li npaypatoroleiton e 0An ) Awatpipn, mpoxeévou var avadeydel n
vrepoyn Tov kpapdtov Al-Cu-Li kot va dikatohoynBei 1 avTikotdotaon Tov GOUBITIKGOV KPAUAT®V
Al-Cu omd ovtd otig SopéS TV agpookapav. ['o v eEaymyr] avtdvV TV TANPOPOPIOV
nmpaypatoromOnke ékfeon dtypdtwv o€ dSapopeTikd doPpmtikd mepiPdAiovto Kot depevuvionkoy
TOGO M KWNTIKY ™S SAPpOonS 6GO KOl Ol EVOTOUEVOLGEG UNYOVIKEG 1O10TNTEC HECH OOKIUMV
eUPATTIONG, MAEKTPOYNUIK®OV  OOKIUAV  (QacHatookomioo. MAeKTpoynukng  eumédnonc-EIS,
TOTEVGLOOVVALIKT TOAWGT)), LIKPOGKOTIKMV AVOADGEMV, LETAALOYPAPLAOV (T OTTIKT MKPOCKOT0L,
OTEPEOCKOTIKY AVAAVCT, MAEKTPOVIKY] WKPOOSKOTio olpwonc-SEM, MAEKTpovVIKY] UIKPOGKOTIN
petadoonc-TEM, pikpookomikny topoypaeio aktivov X-XCT) xkabdg kot unyovikdv OoKILdV

(speivouds, KOT®ON, SLGHPAVCTOTNTA).
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Awpopetikol pnyoavicpoi gvbpavototntoac/yabvpomoinong mapatnpnonkoy oto S0POPETIKA
dwPpotikd dwAdpata 1600 Yoo to. Kpdpata Al-Cu 6co kar yw to kpdpato Al-Cu-Li. H
yabupomoinomn Tov opimv ToV KOKK®V NTav epeavig o€ delypato mov ektédnkav og dtdivpa EXCO,
70 0T010 0dNYEl OE GYNUATIGUO OEVTEPOYEVADV POYUDY, EVD TEPTKPVOTAAAMKY Kol EVOOKPLGTOAAIKN
dPpwon mapatnprnke oto ddAvpa 3,5 wt. % NaCl. H diafpwon vroPabpuilet to kpapo 2024-T3
o€ vymAdtepo eminedo kot puOud oe chykpion pe to 2198-T8, 660V apopd TIC UNYOVIKEG 1O10TNTES
EPEAKLOLOD, o€ PeYEAOLS YpOVOLG EkBeong OOV AapPdvel ydpa o uNxavicros S1dPpwong Le omés.
Oocov apopd Vv Tapapdpemon Bpavong, to 2024-T3 Bpédnke va vroPadbuiletar pe ToAd vynAOTEPO
pLOUO axoun Kol og PIKPOLG ypOvoug EkBeong 6mov 1 yabvpomoinon AOYw® O1dyvong VEPOYOVOL
etvat o xvplapyog unyavicpds vroPdduiong.

Y10 kpdpa 2024-T3 moapatnprinkKe cuvEPYELD TOV UIKPO-POYH®OV AOY®D ddPpmong Kot Tng
yabvponoinong Adym didyvong vopoydvov. H yabvpomoinon Adym dibyvong vopoydvov ce detypato
2024-T3 mov dwPpdbnkay kot oTic d0o empdveleg odnyel oe mepimov 27% pelwon g oAkipdT TG
(4r). Awgopetikol pnyoviopol vmoPaduong moapatnpnOnKay GTOVG SUPOPETIKOVS YPOHVOLG
AAPPp®ONG KoL TIG SIUPOPETIKES EMPAVELEG TV KPpapdtwv. To BAB0OC TV HKPo-poYU®OV avEAvETaL
ue v avénomn tov ypovov SdPpwong Kot yia ta Stafpopéva dokipa povig oyng (ddfpwon o pio
mAevpd/emedvela) ivor ovslaoTikd vyMAdTEPO omd Ta Safpopéva detypota apeimievpns oyng.
AuwPpwon pe oméc mapatnpnOnke Kot 6Tig dVO EMPAVELES TOL Kpdpatog 2198-T351 otovg pkpovg
rpovoug €kbeong, evd 0v0 meputtooelg PAAPNG mapatnpnOnkov ctovg peydiovg ypovovg (> 24
MOPEG): 0) 0 GYNUATICUOG EMUPAVELLKDV POYUDOV AOY® SAPPOONG OTIG LKPEG TAEVPIKES EMLPAVELEG
pali pe dtaPpwon amoPAoimong 6Tig LEYUAES EMPAVEIEG AOY® OTOKOAANGNS TOV OPlOV TOV KOKK®V
Kot B) cvecwpevpéva mpoidvta ddfpwong otig peydieg empaveles. Ocov apopd 1o kpdpa 2024-
T3, duaBpwon pe omég evidg Twv opimv TV KOKKOV EVIOTICTNKE GTOLS HKPOVS xpdvovg Ekbeong,
EVAD 1 CVLVOECT] TOV UIKPO-POYUADOV AOY® S1aPpmong NTav 0 Kupiapyog unyavicpuog vrofaduiong
oTOVG peydrovg ypdvoug ékbBeomng. To kpdua 2024 Bpébnke va givor mo gvaicOnto otn ddfpwon
TOV TAEVPIKAV ETPOVELDYV, OTOVL TTapaTnpONnKe supPoin mepimov 60% o1 cuvolkn peiwon g Ar
Y kpovg xpdvoug £KBeomg, evd 11 GLGGMPELUEVT OEPpwon oTig peydieg empdveteg (L/LT) eivon
mo Kpioyn ot peimon g oAkpdtrog yio to kpdpo Al-Cu-Li 2198.

To 2024 eanpedleTon ONUOVTIKG OO TOVG HETACYNUATIGHOVS TNG KPOSOUNG AGY® TEXYNTNG
YNPOVONGS, KOOMG TOGO M NAEKTPOYNUIKT] TOL GLUTEPIPOPAE OGO KOl Ol EVOTOUEVOVCES UNYOVIKES
010TNTEC GE JUPOPETIKEG KATUGTACELS YNPAVONG TOPOVGIOGOV VYNAES SL0QOPES, e T delypaTa
otV katdotacn péyomng ynpavons (PA) va etvar Aryotepo gvaicinta oty e£EMEN g dtaPpwonc.

Qo1660, 0wTd dev oyveL Yia o 2198. To kpdpa 2198 eaiveton va elvon To avOektikd ot StPpwon.
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Chapter 1

1 General introduction

The present chapter introduces the theoretical background and the motivation for conducting this
research. General information regarding aeronautical aluminium alloys, with emphasis on 2xxx
series Al-Cu and Al-Cu-Li alloys, and the corrosion problem on these materials is also given through
a brief literature review. Additionally, the research objectives as well as the outline of the present

Thesis are presented in the end of this chapter.
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1.1 Brief theoretical background

1.1.1 Aeronautical aluminium alloys

Due to the unique combinations of physical and mechanical properties, aluminium and its alloys
are considered as adjustable and cost-effective metallic materials for use in a wide range of
applications such as aviation industry, automotive industry, construction, electronic technology etc.
Commercially pure aluminium (at least 99% aluminium) is considered as relatively soft metal for
engineering applications; however, alloying with other metals significantly enhances its strength due
to microstructural transformations. One of the most important characteristics for the selection of
aluminium alloys as structural materials for aeronautic applications is the light weight. Additionally,
some other properties such as increased formability, high specific mechanical properties, high
strength to weight ratio, enhanced corrosion resistance, high electrical and thermal conductivity as
well as the well-established design methods and reliable inspection techniques, make aluminium
alloys the most attractive metals for the aircrafts [1].

Aluminium alloys are classified into two groups regarding the manufacturing procedure: wrought
aluminium alloys and cast aluminium alloys, with the former being more often used since it can be
formed by every known method (e.g., rolling, extruding, forging etc.). Wrought aluminium alloys are
further divided into non heat-treatable and heat-treatable. Heat-treatable alloys have improved
mechanical properties (e.g., hardness, yield stress) coming from the combined effects of solution
heat-treatment and subsequent natural or controlled artificial ageing that induce precipitation
hardening. Hardening by heat-treatment incorporates three basic steps: a) solution heat-treatment for
the dissolution of soluble phases, b) quenching for the formation of supersaturated solid solution and
c) artificial ageing for the precipitation of solute atoms. Aeronautical aluminium alloys of 2xxx (Al-
Cu) series are heat-treatable since their mechanical properties can be significantly improved by heat-
treatment. AA2024 is a 2xxx (Al-Cu-Mg) series aluminium alloy, with a copper content in the range
of 3.9-4.9% wt., which contains different nonequilibrium precipitate structures. These precipitates
are formed during ageing at temperatures lower than the equilibrium solvus temperature (= 500°C for
Cu content 3.9-4.9% wt.). At these temperatures the equilibrium state includes a solid solution, a (Al),
along with a phase 0 (Al,Cu) for Al-Cu alloys or S (Al,CuMg) for Al-Cu-Mg alloys. By heating the
alloy above the solvus temperature and then suddenly quenching in temperatures much lower than
solvus, supersaturated solid solution (SSS) is formed and the material needs the equilibrium two-
phase condition; then, the second phase precipitates are encountered by solid-state precipitation.
Hence, the requisition for the occurrence of precipitation hardening of supersaturated solid solutions

includes the formation of finely dispersed precipitates during ageing heat-treatments. However, in
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order to obtain maximum strengthening the temperature should also be lower than a metastable
miscibility interval named as Guinier-Preston (GP) zones solvus. The precipitation hardening system

of AA2024 follows the well-known sequence of [1]:
SSS — Guinier-Preston- Bagaryatsky (GPB) zone/S” — S" — S (Al,CuMg) phase.

The GPB zones are ordered solute-rich clusters of atoms in the form of disks. They are deformed
regions of the matrix lattice which maintain its structure and are fully coherent with it. These zones
are metastable and dissolve when precipitation of a more stable phase tales place, thus leading to a
precipitate free zone around the stable phases. GPB zones is possible to be formed prior to the
equilibrium phase and/or coexist with the equilibrium phase. The strain fields that formed around
these particles, as a result of the discrepancy in size between the solvent and the solute atoms,
contribute to an increase in materials strength by impeding the dislocations movement. With
increasing artificial ageing time or temperature phase transformations take place that further increase
the strength up to a maximum level (peak-ageing condition), where fully coherency of the precipitates
with the matrix is evident; however, with further increase of ageing time or temperature semi-
coherent phases are formed leading to the final stage of equilibrium S phase which is non-coherent
with the matrix and as a consequence reduces the material’s strength (over-ageing condition) [ 1].

The second-phase precipitates are divided into shearable and non-shearable with respect to the
mechanism that blocks the dislocations movement. The shearable are those in fully coherency with
the matrix where high strain fields are developed around them and contribute to dislocations
movement retardation. As the dislocation shear the particle at the slip plane, it destroys the perfectly
ordered crystal lattice structure of the particle. The affected deformed region that is created is called
the anti-phase boundary (APB). The boundary energy is high so that the resulting strengthening is
significant. The non-shearable precipitates are usually large and widely spaced phases incoherent
with the matrix. These phases can be bypassed by dislocations through a mechanism called Orowan
loop. The dislocations surround these phases and finally bypass them leaving loops around them. The
yield strength of the alloy in this condition is low but the rate of work-hardening is high, and plastic
deformation tends to be more uniformly distributed throughout the grains [2].

Regarding Al-Cu-Li alloys, that were developed to replace the conventional Al-Cu alloys due to
higher specific strength and specific modulus of elasticity, the intermetallic particles which are
formed during precipitation hardening include ¢’ (AlzL1), 8’ (Al2Cu), S (Al,.CuMg) and T (Al>CuL1)
as the major strengthening phases. The precipitation sequence for Al-Cu-Li alloys with Cu/Li = 2.5—

4 follows the reactions:

o (SSS) — GP zones — GP zones + o' — 0"+ 0'+0'— o'+ T1 — Ti.
[3]



During the first stages of ageing, the metastable o' phase precipitates, and further increasing of
ageing time or temperature results in the formation of the equilibrium 0 (AlLi) phase. Some of the
advantages in Al-Cu-Li alloys are caused by the fact that the coherent with the matrix ¢’ phase remain
in this stage even after extensive ageing. However, the major strengthening phase of these alloys is
the T with a hexagonal crystal structure. It is preferably nucleated on dislocations, grain and sub-
grain boundaries, GP zones, dispersoids such as Al3Zr, as well as inside grains. The lower
contribution of ¢’ phase to ductility and toughness, due to heterogeneous slip as well as creation of
precipitate free zones (PFZs) caused by the presence of equilibrium ¢ phase, led to the development
of third generation quaternary (Al-Li-Cu-Mg) alloys that promote the nucleation of semi-
coherent/incoherent phases such as T1 which lead to homogenized slip caused by dislocations [3].

Regarding the effect of ageing on the mechanical behaviour of aluminium alloys, several
approaches have been used in laboratory scale — including artificial ageing heat-treatments [4]-[8] —
in order to accelerate the microstructural kinetics and simulate natural ageing. Alexopoulos et al. [9]
investigated the effect of artificial ageing conditions on the precipitation kinetics, tensile and work
hardening behaviour of AA2024-T3; an essential increase on yield stress up to the peak-ageing
condition along with a simultaneous decrease of elongation at fracture, due to precipitation of S-type
particles, was noticed. Additionally, an essential effect on hardness is referred by Astika [10], where
an improvement in hardness values with increasing ageing time was observed. The changes in
strength and ductility were found to be a result of the S” and S phase precipitation as well as the
subsequent decrease in dislocation density in an AI-Cu-Mg-Mn alloy, e.g., Wang et al. [11]. In recent
years, many researchers have studied the strengthening mechanisms of Al alloys during solution and
ageing treatments. Liang et a/. [12] have shown a gradually increase on the mechanical properties of
AA2024 with a 1070 coating as the solution temperature increases up to 510°C, while a further
increase in temperature resulted to elongation at fracture degradation. More recent studies are focused
on the effect of multistage-ageing and pre-deformation on the thermomechanical microstructural
transformations on aluminium alloys. Yang et al. [13] investigated the effect of multistage-ageing
process on the formation of GP zones and their effect on the mechanical properties in an Al-Zn-Mg-
Cu alloy. Xu et al. [14] studied the effect of interrupted ageing on the mechanical properties and
corrosion behaviour of Al-Mg-Si alloys, where the more densely dispersed precipitates as well as the
less distance between them was found to be responsible for higher strength and elongation values. In
Pakravan et. al. [15] the fracture behaviour of two different ageing conditions of AA2024 was
investigated showing that the toughness was dominated by deformability compared to strengthening
factor. Sun et al. [16] studied the microstructure, hardness, and phase transformation of AA7075 in

the process of solution and double ageing; the S and 6 phases’ precipitation at the grain boundary was
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found to be responsible for the hardness improvement. A transition to ductile mode fracture was
noticed in cold rolled AA2024 after the application of solution and ageing treatment, e.g., Sun et al.
[17]; however, with increasing ageing time the dimples became shallower, and the quasi-intergranular
fracture became more obvious. In another study of Sun et al. [ 18] the effect of ageing treatment and
peripheral coarse grain on the exfoliation corrosion behaviour of AA2024 was investigated.

Apart from their contribution to mechanical properties the above-mentioned precipitations may
influence also physical properties (e.g., electrical, and thermal conductivities) as well as
electrochemical properties (corrosion potential) of the alloys. Thus, it is of imperative importance to
investigate the effect of artificial ageing on the corrosion nucleation and propagation mechanisms of

these alloys.

1.1.2 Corrosion problem

It is generally accepted, that aluminium and its alloys are thermodynamically active metals
(anodic), regarding the position of Al in the standard electromotive force (emf) series. However,
under particular environmental conditions they passivate due to the formation of a highly adherent
oxide film on their surface that, if damaged, reforms rapidly. Nevertheless, in the presence of highly
corrosive environments aluminium alloys tend to corrode with a mechanism of localized attack.
Localized corrosion on aluminium alloys is triggered by micro-galvanic corrosion phenomena, which
take place in their microstructure, due to transformations in the alloys’ composition. The ageing-
induced microstructural transformations on 2xxx series aluminium alloys were found to affect their
susceptibility to corrosion attack, due to heterogeneity of the strengthening Cu-rich second phase
intermetallic particles (precipitates) to Al matrix, from the electrochemical point of view [19]-[22].
Formation of a galvanic cell between the Cu-rich grain boundary precipitates and/or intermetallic
particles (IMs) with the Al-matrix or the adjacent Cu-depleted areas is responsible for corrosion in
these alloys [23]-[24]. Additionally, galvanic cells due to creation of microscopic Cu particles
deposited on the alloy’s surface may lead to localized corrosion.

Localized corrosion starts in the form of pits. Pits may be initiated by mechanical or chemical
surface heterogeneities which lead to breakdown of the oxide passive film, e.g., localized surface
defects such as scratches/flaws or by slight variations in alloy’s composition such as IMs and
dislocations [25]-[26]. As a consequence, contact of the metal with the corrosive medium leads to
electrochemical interactions between the alloying elements and the medium. The oxide passive film
is formed on aluminium alloys’ surface during their contact with normal atmospheres, as a result of
oxidation at the interface of metal and the respective environment. The oxidation reaction is

characterized by the equation below [27]:
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241 + ; 0>— ALO; (1-1)

The anodic dissolution of second-phase precipitates’ surrounding matrix leads to another form of
localized corrosion named as intergranular corrosion (IGC), as depicted in Figure 1-1. IGC is the
most common form of metallurgically corrosion and refers to selective attack of grain boundaries or
closely adjacent regions without appreciable attack of the grain’s interior [28]. The intergranular
corrosion attack (IGC) dominant mechanism is the formation of a galvanic cell between the Cu-rich
grain boundaries precipitates, e.g., 6- (Al2Cu) and S-type (Al,CuMg) in case of AA2024, and the
matrix or the adjacent Cu-depleted particles [29]-[34]. This kind of corrosion usually leads to
exfoliation corrosion (EXCO). EXCO is a particular form of intergranular corrosion which occurs on
the corroded surfaces of aircraft structures where the grains are elongated in layers parallel to the
surface [35]-[36]. The formed corrosion products are larger in volume than the parent metal and, due

to internal stress formation, lead to layers’ separation as shown in Figure 1-2.

el = — d 3 4. :_-l

Figure 1-1: Various types of intergranular corrosion. (a) Interdendritic corrosion in a cast structure. (b)
Interfragmentary corrosion in a wrought, unrecrystallized structure. (c) Intergranular corrosion in a
recrystallized wrought structure. All etched with Keller's reagent. 500 % [28].
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Figure 1-2: Exfoliation corrosion in an alloy 7178-T651 plate exposed to a seacoast environment. Cross section of the
plate shows how exfoliation develops by corrosion along boundaries of thin, elongated grains [28].

In addition to the micro-galvanic corrosion associated with the grain boundary precipitates and
its neighbouring regions, hydrogen embrittlement mechanisms have been reported to be contributing
factors to the corrosion-induced degradation of mechanical properties in 2xxx aluminium alloys.
Hydrogen is usually produced by surface corrosion reactions (cathodic reduction of water molecules,
H>0) and afterwards it can either be diffused into the aluminium matrix or react on the surface to
form hydrogen gas (Hz) [37]; recently in-situ X-ray tomography was used to capture H> production
at the corrosion surface of AA2024 and the networks of intergranular corrosion were found to extend
into the material [38]-[39]. Grain and sub-grain boundaries, microstructural point defects, line-
defects/dislocations, and precipitates (including matrix/precipitate interfaces) are preferential
pathways for the diffusion of hydrogen, e.g., Larignon et al. [40]. Several studies investigated the
hydrogen trapping sites on AA2024; Scamans and Tuck [41] attributed the trapping site T3 to the
formation of Mg hydride. Saitoh et al. [42] proved that the above microstructural features of the alloy
can be used as hydrogen traps by employing tritium autoradiography. The presence of hydrogen
atoms seems to increase the mobility of dislocations during plastic deformation, leading to high
localized plastic deformation and fracture [43]. This phenomenon is called hydrogen enhanced
localized plasticity (HELP) mechanism. Another mechanism of hydrogen embrittlement, called
hydrogen enhanced decohesion (HEDE) is considered as a reduction in the bonding strength between
the metal atoms due to the presence of hydrogen [44]. Despite of the fact that there is no universally
accepted hydrogen embrittlement mechanism, some critical concentrations of atomic hydrogen have
been reported to have an essential effect to the loss of tensile ductility of pre-corroded AA2024 [45]-
[47]. In more recent work by Alexopoulos et al. [48] a synergistic effect of micro-cracking and
hydrogen embrittlement was found on AA2024, with the total decrease in tensile ductility
(represented by elongation at fracture) to be attributed to two different mechanisms: the first one

consisted of the ¥ reduction of total elongation at fracture due to hydrogen embrittlement, while the
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rest % (actually 73%) was attributed to micro-crack formation and propagation. Similar results found
in Alexopoulos and Papanikos [49], where they performed fracture toughness mechanical tests on the
same alloy and for various exposure times to corrosive environment; the total reduction of almost
30% of the fracture toughness after 96 hours exposure to exfoliation corrosion solution was attributed
primary to the reduction of the alloy’s effective thickness (22%) and secondary to the hydrogen
embrittlement (8%) mechanism. Additionally, in a recent study of Charalampidou et al. [50] the
extent of secondary cracks ahead of the primary crack — after the exposure of AA2024-T3 C(T)
specimens to EXCO solution and the subsequent crack-growth resistance evaluation — was found to
correlate with the diameter of the plastically affected zone (=3.78 + 0.04mm). The depth of these
cracks correlated well with the thickness of the intergranular fracture surface, giving evidence that
they are a result of a grain boundary embrittlement mechanism. To assess the true hydrogen
embrittlement effect, short exposure times should be selected to corrode the specimens so as to
eliminate the formation of corrosion-induced surface pits that act as stress raisers and degrade the
ductility of the alloy.

Regarding Al-Cu-Li alloys, corrosion initiation and propagation mechanisms are not well-
defined. Signs of intergranular/intersubgranular corrosion susceptibility due to high grain stored
energy (dislocations density per grain), e.g., Figure 1-3, were reported to the articles of Ma et al. in
[51]-[52] and Zhang et al. in [53], as well as transgranular and exfoliation corrosion attack found by
Araujo et al. in [54]. T precipitates lead in localized corrosion due to the anodic behaviour with
respect to the adjacent Cu depleted zones and the matrix, e.g., [55]-[58]. The higher corrosion
potential of Li and Al elements leads to their preferential dissolution from the T phase precipitates,
promoting hydrolysis of water that leads to acidification of the solution and corrosion propagation
[59]. Severe localized corrosion attack associated to micrometric precipitates [60] was evident at the
slip bands in the interior of high energy grains, introduced by the stretching process in AA2198-T851
alloy [59]. Dispersed intermetallic (IMs) precipitates and subsequent pitting corrosion were observed
after the exposure of AA2198-T3 to neutral sulphate and chloride solutions, e.g., Balbo et al. in [61];
a rapid corrosion potential decrease was noticed at the early stages of corrosion exposure due to the
pitting corrosion process. Severe localized corrosion on AA2198-T851 after only 1 hour of corrosion
exposure as well as crystallographic propagation with increasing exposure time was revealed in [62],

e.g., Figure 1-4.
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Figure 1-3: (a) A backscattered electron micrograph of the cross section of AA 2099-T83 alloy after polarization from
—0.767 to 0.824 V(SCE) in 3.5% wt. NaCl solution; and (b) 3D volumetric reconstruction of the framed region
in (a), with selective transparency applied to the aluminium matrix and yellow colour applied to corrosion
product. The observed section corresponds to the long transverse section of the extrusion.(For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article) [51].

Figure 1-4: AA2198-T851 alloy surface after 13 h exposure to 0.01 mol L—1 NaCl solution showing pits with increased
widths and crystallographic corrosion morphology [62].
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In general, corrosion can be correlated to several types of materials’ degradation. The most

common corrosion phenomena on airframes are the following:

localized pitting corrosion

crevice corrosion (usually met in lap-joint regions)

general surface deterioration caused by uniform or filiform corrosion
intergranular and transgranular corrosion

exfoliation corrosion

However, the deleterious effects of corrosion are caused by combination of corrosion with other

forms of damage such as fatigue, wear, and stress that result to premature failure [28].

1.2 Motivation and research objectives

Although literature regarding corrosion initiation and propagation mechanisms of Al-Cu

aeronautical alloys is very extended, information concerning corrosion behaviour of third generation

Al-Cu-Li alloys is limited. Additionally, the correlation of electrochemical kinetics, especially at the

first stages of corrosion exposure, with mechanical properties degradation of these alloys is not well-

defined. For that reason, corrosion exposure of the innovative Al-Cu-Li 2198 alloy is performed under

different corrosive environments and methods and the corrosion-induced degradation is directly

compared against the respective of the conventional Al-Cu 2024 alloy.

The target of the present Thesis is tried to be reached through several specific objectives:

Investigation of the governing corrosion-induced degradation mechanisms under
corrosive environments of different aggressiveness: Exposure of specimens to different
corrosive environments was performed, and the corrosion kinetics as well as the corrosion-
induced degradation of mechanical properties were evaluated. A correlation between the
different corrosive environments was attempted regarding the elongation at fracture decrease.
Investigation of the effect of corrosion-induced micro-cracking on the structural integrity
of the alloys: The contribution effect of corrosion-induced micro-cracks on the elongation at
fracture decrease was evaluated through measurements of the depth of cracks. A quantitative
evaluation was performed in order to isolate the effect of corrosion-induced micro-cracks and
predict possible hydrogen embrittlement phenomena.

Investigation of the effect of microstructural changes coming from different artificial
ageing heat-treatments on the corrosion behaviour of Al-Cu-Li alloys: Exposure of

specimens to different ageing tempers and subsequent corrosion was performed in order to
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assess the effect of thermomechanical transformations on corrosion initiation and propagation

mechanisms, as well as on corrosion-induced mechanical properties degradation.

1.3 Outline of the thesis

The outline of the present thesis is divided into the following chapters:

Chapter 2 refers to the investigation of corrosion behaviour under corrosive solutions of different
aggressiveness. The effect of solution aggressiveness on the corrosion mechanism as well as on the
corrosion-induced mechanical properties degradation is investigated through -electrochemical
techniques (electrochemical impedance spectroscopy) and mechanical testing (tensile, crack growth
resistance test). Additionally, a correlation between the different solutions with regards to their effect

on ductility decrease is attempted through a coefficient.

Chapter 3 deals with the effect of corrosion-induced micro-cracking on the structural integrity of
alloys and the quantification of the contribution of these cracks to elongation at fracture decrease.
Measurements of depth of cracks were performed and a statistical analysis was made in order to
reveal their increasing trend on the different surfaces of the alloy with increasing exposure time.
Additionally, different models for the calculation/simulation of the “effective thickness” decrease due

to micro-cracks propagation were developed.

Chapter 4 focuses on the effect of artificial ageing-induced microstructural transformations on
corrosion kinetics and corrosion-induced mechanical properties degradation. The influence of
artificial ageing is studied through both electrochemical techniques and tensile mechanical testing of

artificial aged specimens which have been pre-exposed to exfoliation corrosion solution.

Chapter 5 includes the general concluding remarks of the present Thesis. The most important

conclusions of each chapter are summarized in this final chapter.
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Chapter 2

2 Investigation of corrosion behaviour on 2xxx series
aeronautical aluminium alloys: The effect of solution
aggressiveness

The current chapter deals with the corrosion attack mechanism of AI-Cu 2024-T3 and Al-Cu-Li 2198-
T8 alloys under different corrosive solutions. The effect of solution aggressiveness on the corrosion
attack mechanism as well as on the corrosion-induced mechanical properties degradation is
investigated. Furthermore, a correlation between the different solutions is attempted with regards to
the same corrosion-induced degradation of ductility, which is represented by elongation at fracture
(Ay). Comparison between the two specimens is presented in the end of this chapter in order to prove
the superiority of Al-Cu-Li alloys regarding corrosion resistance. The chapter starts with an
extensive literature review on the corrosion problem of several aeronautical aluminium alloys,
continues with the description of the experimental procedure and afterwards the experimental results

are presented and briefly discussed in order to extract the main conclusions.
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2.1 Introduction

During the last decades much attention has been paid by the aviation industries to the reduction
of aircrafts’ operational and maintenance costs. Due to the difficulty for direct intervention and
reduction of operational costs, material engineers are focusing their activities on maintenance costs.
Significant savings on maintenance costs can be achieved through damage tolerance evaluation and
preservation. The aeronautical aluminium alloy 2024 is widely used in aircraft structures due to its
high specific mechanical properties, enhanced damage tolerance capabilities (fatigue crack growth
and fracture toughness) and increased corrosion resistance. However, the long-term usage of the
conventional aluminium alloy 2024 in the aeronautical industry may lead to the degradation of the
alloy’s damage tolerance and mechanical performance during its service life. Degradation of the
mechanical properties, such as tensile strength, fracture toughness, as well as elongation at fracture
(ductility) may be brought on by several mechanisms, including natural ageing of the alloy,
intergranular corrosion, and hydrogen embrittlement, as well as their combined effects [49], [63]-
[64].

Among the greatest problems in maintenance and repair of aircraft structures from aluminium
alloy 2024-T3 is corrosion [65], having a frequency of more than 30% of total repairs. The possibility
that corrosion will interact with other forms of damage, e.g., fatigue, impact etc., can result in
significant loss of the damage tolerance capabilities and consequently of structural integrity that may
lead to fatal consequences, e.g., the Aloha Airlines accident. The synergetic interaction of corrosion
and fatigue has a deteriorating effect on the mechanical performance of aeronautical aluminium
alloys, mainly because of accelerated crack propagation [66]-[67]. The major damage mechanism on
corroded surface is the formation of pitting [22]-[23], [68]. Localized corrosion in the form of pits
initiates on materials’ surface sites where breakdown of the protective oxide layer has occurred due
to chemical or physical heterogeneities, such as intermetallic particles (IMs), dislocations or
mechanical damage and flaws, e.g., [24], [29]-[30] and [69]-[71]. Wrought aeronautical aluminium
alloys contain numerous intermetallic particles and dispersoids which substantially increase their
mechanical properties (i.e., yield stress, hardness, fracture toughness etc.), nevertheless they play a
pivotal role in the nucleation of pitting corrosion [24], [71]. Differences in the electrochemical
corrosion potential between grain boundary precipitates and/or intermetallic particles with the Al-
matrix or adjacent particles lead to localized galvanic corrosion [23], [71]. Intergranular corrosion
attack (IGC) is also evident when corrosion is localized at grain boundaries; for instance, when a
galvanic cell between Cu-rich grain boundaries’ precipitates — e.g., f-type (AloCu) and S-type
(Al,CuMg) in the case of 2xxx series aluminium alloys — and the matrix or the adjacent Cu-depleted
particles is formed [30]-[34]. In the case of AA2024, corrosion was found to initiate with dealloying
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of secondary phase particles, e.g., S-type (ALCuMg) particles [25]-[26]. The anodic dissolution of S
phase particles starts from the release of magnesium (Mg) into solution, which results in copper
enrichment of the particles; therefore, Cu-rich remnants become nobler than matrix, which lead to
anodic dissolution of surrounding matrix and pitting formation on their periphery [72]; thus, it assists
the formation of sub-surface micro-cracks [73]-[75]. The occluded corrosive solution as well as the
formed corrosion products inside pits raise internal stresses which promote stress concentration
around them, and subsequent cracking formation. Cracking generally starts at local defects that act
as stress concentrators, which may be microstructural features inside material, surface features (e.g.,
notches) or arise from in-service damage process such as corrosion (e.g., pitting) [76]-[77].

Additionally, accumulated corrosion damage can be noticed on ageing aircrafts due to corrosion-
induced hydrogen embrittlement mechanisms that include hydrogen environment embrittlement,
hydrogen stress cracking and loss in ductility [28]. It is well known that corrosion involves several
electrochemical mechanisms; in acidified solutions, the basic anodic reaction is the metal dissolution
while the cathodic reactions are oxygen and hydrogen reduction resulting from aluminium ions’
hydrolysis [22]. Hydrogen embrittlement on aluminium alloys can lead to rapid failure of the
materials due to enhanced localized plastic deformation caused by adsorbed hydrogen atoms, that are
trapped at preferential lattice sites, as was mentioned in [37], [46], and [78]. Atomic hydrogen can be
adsorbed at crack tips and/or notches or diffuse ahead of cracks [79], thus embrittles the material
below the crack tip and lead to environmentally assisted cracking (EAC) and stress corrosion cracking
(SCC) phenomena.

Among several types of localized corrosion on aeronautical aluminium alloys, the most common
atmospheric corrosion attack is referred to as exfoliation corrosion (EXCO) and is caused by the
exposure of these alloys to moist and/or corrosive environments. EXCO is considered as a particular
form of intergranular corrosion attack that occurs on the corroded surfaces of aircraft structures
comprising of elongated grain structures [35]-[36]. To face the issue of corrosion-induced
degradation of aircrafts’ structural integrity, available data usually refer to accelerated laboratory
tests. The most common accelerated laboratory corrosion test — used for the assessment of exfoliation
corrosion susceptibility in 2xxx and 7xxx series aluminium alloys — is the exfoliation corrosion
(EXCO) test, according to ASTM G34 standard test method [80]. The ASTM G34 standard defines
EXCO as corrosion that proceeds laterally along planes parallel to the surface, generally along grain
boundaries, where it forms voluminous corrosion products that, due to internal stresses, forces the
metal apart. It has been reported that 24 hours exposure of the aluminium alloy 2024-T4 to the EXCO
solution corresponds to nearly 6 years of natural exposure of the same structural element, regarding

its surface exfoliation [81]. Several studies in the open literature [62]-[64], [67] showed that
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exfoliation corrosion can lead to significant material’s degradation by reducing the ultimate tensile
strength, fracture toughness, and fatigue endurance limit of Al-Cu alloys, as well as accelerate fatigue
crack growth rate [82]-[83]. A moderate degradation of the material’s mechanical strength properties,
e.g., yield stress and ultimate tensile strength, along with a significant reduction in tensile ductility
(e.g., elongation at fracture) was revealed from several studies regarding exfoliation corrosion of
AA2024 [84]-[85]. The moderate reduction of tensile strength properties is a result of the reduction
of specimens’ load carrying capacity — “effective thickness” — as well as the notch effects caused by
pitting formation [49], [86]. Important findings on the corrosion behaviour of AA2024 revealed a
recovery of the residual strength after mechanical removal (e.g., by milling) of the exfoliated
corrosion layer; however, this was not the case for elongation at fracture [87]. This gave rise to the
idea that the plasticity of the alloy is not only degraded by corrosion-induced cracking formation, but
also by a corrosion-induced mechanism of hydrogen embrittlement, as was examined by Kamoutsi
et al. [46].

As was already mentioned, the corrosion problem includes several types and degradation
mechanisms, and the damage could be described and analyzed as the sum of several parameters
downgrading the mechanical properties. In order to better interpret the corrosion-induced damage,
various mechanisms involved in corrosion process should be taken into consideration; they may
depend on material, temper, corrosive environment, and exposure time. The aggressiveness of the
corrosive environment is a significant parameter influencing corrosion damage evolution as well as
the underlying corrosion mechanism. Recent investigations [88] indicate that in-service obtained
corrosion damage correlates well to the one caused by a 3.5 wt. % NaCl solution, with pitting density,
depth and shape evolving with exposure time. Vasco et al. [89] performed correlations between
corrosion damage from accelerated corrosion tests of varying aggressiveness by accounting for both,
the metallographic features of corrosion damage and the mechanical properties of the corroded
material. Correlations regarding geometrical metallographic features were found under dominance of
pitting corrosion and up to 8 hours in EXCO solution; higher variations were presented after the
occurrence of pit coalescence and transition to dominance of exfoliation corrosion.

In the present chapter the investigation of corrosion behaviour and corrosion-induced degradation
mechanisms on the conventional AA2024-T3 as well as the innovative AA2198-T8 is attempted. The
effect of corrosion on mechanical properties degradation as well as the corrosion mechanisms
associated with exposure to the commonly used exfoliation corrosion solution (EXCO) are compared
against milder solutions with the aim of studying the differences in the corrosion-induced degradation

mechanisms.
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2.2 Materials and experimental procedure

2.2.1 Materials

The materials used in the current research work were the conventional aeronautical aluminium
alloy 2024 in T3 temper and the innovative 2198 in T8 temper, which were received in 3.2 mm
nominal thickness. The chemical composition of AA2024 according to the sheet manufacturer is a
mixture of the following elements as percentage by weight; 4.35% Cu, 1.50% Mg, 0.64% Mn, 0.50%
Si, 0.50% Fe, 0.25% Zn, 0.15% Ti, 0.10% Cr, 92.01% Al, as shown in Table 2-1, while the chemical
composition of AA2198 is a mixture of the following elements as percentage by weight; 2.9-3.5%
Cu, 0.8-1.1% Li, £0.35% Zn, < 0.5% Mn, 0.25-0.8% Mg, 0.04-0.18% Zr, < 0.08% Si, 0.1-0.5% Ag,
< 0.01% Fe and Al rem., shown in Table 2-2. T3 condition includes solution heat-treatment at 495
°C, quenching in water at 0 °C, and natural age in room temperature (25 °C) to a substantially stable
condition. The T8 temper corresponds to under-ageing condition for AA2198, since it does not
possess among the highest tensile properties during artificial ageing (peak-ageing condition) and had

an appropriate artificial ageing heat-treatment from the T3 temper.

Table 2-1: Chemical composition of AA2024 (percentage by weight).
Si Fe Cu Mn Mg Zn Cr Ti Al
0.5 0.5 3.9-4.9 0.64 1.5 0.25 0.1 0.15 92.5

Table 2-2: Chemical composition of AA2198 (percentage by weight).
Cu Li Zn Mn Mg Zr Si Ag Fe

2.9-3.5 | 0.8-1.1 | <0.35 <0.5 0.25-0.8 | 0.04-0.18 | <0.08 0.1-0.5 <0.01

Tensile and fracture toughness compact tension specimens (hereafter referred to as C(T)) were
machined from the longitudinal (L) rolling direction of the sheet in accordance with ASTM ES8 [90]
and ASTM ES561 [91] specifications, respectively. Additionally, small rectangular metallographic
specimens were cut from the longitudinal (L) rolling direction of the sheet to be used for
electrochemical as well as metallographic measurements. The geometrical dimensions of tensile
specimens were 12.5 mm x 3.2 mm at the reduced cross section, with total length of 190 mm, as

shown in Picture 2-1.
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Picture 2-1: Schematic representation of tensile specimens according to ASTM ES§ standard [90].

The C(T) specimens had a width (/) of 48 mm and an original crack/notch size (a,) of
approximately 16.70 mm in length. Further machining of the received C(T) specimens included the
preparation of a fatigue starter notch with smaller radius (approximately 0.12 mm), that was machined
at the tip of the pre-existing notch root through EDM, e.g., Picture 2-2(b). Therefore, the original
crack/notch size of machined C(T) specimens became a, = 22.50 mm in length. Alteration of the
notch root radius was performed in order to reduce the deleterious effect of large notch root radius

on the initiation and propagation of fatigue pre-crack.
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Picture 2-2: (a) Schematic representation of the C(T) specimens’ geometry according to ASTM E561 specification [91],
(b) photograph of the machined notch extended by fatigue notch and (c) photograph of the shielded specimen.
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The respective dimensions for the small rectangular specimens were 10 mm x 20 mm x 3.2 mm.
Specimens shape and dimensions were designed with the aid of CorelDraw X7 software and they
were sent to the machine shop in order to be cut via water-jet method. This method performs cutting
with water and sand, with the water pressure equal to 3800 bar and its speed 2max. Water-jet process
was chosen to limit the temperature increase during contact (friction) of material with the cutting tool,
which can affect the mechanical properties of the metal. After cutting of the specimens, the samples
were peeled off from the sheet, ground up and cleaned with alcohol according to ASTM G1 standard
[92]. It is worth noting that grinding and cleaning are necessary processes in order to avoid
heterogeneity on the materials surface and to remove any impurities, which accelerate corrosion in

the micro- or macroscopic surface irregularities (claws).

2.2.2 Preparation of corrosive solutions

Exposure of test specimens to four different exposure environments were considered for this

Thesis. That is:
(1) prior exposure to air for the baseline test results (reference),

(i1) prior exposure to a 0.6 M (or 3.5 wt. %) NaCl solution with a pH within the range of 6.4 to 7.2,
according to ASTM G44 specification [93],

(ii1) prior exposure to EXCO solution, according to ASTM G34 specification [80] and

(iv) prior exposure to Harrison’s solution (diluted version), according to ASTM D5894 [94]
specification.

The 0.6 M NaCl exposure environment was prepared by adding 35.0 g of sodium chloride (purity
0f 99.0% min) to 500 mL of distilled water and the pH measured after allowing enough time for the
full dissolution of sodium chloride. To ensure that the pH value is between the established range of
6.4 to 7.2, a buffer solution containing hydrochloric acid with a pH value of 2.1 was prepared,
according to ASTM G44 standard [93]. Thereafter, approximately 0.05 mL of the buffer solution was
slowly added to sodium chloride solution for the adjustment of pH. An additional 500 mL of distilled
water was added to the sodium chloride solution before transferring the solution into a storage
container. The measured pH of solution stabilized at 6.5 after allowing sufficient time for equilibrium
to set in. Thus, in total 35.0 g of sodium chloride added to 1000 mL distilled water.

The exfoliation corrosion (EXCO) exposure environment is a solution consisting of
approximately 4.0 M sodium chloride (NaCl), 0.5 M potassium nitrate (KNO3), and 0.1 M nitric acid
(HNO3). Preparation of the EXCO solution commenced with the addition of 50 g of potassium nitrate
(reagent grade KNO3 with 99% purity) and 234 g sodium chloride (reagent grade NaCl with 99.0%
purity) to 1 L of distilled water. According to ASTM G34 standard [80], an additional 6.3 mL of 70%
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concentrated nitric acid (HNO3) should have been added to the solution. However, due to the
unavailability of a 70% concentrated nitric acid solution in some cases, the volumetric addition of
nitric acid was altered to make use of a 55% concentrated nitric acid solution. Therefore, 8.5 mL of
the 55% concentrated nitric acid was added to solution in order to obtain the required HNO3 molarity.
The solution was then transferred to a proper storage container, and given sufficient time for
equilibrium to set in. The final pH of the solution was measured at 0.27.

The Harrison’s (diluted version) solution, often used to study the corrosion rates of Al-Cu-Li
alloys, consisted of 0.35 g of ammonium sulfate ((NH4)2SO4) and 0.05 g sodium chloride dissolved
to 1 L of distilled water.

2.2.3 Electrochemical tests

The corrosion behaviour of the investigated aluminium alloys was assessed by electrochemical
impedance spectroscopy (EIS) tests, which were carried out using a PalmSens® potentiostat at 25 +
1 °C. The experiments were carried out in naturally aerated 3.5 wr. % NaCl solution at room
temperature (25 + 2) °C since the in-service obtained corrosion damage correlates well to the one
caused by this solution [88]. However, for the case of AA2198-T8, the Harrison’s solution [94] was
also used in EIS tests since it better simulates the corrosion in industrial atmospheres — which are
more aggressive due to the presence of soot, fly ash and sulfur compounds — that cause coating
consumption. A typical three electrodes cell system that was composed of a platinum electrode as
counter electrode, a silver chloride electrode Ag/AgCl as reference electrode and the small
rectangular specimens (10 mm * 20 mm) of the investigated aluminium alloys as working electrodes
was used, shown in Picture 2-3. A surface area of 0.5 cm? of the working electrode was exposed to
the electrolyte. The voltage perturbation range used in the EIS measurements was 10 mV (rms), and
the acquisition rate was 10 points per decade in a frequency range from 10° Hz down to 0.01 Hz. The
measurements were repeated at fixed intervals of 0 (after 5 min immersion), 1, 3, 6, 12, 24, and 48
hours of immersion time. Each test was performed at least three times to evaluate the reproducibility
of the results. The obtained data were fitted employing a PStrace5® analysis software. The set-up of

the experiments is depicted in Picture 2-4.
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Picture 2-4: Set-up of EIS test.
2.2.4 Immersion tests

For the case of tensile specimens, further preparation was required prior to their immersion to the
relevant exposure environments. The preparation included shielding of the specimens’ surfaces so
that only specific areas of interest (reduced cross-section) were exposed. Masking with appropriate
insulating PVC tape (with excellent adherence) was performed in order to avoid crevice corrosion
beneath the masking tape. The exposed area was within the reduced cross-section to ensure fracture
within the gauge length, as indicated with grey colour in Picture 2-5. The solution volume was
calculated per exposure area of the specimens and was 20 ml/cm? for all specimens, while solution
temperature was 25 = 1 °C, according to ASTM G34 specification [80]. The specimens were then
placed into containers (Picture 2-6) and allowed to be exposed for several times to the different
corrosive solutions, respectively. After corrosion exposure, the tensile specimens were immediately
cleaned with acetone according to ASTM G34 specification [80] and then subjected to mechanical
testing (tension). At least three specimens in each test series were used for the reproducibility of the

results.
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a b
Picture 2-6: Exposure of (a) (teizsile and (b) C(T) specimens(to) corrosive environment.

The C(T) specimens were shielded in such a way to ensure that only a 10 mm wide section near
the specimen notch/pre-crack configuration would be exposed to the relevant exposure environments
(see Picture 2-2(c)); in accordance with ASTM E1681 specification [95] the environmental chamber
should enclose the portion of the specimen that contains the crack tip. The shielding procedure
consisted of measuring the relevant specimen dimensions (e.g., W, B and a,) — according to ASTM
E561 specification — before covering the surface areas with a layer of double-sided tape (refer to
Picture 2-2(c)). Thereafter, the taped areas were covered again with a double layer of adherent PVC
tape in order to avoid crevice corrosion beneath the masking tape. The specimens were then placed
into containers (Picture 2-6) and allowed to be exposed to the relevant solutions. After completion of
the exposure test, the specimens were removed from the containers and cleaned with acetone before
performing mechanical testing (crack growth resistance). Throughout the duration of the exposure
the solutions were kept in 25 + 3°C temperature. At least three specimens in each test series were

used for the reproducibility of the results.
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2.2.5 Tensile tests

Tensile tests were carried out in a servo-hydraulic Instron 8801 100 kN testing machine according
to ASTM ES8 specification [90], as it is depicted in Picture 2-7. The software was programmed to
apply a tensile strain to the specimen — under crosshead displacement control — and the rate was kept
constant and equal to 0.7 mm/min. The relevant specimen dimensions (i.e., the thickness to, width b,
and gauge length Lo) were then taken and programed into the software. Thereafter, the specimens
were individually installed into the machine’s grips, ensuring good alignment with the loading axis.
An external Instron extensometer with 50 mm + 10 mm maximum travel was attached at the reduced
cross-section gauge length of the specimens and zeroed before applying a 1 kN preload to the
specimen. The test was then allowed to commence, with termination set to occur after the complete
fracture of the specimens. A data logger was used during all tensile tests and the values of load,
displacement and axial strain were recorded and stored in a computer. After termination of the tests,
the relevant specimen dimensions were measured again and tabulated. The raw data from each test
were then analyzed using a specially programmed Excel spreadsheet and edited with the aid of
Microcal Origin© 8.5 software. More than three specimens were tested in each different case to get
reliable average data. Afterwards, the fractured surfaces of the tensile specimens were examined in a
Leica stereoscope as well as with the aid of scanning electron microscopy (SEM) in order to
investigate the fracture mechanism. Furthermore, some specimens were sent for EDM in order to
section out specimens for x-Ray computed microtomography imaging (micro-XCT). The micro-XCT

specimens were then scanned to obtain 3D images of the specimens and cracks.

Picture 2-7: Experimental set-up of tensile testing.
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2.2.6 Crack growth resistance tests

Fatigue pre-cracking commenced on the C(T) specimens, prior to corrosion exposure, using an
Instron 1342 Servo-Hydraulic Testing Machine operating on Instron Crack Propagation Software.
The specimens were installed into the testing machine using the prescribed grips and fixtures in
accordance with ASTM E1820 standard [96]. The software was programmed to cyclically strain the
specimens at a constant stress intensity range (AK) of between 15 and 27 MPavVm and a stress ratio
(R) of 0.1. These cyclic loads were introduced until a fatigue pre-crack in the order of 2 mm was
produced. This test step was force controlled and the maximum applied force did not exceed 1 kN, to
avoid plastic yielding in the crack tip region of the specimen. However, for the calculation of fracture
toughness a second experimental step followed the fatigue pre-cracking and subsequent corrosion
exposure of specimens. The second step included quasi-static mechanical loading under displacement
control, with a crosshead deformation rate of 0.01 mm/min applied to the specimen. A crack opening
displacement (hereafter called COD) device/extensometer has been used to record the displacement
of the mouth of the machined edge crack of the specimen and a data logger was used to record the
data of the experiments, namely force, crosshead displacement and crack mouth opening
displacement in a digital file. Test stopped when crack essentially increased and axial load took values

lower than 2 kN, post to fracture of the specimens, as can be seen in Picture 2-8.

Picture 2-8: C(T) specimen at the grips of the testing machine with the COD device attached.
2.3 Results and discussion

2.3.1 AA2024-T3: Effect of exposure to 3.5 wt. % NaCl solution

2.3.1.1 Effect on corrosion mechanism
Electrochemical impedance spectroscopy (EIS) results for AA2024-T3, as a function of
immersion time in 3.5 wt. % NaCl solution, are shown in the form of Bode diagrams in Figure 2-1.

In Figure 2-1(a) two-time constants (peaks in the Theta phase — Frequency curve) are evident at low
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(102-10"") and medium (10°-10%) frequencies regime after above one hour of immersion. In contrast,
at the initial period of immersion (black curve) the relaxation process at higher frequencies being
responsible for the response from the passive film can also be evidenced. The presence of a time
constant at higher frequencies — where the system is more kinetically — represents a capacitive
behaviour instead of Ohmic behaviour, indicating the presence of an obstacle to charge transfer on
the specimen. Time constants in medium frequencies are related to charge transfer processes coupled
to the double layer capacitance, while the time constant at low frequencies is likely to be associated
to diffusion-control. Slight fluctuations of the curves in 1 hour (shown in red curve) and 3 hours
(shown in green curve) at low frequencies regime can be caused by non-stationarities of the system
at this period resulted from the metastable pitting formation. However, after 6 hours (shown in blue
curve) of exposure the pits seem to become more stable leading to much less scattering of the low-
frequency impedance values. No essential differences in corrosion behaviour of AA2024-T3 are
noticed with increasing immersion time, however, a slight decrease of the capacitive behaviour is
evident with increasing exposure time and after 6 hours.

Impedance modulus shown in Figure 2-1(b) slightly increase for short exposure times and up to
3 hours at low frequencies regime (102-10") followed by a gradual decreasing trend for higher
exposure times. Essential decrease is noticed between 6 and 12 hours (shown in cyan curve) of
exposure while further corrosion exposure seems not to reduce impedance modulus essentially at low
frequencies regime since by that time stable pits are formed, and the corrosion process is controlled
by the diffusion limited cathodic oxygen reduction. Formation of voluminous corrosion products after

long exposure times seal the pits and impede transport to/from the active areas.
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Figure 2-1: Impedance spectra of AA2024-T3 measured in 3.5 wt. % NaCl solution.

Nyquist spectra shown in Figure 2-2 revealed the same change trend regarding corrosion

behaviour of AA2024-T3. Capacitive arc (semi-circle diameter) tends to increase up to 3 hours
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corrosion exposure time (represented by green curve), while a shrinkage is noticed after 6 hours which
continues with increasing exposure time. One capacitive loop is noticed in high frequencies regime,
for all exposure times, which corresponds to the flat surface oxide film according to [97] and [98],
while a Warburg element is noticed in low frequencies regime. According to [99] when the resistance
associated with diffusion becomes very large, the R//CPE element (time constant) may be replaced
by a simple constant phase element (CPE) with the exponent “n” value of 0.5, which, in an ideal

situation, is represented by a Warburg (/) element, as was the case for the present research work.
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Figure 2-2: Nyquist plot of AA2024-T3 measured in 3.5 wt. % NaCl solution.

To gain a better insight into corrosion mechanisms, EIS response is modelled using equivalent
electrical circuits, as shown in Figure 2-3. The R element in circuit model represents the corrosive
medium resistance. The pair R»//Q: stands for the polarization resistance, e.g., the resistance of
electron flow through double layer, in parallel with capacitance of double layer, meaning the charge
held in the double layer interface. A constant phase element (CPE) — that is denoted with Q in the
present work — was used instead of an ideal capacitor to take into consideration the heterogeneity of
the surface, as already mentioned in literature, e.g., [20] and [100]. W element refers to Warburg
impedance which is ascribed to the response at low frequencies being controlled by diffusion

processes.
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Figure 2-3: Equivalent circuit model of AA2024-T3 exposed to 3.5 wt. % NaCl solution.
The evolution of charge transfer resistance values of the circuit components (R> in this case) with
increasing immersion time is depicted in Figure 2-4. Resistance was found to slightly decrease at the
first stages of corrosion and then suddenly increase up to 1 hour of exposure. Fluctuations were

noticed up to 12 hours of exposure while for higher exposure times the resistance tends to be stabilized

due to the formation of stable pits.
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Figure 2-4: Variation of the charge transfer resistance R as a function of immersion time to 3.5% wt. NaCl solution for
AA2024-T3.

2.3.1.2  Effect on tensile mechanical performance
2.3.1.2.1  Surface characterization of pre-corroded specimens

Exposure of AA2024-T3 specimens to the corrosive environment (3.5 wt. % NaCl solution in the
present case) results in deterioration of the specimens’ surface due to the breakdown of the surface
oxide passive film and the subsequent nucleation of corrosion-induced pits, as can be seen in Figure
2-5. The depicted corroded area has dimensions of 12.5 mm x 55 mm being the width and length of
the exposed area of tensile specimens, respectively. Regarding the corrosion environment of 3.5 wt.
% NaCl solution, it is evident that for the short exposure times surface deterioration remains limited

since pits were not identified after 6 hours of exposure (Figure 2-5(a)); however, a significant amount
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of precipitation in the form of a solid white layer of pustules was observed on the exposed surfaces.
Nevertheless, the pitting density and size tend to increase with increasing exposure time; corrosion
damage in the form of pits was observed after 168 hours of exposure (Figure 2-5(b)) while more pits

of higher diameter as well as pit coalescence are evident after 720 hours exposure time (Figure

2-5(c)).

Figure 2-5: Typical photographs of AA2024-T3 pre-corroded tensile specimens exposed for (a)-(c) 6 h, 168 h and 720
h to 3.5 wt. % NaCl solution.

2.3.1.2.2  Mechanical evaluation of pre-corroded specimens

The typical nominal tensile stress-strain curves for the investigated exposure times of AA2024-
T3 to 3.5 wt. % NaCl solution can be seen in Figure 2-6. The nominal stress calculation was based
on the nominal cross-section of the tensile specimens, namely width x thickness = 12.5 mm x 3.2
mm. No essential decrease of the nominal axial stress was noticed even for the highest exposure time
0f 4200 hours. However, the nominal axial strain exhibited a significant degradation even for the very
short exposure times, such as 6 hours, where the pitting corrosion mechanism was not identified (see
Figure 2-5(a)). It is worth mentioning that higher ductility degradation was observed at the time range
between 6 and 168 hours, where pitting incubation takes place since stable pits have started to form,
as well as in the time range of 720 to 2184 hours, probably because of the change in the degradation
mechanism, e.g., pit growth and coalescence.

Figure 2-7 shows the experimental results, as average values, of elongation at fracture Ar (left y-
axis) and conventional yield stress Rpo.2o (right y-axis) with increasing immersion time to 3.5 wt. %
NaCl solution. It is obvious that elongation at fracture decreases exponentially, and a significant
degradation is evident even from the short exposure times, e.g., approximately 16% after 6 hours of
immersion. This degradation can be attributed to hydrogen diffusion into the material’s crystal
structure micro-voids and the subsequent embrittlement caused by the formation of strain fields, since
pitting formation and subsequent sub-surface micro-cracking effect remains limited. In contrast, a
degradation in the form of second degree polynomial can be noticed for the conventional yield stress.
However, the remaining percentage of Rpo.2% is approximately 90% after 2000 hours of immersion

(= 3 months) while its degradation does not exceed 30% at maximum.
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Figure 2-6: Typical tensile nominal stress-strain curves of AA2024-T3 after corrosion exposure to 3.5 wt. % NaCl
solution for different exposure times.

400
20 100%Y L
1 100% 360 ©
— 19 go/g _[jg_g% 93% i %
= 16 4.34%3 1=l @° -320 =
< %3 RN I g
o 14 764%N T < 280 «
E 70%‘j Fes0, S i ?
8 12 ' S p240 £
® I ke
c 10 -200 3
Qo r >
S 8 -160 &
5 30% I S
o 6 <= -120 g
w\\\Mﬁjzs% - qé
4 4 - 80 8
Aluminium alloy 2024-T3, t = 3.2 mm 3
2 -+ L rolling direction 40
0 x.x% remaining percentage of the initial property r 0
T ‘ ‘ ‘ T T T T

0 600 1200 1800 2400 3000 3600 4200 4800

Exposure time to 3.5 wt. % NaCl solution [hours]

Figure 2-7: Experimental results of mechanical properties of AA2024-T3 after exposure to 3.5 wt. % NaCl solution for
different exposure times.

2.3.1.2.3  Characterization of fractured pre-corroded specimens

Stereoscopical examination on the fractured, pre-corroded specimens of AA2024-T3 exposed to
3.5 wt. % NaCl solution are shown in Figure 2-8. The examination revealed that the pitting corrosion
mechanism is limited for the very short corrosion exposure times and up to 168 hours (Figure 2-8(b)),
while pitting density substantially increased for higher exposure times, e.g., 720 hours (Figure 2-8(c)).
Additionally, an increase in pits diameter in parallel with rolling direction as well as pit coalescence
is noticed with increasing exposure time. Furthermore, a ductile fracture mechanism is evident from

the 45° slope of the fracture surface that remains even after 720 hours of exposure.
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Figure 2-8: Typical photographs of the fractured surfaces of AA2024-T3 pre-corroded tensile specimens exposed to 3.5
wt. % NaCl solution for (a)-(c) 6 h, 168 h and 720 h, respectively.

2.3.1.3  Effect on crack growth resistance

2.3.1.3.1  Macro- and microscopic features of pre-corroded specimens
Fracture toughness C(T) specimens exposed for 24 hours to 3.5 wt. % NaCl solution were used

for the assessment of the corrosion effect on crack growth resistance. The 24 hours exposure to 3.5
wt. % NaCl solution were selected for further investigation because no essential stress decrease is
noticed from the tensile flow curves, while a significant ductility decrease is evident even from the
very short exposure times. Optical microscopy of the NaCl-exposed C(T) specimens — prior to the
crack-growth resistance evaluation — revealed indications of localized corrosion attack in the form of
pitting and intergranular corrosion. During the 24 hours exposure of the specimens to 3.5 wt. % NaCl
solution, a significant amount of precipitation in the form of a solid white layer of pustules was
observed on the exposed surfaces, as can be seen in Figure 2-9(a). In Figure 2-9(b) the observed
localized corrosion attack appears to be more concentrated within the regions where the solid white
layer of pustules has formed. Concerning the basic mechanism of pitting corrosion, Vargel [101]

defines the overall reaction for pitting corrosion of aluminium alloys as:
241 + 3H,0 + ; 0> — 2AI(OH); (2-1)

Therefore, the solid white layer is believed to be precipitation of aluminium-hydroxide Al(OH)s,
which results from corrosion of aluminium. Dissolution of aluminium at the pit’s bottom leads to
high concentration of AI**, which later diffuse toward the pit’s opening. The half reaction concerned

with the reduction of water or hydrogen (H") at the cathodic regions outside the pit is expected to
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result in localized excess of OH™ at these sites, thereby increasing the pH (measured pH of 6.5) and,
consequently, the alkalinity of the solution near these regions [ 101] giving rise to the precipitation of
aluminium hydroxide. It is also observed that, once the specimen is moved, the solid white layer of
pustules dissolves again. The dissolution of the white layer may be explained by the dissolution of
aluminium-hydroxide after being exposed to the acidic environment (lower measured pH) of the bulk

solution; this is in accordance with the findings of Gayer et al. [102].
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Figure 2-9: (a) Photograph showing the white precipitate layer on the specimen’s surface after 24 h immersion in 3.5
wt. % NaCl solution and (b) optical micrograph (200x magnification) showing significant pitting and intergranular
corrosion attack within the area where white layer (AI(OH)3) formation occurred.

2.3.1.3.2  Crack growth resistance behaviour of pre-corroded specimens

Figure 2-10(a) shows the load-crack mouth opening displacement (CMOD) curves and Figure
2-10(b) tabulates the evaluated critical stress intensity factor (K.) values (calculated from
environmentally affected R-curves) of AA2024-T3 specimens exposed to 0.6 M-(or 3.5 wt. %) NaCl
solution. As expected, the resistance curve is more recessive for the specimens exposed to corrosive
environment (environmentally affected R-curve) regarding the maximum applied load and the
associated critical crack extension values (Aac = 6.14 mm and 5.26 mm for the samples exposed to
air and NaCl solution, respectively). However, no significant degradation of maximum applied load
and crack mouth opening displacement (CMOD) at maximum load due to corrosion exposure is
noticed. Specimens exposed to air were found to have a maximum load of approximately 4.0 kN
while specimens exposed to NaCl solution exhibited a maximum applied force of 3.7 kN. Hence, it
seems that the short corrosion exposure time investigated in this study does not essentially affect the
maximum load capacity of specimens as well as the CMOD at the maximum load. Nevertheless, a
considerable decrease in the material’s ability to resist the propagation of a pre-existing crack is
noticed from the K. values in Figure 2-10(b), as well as the critical values of crack extension leading
to instability, quoted above. Specimens exposed to NaCl solution exhibited approximately 13%

decrease of the K:.
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Figure 2-10: (a) Load—crack mouth opening displacement (CMOD) curves and (b) evaluated critical stress intensity
factor (K.) values of AA2024-T3 specimens after exposure to 3.5 wt. % NaCl corrosive solution.

Figure 2-11 shows the captured SEM images of the NaCl-exposed C(T) specimen after the crack-
growth resistance evaluation. A ductile fracture surface, labeled with C in Figure 2-11(a),
immediately adjacent to the specimen’s outer surface (labeled with B) is evident from the dimples.
Additionally, intergranular corrosion attack was revealed, as shown in the area labeled with D in
Figure 2-11(a). It is evident from the dimpled fracture surface appearance, shown in higher
magnification in Figure 2-11(b), that the crack propagated transgranularly. Furthermore, this
transgranular crack propagation also persisted in the material near the intergranular attacked region.
Similar observations have been reported in the literature [ 103 ]; revealing that intergranular corrosion
attack is not restricted to the grain boundary itself, but tends to develop further in the interior of
adjacent grains with high stored energy levels, thus becoming transgranular. This indicates that the
type of corrosion mechanism brought on by the exposure of AA2024-T3 to a solution containing
purely sodium-chloride does not result in the significant grain-boundary embrittlement of the bulk

material; as was the case for the specimens exposed to EXCO solution shown by Posada et al. in
[35].

[32]



(@) | (b)

Figure 2-11: (a) SEM image near the surface (B until dashed lines) of the NaCl exposed specimen, showing the ductile
(dimpled) fracture surface (C) immediately adjacent to the specimen’s surface, with (D) the point where intergranular
corrosion has occurred and (b) higher magnification of area (C).

2.3.2 AA2024-T3: Effect of exposure to EXCO solution

2.3.2.1 Effect on tensile mechanical performance
2.3.2.1.1  Surface characterization of pre-corroded specimens

The exposure of AA2024-T3 specimens to the corrosive environment (EXCO solution in the
present case) results in deterioration of the specimens’ surface due to nucleation of corrosion-induced
surface pits, as can be seen in Figure 2-12. The depicted corroded area has dimensions of 12.5 mm x
55 mm being the width and the length of the exposed area of the tensile specimens, respectively. For
short exposure times to exfoliation corrosion solution and up to 2 hours (Figure 2-12(a)), pitting
formation on the corroded surfaces remains rather limited. With increasing exposure time to EXCO
solution, an increase in pitting density is evident (black spots), e.g., Figure 2-12(b) and Figure 2-12(c).
Corrosion damage initiates in the form of surface corrosion pits and evolves to the formation of micro-
cracks and exfoliation areas in extreme exposure times due to the presence of intergranular corrosion

(IGC).

Figure 2-12: Typical photographs of AA2024-T3 pre-corroded tensile specimens exposed for (a)-(c) 2 h, 4 h and 24 h
to EXCO solution.
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2.3.2.1.2  Mechanical evaluation of pre-corroded specimens

The typical nominal tensile stress-strain curves for the investigated exposure times of AA2024-
T3 to EXCO solution can be seen in Figure 2-13. The nominal stress calculation was based on the
nominal cross-section of the tensile specimens, namely width x thickness = 12.5 mm x 3.2 mm. It is
obvious that the corrosion-induced degradation mechanism of the tensile curves is different from the
respective in 3.5 wt. % NaCl solution (see Figure 2-6). It can be noticed that for the short corrosion
exposure times to EXCO solution and up to 2 hours (shown in blue curve), the values of nominal
axial stress are not essentially influenced by corrosion exposure. However, for higher exposure times,
e.g., after 4 hours, a significant sudden stress drop is noticed [63]. This stress drop is attributed to the
decrease of specimen’s cross-section — due to formation of corrosion-induced micro-cracks — that
withstand the applied mechanical loading, referred as “effective thickness” in [49]. These results are
in accordance with the observations from the corroded surface characterization (see Figure 2-12)
where pitting corrosion was limited up to 2 hours of exposure. On the contrary, an essential decrease
of tensile ductility, represented by nominal axial strain, is evident even for the very short exposure
times, e.g., 0.5 hours (shown in red curve), that can be attributed to hydrogen embrittlement
phenomenon since pitting corrosion is extremely small in such short exposure times. For even higher
exposure times, both the nominal axial stress and the nominal axial strain are essentially decreased.
The above-mentioned results are depicted in Figure 2-14 as average values of elongation at fracture
(left y-axis) and conventional yield stress (right y-axis) versus exposure time to EXCO solution. It
can be noticed that the conventional yield stress (represented by the blue dashed curve) decreases
linearly with increasing exposure time while the elongation at fracture (represented by the solid
orange curve) decreases exponentially, and an essential degradation is noticed even after only 2 hours

of exposure.
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Figure 2-13: Typical tensile nominal stress-strain curves of AA2024-T3 after corrosion exposure to EXCO solution.
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Figure 2-14: Experimental results of mechanical properties of AA2024-T3 after exposure to EXCO solution for
different exposure times.

2.3.2.1.3  Characterization of fractured pre-corroded specimens

Stereoscopical examination on the fractured, pre-corroded specimens of AA2024-T3 exposed to
EXCO solution are shown in Figure 2-15. It is obvious that pitting corrosion mechanism is extremely
limited for the very short corrosion exposure times, e.g., up to 2 hours (Figure 2-15 (a)). Nevertheless,
with increasing exposure time, the pitting density tends to increase. A ductile fracture mechanism is
evident from the 45° slope of the fracture surface, as can be seen in Figure 2-15 (a, b). However, for
higher exposure times, e.g., 24 hours shown in Figure 2-15 (¢), it seems that the fracture path follows

a non-linear pattern and definitely propagates from pit to pit.
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Figure 2-15: Typical photographs of the fractured surfaces of AA2024-13 pre-corroded tensile specimens exposed to
EXCO solution for (a)-(c) 2 h, 4 h and 24 h, respectively.

A significant amount of intergranular tearing was observed by the micro-XCT imaging on the
surfaces of post-test tensile specimens exposed for 2 hours to EXCO solution, as can be seen in Figure
2-16. Several secondary cracks (intergranular tears) have formed perpendicular to the loading
direction due to grain boundary embrittlement. The corrosion products between grain layers tend to
expand with corrosion evolution and act as wedges that introduce a stress field, thereby accelerating
the formation of in-plane intergranular cracks [35]. Formation of some surface pits after 2 hours
exposure to EXCO solution is evident from the cross-section in Figure 2-16(c), where the pits seem
not to propagate deeply into the core of the material, but parallel to the surface. Furthermore, higher
pitting density is noticed in the L/ST direction (z-y plane axis), providing evidence that the side-
surfaces of the specimens are more prone to corrosion attack, as was experimentally observed by
Kamoutsi [ 78] and Pantelakis et al., [104], thus playing a pivotal role in the elongation at fracture Ar

degradation at these short exposure times as was revealed by Charalampidou et al. [105].
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Figure 2-16: Post tensile test micro-XCT images of the EXCO-exposed specimens for 2 h, with (a) full volume micro-
XCT specimen, (b) a section near the exposed surface showing intergranular tearing due to grain-boundary
embrittlement, and (c) the cross-sectioned area shown in the right image included.

In order to develop an understanding regarding the development of these cracks, micro-XCT
imaging was also performed on a tensile tested specimen, in which the test was interrupted after the
application of 2% engineering strain. The micro-XCT image shown in Figure 2-17(a) reveals that,
even at these low engineering strains, intergranular cracking is present with an approximate depth of
0.05 mm (50 um) into the specimen (refer to Figure 2-17 (b)). Similar intergranular corrosion
penetration was found in Hughes et al. [73] after 2 hours exposure of AA2024-T3 to 0.1 M NaCl
solution. Additionally, approximately 40 um depth of cracks was noticed in Alexopoulos et al. [63]
after 4 hours exposure to EXCO solution and without the application of prior engineering strain.
Notable intergranular cracking was observed to propagate deep into the metal prior to the formation
of any substantial surface pitting. The same was noticed in the work of Luo et al. [106] where the
intergranular corrosion attack of AA2024-T351 was microscopically examined after immersion in

0.1 M NaCl aqueous solution.
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Figure 2-17: (a) Micro-XRCT image of 2 h EXCO-exposed AA2024-T3 tensile specimen after the application of 2%
engineering strain and (b) higher magnification of section A, showing that the secondary cracking extends to an
approximate depth of 0.05 mm from the exposed surface.

2.3.2.2 Effect on crack growth resistance
2.3.2.2.1  Macro- and microscopic features of pre-corroded specimens

In order to investigate the effect of EXCO exposure on crack growth resistance of AA2024-T3,
C(T) specimens exposed for 2 hours to exfoliation corrosion solution. The 2 hours exposure to EXCO
solution were selected for further investigation because no essential stress decrease is noticed from
the tensile flow curves, while a significant ductility decrease is evident according to Alexopoulos et
al. [63]. During the 2 hours exposure of AA2024-T3 C(T)-specimens to the EXCO solution, extensive
bubble formation could be observed on the exposed surfaces, as presented in Figure 2-18. Considering
the measured pH of the solution (0.27) and the basic model for pitting corrosion of aluminium [101]
the gas bubbles are believed to be hydrogen that forms as a result of the reduction of protons (H") in

acidic solution according to reaction below in Equation (2-2):
6H" + 6e — 3H> (2-2)

The necessary electrons for the formation of hydrogen gas (Hz) are provided by the oxidation of

aluminium according to the reaction below in Equation (2-3):
241 — 24P" + 6¢ (2-3)

The hydrogen gas-bubble formation was also accompanied by the precipitation of a large amount
of small, cubic-shaped salt crystals with a white coloration which can be attributed to precipitation of

sodium-chloride (NaCl) or aluminium-chloride (AlCl3). However, optical microscopy evaluation of
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the specimen surfaces after the exposure to EXCO solution revealed no visual signs of significant

pitting nor intergranular corrosion (refer to Figure 2-19).

Figure 2-18: Hydrogen bubble formation during EXCO exposure after (a) 15 minutes, (b) 30 minutes and (c) 90
minutes.

o

Figure 2-19: High magnification (1000x) optical micrograph of the C(T) (L-T) specimen surface after 2 h exposure to
EXCO solution, showing no signs of significant pitting or intergranular corrosion.

2.3.2.2.2  Crack growth resistance behaviour of pre-corroded specimens

Figure 2-20(a) shows the load-crack mouth opening displacement (CMOD) curves and Figure
2-20(b) tabulates the evaluated critical stress intensity factor (K.) values (calculated from
environmentally affected R-curves) of AA2024-T3 specimens exposed to three different exposure
environments, that is (i) prior exposure to air for the reference test results, (ii) prior exposure to 0.6
M-(or 3.5 wt. %) NaCl solution and (iii) prior exposure to EXCO solution, for comparison purposes.
As expected, the resistance curve is more recessive for the specimens exposed to corrosive

environments regarding the maximum applied load and the associated critical crack extension values
[39]



(Aac = 6.14 mm, 5.52 mm and 5.26 mm for samples exposed to air, EXCO and NaCl solution,
respectively). However, no significant difference in maximum applied load is noticed between the
two corrosive environments. Higher difference is evident when comparing the specimens exposed in
air against the specimens exposed to corrosive solutions, than comparing the results in two corrosive
solutions. Specimens exposed in air were found to have a maximum load of approximately 4.0 kN
while specimens exposed to EXCO as well as to NaCl solution exhibited a maximum applied force
of 3.8 kN and 3.7 kN, respectively. Regarding the crack mouth opening displacement (CMOD) at
maximum load, no considerable difference is noticed between the three investigated cases. Hence, it
seems that the short corrosion exposure times investigated in this study does not essentially affect the
maximum load capacity of specimens as well as the CMOD at the maximum load. Nevertheless, a
considerable decrease in the material’s ability to resist the propagation of a pre-existing crack is
noticed from the K¢ values in Figure 2-20(b). Exposure of specimens to EXCO solution decrease the
critical stress intensity factor K. by approximately 11% while the respective decrease for NaCl-
exposed specimens is approximately 13%. Nevertheless, no signs of significant pitting nor
intergranular corrosion observed in the surfaces of EXCO-exposed specimens for such a short

exposure time, when evaluated with the aid of optical microscopy as shown in Figure 2-19.
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Figure 2-20: (a) Load—crack mouth opening displacement (CMOD) curves and (b) evaluated critical stress intensity
factor (K.) values of AA2024-T3 specimens after prior exposure to different corrosive solutions.

The fracture surface appearance of a specimen exposed to EXCO solution and after the crack-
growth resistance evaluation is shown in Figure 2-21. As can be seen from the figure, the fracture
surface can be divided into four (4) different stages. That is the fatigue pre-crack perpendicular to the
applied load marked with (A), the stable crack extension fracture surface perpendicular to the applied
load (B), the shear-lip (ductile) fracture surface with an orientation of + 45 °to the applied load marked
with (C), and (D) an intergranular type of fracture near the edge of the specimen. It is worth noticing
that the fracture surface types (A) to (C) are repeated in all exposure conditions considered for this
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investigation. However, only the EXCO-exposed specimens reveal the type (D) fracture surface

appearance, corresponding to intergranular cracking.

Figure 2-21: Optical micrograph showing the typical fracture surface of the EXCO-exposed specimens, with (4) the
fatigue pre-crack, (B) the stable crack extension, (C) shear-lip (ductile) fracture, and (D) intergranular fracture.

The SEM image in Figure 2-22 more clearly shows the intergranular fracture (D) of the material
near the exposed surface (E) of the EXCO-exposed AA2024-T3 specimen. The presence of
intergranular fracture surface indicates the weakening of grain boundary strength, as was revealed in
previous studies (e.g., Posada et al. [35]). It is also noteworthy to mention that the embrittlement
appears to be more severe during exposure conditions in which the hydrogen gas do not evolve from
exposed surface as readily. It has been noticed that exposure conditions in which the hydrogen
bubbles remain adsorbed to the specimen surface reveal less pitting corrosion, higher concentration

of precipitated salt, and a significant increase in the thickness of intergranular fracture surface.

16Gpm

Figure 2-22: SEM image of the post crack-growth resistance evaluation fracture surface (D) near the exposed surface
(E) of the EXCO-exposed C(T) specimens.

Significant secondary crack formation — adjacent to the primary crack — is also observed after the
crack-growth resistance evaluation of the EXCO-exposed specimens, as can be seen in Figure 2-23.
These secondary cracks do not form in the full width of the exposed region but are limited to

approximately 2 mm on either side of the main crack plane. Moreover, at a position of approximately
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4 mm ahead of the extended primary crack front, no secondary cracks are observed. It is also
important to note that the secondary cracks were not visible immediately after the exposure to the
EXCO-solution (refer to Figure 2-19), but only formed after the crack-growth resistance testing, that
is, after the loading of the specimens. Considering the plastic-zone size (ry) calculated during the
crack-growth resistance procedure (according to ASTM E561 specification [91]), it appears that the
final calculated diameter of the plastically affected zone (= 3.78 + 0.04 mm) correlates well with the
area in which secondary crack formation is observed. Furthermore, according to the scale in Figure
2-24, the secondary cracks — indicated with the red arrow (b) — were measured through Image
Analysis software and found to extend up to an approximate depth of 0.115 mm from the exposed
surface. This corresponds well with the thickness of the intergranular fracture surface — labelled (D)
in Figure 2-22 — which was calculated to be 0.12 mm in depth. The comparability between the depth
of the secondary cracks evident in the EXCO-exposed specimens and the thickness of the
intergranular fracture surface indicates that the secondary cracks form due to some form of grain
boundary embrittlement. Whether this is induced by hydrogen embrittlement (HEDE model), or by
the formation of some intergranular compound (e.g., AIH3) during the exposure of the specimen, is
yet to be determined. However, the cohesion strength of grain boundaries near the exposed surface is

significantly reduced for the specimens exposed to EXCO solution.

The mechanism of embrittlement for EXCO-exposed specimens appears to deviate from that of
the NaCl-exposed specimens. The grain boundary weakening in NaCl-exposed specimens appears to
be limited to the regions where localised corrosion has occurred; with the grain boundary strength of
the material in the direct vicinity of attacked regions not being affected fundamentally. Thus, the
transition from intergranular to transgranular attack seems to be responsible for the higher
degradation of K in the case of NaCl solution noticed from the mechanical tests in Figure 2-10(b).
This behaviour can be attributed to the easier crack propagation in the case of transgranular attack;
the crack front changes direction from grain to grain. These results are in accordance with the findings
of Donatus et al. [62] where intergranular corrosion attack in AA2024-T3 was found to be less severe
than transgranular attack occurred in AA2198-T851.

Furthermore, the loss in strength of the surface material also reduces the volume fraction of
material with the ability to absorb the applied energy by yielding plastically. That is, the actual
thickness of the specimen is reduced, and is smaller than the measured thickness used in the K

calculations.
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Figure 2-23: Post crack-growth resistance XCT image of the Exco-exposed specimen, showing the secondary cracks
that formed within the plastic zone near the primary crack front.

Figure 2-24: Post crack-growth resistance XCT images of the Exco-exposed specimen, with the left image showing the
primary (a) and secondary (b) cracks and the cross-sectioned area shown in the right image.

2.3.3 AA2024-T3: Correlation and comparison of the corrosive
environments

2.3.3.1 Effect of solution aggressiveness on mechanical properties

The experimental test results of the conventional yield stress Rpo2% (nominal values) for the
exposure times to EXCO and to 3.5 wt. % NaCl solution are presented in Figure 2-25(a). The results
are presented in decreasing normalized average values (y-axis) from the initial value of the
conventional yield stress for comparison purposes. The black circles and dotted line represent the

experimental results and fitting line of exposure to EXCO solution and are linked to the bottom x-
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axis, while the orange triangles and line corresponds to the fitting results of exposure to 3.5 wt. %
NaCl solution and are linked to the upper x-axis of the figure. Regarding the comparison of
conventional yield stress decrease between the two investigated corrosive environments, it is evident
that the more aggressive solution (EXCO) leads to higher decrease of conventional yield stress up to
12 hours of exposure. For the very short exposure times, stress decrease seems to be almost the same
for both investigated solutions; however, specimens exposed to the mild corrosive solution (3.5 wt.
% NaCl) needed more hours for the same degradation percentage, e.g., approximately 99% remaining
percentage of Rp0.2% can be noticed after 168 hours of exposure to NaCl solution as well as after 1
hour of exposure to EXCO solution (Figure 2-25(a)). It is worth to mention that the 3.5 wt. % NaCl
solution does not reveal any exfoliation of the corrosion attacked material surfaces which could
represent a more pronounced notch effect reducing the specimens’ cross-sectional area. However, the
decrease of conventional yield stress, remains limited for all the investigated corrosion exposure times
of both investigated environments and does not exceed 40% at maximum and for the investigated
exposure times. The highest decrease of normalized Rpo.2% was approximately 32% (= 68% remaining
value) for the specimens exposed to 3.5 wt. % NaCl solution and 21% (=79% normalized value) for

the specimens exposed to EXCO solution.

The results of the residual elongation at fracture 4r values can be seen in Figure 2-25(b) for the
two investigated environments, namely the EXCO exposure and NaCl exposure. The results are
presented in the form of normalized Ar with double X-axis for comparison reasons. Corrosion
exposure has a deleterious effect on tensile ductility (elongation at fracture in the present case) even
from the short exposure times to both investigated corrosive solutions. The normalized decrease of
elongation at fracture Aris almost the same for both solutions at short exposure times where the pitting
formation remains limited; approximately 75% remaining percentage of the initial mechanical
property was observed after only 1 hour of exposure to EXCO solution while the same decrease was
noticed for the case of exposure to 3.5 wt. % NaCl solution after 24 hours (Figure 2-25(b)). The same
was observed for 2 hours at EXCO and 168 hours at 3.5 wt. % NaCl with a normalized value of
approximately 68%. Nevertheless, higher exposure times are needed for the 3.5 wt. % NaCl solution
in order to result in the same degradation percentage with the respective specimens exposed to EXCO
solution. It should also be taken into consideration that the hydrogen embrittlement phenomenon

takes place in this case, especially at the short exposure times in EXCO solution.
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Figure 2-25: Normalized (a) conventional yield stress (Rpo.22;) and (b) elongation at fracture (Ay values of AA2024-T3
for the various exposure times to EXCO solution compared against 3.5 wt. % NaCl solution.

Figure 2-26 presents the correlation results of the effect of two corrosive environments, e.g.,
EXCO and 3.5 wt. % NaCl solutions, with regard to the same corrosion-induced tensile ductility
decrease. To this end, for the conversion of exposure times to EXCO solution to the respective times
of exposure to NaCl solution, an empirical coefficient was devised. The n coefficient in [-] is

formulated as shown below, in Equation (2-4):

exposure time to NaCl (h)

n = 2-4
EXCO to Nacl exposure time to EXCO (h) ( )

The best calculation results were found by using the value n = 92 for the empirical coefficient and
for the simulation of the tensile ductility decrease curve of the investigated specimens for short
exposure times regime. The same rate decrease is evident between the two different corrosive
solutions at the short exposure times where slight pitting formation is the dominant degradation
mechanism. By using this coefficient value, is obvious that the results of exfoliation corrosion are
very close to the experimental values of exposure to 3.5 wt. % NaCl up to 1 hour of exposure and
14% elongation at fracture. Thus, it can be concluded that 1 hour of exposure to EXCO solution is
equivalent to 92 hours of exposure to 3.5 wt. % NaCl solution regarding the Ardegradation. For higher
exposure times, there is no correlation between the corrosive environments regarding the ductility

decrease since the corrosion-induced degradation mechanism is different.
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Figure 2-26: Correlation of the elongation at fracture Ardecrease due to exposure to EXCO solution as well as to 3.5
wt.% NaCl solution.

2.3.4 AA2198-T8: Effect of exposure to 3.5 wt. % NaCl solution

The increasing interest in Al-Cu-Li based alloys arises from the lithium addition-induced
advantages such as the decrease in density (almost 3% for 1 wz. % lithium added), increase in elastic
modulus (approximately 6% for 1 wt. % lithium added), the high strength-to-weight ratio as well as
the high damage tolerance and corrosion resistance [107]-[108]. Third generation Al-Cu-Li alloys
were developed to replace the conventional alloys such as AA2024-T3 in aircraft structures, where
damage tolerance is the critical design factor [109]-[110]. However, Al-Cu-Li alloys were found to
be highly susceptible to localized corrosion, especially to selective attack of certain grains or grain
boundaries, due to their complex precipitation hardening system, according to [51]-[53].

The addition of Li introduces precipitation hardening due to the formation of several
strengthening precipitates, including 0" (AlsLi), 6" (AloCu) and T (Al,CuLi). Other precipitates such
as f (AlzZr) and Al,0CuxMn;3 are formed by the addition of other alloying elements that control the
recrystallization and grain refinement of the metal, e.g., Proton et al. [56]. Corrosion susceptibility of
aluminium alloys is strongly influenced by the strengthening intermetallic phases due to micro-
galvanic processes between the intermetallic phases and the matrix, as described in [19]-[21]. In the
case of Al-Cu-Li alloys, the Ti precipitates contribute to localized corrosion due to the anodic
behaviour with respect to the adjacent Cu depleted zone and the matrix, as was described by Kertz et
al. [57]. In[111] it was found that in the presence of aggressive chloride solutions, aluminium alloys
are subjected to localized corrosion by pitting, intergranular attack, or exfoliation corrosion that
severely shorten the aircrafts service life due to stress concentration in the area next to these defects.

According to Zou et al. [112] the corrosion resistance of AA2198 was found to decrease from the
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solution-anneal to peak-ageing condition due to artificial ageing-induced microstructural
transformations.

Investigation on the corrosion behaviour of Al-Cu-Li 2198 alloy is of major importance.
Identifying the corrosion-induced degradation mechanisms is of crucial interest in the aircraft
maintenance protocols. In the present chapter, the above mechanisms are identified for the AA2198
at T8 temper via accelerated corrosion tests on tensile as well as small rectangular metallographic
coupons directly compared against the well-established AA2024 in order to report experimental

evidence regarding the corrosion potential of this alloy.

2.3.4.1 Effect on corrosion mechanism

The electrochemical impedance spectroscopy (EIS) results for the innovative Al-Cu-Li alloy
2198-T8 as a function of exposure to 3.5 wt. % NaCl solution are presented in Figure 2-27 and Figure
2-28, in the form of Bode and Nyquist plots respectively. Two well-defined time constants are evident
at low (102-10"") and medium (10°-10°) frequencies regime for all exposure times, e.g., Figure
2-27(a). Slight fluctuations are evident in the initial period of immersion (black curve) at low
frequencies regime due to non-stationarities of the system at this period resulted from the metastable
pitting formation. However, after 1 hour of immersion pits started to become stable. The respective
time for stable pits formation in AA2024-T3 was after 6 hours of immersion. More intense differences
between immersion times are noticed for this alloy, where an essential decrease of the capacitive
behaviour was observed from the decrease in Theta phase degrees values between 3 and 6 hours as
well as 6 and 12 hours of immersion. Furthermore, the relaxation process evident at higher
frequencies up to 3 hours of immersion (green curve) indicates a response from the passive surface
oxide film.

Impedance modulus is not notably decreased for the first hours of corrosion and up to 3 hours
(represented by green curve in Figure 2-27(b)), at low frequencies regime (102-10"). Nevertheless,
an essential sudden drop of Z modulus is noticed after 6 hours of exposure followed by a gradual
decreasing trend for higher exposure times. Essential decrease is noticed between 3 and 6 hours of
exposure while further increase in immersion time seems not to decrease the impedance modulus
significantly since by that time stable pits are formed, and the corrosion process is controlled by the
diffusion limited cathodic oxygen reduction. This trend was noticed for both medium and low
frequencies regime. Similar results were noticed for AA2024-T3; however, the impedance modulus
in low frequencies regime remained almost unaffected by corrosion exposure up to 6 hours for
AA2024-T3, while for AA2198-T8 a sudden drop was noticed after 3 hours. Nonetheless, the total
impedance modulus was found to be higher for AA2198-T8 for the whole immersion time range
indicating that this alloy is more corrosion resistant.

[47]



90 Il Il Il Il il 105 L T
g | AR2198-T8 omn """'J"lu.,,:_ —+— 5min
| Exposure to 3.5 wt. % NaCl solution o r . i —=—1h
njiday = LE]
L & I||" T
70 ‘ e _;. —«—6h |+ £ LEE
1] .’: /n'. " e (o]
g %0 F - —«—24h
s i 3 —=—48h
L
@ 50 "./..';' _§ ,
8 g g 10
g 4 i 8
) -4 I
2 o/ 8
a i g o,
£ 10° ."':‘i‘!!iuu:u:v
AA2198-T8
Exposure to 3.5 wt. % NaCl solution
10’ : : : :
10’ 10 102 10" 10" 10' 10> 10° 10" 10°
Frequency (Hz) Frequency (Hz)
(a) (b)

Figure 2-27: Impedance spectra of AA2198-T8 measured in 3.5 wt. % NaCl solution.

Two clear capacitive loops in all immersion times are evident from the Nyquist plot in Figure
2-28. As was already mentioned in previous section (section 2.3.1.), the two capacitive loops in EIS
correspond to the two parts of the alloy’s surface; more precisely the high frequency (HF) capacitive
loop (complete semi-circle) corresponds to the flat oxide passive film, while the capacitive loop that
is present in low frequency values (LF) (one-fourth arc) is associated with the localized corrosion
phenomena, such as pitting, intergranular and exfoliation corrosion. The same change trend with
Bode plots was noticed regarding corrosion behaviour of AA2198-T8. Capacitive arc (semi-circle
diameter) seems to remain unaffected up to 3 hours corrosion exposure time (represented by green
curve), while an essential shrinkage is noticed after 6 hours. Fluctuations are noticed for higher
exposure times. When compared against the Nyquist plot of AA2024-T3 (see Figure 2-2), more stable
oxide film is noticed for AA2198-T8 from the higher diameter of the capacitive arc (or the late
disappearance of semi-circle which corresponds to the oxide passive film) for the whole immersion

time range.
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Figure 2-28: Nyquist plot of AA2198-T8 measured in 3.5 wt. % NaCl solution.

To gain a better insight into corrosion mechanisms, EIS response is modelled using equivalent
electrical circuits, as shown in Figure 2-29. The same model used for AA2024-T3 was found to better
simulate the corrosion mechanism of the innovative Al-Cu-Li alloy. From the equivalent electrical
circuit model several useful parameters were calculated such as R element which represents the
solution resistance, the pair R»//Q1 which stands for the polarization resistance in parallel with
capacitance of double layer as well as the W that stands for the Warburg element corresponds to
diffusion phenomena. The more interesting parameter for further investigation is the charge transfer

resistance R, which represents the material’s resistance to oxidation.

1,000 T
1.000

Figure 2-29: Equivalent circuit model of AA2198-T8 exposed to 3.5 wt. % NaCl solution.

The R variation with increasing immersion time of AA2198-T8 directly compared against the
one of AA2024-T3 is presented in Figure 2-30. An essential increase of the charge transfer resistance
is noticed for the first hours of corrosion for AA2198-T8, followed by a linear decreasing trend up to
6 hours since by that time stable pits are formed. Slight fluctuations around 6000 Q*cm? are noticed
for higher exposure times of AA2198-T8. For the case of AA2024-T3, an increase in R; value is
noticed after 3 hours of exposure but lower than the one observed for AA2198-T8, while fluctuations

around 8000 Q*cm? are evident for higher exposure times. Regarding short exposure times and up to
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6 hours, the R> decreases with slightly higher rate for AA2198-T8 with increasing immersion time.
Thus, the electron flow is enhanced by increasing immersion time at short exposure times of AA2198-
T8 to 3.5 wt. % NaCl solution, while for the case of AA2024-T3 it is not essentially affected by
corrosion evolution. However, the higher R> values noticed for AA2198-T8 at short exposure times
revealed that corrosion attack is slower than in AA2024-T3. On the contrary, for long exposure times
(= 12 hours) corrosion proceeds slightly faster for AA2198-T8. In general, these results indicate that
AA2198-T8 is more sensitive to corrosion evolution but is more corrosion resistant than AA2024-T3
(as was shown by the higher charge transfer resistance values), meaning that is more difficult for

corrosion to nucleate and propagate in this alloy at short exposure times.
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Figure 2-30: Variation of the charge transfer resistance R as a function of immersion time to 3.5 wt. % NaCl solution
for Al-Cu 2024-T3 alloy directly compared against the innovative Al-Cu-Li alloy 2198-T8.

2.3.4.2 Effect on tensile mechanical performance
2.3.42.1 Mechanical evaluation of pre-corroded specimens

The typical nominal tensile stress-strain curves for the investigated exposure times of AA2198-
T8 to 3.5 wt. % NaCl solution can be seen in Figure 2-31. Regarding specimens exposed to 3.5 wt. %
NaCl solution, the nominal axial stress seems to remain almost unaffected by corrosion exposure. On
the contrary, the nominal axial strain decreased even from the short exposure times; however, no
essential degradation is noticed up to 720 hours of exposure (=1 month), while the property was
reduced by more than half after 2184 hours (= 3 months) and almost reached the morphology of brittle

fracture after 6 months exposure time.
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Figure 2-31: Typical tensile nominal stress-strain curves of AA2198-T8 after corrosion exposure to 3.5 wt. % NaCl
solution for different exposure times.

2.3.4.2.2  Characterization of fractured pre-corroded specimens

The typical photographs of the fractured pre-corroded specimens of AA2198-T8 exposed to 3.5
wt. % NaCl solution, depicted in Figure 2-32, revealed that pitting corrosion is limited for short
exposure times and up to 168 hours. The depicted area has dimensions of 12.5 mm * 55 mm, being
the width and length of the exposed area (gauge length) of the tensile specimens. With increasing
exposure time several pits are formed which are visible from the roughness of the specimens’ surface.
However, pitting formation seems to be uniformly distributed in the specimens’ surfaces. Regarding
fracture morphology, the formation of necking, as a consequence of high ductility, is visible up to

720 hours of exposure.

(b)

(d)

Figure 2-32: Typical photographs of fractured pre-corroded tensile specimens of AA2198-T8 exposed for (a) 168
h, (b) 720 h, (c) 2184 h and (d) 4200 h to 3.5 wt. % NaCl solution.
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2.3.5 AA2198-T8: Effect of exposure to EXCO solution

2.3.5.1 Effect on tensile mechanical performance
2.3.5.1.1  Mechanical evaluation of pre-corroded specimens

The typical nominal tensile stress-strain curves for the investigated exposure times of AA2198-
T8 to EXCO solution are presented in Figure 2-33. Specimens exposed to EXCO solution exhibited
significant nominal axial stress drop as well as nominal axial strain decrease even from the short
exposure times, e.g., 6 hours (represented by blue curve). Nominal axial stress continued to
essentially decrease up to 12 hours of exposure (represented by magenta curve) while further
corrosion exposure did not reduce the property significantly probably due to maximum depth of
cracks; this was not the case for nominal axial strain which was found to essentially decrease for the
whole exposure time range. As was already mentioned for the case of AA2024-T3, the nominal axial
stress decrease is attributed to the decrease of the “effective thickness” of the specimens [49] while

the decrease in nominal axial strain probably includes hydrogen embrittlement phenomena.

BO0 i e L
Reference|
500 +——
g
=, \6 hours
o 4004 &
n
o 12 hours
© 300+ 24 hours
©
S |
© i
© 200+¢
£ 1
IS
2
100+ j AA2198-T8, t= 3.2 mm i
L rolling direction
0 Exposure time to EXCO solution

— .
0 2 4 6 8 10 12 14
Nominal axial strain € [%]

Figure 2-33: Typical tensile nominal stress-strain curves of AA2198-T8 after corrosion exposure to EXCO for
different exposure times.

2.3.5.1.2  Characterization of fractured pre-corroded specimens

The typical photographs of the fractured pre-corroded specimens of AA2198-T8 exposed to
EXCO solution, depicted in Figure 2-34, revealed that pitting corrosion in the form of localized attack
is evident at short exposure times and up to 6 hours. With increasing exposure time, the pitting density
tends to increase thus leading to exfoliation of the surface after 24 hours. Regarding fracture
morphology, the formation of necking, as a consequence of ductile fracture, is slightly visible up to

24 hours of exposure while it was eliminated for higher exposure times, e.g., 48 hours.
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Figure 2-34: Typical photographs of fractured pre-corroded tensile specimens of AA2198-T8 exposed for (a) 6 h,
(b) 24 h and (c) 48 h to EXCO solution.

2.3.6 AA2198-T8: Effect of exposure to Harrison’s diluted solution

2.3.6.1 Effect on corrosion mechanism

Two clear capacitive loops in all immersion times are evident from the Nyquist plot in Figure
2-35. Capacitive arc (semi-circle diameter) gradually decreases from the first hours of exposure, e.g.,
6 hours in the present case. Slight fluctuations of the curves at low frequencies regime and up to 6
hours of exposure can be caused by non-stationarities of the system at this period, resulted from the
metastable pitting formation; stable pits started to form by that time in 3.5 wz. % NaCl solution. When
compared to the Nyquist plot of AA2198-T8 exposed to 3.5 wt. % NaCl solution (see Figure 2-28),
more stable oxide film is noticed in the case of Harrison’s solution that was revealed from the higher
diameter of capacitive arc (or the late disappearance of semi-circle), for the whole immersion time
range. In general, Harrison’s solution in diluted version was found to present the corrosion behaviour
and mechanisms of AA2198-T8 more precisely since it is milder and do not accelerate corrosion

kinetics.
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Figure 2-35: Nyquist plot of AA2198-T8 measured in Harrison'’s diluted solution.

2.3.6.2 Effect on tensile mechanical performance

2.3.6.2.1  Mechanical evaluation of pre-corroded specimens
The typical nominal tensile stress-strain curves for the investigated exposure times of AA2198-

T8 exposed to Harrison’s solution (diluted version) are presented in Figure 2-36(a). The nominal
axial stress almost remained unaffected by exposure to this solution; this was not the case for nominal
axial strain which was found to essentially decrease for the whole exposure time range. However, no
notable strain decrease was noticed up to 168 hours of exposure. These results are similar to the
respective in NaCl solution with the difference that nominal axial strain was essentially reduced for
lower exposure times in Harrison’s solution, e.g., 720 hours.

All the above-mentioned results are summarized as average values of the properties’ (Rpo.2o and
Ar) degradation in function with increasing exposure time to the several corrosive solutions in Figure
2-36(b) and Figure 2-36(c), respectively. It is obvious that specimens exposed to EXCO solution
exhibited higher degradation of Rpo.22 for the whole exposure time range. However, degradation rate
was found to be higher up to 6 hours exposure to EXCO solution while the property reached a plateau
for higher exposure times. This is probably evidence of maximum depth of attack (corrosion-induced
micro-cracks). On the contrary, specimens exposed to 3.5 wz. % NaCl solution exhibited a continuous
decrease of conventional yield stress up to the maximum exposure time. Regarding elongation at
fracture Ar, higher degradation rate was noticed for the specimens exposed to Harrison’s solution
followed by EXCO at short exposure times (up to 6 hours), while essential ductility decrease revealed
in the case of 3.5 wt. % NaCl solution after approximately 2000 hours of exposure (= 3 months). The
ductility decrease can be attributed to hydrogen embrittlement phenomena that seems to be more

intense in the case of Harrison and NaCl solutions, probably because of the transgranular attack which
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enhances the diffusion of hydrogen to micro-voids in grains interior and not only on grain boundaries

as was the case of EXCO.
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Figure 2-36: (a) Typical tensile nominal stress-strain curves of AA2198-T8 after corrosion exposure to Harrison’s
solution for different exposure times and (b) & (c) comparison of corrosion-induced degradation of
mechanical properties between the three different investigated solutions (EXCO, NaCl, Harrison).

2.3.6.2.2  Characterization of fractured pre-corroded specimens

Figure 2-37 presents the typical photographs of fracture pre-corroded specimens of AA2198-T8
exposed to Harrison’s solution for several hours. The depicted area has dimensions of 12.5 mm * 55
mm, being the width and length of the exposed area (gauge length) of the tensile specimens. No
essential pitting formation is noticed up to 168 hours of exposure, however roughness of the
specimen’s surface is evident. Nevertheless, this solution was found to induce severe localized pitting

corrosion and exfoliation with increasing exposure time. The fracture path follows a non-linear

[55]



pattern and definitely propagates from pit to pit. Regarding fracture morphology, the formation of
necking, as a consequence of high ductility, is visible up to 720 hours of exposure as was also

observed in NaCl solution.
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Figure 2-37: Typical photographs of fractured pre-corroded tensile specimens of AA2198-T8 exposed for (a) 168
h, (b) 720 h, (c) 2184 h and (d) 4200 h to Harrison’s solution.
2.3.7 AA2198-T8: Correlation and comparison of corrosive

environments

The experimental test results of the residual elongation at fracture Ar values for the exposure times
to EXCO and to 3.5 wt. % NacCl solution are presented in Figure 2-38. The results are presented in
the form of normalized values of 4r with double X-axis for comparison reasons. The black rectangles
and solid line represent the experimental results and fitting line of exposure to EXCO solution and
are linked to the bottom x-axis, while the orange triangles and dashed line corresponds to the fitting
results of exposure to 3.5 wt. % NacCl solution and are linked to the upper x-axis of the figure.
Corrosion exposure has a deteriorating effect on tensile elongation at fracture even from the short
exposure times to both investigated corrosive solutions. The normalized decrease of elongation at
fracture Ar is almost the same for both solutions at short exposure times where the pitting formation
remains limited; approximately 95% remaining percentage of the initial mechanical property was
observed after only 2 hours of exposure to EXCO solution while the same remaining value was
noticed for the case of exposure to 3.5 wt. % NaCl solution after 168 hours. Almost the same was
observed for 6 hours at EXCO and 720 hours at 3.5 wt. % NaCl with a normalized value of
approximately 90%. Nevertheless, higher exposure times are needed for the 3.5 wt. % NaCl solution
in order to result in the same degradation percentage with the respective specimens exposed to EXCO
solution. It should also be taken into consideration that the hydrogen embrittlement phenomenon
takes place in this case, especially at the short exposure times in EXCO solution. Regarding higher
exposure times, elongation at fracture is essentially decreased (more than half) for specimens exposed
to NaCl solution while for the specimens exposed to EXCO solution it remained in higher levels (less

than 40% decrease).
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Figure 2-38: Normalized elongation at fracture (Ay) values of AA2198-T8 for the various exposure times to EXCO
solution compared against 3.5 wt. % NaCl solution.

Figure 2-39 presents the correlation results of the effect of two corrosive environments, e.g.,
EXCO and 3.5 wt. % NaCl solutions, with regard to the same corrosion-induced tensile elongation at
fracture decrease. To this end, for the conversion of exposure times to EXCO solution to the
respective times of exposure to NaCl solution, an empirical coefficient was devised (see section
2.3.2.4, Equation 2-4 (above)). The best calculation results were found by using the value n =107 for
the empirical coefficient and for the simulation of the tensile ductility decrease curve of the
investigated specimens for short exposure times regime. The same rate decrease is evident between
the two different corrosive solutions at the short exposure times where slight pitting formation is the
dominant degradation mechanism. By using this coefficient value, is obvious that the results of
exfoliation corrosion are very close to the experimental values of exposure to 3.5 wz. % NaCl up to 6
hours of exposure and 10% elongation at fracture. Thus, it can be concluded that 1 hour of exposure
to EXCO solution is equivalent to 107 hours of exposure to 3.5 wt. % NaCl solution regarding the A
degradation. For higher exposure times, there is no correlation between the corrosive environments
regarding the ductility decrease since the corrosion-induced degradation mechanism is different.

It is worth to mention that correlation between EXCO and Harrison’s solution could not be
achieved since big differences on the normalized Ar values were noticed for the whole exposure time
range of both corrosive environments and similar degradation percentage could not be observed.
Thus, correlation only between the two most common corrosive environments, namely EXCO and

3.5 wt. % NaCl solution, was attempted in order to be directly compared against AA2024-T3.
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Figure 2-39: Correlation of the elongation at fracture Ay decrease due to exposure to EXCO solution as well as to
3.5 wt. % NaCl solution for AA2198-T8.
2.3.8 Comparison on the corrosion-induced mechanical properties
degradation of AA2024-T3 and AA2198-T8

The effect of corrosion exposure to 3.5 wt. % NaCl solution on the mechanical properties’
degradation of AA2024-T3 directly compared to AA2198-T8 is investigated in this chapter. The
comparison was limited to 3.5 wt. % NaCl solution since the in-service obtained corrosion damage
correlates well to the one caused by this solution [88]. Additionally, Harrison’s solution is considered
to better simulates the corrosion kinetics in Al-Cu-Li alloys.

Figure 2-40 shows the experimental results of AA2024-T3 and AA2198-T8 as average values
and respective standard deviation derived from three specimens of each material. It should be
mentioned that conventional yield stress Rpo.22 was calculated based on the nominal cross-section of
the specimens and without taking into consideration the “effective thickness” of the specimens. The
available experimental test results were simply interpolated with the aid of a B-Spline curve (eye-
catch) to roughly assess the corrosion exposure effect on the mechanical properties of the two
aluminium alloys tested. The corrosion exposure time range was divided into two distinct regimes,
namely short exposure times (shown in grey background) and long exposure times (shown in yellow
background), with different degradation rates and corrosion behaviour. AA2024-T3, represented by
red squares, is not significantly affected by corrosion for short exposure times up to 720 hours where
the remaining percentage of the conventional yield stress is approximately 99%. However, a
significant decrease is noticed for long exposure times (> 1000 h) where the remaining percentage of
the initial property value is almost 69% after the highest exposure time of 4320 hours in this case.

Approximately the same degradation percentage noticed for AA2198-T8 for short exposure times
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where pitting corrosion remains limited. Nevertheless, in contrary to AA2024-T3 further corrosion

exposure of AA2198-T8 seems not to affect this mechanical property, since the remaining percentage

remains constant even after heavily exposure specimens (black rectangles).
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Figure 2-40: Conventional yield stress degradation of pre-corroded AA2024-T3 and AA2198-T8 specimens
exposed for different times to 3.5 wt. % NaCl solution.

The values of the ultimate tensile strength Ry, were again calculated by taking into account the

nominal cross-sections of the specimens and the results are summarized in Figure 2-41. Comparative

consideration of the plots for the two investigated aluminium alloys shows that AA2198-T8 degrades

at slightly higher rates in comparison to AA2024-T3 regarding the short exposure times, e.g., 96%

remaining percentage of Rm was noticed after 720 hours of exposure while the respective value of

AA2024-T3 was approximately 99%. On the contrary, long exposure times have a profound effect

on AA2024-T3 where the remaining percentage of the initial property decreased to 86% while for

AA2198-T8 the respective degradation was approximately 90% after the highest exposure time of

4200 hours.
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Figure 2-41: Ultimate tensile strength degradation of pre-corroded AA2024-T3 and AA2198-T8 specimens
exposed for different times to 3.5 wt. % NaCl solution.

The values of elongation at fracture Ar of the pre-corroded tensile specimens can be seen in Figure
2-42 (the same notation and interpolation approach as in Figure 2-40 is followed), for both aluminium
alloys studied in the present work. It can be seen from this figure that AA2198-T8 is more corrosion
resistant than AA2024-T3 in terms of Ar degradation at the first stages of corrosion exposure and up
to 720 hours (short exposure times regime) where pitting corrosion is limited and possibly the
hydrogen embrittlement is the dominant degradation mechanism. It is worth mentioning that
AA2198-T8 is superior to corrosion resistance even at the T8 condition (under-ageing) which leads
to significant loss of ductility. However, almost the same degradation of elongation at fracture was
noticed for the two investigated materials at long exposure times where pitting corrosion and cracking
formation are the dominant degradation mechanisms. Hence, the AA2024-T3 specimens are losing
their ductility potential at higher rates than AA2198-T8 giving evidence that Al-Cu-Li alloy is more
corrosion resistant than its predecessor, in terms of highly maintaining its ductility characteristics

when compared to the Al-Cu alloy for the same exposure time.
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Figure 2-42: Elongation at fracture degradation of pre-corroded AA2024-T3 and AA2198-T8 specimens exposed
for different times to 3.5 wt. % NaCl solution.

2.4 Conclusions

Summarizing the findings of the present experimental study, the following conclusions could be

achieved:

1)

2)

3)

4)

5)

Higher correlation of corrosion induced 4r decrease between EXCO and 3.5 wt. % NacCl solution
was noticed for the short exposure times for both investigated aluminium alloys, where the slight
pitting formation as well as hydrogen embrittlement (for the case of EXCO solution) are the
dominant degradation mechanisms.

According to the empirical coefficient, 1 hour EXCO exposure of AA2024-T3 is equivalent to 92
hours of exposure to 3.5 wt. % NaCl solution, while 1 hour EXCO exposure of AA2198-T8 is
equivalent to 107 hours of exposure to 3.5 wt. % NaCl solution, regarding tensile elongation at
fracture decrease.

Different embrittlement mechanisms of AA2024-T3 are noticed for the different investigated
corrosive environments. No grain-boundary embrittlement is noticed for NaCl-exposed
specimens while severe embrittlement is evident for EXCO solution.

Approximately 50 um intergranular cracking depth is revealed on AA2024-T3 specimens when
exposed to EXCO solution for short times and prior to the formation of any substantial surface
pitting.

Several secondary cracks up to a distance of approximately 4 mm ahead of the extended primary
crack front are observed on the EXCO-exposed C(T) specimens of AA2024-T3. This observation

correlates well with the calculated plastically affected zone of approximately 3.78 mm.
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6)

7)

8)

9

The depth of secondary cracks was found to be approximately 0.115 mm and correlates well with
the thickness of the intergranular fracture surface, which was found to be approximately 0.12 mm.
Thus, it gives evidence that the secondary cracks form due to some form of grain boundary
embrittlement.

Approximately 11% decrease of the critical stress intensity factor K., is noticed for the AA2024-
T3 specimens exposed for 2 hours to EXCO solution; the respective decrease for 24 hours
exposure to 3.5 wt. % NacCl solution is approximately 13%. It is worth mentioning that 24 hours
exposure to 3.5 wt. % NaCl solution corresponds to less than 1 hour exposure to EXCO regarding
elongation at fracture decrease and according to the proposed correlation coefficient.

Signs of intergranular attack are also observed in the specimens exposed to 3.5 wt. % NaCl
solution; however, IGC is not restricted to the grain boundary itself, but tends to develop
transgranularly to the adjacent grains of the intergranularly attacked region. Transition from
intergranular to transgranular corrosion attack leads to higher degradation of K¢rnoticed in 3.5 wr.
% NaCl solution.

Differences in corrosion degradation mechanism were also noticed for AA2198-T8 between the
different corrosive environments. Harrison’s solution was found to induce severe localized
corrosion as well as exfoliation with increasing exposure time. However, no essential degradation
of the “effective thickness” was noticed for both Harrison and NaCl solution, while the ductility

was significantly decreased from the first stages of corrosion exposure.

10) Corrosion degrades all aspects of the tensile behaviour of AA2024-T3 at a higher level compared

to the respective degradation of AA2198-T8 at long exposure times, where pitting corrosion
mechanism takes place. Regarding elongation at fracture, AA2024-T3 was found to degrade at
much higher rates even at short exposure times where hydrogen embrittlement is possibly the
dominant degradation mechanism. Faster corrosion attack for AA2024-T3 was also revealed from
the lower charge transfer resistance values at short exposure times. It was thus definitely
concluded that Al-Cu-Li alloy is superior concerning corrosion resistance, since it maintains

higher percentages of the initial (uncorroded) values of its tensile properties, against AA2024-T3.
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Chapter 3

3 Effect of corrosion-induced micro-cracking on the
structural integrity of 2xxx series aeronautical aluminium
alloys

This chapter focuses on the micro-cracks’ formation on AA2024 and AA2198, due to exposure to
exfoliation corrosion solution, and their influence on mechanical properties degradation. Special
concern is given on ductility which is described through elongation at fracture Ay. Measurements of
the depth of cracks were performed, and a statistical analysis was made in order to reveal their
increasing trend on different surfaces of the alloys with increasing exposure time. Additionally,
different models for the calculation/simulation of the “effective thickness” decrease due to micro-
cracks’ propagation were developed. The chapter starts with an introduction regarding
environmentally assisted cracking on 2xxx series aluminium alloys, continues with the description of
the experimental protocol and finally the results are presented in order to be discussed. Comparison
between the two investigated specimens is done in the whole chapter to highlight the potential of the
advanced Al-Cu-Li alloy.
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3.1 Introduction

Nowadays, rigorous improvements in energy consumption and mechanical performance on the
aircraft industry sector have been pushed by market demand to face technically challenging
requirements, especially due to CO; emissions regulations as well as demands for cost reduction in
operation and maintenance. The need to reduce energy is driving the aeronautical manufacturers
towards the development of lightweight metallic structures, through the incorporation of advanced
lighter materials and new manufacturing techniques. As a consequence, there is an increasing demand
to maintain or even increase structural integrity in these innovative aerospace applications. Hence, it
is of imperative importance to easily assess the structural integrity of aircrafts and define their
periodic inspection intervals. One of the major threats of aircraft’s structural integrity is corrosion,
where its co-existence with other forms of damage, such as fatigue, can lead to accelerated crack
propagation [66] and eventually to premature material’s failure. The most common used 2xxx series
aeronautical aluminium alloys (e.g., 2024 and 2198), which are commonly used in the aircraft
industry due to their high strength to weight ratio, tend to be susceptible to corrosion according to
[19]-[21] and [113]-[114]. For the case of aircraft structures from aluminium alloy 2024-T3, several
types of damage have been reported over a large number of repairs [65], fatigue cracks was the most
frequent damage observed, having a frequency of more than 57% out of the total repairs number.
Second most frequent observed damage was corrosion, having approximately 30% of the total repairs.

Third generation Al-Cu-Li alloys were developed to replace the conventional Al-Cu alloys such
as AA2024-T3, in aircraft structures where weight savings and damage tolerance are the critical
design factors. Aluminium alloy 2198 was found to have excellent fatigue mechanical properties
[115], as well as increased corrosion resistance [112], [116]-[117]. According to Moreto et al. [98],
AA2198-T851 presented higher yield stress and ultimate tensile strength values than AA2524-T3 and
better long-time corrosion resistance, despite of the higher corrosion potential due to the presence of
Li. Significant differences in the corrosion attack mechanisms between Al-Cu-Li and conventional
Al-Cu alloys were reported in [54] and [118]. Al-Cu-Li alloys were found to be susceptible to
intragranular |1 18], transgranular as well as exfoliation corrosion attack with variations in the level
of susceptibility between the different thermomechanical tempers [54], indicating the effect of micro-
constituent particles on corrosion mechanism; the predominant corrosion mechanism of Al-Cu 2024-
T3 alloy was found to be the intergranular corrosion (IGC). Despite of the increased corrosion
susceptibility of Al-Cu-Li alloys, higher through thickness penetration of corrosion attack was
noticed for AA2024-T3.

The improved mechanical properties of Al-Cu—Li alloys can be attributed to their microstructure
and especially to the complex precipitation hardening system. Intermetallic phases including o'
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(AlsLi1), T1 (Al2CuLi), 8’ (Al2Cu) and S’ (A12CuMg) can be observed in the microstructure of such
alloys [3] and [119]. T; precipitate is considered to be the major strengthening phase of Al-Cu-Li
alloys [120]-[122] that preferably precipitates on dislocations, sub-grain and grain boundaries [22],
[123]-[126]. Such strengthening intermetallic phases may influence the corrosion resistance of 2xxx
aluminium alloys, as was noticed for AA2024, due to the different electrochemical behaviour of the
matrix, e.g., [19], [21] and the subsequent formation of a galvanic cell between the intermetallic
particles (IMs) and the matrix or the adjacent particles [20], [24]. AA2024 is susceptible to
intergranular corrosion attack due to precipitations formed on the grain boundaries. Al-Cu-Li alloys
are highly susceptible to intergranular/intersubgranular corrosion attack due to high grain stored
energy (dislocations density per grain) that promotes the nucleation of T precipitates inside such
grains [51]-[53], as well as to transgranular and exfoliation corrosion attack found by Araujo et al. in
[54]. Ty precipitates enhance localized corrosion due to the anodic behaviour with respect to the
adjacent Cu depleted zones and the matrix, e.g., [55]-[57] and [127], coming from the higher
corrosion potential of Li [59]. Severe localized corrosion attack associated to micrometric precipitates
[60] was evident in the interior of high energy grains. Pitting corrosion nucleated on the dispersed
intermetallic (IMs) precipitates of AA2198-T3 exposed to neutral sulphate and chloride solutions
according to Balbo et al. in [61].

Corrosion of aircraft structures initiates through the formation of pitting [22], [68]. Localized
corrosion attack initiates at locations where the presence of intermetallic phases is evident, e.g., [24],
[29]-[30], [71]; localized corrosion initiates at the secondary phase particles of AA2024 [25]-[26].
The Cu-rich remnants within the clusters, as a result of S-type (Al.CuMg) particles’ dealloying [72],
[128], switch the anode to the alloy matrix adjacent to these particles and eventually to grain
boundaries [73]-[75], [129]; thus, leading to trenching around their periphery and subsequent
formation of sub-surface micro-cracking [130]-[133]. Environmentally assisted cracking (EAC) is a
deleterious process and includes mechanisms such as hydrogen induced cracking, hydrogen
embrittlement, corrosion fatigue and stress corrosion cracking. Cracking generally starts at local
defects that act as stress concentrators, which may be microstructural features inside the material,
surface features or arise from an in-service damage process such as corrosion (e.g., pitting) [76]-[77].
Crack growth rates as well as the crack path are strongly affected by corrosion exposure duration
[134]-[135]. Hence, the effect of corrosion exposure duration is strongly influenced by the initial
thickness of the specimen.

The ASTM (34 standard test method for exfoliation corrosion susceptibility in 2xxx and 7xxx
series aluminium alloys [80] used for the execution of the experimental protocol, regarding the

corrosion environment and exposure. The specification recommends the exposure of a single side of

[66]



the specimens to the corrosive solution. In a series of articles, the effect of corrosion exposure on
2xxx aluminium alloys was assessed, e.g., by Kamoutsi in [78] as well as by Pantelakis et al. in [87]
and [104], where exposure was performed on all surfaces (4 in number) of the typical tensile
specimens. Posada et al. in [35] revealed that the side-surfaces of the specimens (thickness) are more
prone to corrosion attack, and this was attributed to the long elongated grains and consequently to the
higher density of grain boundaries due to the rolling process. Hence, it is of major importance to
investigate the corrosion behaviour on the different surfaces and rolling directions of specimens as
well as to quantify the effect of side-surfaces corrosion attack on the mechanical properties
degradation.

Ageing aircrafts may have accumulated corrosion damage coming from the coexistence of several
mechanisms, with the most detrimental to materials’ structural integrity being the hydrogen
embrittlement. Hydrogen is produced by surface corrosion reactions and afterwards diffuses into the
material up to a certain distance and is trapped at preferential sites [37]. It has been shown, e.g., [42]
and [136] that lattice defects such as grain boundaries or intermetallic phases, provide hydrogen
trapping sites. It is generally accepted that the presence of cracks assists the hydrogen embrittlement
since hydrogen can be adsorbed at crack tips or diffuse ahead of cracks, and as a consequence the
interatomic bonding languishes so that dislocation is facilitated [79]. These effects lead to intense
plastic deformation and the embrittlement of the metal. Kamoutsi et al. [46] acknowledged that the
hydrogen front increases with corrosion front and lead to the formation of a hydrogen-affected zone
beneath the corroded layer.

Quite few articles were reported to characterize the effect of corrosion-induced micro-cracking
on the structural integrity of aluminium alloy 2024-T3, and to correlate the metallographic features
to the resulting degradation of its mechanical properties. It was shown, e.g., [49] and [137], that the
increasing exposure time to the corrosive environment leads to a deeper penetration of corrosion-
induced micro-cracks. Hence, it was found that the cross-sectional area of specimens which was
supposed to be unaffected by micro-cracks, referred as ‘effective thickness’, decreases exponentially
with increasing exposure time to the EXCO solution due to the crack propagation mechanism. The
reduction in cross-sectional area decreases the mechanical properties (e.g., residual stress, modulus
of elasticity) proportionally to the decrease in area. Alexopoulos et al. [85] also acknowledged that
corrosion exposure has a negative effect on yield stress of AA2024-T3 mainly due to cross-section
decrease at higher exposure times, as well as on ductility due to the combination of hydrogen
embrittlement and cross-section degradation. Synergy of corrosion-induced surface micro-cracking
and hydrogen embrittlement was found to decrease both, the fatigue life and the damage tolerance

capability, e.g., [67], [138]-[139].
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The detrimental effects of corrosion damage on component’s structural integrity are qualitatively
acknowledged, to date there are few articles in the literature trying to quantify these properties for a
material. The majority of the articles deals with the effect of corrosion on the microstructure of
specimens and focus on the crack initiation mechanism, crack propagation and the shape of micro-
cracks i.e., Jones et al. [135]. It was observed that the critical crack in its early stages (AK < 5
MPa~m) interacts with adjacent corrosion pits and material microstructure and therefore low crack
growth rates were observed. Likewise, it was found that the crack nucleation initiated at a point along
the perimeter of a pit where stress concentration and microstructural discontinuities exist, or where
the grain orientation is predisposed to grow along crystallographic slip planes, e.g., [134] and [140].
A semi-elliptical surface crack grows up to a critical size leading to the rapid failure of the specimen.
Pit depth was increased with increasing polarization time and therefore a linear relationship between
critical pit depth and stress intensity factor was observed. Regarding Al-Cu-Li alloys, severe localized
corrosion on AA2198-T851 after only 1 hour of corrosion exposure, as well as crystallographic
propagation with increasing exposure time was revealed according to Donatus et a/. in [62].

In the present work, the effect of corrosion-induced micro-cracking on the structural integrity of
AA2024 and AA2198 is investigated. The mechanisms of micro-crack formation and propagation on
the different surfaces of the specimens as well as the effect on mechanical properties degradation is
investigated. Additionally, the quantification of micro-cracks contribution to tensile ductility

decrease is attempted for the different surfaces of the specimens.

3.2 Materials and experimental procedure

Materials used were the wrought aluminium alloys 2024-T3 of 0.4- and 1.6 mm nominal thickness
and 2198-T351 of 1.6 mm nominal thickness. The condition T351 includes the same treatments as
for the T3 but with an additional stress-relieving stage by stretching. Tensile, fatigue and small
rectangular flat specimens (10 x 20 mm?) were machined from the sheets. The geometrical
dimensions were 12.5 mm x 1.6 mm at the reduced cross section with total length of 190 mm for the
tensile specimens, while the fatigue specimens had a continuous radius with 9.0 mm x 1.6 mm being
the reduced cross-section and total length of 190 mm. Specimens were machined in both, longitudinal
(L) and transverse (T) sheet rolling direction.

Figure 3-1 shows schematically the flow chart of the experimental procedure regarding the effect
of corrosion-induced micro-cracking on ultra-thin (0.4 mm) specimens of AA2024-T3 and their
synergy with hydrogen embrittlement. Prior to corrosive solution exposure, the surfaces of the small
rectangular metallography specimens were cleaned with alcohol according to ASTM G1 specification

[92]. Masking of a single out of two flat large surfaces was performed for several metallography
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specimens, similar to the respective tensile specimens at their reduced cross-section region.
Specimens with one side masked are called ‘single-sided’, while specimens without masking are
called ‘both-sided’, as the two flat large sides were exposed to the accelerated corrosive solution.
Specimens with and without masking were afterwards exposed to the laboratory exfoliation corrosion
environment (hereafter called EXCO solution) according to ASTM G34 specification [80]. Different
specimens were exposed to several times that were selected according to a relevant article of the
authors [85]. Afterwards, more than three cross-sections of each specimen were mounted in epoxy
matrix, surface ground up to 1200 grit, polished with 0.25 um paste down and then examined in a
Leica DM LM light optical microscope. Image Pro® software was used for the image analysis and
the calculation of the pit depth or depth of corrosion attack. In total, more than 65 cross sections were
investigated for the 21 different corrosion case studies in the present work. All depth of attack
measurements per different corrosion case were inserted in the Origin® software for the statistical
analysis of the results. Micro-crack results for the different case studies were correlated with the
respective tensile test results [85] that were performed on standard specimens from the same thickness

sheets with 50 mm gauge length and 3.3 x 10™* s! strain rate.

Specimens were surface
cleaned and then
exposed to exfoliation
corrosion solution

Experimental
procedure

Machined
rectangular
specimens
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Tensile test results

Figure 3-1: Flow chart of the experimental procedure for the effect of corrosion micro-cracking on ultra-thin (0.4 mm)
AA2024-T3 specimens.

Figure 3-2 depicts the flow chart of the experimental procedure regarding the effect of corrosion-
induced micro-cracking on mechanical properties’ degradation as well as the quantification of the
side-surfaces’ cracks contribution to ductility decrease for AA2198-T351, directly compared against
the respective of AA2024-T3 of 1.6 mm nominal thickness. Prior to the corrosive solution exposure,

the side-surfaces of the tensile specimens were ground up according to ASTM E8 specification [90].
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All surfaces to be corroded were cleaned with alcohol according to ASTM G1 specification [92]. The
specimens were masked in the areas to be attached to the tensile test machine’s grips with appropriate
insulating PVC tape with excellent adherence, in order to avoid crevice corrosion beneath the
masking tape. The exposed area was within the reduced cross-section to ensure fracture within the
gauge length. Additionally, masking of the side-surfaces was performed for several tensile specimens
as depicted in Picture 3-1(b), where the upper and bottom large surfaces to be corroded are indicated
with grey colour, while for the fatigue specimens all (four) surfaces of the gauge length were exposed

to the corrosive solution.

Machining of
AA 2198& AA 2024

specimens Corrosion Corrosion
exposure exposure
at all surfaces at large surfaces
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= with alcohol Light optical
S microscopy
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o. P Tensile tests

Scanning Electron

Effect of the corrosion .
Microscopy

of the side-surfaces

Experimental procedure

Fatigue tests

Mechanical properties
degradation

Evaluation

Figure 3-2: Flow chart of the experimental procedure for the effect of side-surfaces corrosion micro-cracking on
AA2198-T351 specimens.
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Picture 3-1: Schematic representation of specimens according to ASTM E8 and ASTM E 466 specifications; (a)
specimens corroded at all surfaces, (b) specimens corroded at large surfaces only and (c) fatigue specimens.

Afterwards, the tensile specimens were exposed to the laboratory exfoliation corrosion
environment (here after will be called as EXCO solution) for different times, according to ASTM
G34 specification [80]. The specimens with masked side-surfaces are called “specimens corroded at
large surfaces” while the specimens without masked side-surfaces are called “specimens corroded at
all surfaces”. After the corrosion exposure, the tensile specimens were immediately cleaned according
to ASTM G34 specification and then subjected to mechanical testing (tension).

Electrochemical measurements were performed on polished small rectangular specimens (10 mm
x 20 mm) with the use of a typical three electrodes cell system that was composed of a platinum
electrode as counter electrode, a silver chloride electrode as reference electrode and the small
rectangular specimens of the investigated aluminium alloys as working electrodes. A Gamry Interface
1000 potentiostat along with a cell with an exposed area of the working electrode of 0.5 cm? were
used for the electrochemical measurements. Initially, the open circuit potential (OCP) was measured
by recording values with 1 s interval for 30 min. Potentiodynamic polarization test started after the
OCP measurement and from -0.2 V to the corrosion potential. The polarization potential range was
from -0.2 V up to 0.6 V to the OCP, respectively and the potential scanning rate was 0.2 mV s '. For
all samples, at least 2 polarization curves were plotted to ensure the reproducibility of the results.

Additionally, rectangular specimens were also exposed to EXCO solution for the same exposure
times as for the tensile specimens and were examined in a Leica stereoscope in order to reveal the
surface corrosion damage. Afterwards, more than three cross-sections of each rectangular were
mounted in epoxy resin matrix, mechanically ground up to 1200 grit of SiC paper, polished with 3

um diamond paste and examined in a Leica DFC 295 S6D light optical microscope in order to
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investigate the corrosion attack in the interior material. The non-corroded specimens were
additionally chemically etched with Kroll’s reagent consisted of 100 ml distilled water, 6 ml HNO3
and 2 ml hydrofluoric acid (HF) used for 20 s as well as with Dix—Keller’s reagent consisted of 190
ml distilled water, 5 ml HNOs3, 3 ml hydrochloric acid (HCI1) and 2 ml HF used for 40 s, for AA2024-
T3 and AA2198-T351 specimens respectively, and then examined in the light optical microscope in
order to reveal the microstructural characteristics of the investigated alloys.

Tensile tests were carried out in a servo hydraulic Instron 100 kN testing machine according to
the ASTM ES8 specification [90] and the crosshead displacement rate was kept constant and equal to
0.7 mm/min. An external Instron extensometer with 50 mm + 10 mm maximum travel was attached
at the reduced cross-section gauge length of the specimens. A data logger was used during all tensile
tests and the values of load, displacement and axial strain were recorded and stored in a computer.
More than three specimens were tested in each different case to get reliable average data. A total of
more than 120 tensile stress-strain curves were analysed for the evaluation of the tensile mechanical
behaviour of the pre-corroded specimens for both investigated alloys. Fractured surfaces of the tensile
specimens were examined in a Leica stereoscope as well as with the aid of scanning electron
microscopy (SEM) in order to investigate the fracture mechanism.

Fatigue tests were carried out for the AA2198-T351 specimens in the same testing machine; all
tests were performed with load command and by using sine wave load. Load (or stress) ratio, the ratio
of the minimum applied load (stress) to the maximum applied load (stress), R = Gmin/Omax, Was kept
constant for fatigue tests and equal to R = 0.1, which is the typical waveform for testing aeronautical
materials since it better simulates the true loadings in aerostructures. Fatigue load frequency was 10
Hz for all tests; the values of maximum and minimum load, displacement as well as cycles to fracture

were recorded and stored in a computer.

3.3 Results and discussion

The corrosion-induced micro-cracking affects all mechanical properties of aluminium alloys. In this

section the effect on the structural integrity as well as remaining ductility will be assessed.

3.3.1 Macro- and microstructure background

Surface macro- and stereoscopical examination of pre-corroded ultra-thin (0.4 mm) tensile
specimens of AA2024-T3 showed that the surface pitting corrosion mechanism was slightly evident
for short exposure times up to 1.33 hours. However, the microstructural examination revealed that
corrosion exposure for the very short times resulted in the formation of surface cracks towards the

centre of the specimen. Formation of small, scarce surface pits observed for higher exposure times,
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e.g., 2 hours. For even higher exposure times and up to the investigated 4 hours, excessive surface
pitting occurred. Cracks and corrosion products tend to grow in subsurface and in accordance with
the specimen texture, resulting in crevice corrosion [85]. Figure 3-3 demonstrates several cross-
sections of pre-corroded specimens investigated via an optical microscope. It is obvious that the depth
of corrosion-induced cracks increases with increasing exposure time to the EXCO solution up to a
specific depth, e.g., 80 um after only 4 hours of exposure; further exposure does not increase

essentially their depth of attack.

LEXCO
2HOURS

0.66 HOURS [ 20 m

(a)

H LTEXCO ITEACO
Wpm Lo 4HOURS

LTEXCO
0.33 HOURS

(b)
Figure 3-3: Typical photographs of the cross-section of pre-corroded AA2024 specimens for various exposure times to
EXCO solution for (a) L and (b) T rolling directions.

Corrosion damage begins with the formation of surface pits, followed by the formation of sub-
surface micro-cracks that finally lead to material fracture. At the early stages of corrosion, the pits
nucleate and then propagate due to intergranular attack up to 80-100 um in depth [85], [141]. Crack
branching was noticed for the T-rolling direction only and for crack depth close to the above plateau
value. With increasing exposure time, tilting of the cracks was observed to a plane in parallel with
the rolling direction that lead to exfoliation of the surface layers of the specimen. Higher exposure
time leads to excessive exfoliation of the specimen, Figure 3-4. The depth increase of corrosion-
induced micro-cracks decreases the thickness of the material as well as the mechanical properties
with increasing exposure time. Consequently, the propagation mechanism of micro-cracks has a

deleterious effect on the structural integrity and durability of aluminium alloy 2024-T3.
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Figure 3-4: An example of the definition of the “effective thickness” of specimens after the formation of corrosion-
induced surface cracks for (a) single-sided and (b) both-sided corroded specimens.

Quantitative results of the depth of attack can be seen in Figure 3-5, where the probability
percentage of appearance among classes of depth of corrosion attack a can be seen for the different
corrosion exposure times. The depth of attack of cracks tends to increase with increasing exposure
time to the exfoliation corrosion solution. Hence, the depth of cracks tends to be higher at T than at
L direction, confirming that the T-rolling direction is more susceptible to corrosion attack due to the
ease of corrosion penetration between the grain boundaries. Additionally, it is observed that for the
single-sided corroded specimens this depth is essentially higher than for both-sided, for the same
exposure times. Figure 3-6 shows the average depth of corrosion attack values plotted against the
exposure time to the EXCO solution. At the L-rolling direction, an essential difference of the
maximum value of the average depth of attack values between the single- and both-sided corroded
specimens (~ 100 pm) could not be observed. On the contrary, the average depth of attack of the
single-sided corroded specimens is essentially higher than the respective both-sided at the T-rolling

direction; this phenomenon is a matter of current investigation.
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Figure 3-5: Probability percentage of appearance among classes of depth of corrosion attack for (a) and (b) both-sided
as well as (c) and (d) single-sided corroded AA2024-T3 specimens for L and T rolling directions, respectively.
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Figure 3-6: Average depth of attack of AA2024-T3 for various exposure times in EXCO solution.
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3.3.2 Effect on stress intensity factor

The term stress intensity factor (s.i.f.) K is widely used in fracture mechanics to predict the stress
state (or «stress intensity») near the tip of a crack or other discontinuities, caused by a remote
mechanical load or residual stresses, more accurately. Near discontinuities, e.g., corrosion-induced
cracks in the present study, stresses take much higher values than in the far field, and the outcome is
stress concentration in this region. Stress concentration is usually quantified by the stress intensity
factor K, which is defined as the ratio of the maximum induced mechanical stress omax to the

respective nominal stress onom [ 142] as:

K = 2mex (3-1)

Onom
For the case of presence of discontinuities, stress intensity factor can be calculated as a function
of the stress state o, the length of discontinuity a, e.g., notches or depth of corrosion attack in this

work, as well as a geometrical factor Y(%) that takes into account the ratio of the length of

discontinuity a to the available width w, e.g., specimen thickness in the present work; this factor can

be calculated [ 142] by the following equation below:

K=7Y(%)oVra (3-2)

To take into account the geometrical problem, different analytical solutions are available in the
literature [ 143]-[ 144] to solve the problem of the cracks in finite bodies. Equations (3-3) (below) and
(3-4) (below) were used to calculate the geometrical factor when the surface discontinuity(ies) are in

both sides or in a single side (thickness) of the specimen, respectively:

¥ (£) =199 +076( %)~ 8as (L) +27.36 (L) (borh-sided) (3-3)
v (£)=199-041(%)+187( %)2 — 3848 ( %)3 +53.85 (%)4 (single-sided) (3-4)

Nevertheless, in structural applications it is critical to calculate the maximum mechanical load or
the critical length of discontinuities so as to prevent material fracture and generally to maintain the
structural integrity [145]. When the discontinuity has a critical size and the local mechanical stress
condition is adequate, then rapid crack growth takes place that leads to fracture of the
specimen/structure. This critical condition that defines the onset of the unstable crack growth is the
critical stress intensity factor or the threshold stress intensity factor K for corrosion cracking
problems [146]. Therefore, the criterion for material failure/fracture can be met for specific length of
discontinuities as well as stress condition that reaches the K threshold value as expressed by Equation

(3-5) (below), while the criterion for the rapid growth of the cracks and subsequent fracture of the
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material is when the value of the stress intensity factor exceeds the threshold value, Equation (3-6)

(below), as:
K = K, (critical value), and (3-5)
K > K, (rapid fracture-cleavage) (3-6)

Corrosion pitting promotes the nucleation of sub-surface micro-cracks; as the specimen is
exposed to the corrosive environment, it is expected that the surface corrosion-induced products (e.g.,
pits, cracks) will increase their depth with increasing exposure time. In [24] it was observed that
individual pits coalesce laterally and in depth in order to form sub-surface micro-cracks that lead to
exfoliation of the alloy with increasing exposure time. Corrosion-induced micro-cracks initiate at the
edges of the pit with the highest stress concentration. These cracks grow separately on both sides of
the pit, with shapes approximately a quarter circle, up to the pit depth. Afterwards, these cracks grow
further beyond the root of the pit with semi-elliptical shape [147]. Therefore, it is essential to
characterize the corrosion-induced damage by means of microstructural features such as depth of
attack, shape of pit, pitting density etc. as required by respective standards, e.g., ASTM G34.

On the other hand, it is critical for the assessment of the structural integrity of a component to
establish a correlation between the developing corrosion damage (e.g., micro-cracks) and the ability
of the structure to withstand the in-service mechanical loads. Hence, it is significant to know the
critical values of the depth of attack of the corroded structures in order to sustain and prevent the
material fracture.

Stress intensity factor was calculated by exploiting Equation (3-2) (above) for both- and single-
sided corrosion exposure of the investigated specimens, while the geometrical factor was calculated
from Equations (3-3) (above) and (3-4) (above), respectively. The depth of corrosion attack a
(pit/crack) measurements were used as the length of discontinuity in Equation (3-2) (above), while a
constant mechanical stress of ¢ = 100 MPa was used for all calculations since it is the normal design
stress of the aircraft fuselage. The distribution of K values for the different cases of exposure time,
sheet rolling direction as well as exposure surfaces can be seen in Figure 3-7. The calculated values
were inserted in the Easyfit® software to calculate the best-fit of one-dimensional distribution
according to Kolmogorov-Smirnov (KS) goodness-of-fit test [ 148]. The KS test has the advantage of
making no assumption about the distribution of data and was preferably selected instead of the
Shapiro-Wilk test or Anderson-Darling test [ 149]. Results of the KS test can be seen in Table 3-1 for
the different investigated corrosion case studies, with the bold values to be the lowest values and
therefore representing the best available fitting. Three typical distributions were selected (namely
Normal, Lognormal and Weibull) to check their goodness-of-fit for the calculated K values. For the
single-sided corroded specimens, the best fitted distribution was the Normal one as lowest fitting
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values were calculated. For the case of both-sided corroded specimens, the results must be interpreted
with the relative crack size. Two different groups can be identified; the short cracks (# < 1.33 hours)
and the long cracks for higher exposure times (¢ >1.33 hours). It is evident that for the first case the
lower values (marked in bold in Table 3-1) can be obtained for the Normal distribution. For the second
case of longer cracks, the lognormal distribution was found to better fit the calculated results. The
idea behind the goodness-of-fit tests is to measure the ‘distance’ between the experimental data and
their distribution in order to compare this distance with a threshold value. If this distance (often called
‘test statistic’) is less than the threshold value (the “critical value’), then the fit is considered good.
Since the goodness-of-fit test statistics indicates the distance between the data and the fitted

distributions, it is obvious that the distribution with the lowest statistic value is the best fitting model.
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Table 3-1: Goodness of fit for various statistical distributions according to Kolmogorov — Smirnov test for the

investigated corrosion exposure cases of AA 2024.

Exposure Both-sided corrosion exposure Single-sided corrosion exposure
time [h] L direction T direction L direction T direction

Normal | Lognormal | Weibull | Normal | Lognormal | Weibull | Normal | Lognormal | Weibull | Normal | Lognormal | Weibull
0.33 0.18166 0.17403 0.14912 | 0.14977 0.1648 0.15999 * * * 0.18746 0.23226 0.30226
0.66 0.09477 0.12239 0.12541 | 0.18047 0.20538 0.16774 | 0.26021 0.29589 0.27985 | 0.21211 0.22651 0.21754
1.33 0.13631 0.15924 0.18073 | 0.14369 0.16978 0.14458 | 0.19061 0.20315 0.19531 | 0.11368 0.13042 0.19873
2.0 0.12761 0.12562 0.15131 | 0.19991 0.19447 0.19669 | 0.16546 0.18712 0.23235 * * *
4.0 0.12514 0.13884 0.13072 | 0.10472 0.09143 0.11594 | 0.26515 0.27582 031163 | 0.21253 0.23046 0.26871
6.0 0.12684 0.12527 0.15058 | 0.14982 0.15243 0.14649 | 0.17481 0.17098 0.25598 * * *

As expected, the stress intensity factor distributions shifts to higher values with increasing
exposure time for all investigated cases, since depth of attack a increases with exposure time. Lower
K values were calculated for the longitudinal L-rolling direction when compared with the respective
exposure times of the transverse T-rolling direction. The normal distribution was chosen in order to
characterize the behaviour of K factor with increasing exposure time to the EXCO solution because
it can be fully characterized by just two parameters, the mean and the standard deviation, and the
probability of any value occurring can be obtained simply by knowing how many standard deviations
separate the value from the mean. According to the literature [150], the threshold K value for
aluminium alloy 2024-T3 was found to be equal to 3.2 MPaVm. Hence, in order to calculate the
possibility for a given corrosion exposure time to exceed this threshold value, we simply integrated
the area below the distribution curves of Figure 3-7 with the criterion of K > 3.2 MPaVm. Calculation
results can be seen in Table 3-2 and are graphically represented in Figure 3-8. Higher possibility
percentage for the K factor to exceed the threshold value was observed for the T than the L rolling
direction for the case of single- and both-sided corroded specimens. For the low exposure times and
up to 2 hours it is observed that both-sided corroded specimens exhibit higher possibility percentage
to exceed the threshold stress intensity factor than single-sided at L-rolling direction. For higher
exposure times, single-sided corroded specimens have higher fracture possibility.

Table 3-2: Probability calculations to exceed stress intensity factor threshold for the investigated corrosion
exposure cases of A4 2024.

Percentage probability for s.i.f. value > Ky, = 3.2 MPaVm
Exposure time [h] Both-sided corrosion exposure Single-sided corrosion exposure
L direction T direction L direction T direction
0.33 0.06 0.63 - 2.65
0.66 0.01 2.51 0.00 11.31
1.33 4.23 13.07 0.05 81.46
2.00 11.33 25.89 7.88 -
4.00 46.44 55.53 73.94 99.99
6.00 88.71 100 100 -
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Figure 3-8: Possibility percentage to exceed the threshold stress intensity factor for the A42024-T3.
3.3.3 Effect on the effective thickness

It was shown that with increasing exposure time to the EXCO solution, the depth of corrosion-induced
micro-cracks tends to increase. Given from the literature that the outcome of corrosion is the surface
micro-crack formation, it is eminent that the cross-section of the specimens that withstand the applied
mechanical loading will be reduced. A typical example of a cross-section that shows the thickness of
the material that the mechanical properties are considered to be unaffected by the presence of micro-
cracks is shown in Figure 3-4 and it is called “effective thickness”. In the previous section, the depth
of attack of cracks a was measured and hence, the average values of “effective thickness” were
calculated. Three mechanical models have been devised to calculate the decrease of the effective

thickness of the specimens when subjected to different corrosion exposure times.

3.3.3.1 The iso-modulus of elasticity concept

This model utilizes the decrease of the tensile modulus of elasticity of the pre-corroded specimens
to address the effective thickness calculation problem. By making the hypothesis that there is no
degradation of the material due to hydrogen embrittlement, then the difference in the slope of the
nominal stress—strain tensile curves in the elastic region is attributed to the reduction of the effective
thickness of the specimen. It is thought that the true value of modulus of elasticity £ of the specimen
effective thickness is independent of the exposure time to the EXCO solution as it is supposed to be
unaffected by the corrosion exposure. There is also the possibility that the loss of surface-elongated
grains with increased work-hardening capability and higher mechanical strength might lead to a small
decrease in modulus of elasticity. The authors agreed to neglect this probable small variance and for

the assumptions of the proposed model the modulus of elasticity depends solely on the effective
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thickness of specimens. The specimen thickness Bj after j hours exposure to the EXCO solution can

be calculated by means of the respective values of nominal modulus of elasticity Ej calculated in [85]

and the specimen initial thickness By and initial modulus of elasticity (uncorroded) Eo, as proposed

by Alexopoulos and Papanikos [49]:

B; ="~ (3-7)

3.3.3.2 The iso-yield stress concept

This mechanical model was devised based on the concept that the unaffected by corrosion
exposure material presents the same yield stress. This model utilizes the mechanical load F' that

corresponds to the yield stress R, of the specimens. Nevertheless, the effective thickness of the

specimens decreases with increasing exposure time. The thickness Bj of the specimen after j hours

exposure to the EXCO solution, can be calculated by means of the respective values of axial force Fj
that corresponds to yield stress point, the specimen initial thickness Bo:

_ By - Fj -
By =—F— (3-8)

where F{ is the axial mechanical load value that corresponds to the yield stress point of the reference
(uncorroded) specimens. Same for the previous model, there is the possibility that the loss of surface-
elongated grains with increased work-hardening capability and higher mechanical strength to
negatively influence the global yield stress of the specimen. The assumptions of the proposed model
lies on the concept that the yield stress remains unaffected despite: (a) the loss of the ‘work-hardened’
surface layers and (b) hydrogen embrittlement of the core material. Taking into account the above
considerations, the difference in the yield stress R, of the force-displacement tensile curves is
attributed to the reduction of the effective thickness solely. It is a logical consideration that the true
value of axial force F', corresponds to the yield stress, of the effective thickness of the specimens is
independent of the exposure time to the EXCO solution as the effective thickness supposed to be
unaffected by the corrosion exposure. Hence, the true value of load F depends only on the effective

thickness of specimens.

3.3.3.3 The stress reduction concept

This model utilizes the values of stress at given 1% axial strain for different exposure times to the
EXCO solution and the stress of reference uncorroded specimen at the same elongation. The value of
1% axial nominal elongation was individually selected to have identical measuring instructions for
calculation in all specimens and corresponds to a given stress just when the yield stress point was just

exceeded. This model has specific limitations and utilizes the cumulative assumptions of the
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previously presented models, since this 1% axial strain involves both elastic (modulus of elasticity
involved) and plastic (yield stress involved) strain. Figure 3-9 demonstrates the typical stress
reduction Ao = go—0; for tensile specimens, pre-corroded at different exposure times to the EXCO
solution. The ratio of remaining stress o to baseline stress oo was assumed to be equivalent to the
ratio of remaining, undamaged cross-sectional area A4; to the original section area Ao [137].
Additionally, with the consideration that the width of specimens w is unaffected by the corrosion
exposure time and taking into account that 4 = w ~ B, it leads to the conclusion that the effective
thickness Bjis dependent on the stress reduction, e.g., at 1% elongation, as:

. . yield
5 ANy g (1-%) (3-9)
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Figure 3-9: Calculation example of the axial stress reduction at 1% axial strain for different exposure times to EXCO
solution.

Figure 3-10 shows the comparison results of the three concepts with the experimentally derived
values that calculate the reduction of the effective thickness coming from the occurrence of corrosion-
induced micro-cracking. Effective thickness linearly decreases with increasing exposure time to
exfoliation corrosion solution for small exposure times (e.g., 1.33 hours) until it reaches a specific
plateau that is rolling direction sensitive. The linear decrease regime can be correlated with the crack
nucleation and propagation mechanism. Crack tilting to the transverse direction and subsequent
exfoliation of the surface grains are the dominant mechanisms for all cases of the presented plateau
regime of Figure 3-10. It is obvious that for the both-sided corroded specimens at L direction, the
results of the iso-modulus of elasticity concept are very close to the experimental values; minor

deviation is observed for higher than 1.33 hours exposure.
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This phenomenon was also observed for the both-sided corroded specimens at T direction. For
the case of single-sided corroded specimens at L direction and up to 1.33 hours exposure, both the
stress reduction and the iso-modulus of elasticity concepts gives close values with the experimental
results and hence can better describe the effective thickness decrease due to corrosion-induced crack
nucleation and subsequent propagation. For even higher exposure times, the experimental values
were very well simulated by employing the stress reduction concept. For the case of T direction, both
the stress reduction and iso-yield stress concepts give close values to the experimental ones. At this
point we have to underline that almost all concepts (especially yield stress) might underestimate the
experimental measurements in high exposure times (> 1.33 hours), mainly because they cannot take
into account the synergetic degradation due to hydrogen embrittlement and possible loss of the

different (elongated) grain structure due to the rolling process.

Likewise, the T direction suffered higher effective thickness decrease than the L direction as well
as the both-sided corroded specimens exhibited higher degradation than the single-sided. The higher
degradation of the effective thickness for the T direction can be attributed to the crack propagation
mechanism, since micro-cracks propagate up to 80-100 um depth (for single- and both-sided
specimens, respectively) and afterwards continue to grow parallel to L direction [85]. In specific, the
effective thickness of the specimens is reduced significantly up to 2 hours exposure time. A reduction
of approximately 21% was noticed, using the stress reduction concept, for the both-sided corroded
specimens at L direction after 1.33 hours exposure time while a reduction of approximately 16% was
noticed for the single-sided corroded specimens at the same rolling direction and the same time
period. On the other hand, a reduction of almost 20% was observed for the single-sided corroded
specimens at T direction for the same exposure time. Further exposure to the EXCO solution beyond

2 hours decreases insignificantly the effective thickness of the specimens.
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Figure 3-10: Reduction of the effective thickness of AA 2024-T3 specimens for different exposure times to EXCO
solution for (a) and (b) both-sided as well as (c) and (d) single-sided corroded specimens for L and T rolling directions,
respectively.

3.3.4 Effect on remaining ductility

It is evident that two synergetic mechanisms are responsible for the tensile ductility decrease: (a)
corrosion-induced micro-cracking and (b) hydrogen embrittlement. To eliminate one of the above
mechanisms, elongation at fracture was correlated with the experimental values of depth of attack
(DOA) after various exposure times to EXCO solution, Figure 3-11. Please note that square root of
discontinuity was preferred since stress intensity factor is analogous to the square root of the length
of the crack. Similar results were obtained for the respective plot of the experimentally derived Ar
versus DOA values for the same specimens. The proposed linear equation gives the best fit of the
experimentally derived values since with all cases the linear regression had R*> > 0.96; the present
experimental protocol describes the synergetic effect of surface notches and subsequent hydrogen

embrittlement. To cope with this phenomenon, the problem of notches was interpreted with the
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classical fracture mechanics approach so as to eliminate this parameter and to calculate the effect of
the hydrogen embrittlement parameter. The proposed approach has some limitations, for example
when proposing linearity between Ar and DOA. This implies that corrosion damage by hydrogen
embrittlement is proportional to DOA. To a specific extend this assumption seems logical, as the
cracks create new pathways for corrosion damage, hydrogen diffusion and subsequent embrittlement;
nevertheless, their correlation cannot be easily found in the literature. Extrapolation of these lines to
very small discontinuity values, the notch problem is eliminated and, hence, the remaining
degradation is mainly due to the hydrogen embrittlement problem. This simplistic approach assumes
that extrapolation of the results is valid for the very small discontinuity levels. This concept shows
that for the extremely low discontinuity levels a ductility decrease is noticed that is directly attributed
to hydrogen embrittlement. For the L rolling direction, the hydrogen embrittlement decreases the
elongation at fracture Ar from the approximate value of 15% to 14.5%, that corresponds to
approximately 11% decrease. For the case of both-sided corrosion, more than double (~ 27%)
decrease is noticed and hence, almost one quartile of the ductility decrease is attributed to the
hydrogen embrittlement and the rest 73% to the classical micro-cracks’ mechanism. Respective
results were calculated for the T rolling direction in Figure 3-11. It was evident from Figure 3-6 that
corrosion attack is more severe in this rolling direction. Calculation results prove this harsh attack
and deleterious exfoliation between the grains for actually no formed surface deterioration. Hydrogen
embrittlement is responsible for almost 22% of the total ductility decrease in single-sided corroded
specimens while half (~ 49%) of the damage is governed by the hydrogen embrittlement in both-
sided corroded specimens. To our knowledge, this is the first attempt to quantify the effect of each

degradation parameter in such corrosion problems.
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Figure 3-11: The elongation at fracture decrease for the different calculated maximum depth of attack values of
AA2024-T3 for different exposure times to exfoliation corrosion solution: (a) both-sided and (b) single-sided corroded
specimens.
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3.3.5 Effect on side-surfaces attack

3.3.5.1 Microstructural examination and corrosion behaviour of pre-corroded
specimens

Figure 3-12 shows the optical micrographs of the grain structure for the large- and the side-
surfaces of non—corroded AA2024-T3 (left) and AA2198-T351 (right) for comparison purposes. A
typical recrystallised, equiaxed pancake-like morphology of the grains is evident for both AA2024-
T3 and AA2198-T351 specimens in the large surfaces (L/LT direction), e.g., Figure 3-12(a) and
Figure 3-12(b), respectively. Similar grain structures were reported in similar studies, e.g., [4], [151]-
[152]. The dispersed dark spots uniformly distributed throughout the microstructure of AA2024-T3
are signs of the presence of ALCuMg precipitates, e.g., [153]. Precipitates located both in grain
boundaries and inside grains are also evident for AA2198-T351. The microstructure of AA2198-
T351 consisted of flattened grains in the L/LT direction and elongated grains parallel to the rolling
direction as well as clustering of grains at the side-surfaces area (L/ST), with average diameter of
approximately 130 + 25 um and average thickness of approximately 30 + 4 um, calculated by using
the linear intercept method according to ASTM E112 [154]. Similar grain morphologies were
reported in similar studies for Al-Cu-Li alloys, e.g., [155]-[159]. Larger sized grains were noticed for
AA2198-T351 than AA2024-T3 due to the cold stretching process that is included in the T351
condition as was also shown in [62] and [ 160]. The microstructural examination revealed higher grain
density for the AA2024-T3 specimens that provide preferable sites for corrosion initiation as also
referred by Posada et a/. in [35]. The above-mentioned sentence implies that the alloy microstructure
with smaller grains (side-surfaces) have higher tendency for corrosion attack (breakdown), that is in
accordance with the less noble breakdown potential (Ecorr) of the polarization curves, nevertheless
they support a lower corrosion rate that is obvious from the lower current density values when

compared to large surfaces.
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Figure 3-13 shows the OCP curves for the large — and the side—surfaces of AA2024-T3 directly
compared to the respective curves of AA2198-T351. The duration of OCP measurements was 30 min
for both aluminium alloys. An essential decrease (shift to less noble values) of the OCP was noticed
for the side—surfaces in both aluminium alloys. Higher corrosion potential decrease for the corrosion
exposure of the side—surfaces was evident for AA2198-T351, e.g., Figure 3-13(b). Different
behaviour of the OCPs was noticed for the two investigated alloys; OCP of the large surfaces of
AA2024-T3 almost stabilized after only 200 s of corrosion exposure time while for the side—surfaces
it started to stabilize after 500 s. Regarding AA2198-T351 a continuous decrease in the OCP was
noticed for both exposed surfaces along with slight fluctuations in the curve of the large surfaces that

can be correlated to transient currents due to pitting process.
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Figure 3-13: Comparison of the open circuit potential curves of the specimens corroded at large surfaces only and
specimens corroded at side-surfaces for (a) AA2024-T3 and (b) AA2198-T351 during 30 min of immersion in the EXCO
solution.

Potentiodynamic polarization measurements for the large- and side- surfaces of AA2024-T3 and
AA2198-T351 exposed to EXCO solution are shown in Figure 3-14(a) and Figure 3-14(b),
respectively. It is generally accepted that the electrochemical behaviour of the AA2024 with a
complex precipitation system depends on several parameters, such as the clustering, the morphology
and distribution of precipitates and intermetallics, the relative areas of exposed phases, the electrode
kinetics of each phase as well as the development of galvanic cells among them, e.g., [22]-[24] and
[29]. The two branches (cathodic and anodic) of the potentiodynamic polarization curves are nearly
asymmetrical. Absence of passivation plateau in the anodic branch was noticed for all curves of both
aluminium alloys throughout the scanned potential range. The sharp increase of the anodic current
density right after the corrosion potential Ecorr indicates an immediate pitting attack, confirming that
the alloys are already in their breakdown potential at Ecorr in such an aggressive electrolyte, exhibiting
localized corrosion. Similar observations have been reported in the literature, e.g., [161]-[163]. The
cathodic branch of the polarization curves corresponds to the diffusion-controlled reduction of
protons accompanied by hydrogen evolution in acidic EXCO solution. However, the measured
cathodic current densities on AA2024-T3 are significantly higher than that on AA2198-T351.
Moreover, the cathodic Tafel slope is significantly higher in the former case. The lower cathodic
activity of the side-surfaces of AA2024-T3 indicates a lower cathodic activity (lower corrosion rate)
in the side-surfaces, when compared to the large surfaces. Regarding AA2198-T351, the cathodic
activity was also essentially decreased for the side-surfaces. However, an essential decrease (shift to
less noble values) of the breakdown potential was noticed for the side-surfaces, when compared to
the large surfaces of the same alloy that clearly highlights that the side-surfaces have higher tendency

for a breakdown, nevertheless they support a lower cathodic activity.
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Figure 3-14: Polarization curves of (a) A42024-T3 and (b) AA2198-T351 specimens for large surfaces and side —
surfaces exposed to EXCO solution.

The exposure of AA2198-T351 specimens to the corrosive environment (e.g., EXCO solution in
the present case) results in the deterioration of the surface of the specimens due to the nucleation of
corrosion induced surface pits, Figure 3-15. For short exposure times and up to 2 hours, pitting
formation on the corroded surfaces remains limited, e.g., Figure 3-15(a). However, with increasing
exposure time the pitting density and size tend to increase on both, large and small side-surfaces, e.g.,
Figure 3-15(b) and Figure 3-15(c) for 6 and 12 hours of exposure, respectively. For even higher
exposure times (> 24 hours), two cases of corrosion damage can be noticed: a) the formation of
corrosion induced surface cracks on the small side-surfaces along with exfoliation on the large
surfaces and b) the accumulated corrosion products on the large surfaces, e.g., Figure 3-15(d) to
Figure 3-15(f). Extensive pitting nucleation and subsequent crack formation on the small side-
surfaces of the specimens confirms their high susceptibility to pitting corrosion attack, as was
experimentally observed in Kamoutsi [78] and Pantelakis et al. [104]. Figure 3-16 shows several
cross-sections of the pre-corroded specimens of AA2198-T351 for different exposure times. For the
short exposure times, e.g., up to 6 hours in Figure 3-16(a), the intergranular attack as well as the
nucleation of cracks at the grain boundaries is evident for both large- and small side- surfaces of the
specimens. For higher exposure times exfoliation corrosion mechanism is evident; delamination of
the grain layers takes place for 24 hours of exposure (Figure 3-16(b)) due to the higher intergranular
attack on the side-surfaces of the specimens and the subsequent formation of micro-cracks beneath
the large surfaces. Likewise, for 72 hours exposure time it can be noticed that the nucleated micro-
cracks on the small side-surfaces of the specimens lead to exfoliation corrosion of the large surfaces.
Additionally, the higher depth of attack with increasing exposure time, especially from the side-

surfaces, leads to the decrease of the effective thickness and width of the material (Figure 3-16(c)).
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Figure 3-15: Typical photographs of the (1) large surfaces and (2) side surfaces of AA2198-T351 pre-corroded
specimens for (a) 2 h, (b) 6 h, (c) 12 h, (d) 24 h, (e) 72 h and (f) 96 h exposure to EXCO solution.

Figure 3-16. Typical microscopic photographs of pre-corroded specimens of AA2198-T351 for (a) 6 h, (b) 24 h and (c)
72 h of exposure to EXCO solution.

3.3.5.2 Mechanical evaluation of pre-corroded specimens

Typical tensile curves of the pre-corroded specimens of AA2024-T3 and AA2198-T351 for the
different corrosion exposure times are presented in Figure 3-17. It is obvious that the corrosion
exposure has a negative effect on both, axial nominal stress and axial nominal strain values of the
specimens, with the highest decrease to be noticed for the axial nominal strain values with increasing
exposure time to EXCO solution. Even for short exposure times, where the pitting corrosion
mechanism is limited, e.g., for 2 hours, a significant ductility decrease was observed for both

investigated aluminium alloys. No significant decrease of the axial nominal stress values is evident

[90]



up to 6 hours corrosion exposure time for AA2198-T351; this was not the case for AA2024-T3 where
a considerable decrease of the respective property can be noticed for the same exposure times.
According to Alexopoulos et al. [49], any decrease in the maximum axial nominal stress of AA2024-
T3 is related to the decrease of the effective thickness of the specimens, while in [48] several
mechanical models were proposed to calculate the effective thickness of pre-corroded specimens. For
even higher exposure times, especially after 24 hours where a transition from pitting to exfoliation
corrosion damage on the large surfaces takes place, e.g., Figure 3-15, an essential decrease on both,
axial nominal strain and axial nominal stress values was observed and therefore the exposure times
were arbitrarily marked as ‘short exposure times’ up till 24 hours and ‘long exposure times’ for times
exceeded 24 hours corrosion exposure time.

The evaluation procedure of several mechanical properties derived from the tensile flow curves
is marked in Figure 3-17. Nominal yield stress Rp can be identified in aluminium alloys where the
transition from the elastic to the plastic regime is discrete in the flow curve, e.g., see marked point in
Figure 3-17(a). When nominal yield stress cannot be easily identified from the engineering stress-
engineering strain curve, conventional yield stress Rpo.29 is often used for standardization purposes,
where Rpo.2 refers to a specific stress value of the tensile flow curve that corresponds to 0.2% axial
strain value, e.g,. see marked point in Figure 3-17(b). Additionally, elongation at fracture 4ris marked
in Figure 3-17(a) evaluated from the fracture point and by removing the elastic deformation of the

specimen. Hence, it represents the ability of the specimen/material for irreversible plastic

deformation.
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Figure 3-17: Typical tensile curves of (a) AA2024-T3 and (b) AA2198-T351 specimens pre-corroded to all surfaces at
the gauge length and for different exposure times to EXCO solution.

Figure 3-18(a) presents the experimental tests results of the nominal yield stress R, as average
values for the pre-corroded specimens of AA2198-T351. The experimental results were directly
compared against the respective of AA2024-T351 reported in Pantelakis et al. in [87], for a sound
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comparison between the two materials of the same temper (-T351). Available specimens of AA2024
in T3 temper were used in the present work for an extensive characterization of the corrosion
mechanisms and mechanical properties degradation. The difference between T351 and T3 temper is
based on the fact that T351 includes stress relief by cold work stretching. The strength properties of
AA2024 are almost the same for the two different tempers with the elongation at fracture 4rto be
higher for T351, e.g., 20% instead of 18% for the T3 condition. Identical corrosion mechanisms were
observed for the two tempers since the chemical composition is not affected by cold work strecthing.

The nominal yield stress R, was selected to compare the already published data. Nevertheless, for
the sound comparison of the experimental results of the present research work between sheets of the
same thickness (AA2024-T3 against AA2198-T351), we have used the conventional yield stress
Rpo.2% values, as according to the authors opinion, it turns to be more standarized and eliminates the
factor of human error during the evaluation procedure.

Nominal yield stress R, seems to decrease exponentially with increasing exposure time to EXCO
solution. It is obvious that for the short exposure times, the difference on the remaining percentage
of R, between the two investigated alloys is not considerable; however, AA2198-T351 presented
higher corrosion resistance than AA2024-T351 by means of lower mechanical property decrease.
Even after 12 hours corrosion exposure time, AA2198-T351 maintains more than 95% of the initial
property; hence R, remains almost unaffected by the corrosion exposure. On the contrary, an essential
yield stress decrease of AA2198-T351 was noticed for long corrosion exposure times. At the longest
exposure time, e.g., 96 hours, the remaining percentage of R, for AA2198-T351 was approximately
66%, while the respective value for AA2024-T351 was approximately 85%. Therefore, AA2198-
T351 is considered to be superior than AA2024-T351 regarding yield stress decrease for short
corrosion exposure times, where the pitting corrosion mechanism is evident, despite of the fact that
AA2024-T351 has higher R, values; similar behaviour was noticed in Alexopoulos et al. in [116] for
the AA2198-T3 with 3.2 mm nominal sheet thickness. Further analysis of the corrosion behaviour
for the short exposure times is of imperative importance since the slight observed pitting formation
does not essentially affect the effective thickness of the specimens.

Experimental results of ultimate tensile strength Rn can be seen in Figure 3-18(b) as average
values for the pre-corroded specimens of AA2198-T351; respective results for AA2024-T351 were
retrieved from Pantelakis et al. [87]. Corrosion resistance of AA2198-T351 is superior to AA2024-
T351 for short exposure times up to 24 hours, as slightly lower decrease of the ultimate tensile
strength of the novel aluminium alloy was noticed. For instance, after 24 hours corrosion exposure
time AA2198-T351 maintained approximately 82% of its initial value, while the residual percentage

of R for AA2024-T351 was almost 77%. Nevertheless, AA2024-T351 presented higher corrosion
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resistance for the long investigated exposure times, where exfoliation corrosion was the dominant
degradation mechanism as was revealed by the microscopic examination in Figure 3-16; the residual
Rn value is approximately 65% even after the highest exposure time (e.g., 96 hours) whereas the
respective value of AA2198-T351 was almost 50%. Furthermore, it was noticed that the residual Ry,
values reached at a plateau after 48 hours exposure time for both aluminium alloys, meaning that
further corrosion exposure will not reduce the R essentially; this is evidence of maximum depth of
attack of the surface corrosion-induced cracks [85].

Figure 3-19 shows the experimental results of elongation at fracture 4r of the investigated alloy
against the respective conventional alloy from Pantelakis et a/. in [87]. It is evident that Ar decreases
exponentially with increasing exposure time to EXCO solution for both investigated aluminium
alloys. AA2024-T351 presents higher tensile ductility (Ar~ 18.5%) than AA2198-T351 (4r= 15.5%)
when non-corroded. However, AA2198-T351 presents higher corrosion resistance regarding the Ar
decrease when compared to AA2024-T351 as well as to AA2024-T3 for the short corrosion exposure
times. For instance, after only 2 hours of exposure, the remaining percentage of Arvalue for AA2024-
T351 is approximately 32%, while the respective percentage for AA2198-T351 is approximately
96%, almost remaining unaffected. As can be seen in Figure 3-20, the decrease rate of elongation at
fracture is lower for the case of AA2198-T351 for short corrosion exposure times, where the property
values were found to be ranging from 50 to 100% higher than the respective of AA2024-T351,
confirming the superiority of the investigated Al-Cu-Li alloy. The Ar decrease for the selected
exposure times can be atrributed to the well-established hydrogen embrittlement phenomenon for
AA2024, e.g., [78] and [104], since the pitting corrosion mechanism rather remains limited [87];
however, this phenomenon is a matter of current investigation for the case of AA2198. On the other
hand, for the long corrosion exposure times, where excessive micro-cracks formation as well as
exfoliation occured, a high ductility decrease was noticed for AA2198-T351 that almost reached the
AA2024-T351 respective ductility values while higher decrease than AA2024-T3 is evident that is
attributed to the stretch forming of T351 temper. For the highest exposure time of 96 hours, the
residual percentage of Ar for AA2198-T351 was approximately 8%, on the contrary of only 3%
remaining A for AA2024-T351. Furthermore, it was observed that after 48 hours exposure time, the
elongation at fracture of AA2198-T351 reached at a plateau and further corrosion exposure did not

decrease the tensile ductility considerably.
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Figure 3-18: Experimental results of (a) nominal yield stress Rp and (b) ultimate tensile strength Rm of AA2198-T351
specimens compared with the respective of AA2024-T351 for different corrosion exposure times.
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Fatigue tests results of pre-corroded AA2198-T351 specimens are presented in Figure 3-21 in the
form of applied stress (S)-fatigue cycles (V). In the same figure, S-N curves for similar materials
available from Alexopoulos et al. in [115] were also added. Kermanidis et a/. [67] conducted fatigue
tests of AA2024-T351 of 1.6 mm nominal thickness and stress ratio R = 0.1. It can be seen that the
S-N curves present qualitatively similar behaviour with the investigated aluminium alloy; AA2198 is
superior to AA2024 in fatigue behaviour in high cycle fatigue regime as approximately 70% to 100%
higher number of cycles to fracture were noticed for the same applied stress. For the case of fatigue
endurance limit, this enhacement is approximately 40% higher, since more than 65 MPa difference
was noticed. Fatigue cycles to fracture were decreased by approximately 85% when the specimens
of AA2198-T351 were pre-exposed to the EXCO solution for 6 hours. Additionally, the fatigue
endurance limit was decreased by approximately 50% due to the same corrosion exposure. This
corrosion-induced fatigue life degradation can be attributed to the elimination of the fatigue crack
initiation phase due to the presence of corrosion pits higher than 400 um in depth as well as to the
hydrogen embrittlement phenomenon; similar behaviour was observed in Kermanidis et al. in [67]

and Guerin et al. in [82].
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Figure 3-21: Fatigue S-N curves of non- and pre- corroded specimens of AA2198-T351 and comparison against
AA2024-T351.

3.3.5.3 Evaluation of fractured specimens

Stereoscopical examination on the fractured, pre-corroded specimens of AA2198-T351 revealed
that the pitting corrosion mechanism is limited for the very short corrosion exposure times up to 2
hours, Figure 3-22. A ductile fracture mechanism is evident from the 45° slope of the fracture surface
and respective shear lips, e.g., Figure 3-22(a). After 6 hours exposure time, a slight increase in pitting
density was observed on both large and small side-surfaces with no essential difference between the
two surfaces, e.g., Figure 3-22(b). A mixed-mode fracture was presented, showing signs that the
fracture mechanism has altered; moderate shear fracture, possibly originating from small side-
surfaces corrosion products and essential shear lips on the back surface of the specimen were formed.
From the side-surface view, fracture resembling cup and cone geometry can be noticed. Severe
surface pitting is evident for higher exposure times, as can be seen in Figure 3-22(c) and Figure
3-22(d) for 24 and 48 hours exposure time, respectively; thus, with increasing corrosion exposure
time significant increase of pitting density and size was detected, revealing the heavily corroded areas
that cracks nucleate, coalesce and are transformed into cracked areas. Additionally, it was noticed
that fracture cracks seem to be initiated from the edge pits and are propagated along the way of the
nearest pit. However, higher pitting density and subsequent crack formation was detected at the side-
surfaces, confirming their higher susceptibility to corrosion attack, e.g., Figure 3-22(c) and Figure
3-22(d). Fracture mechanism seems to be consistent along with surface pits formation; fracture begins
from corrosion-damaged areas, preferably on the edges at the side-surfaces of the specimens. Then
fracture crack path follows the easiest way to propagate, i.e., through other corrosion-cracked areas,

thus minimizing the capability of the specimens to plastic deformation.
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Figure 3-22: Typical stereoscopical photographs of fractured AA2198-T351 specimens, pre-corroded at all surfaces for
(a) 2h (b) 6 h(c) 24 h and (d) 48 h and (1), (2) corresponds to large and side - surfaces of the tensile specimen.

The tensile test results revealed that the materials suffered significant corrosion-induced ductility
degradation. In relevant publications by Alexopoulos et al. in [48] and [49], it was found that this
degradation in AA2024-T3 can be attributed to the formation of corrosion-induced surface micro-
cracks and the subsequent decrease of the effective thickness as well as to hydrogen diffusion and
subsequent embrittlement. Figure 3-23 shows SEM images of pre-corroded, fractured tensile
specimens of AA2024-T3 with nominal thickness of 3.2 mm from a previous article of the authors
[63] in order to compare the corrosion morphology of the fracture surfaces between the two materials.
Figure 3-23(a) present a general view of the fracture surface of the specimen pre-corroded for 2 hours,
where a ductile-based fracture mechanism is evident from the 45° inclination. Figure 3-23(b) shows
the large corroded surface with a few corrosion pits as well as edge notches due to accumulative
straining. Additionally, signs of de-alloying of some intermetallic particles (white spots) are evident.
Pitting corrosion is more pronounced on the small side-surfaces as can be seen from Figure 3-23(c)

and Figure 3-23(d) for the large and small side-surfaces, respectively. It is worth mentioning that the
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pits were all concentrated on the mid thickness of the specimen. Detail of a corroded area on the large
surface, e.g., Figure 3-23(e), reveals the formation of micro-cracks at the edges of the pits as well as
signs of plastic deformation. Excessive surface pitting, higher pitting density as well as micro- cracks
resulting from the pits coalescence due to axial straining are evident on the small side-surface, Figure
3-23(f). Corrosion onset was noticed within grain boundaries for small exposure time (e.g., 2 hours)
and for higher exposure time, linking of the corrosion sites along with cracking between grain layers
and multilayers was noticed. Corrosion products in between the grain layers tend to expand with
increasing corrosion exposure and therefore they act as wedges that result in leafing and the complete
loss of sheet thickness integrity. Similar results were noticed by Posada et al. in [35] for AA2024 of
approximate the same thickness 1.81 mm sheet alloy.

Pre-corroded specimens of AA2198-T351 were examined with the aid of scanning electron
microscopy (SEM) in order to investigate the tensile ductility degradation mechanism. SEM images
presented in Figure 3-24 show the fracture surfaces of pre-corroded tensile specimens when corroded
for 2- and 6 hours exposure time and without covering of the side-surfaces. Figure 3-24(a) present a
general view of the fracture surface of the specimen corroded for 2 hours; a ductile-based fracture
mechanism is evident from the 45° slope of the fracture surface. Several corrosion pits can be noticed
on the large surfaces of the specimen, while only a few are evident at the edges of the small side-
surfaces, e.g., Figure 3-24(b). The specimen suffered heavily from plastic deformation that the strain
gradients are also evident in the surface. A magnification of a pit on the large surface revealed plastic
deformation as well as micro-cracks nucleation at the edges of the pit due to straining, e.g., Figure
3-24(c). Figure 3-24(d) gives a general view of the fracture surface of the specimen corroded for 6
hours, where a ductile fracture mechanism is still evident from the 45° slope of the fracture surface.
Fewer surface pits are evident on the specimen large surface while severe pitting corrosion as well as
crack formation can be noticed on the side-surfaces, revealing their high corrosion susceptibility.
Several corrosion pits with varying depths of attack as well as corrosion-induced cracks can be
noticed in Figure 3-24(e). Plastic deformation at the edges of the side-surface pits was observed,
proving that additionally to corrosion-induced cracks, cracking due to the plastic deformation
occurred. It is obvious that the small side-surfaces exhibited sights of higher plastic deformation than
the large surfaces of the specimens. A corrosion pit higher than 400 pm in depth can be noticed on
the specimen side-surface as well as rugged surfaces below it Figure 3-24(f), corresponding to quasi-
cleavage fracture mechanism probably due to the hydrogen embrittlement as was also mentioned in
Kamoutsi et al. in [136] for the AA2024. Furthermore, the nucleation of several micro-cracks at the

end of the pit and their subsequent coalescence due to the heavily straining is evident. Several dimples
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can be noticed beyond these smooth surfaces and towards to the centre of the specimen that reveals
a ductile fracture mechanism, Figure 3-24(g).

Performed microstructural analysis for higher exposure times did not result in higher depth of
attack of the corrosion-induced cracks from the side-surfaces. Hence, it can be resulted that the
concept of possible propagation of exfoliation in the side surfaces because of the hard products of
corrosion that create wedging stresses is rather limited in this alloy. One possible explanation is the
high damage tolerance capability of Al-Cu-Li alloy that in microscopic level is possibly transferred
by high intergranular fracture energy that results in low crack propagation in the parallel boundaries

along the rolling direction.

(c) Large surface

(e) Large T (f) side-surface

Figure 3-23:SEM images of AA2024-T3 specimens corroded at all surfaces for 2 h exposure time [63].
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Figure 3-24: SEM images of AA2198-T351 specimens corroded at all surfaces for (a) to (c) 2h and (d) to (f) 6 h
exposure time and (g) higher magnification of the captured area in (f).

3.3.5.4 Contribution of the side-surfaces cracks to corrosion resistance

In this section, the experimental tensile tests results for the AA2024-T3 and AA2198-T351
specimens corroded at large surfaces only, are described. A comparison against the results of the
specimens corroded at all surfaces was performed, in order to estimate the contribution of the side-
surfaces to corrosion-induced mechanical properties degradation as according to previous works,
corrosion effect was found to be more aggressive on the side-surfaces of the specimens, e.g., [35],
[78], [87], [104]. Figure 3-25 shows typical tensile curves of AA2024-T3 and AA2198-T351
specimens corroded at large surfaces only. These tensile specimens exhibit less corrosion-induced
decrease of axial nominal stress and strain values than specimens corroded at all surfaces for the same
corrosion exposure time. A considerable decrease in strain was noticed for both investigated
aluminium alloys even for the short exposure times, e.g., 2 hours, where no significant surface attack
is evident that will be discussed in the following. However, no essential stress decrease was evident

up to 12 hours corrosion exposure time for AA2198-T351, while the respective decrease was
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observed after only 2 hours of exposure for the specimens corroded at all surfaces. For the case of
AA2024-T3 an essential stress drop was observed after the 2 hours corrosion exposure time that was

attributed to the reduction of the effective thickness, according to Alexopoulos et al. in [63].
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Figure 3-25: Typical tensile curves of AA2024-T3 (lefi) and AA2198-T351 (right) specimens corroded at large surfaces
only and for different exposure times to EXCO solution.

Figure 3-26 presents some typical photographs of the fractured specimens, corroded at large
surfaces for different corrosion exposure times. Similar to the specimens corroded at all surfaces, the
surface pitting formation is limited for the very short exposure times, e.g., Figure 3-26(a). The typical
ductile fracture is evident from the 45° slope of the fracture surface even after 6 hours exposure time,
e.g., Figure 3-26(b). It is obvious that specimens suffered heavily plastic deformation. When
comparing Figure 3-22 with Figure 3-26, it can be noticed that the specimens corroded at large
surfaces have higher deformation capability than the specimens without covering. Cracking and
corrosion products are absent from the mid-thickness due to masking. In the cases of heavily corroded
specimens (e.g., 24 and 48 hours) in Figure 3-26, starting fracture point was located at the corroded
sites at the edges of the specimen. The fracture path follows the nearest pits, minimizing fracture

energy as also noticed for the specimens without covering of the side-surfaces.
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2 d>
Figure 3-26ny)pical stereoscopical photographs ofAA2]98-T;5I) specimens corroded at large surfaces after the tensile
tests for (@) 2 h (b) 6 h (c)24 h and (d) 48 h of exposure for (1) large surfaces and (2) side-surfaces of the specimens.
Figure 3-27 shows the corrosion-induced degradation of the conventional yield stress Rpo.2% for
the specimens corroded at large surfaces only and were directly compared against specimens corroded
at all surfaces of AA2024-T3 (left) and AA2198-T351(right), respectively. For the short exposure
times and up to 24 hours, there is not an essential difference in the residual conventional yield stress
Rpo.2% between the two types of corroded specimens for both aluminium alloys. However, specimens
corroded at large surfaces exhibited higher corrosion resistance for the same exposure times, in terms
of less corrosion-induced decrease of the mechanical property. It can be noticed that Rpo29 of
AA2024-T3 decreases at higher rates than the respective of AA2198-T351 with increasing corrosion
exposure time. An improvement of the remaining percentage of Rpo.2% by approximately 2% was
noticed for both aluminium alloys at the short exposure times regime by simply covering of the
specimens side-surfaces. On the contrary, for the long exposure times where excessive micro-cracks
nucleation on the side-surfaces as well as exfoliation on the large surfaces take place, a considerable
difference in the residual Ry02% values due to the covering of the side-surfaces was noticed. For

instance, at the highest exposure time of 96 hours, the effect of covering of the side-surfaces resulted
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in an approximate 14% increase in the residual Rpo2v values for the AA2198-T351 and 18% for
AA2024-T3, respectively. It is worth to mention that, after 48 hours of corrosion exposure the Rpo.2%
of AA2198-T351 reach a plateau for both types of corroded specimens and further exposure to the
EXCO solution does not decrease this mechanical property considerably; this is evidence of
maximum depth of attack of the surface corrosion-induced cracks [85]. For the case of AA2024-T3,
remaining Rpo.2% values of specimens corroded at all surfaces continuously decreases; hence, with
increasing exposure time the difference in the residual Rpo.2% values between the two types of corroded
specimens tend to increase. Therefore, it can be concluded that the side-surfaces are more susceptible
to pitting corrosion attack as they effectively contribute to the mechanical properties degradation; a
qualitative observation, without providing any quantitative measurements, were noticed for AA2024
in Kamoutsi in [ 78] and Pantelakis et al. in [104]. The susceptibility of the side-surfaces to corrosion
attack can be attributed to the long elongated grains in longitudinal (L) rolling direction as well as to
the higher density of grain boundaries due to the rolling process; consequently, it is easier for the
corrosive solution to penetrate between the grain boundaries [35]. Likewise, Li et al. in [119]
attributed the corrosion susceptibility of Al-Cu-Li alloys to the precipitation of 7 phase on the grain

boundaries, thus forming galvanic cells and subsequent pitting corrosion.
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Figure 3-27: Comparison of conventional yield stress Rpo.2o; of specimens corroded at all surfaces and specimens
corroded at large surfaces for AA2024-T3 (left) and AA2198-T351 (right).

Figure 3-28 shows the comparison of ultimate tensile stress R decrease between the pre-corroded
specimens of AA2024-T3 and AA2198-T351 with and without covering of the side-surfaces. For the
short exposure times (< 24 hours), where the micro-cracks formation is limited, the specimens
corroded at large surfaces exhibited slightly higher corrosion resistance as approximately 3% increase
in the residual R value was noticed. On the contrary, the effect of covering of the side-surfaces on

the residual Rm was essential for the long exposure times where severe micro-cracking and exfoliation

[103]



corrosion are evident; approximately 28% increase on the residual Ry, value after 96 hours of exposure
was attributed to the covering of the side-surfaces. Covering the side-surfaces of the AA2024-T3
specimens contributed to an essential increase on the residual ultimate tensile stress values even for
the short corrosion exposure times, e.g., approximately 8% after 24 hours of exposure. With
increasing exposure time, the difference on the residual Ry values between specimens corroded at
large- and at all surfaces tend to increase and reach the respective value of AA2198-T351 for the
highest exposure time, e.g., 28%. Thus, it can be easily concluded that the side-surfaces are preferable

for the nucleation of pitting corrosion.
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Figure 3-28: Comparison of ultimate tensile strength R, of specimens corroded at all surfaces and specimens corroded
at large surfaces for AA2024-T3 (left) and AA2198-T351 (right).

The effect of covering of the side-surfaces on the residual elongation at fracture 4rfor the two
investigated aluminium alloys can be seen in Figure 3-29. Elongation at fracture decreases
exponentially with increasing exposure time to the EXCO solution for both types of specimens.
Specimens corroded at large surfaces presented higher corrosion resistance in terms of lower Ar
decrease than specimens corroded at all surfaces. Covering of the specimens side-surfaces contributed
to an increase on the residual 4rvalues either for AA2024-T3 or AA2198-T351; however, for the
case of AA2198-T351, corrosion damage on the side-surfaces does not essentially affect the
elongation at fracture for the short exposure times (< 24 hours). Even though that cracking nucleation
from corrosion pits takes place on the side-surfaces, they do not influence the capability of specimens

for plastic deformation.
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Figure 3-29: Comparison of elongation at fracture Ay of specimens corroded at all surfaces and specimens corroded at
large surfaces for AA2024-T3 (left) and AA2198-T351 (right).

The mechanism to address this phenomenon is related to the corrosion potential and susceptibility
to corrosion degradation of the Al-Cu-Li alloy itself. Corrosion products are preferentially formed at
the side surfaces for short exposure times due to possibly high density of grain boundaries as well as
of precipitates parallel to rolling direction. The corrosion products tend to expand with increasing
corrosion exposure time and act as wedges to introduce a stress field that accelerate in-plane
intergranular cracks. Measurements of the depth of corrosion-induced cracks performed on the pre-
corroded specimens cross-sections were performed with the aid of light optical microscopy, as can
be seen in Figure 3-30 and Figure 3-31 for AA2024-T3 and AA2198-T351, respectively. The above
described mechanism is the prevailing degradation mechanism for short exposure times up to 6 hours,
where an essential depth of attack on the side-surfaces higher than the respective on large surfaces
was measured, Figure 3-32. For higher exposure times, a plateau in corrosion-induced degradation
due to side-surfaces attack is noticed for AA2198-T351 and therefore this might be attributed to either
the absence of copper-rich precipitates in the in-plane parallel boundaries, due to unstable Cu-rich
clusters and the subsequent liberation of Cu as was revealed for Al-Cu-Li alloys in Bucheit et al. in
[164] as well as in Li et al. in [165], or from the mechanics point of view to the high capability for
damage tolerance that deals with crack arrest or crack retardation due to the complex grain structure.
This is also evident in Figure 3-32, where the depth of side-surfaces cracks after 6 hours of exposure
is lower than the respective of the large surfaces and a plateau in the crack depth is noticed. In general,
it is noticed that the depth of corrosion-induced cracks is higher for AA2024-T3 than AA2198-T351
for both the specimens corroded at large surfaces and specimens corroded at all surfaces. Depth of
corrosion-induced cracks increases linearly up till 12 hours corrosion exposure time for both types of
corroded specimens of AA2024-T3 while for the case of AA2198-T351 depth of cracks on the large

surfaces increases linearly in contrary to side-surfaces where the depth is almost stabilized up till 12
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hours of exposure, giving evidence that side-surfaces attack does not affect the specimens mechanical

properties significantly.

500 pym
pr——t

(c) 12 —
Figure 3-30: Cross - sections of AA2024-T3 specimens corroded at all surfaces (left column) and large surfaces (right
column) for (a) — (b) 2 h, (c) — (d) 12 h and (e) — (f) 24 h of corrosion exposure.

Figure 3-31: Cross-sections of AA2198-T351 specimens corroded at all surfaces for (a) 2 h, (b) 12 h and (c) 24 h of
corrosion exposure.
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Figure 3-32: Depth of attack on large surfaces and side - surfaces for different exposure times to EXCO solution.

As shown in Figure 3-29, the side-surfaces corrosion exposure on AA2024-T3 plays a significant
role on the tensile elongation at fracture even for the short corrosion exposure times; the A¢ of
specimens corroded at large surfaces only decreases in essentially lower rate than the respective of
specimens corroded at all surfaces. The severity of the corrosion exposure of the two different
surfaces (large- and side-) on the elongation at fracture decrease A4r was quantified by assuming that
the total elongation at fracture decrease AAar) is attributed to the ductility decrease by the corrosion-
induced degradation on the large surfaces Adfiarge) as well as to the ductility decrease by the
corrosion-induced degradation on the small surfaces AA4fsmany. This consideration can be expressed

by the following equation as:
AAf(all) = AAf(large) + AAf(small), (3-] 0)

while the concept of this consideration can be graphically seen with marked arrows in Figure 3-29.
This consideration is logical, since each surface (large- or small-) that is exposed to corrosion,
imposes a specific degradation to the elongation at fracture of the specimen. Hence, the ductility
decrease caused by the corrosion of the small surfaces AAfsman) can be simply calculated by the
available experimental measurements, i.e., AA4farge) and A4 gan) by the corrosion exposure on the large-
and all surfaces, respectively. The values for Adfiarge) and AAfsmann), for both investigated alloys, were
normalized to the total elongation at fracture decrease AAfan and the calculation results are
graphically presented in Figure 3-33, where it is clear that the side-surfaces cracking plays a role on
the corrosion-induced decrease of ductility for short exposure times. Almost 15% (one-sixth)
decrease in A is attributed to corrosion products in the small side-surfaces for AA2198-T351. The

side-surfaces contribution to remaining Ar decrease exceeds 50% for short corrosion exposure times
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of AA2024-T3, confirming that corrosion attack is more aggressive on the side-surfaces due to the
ease of corrosive solution (and possibly hydrogen) penetration between the grain boundaries. This is
in agreement with the results in Figure 3-32, where higher depth of cracks on the side-surfaces was
noticed. For the long corrosion exposure times where micro-cracks formation and exfoliation
corrosion on the large surfaces are the dominant mechanical properties degradation mechanisms, the
contribution of side-surfaces to the residual Ar values was decreased and approximately 75% of the

total decrease in elongation at fracture is attributed to the large surfaces corrosion exposure.
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Figure 3-33: Contribution of the tensile specimen surfaces to be corroded of the two investigated aluminum alloys to
elongation at fracture Af decrease.

Summing up the effect of side-surfaces corrosion on the tensile ductility decrease, it is evident
that the two alloys respond with different behaviour to corrosion exposure. AA2024-T3 shows
extreme sensitivity to side-surfaces corrosion attack, that can be noticed for the short exposure times
(<24 hours). For higher exposure times, the side-surfaces contribute to almost one-fourth of the total
ductility decrease. A complete different mechanism can be noticed for AA2198-T351; corrosion
attack and subsequent cracking formation on the side-surfaces seems to not contribute to the tensile
ductility decrease, especially for short corrosion exposure times. Therefore the corrosion
susceptibility and degradation mechanisms seems to be completely different for the two investigated

materials.

3.3.6 Effect of artificial surface notches on ductility degradation

To better simulate the notch effect on ductility degradation of AA2024-T3, machining of artificial
notches was decided to be performed on the large surfaces of the tensile specimens from a sheet of
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AA2024-T3 with 3.2 mm nominal thickness, namely vertical to the loading axis. A drawing of the
specimen with manufactured two surface notches can be seen in Picture 3-2. The two artificial notches
facing one the other (on the same vertical level) can be well seen in the Figure as well as the maximum
depth of 0.5 mm per notch. This notch depth per surface was the maximum depth of attack of
corrosion products (pits and cracks) generated after approximating 72 hours exposure time in
exfoliation corrosion solution. In different specimens, notches with smaller depths were
manufactured (ranging from 0.1 till 0.5 mm) to incrementally simulate the corrosion surface damage
on AA2024-T3 as well as the specimen’s residual tensile strength and tensile ductility after the

corrosion exposure.

20+0,02

Picture 3-2: Sketch of the tensile specimen with machined two (upper and lower) surface notches on the large surfaces.

Typical nominal tensile curves for the specimens of AA2024-T3 with machined surface notches
can be seen in Figure 3-34; the surface notch depth is a varying parameter. In the same figure, a
reference tensile curve without any notches (black circles) was added for comparison purposes. As
can be seen, the surface notches act as stress concentrators and tend to decrease the tensile mechanical
properties of the alloy and especially elongation at fracture that decreases in higher rates than the
yield stress. An essential decrease of the axial nominal strain was noticed even for the low-depth
notches, but this was not the case for the strength properties that seem to be almost unaffected even
for the notch depth of 0.30 mm. For instance, the tensile curves of 0.10 mm and 0.15 mm notch depths
showed quite the same behavior with the reference one with the exception of the significant loss in
ductility. By increasing the notch depth, up to 0.50 mm in this work, a continuous elongation at
fracture decrease was noticed (magenta circles) exhibiting extremely low tensile elongation at

fracture values.
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Comparison of the results of residual elongation at fracture 4r values between corrosion exposure
to EXCO solution and artificial surface notches are presented in Figure 3-35. The results are presented
in the form of normalized values of 4r with double X-axis for comparison reasons. The black circles
and dotted line represent the values as well as the fitting curve of the specimens exposed to EXCO
solution and are linked to bottom X-axis, while the blue open squares and the dashed line represent
the experimental values and fitting curve of the specimens with artificial surface notches and are
linked to the upper X-axis. It is evident that the normalized Ar decrease is not linear proportional to
the notch depth nor to the exposure time increase in the reduced cross-section. An essential Ar
decrease was observed even for the low-depth notches, e.g., approximately 30% normalized decrease
for 0.10 mm, as well as for the short exposure times, such as 25% decrease after 1 hour of exposure.
After 12 hours of exposure to exfoliation corrosion solution, the 4r decrease seems to reach a plateau
value and further corrosion exposure did not reduce the tensile ductility considerably while for the
increasing notch depth it decreases continuously to extremely low values, such as 6% remaining
percentage for the 0.50 mm notch depth; this is evidence of maximum depth of attack of the surface
corrosion-induced cracks [85]. It is well accepted that the ductility decrease from the short corrosion

exposure times can be attributed to the hydrogen embrittlement phenomenon.
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Figure 3-35: Normalized decrease of elongation at fracture Arvalues for the various exposure times to EXCO solution
of AA2024-T3 compared with notch depth.

As shown in the previous figures, the increase of surface notch depth decreases the tensile
elongation at fracture (ductility) of AA2024-T3 and to a lesser extent the conventional yield stress.
From the experimental tensile test results of pre-corroded 2024-T3 specimens, an essential decrease
in tensile ductility was noticed even for the short corrosion exposure times to EXCO solution as well
as for small artificial notch depth values. Hence, it is obvious that the empirical correlation between
the problem of corrosion-induced degradation and the equivalent problem with artificial surface

notches should be assessed through the residual tensile ductility property.

The experimental results of the residual elongation at fracture Ar of the pre-corroded in EXCO
solution tensile specimens of AA2024-T3 can be seen in Figure 3-36. In the same figure, the
exponential decrease curve fitting was plotted as well. For the conversion of the total depth of the
surface notches in equivalent exposure time to corrosion solution, an empirical coefficient was
devised. The value of this coefficient was selected such as to ‘tailor’ the equivalent ductility decrease
curve of the surface notches in order to take approximate values with the experimental ductility
decrease curve of the pre-corroded specimens. The empirical correlation factor m was calculated

based on the following equation to correlate the available elongation at fracture test results as:

exposure time (h)

equivalent notch depth (mm) = (3-11)

m

Figure 3-36 shows the correlation of the elongation at fracture decrease induced by the exposure

to EXCO solution as well as by the presence of the surface notches. The best calculation results were
found by using the value m = 20 for the empirical coefficient and the simulation of the ductility

decrease curve of the investigated AA2024-T3 specimens for the short exposure times, where the
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synergy of pitting formation and hydrogen embrittlement is the dominant degradation mechanism.
By using this coefficient value, it is obvious that the results of the artificial notch depths are very
close to the experimental values for the short corrosion exposure times and up to 2 hours exposure to
EXCO solution. It seems that the total notch depth of 0.10 mm corresponds to 2 hours of exfoliation
corrosion regarding the elongation at fracture decrease. On the other hand, the empirical coefficient
that better simulates the tensile ductility decrease for the long exposure times, where the exfoliation
of the corroded surfaces along with hydrogen embrittlement are the responsible mechanisms for the
elongation at fracture decrease, was found to be approximate m = 100. For instance, a total depth of
150 um surface notch results in the same Ar decrease as for 15 hours of exposure to exfoliation
corrosion solution. Summarizing the available test results, the factor m takes values as:

_{20, 0<t<4 h, pitting and hydrogen emrittlement
MEXCO to notch—{ 100, 16 <t < 48 h, exfolintion (3-12)

Aluminium alloy 2024-T3, t = 3.2 mm [

Exposure to EXCO solution [

-l - Experimental results of exposure to EXCO solution

- " Results of the empirical correlation total depth of the
notches with exposure time to EXCO solution

Elogation at fracture A, [%]

! m =100
= -]
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Figure 3-36: Correlation of the elongation at fracture Af decrease due to exposure to EXCO solution as well as
presence of surface notches.

3.4 Conclusions
The findings of the present work can be summarized briefly:

1) Depth of corrosion attack (micro-cracks) increases with increasing exposure time. For the single-
sided corroded specimens of AA2024-T3 this depth is essentially higher than for the respective
half-corrosion exposure time for the both-sided corroded specimens.

2) Stress intensity factor K for ultra-thin specimens of AA2024-T3 was found to follow the normal
distribution for the low exposure times to EXCO solution where pitting is the main degradation
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3)

4)

5)

6)

7)

8)

9)

mechanism, while for even higher exposure times (where micro-cracking and exfoliation is
evident) K was found to follow the lognormal distribution.

Probability to exceed the threshold value K = 3.2 MPaVm exceeded 50% after only 4 hours
exposure time.

Three mechanical models were devised to calculate the effective thickness of corroded specimens:

(a) iso-modulus of elasticity showed the best results in most of the investigated cases,
(b) iso-yield stress worked well in low exposure times and for small depth of attack values, and

(c) stress reduction concept gave satisfactory results on both-sided corroded specimens only.
Plots of remaining tensile ductility of corroded specimens over depth of attack showed the
synergetic effect of the presence of micro-cracks and hydrogen embrittlement.

Extrapolated linearities for zero depth of attack (uncorroded material) showed a ductility decrease
that was attributed to the hydrogen embrittlement effect. It was found that hydrogen embrittlement
contributes to approximate 11% and 22% of ductility decrease for the single-sided corroded
specimens of ultra-thin AA2024-T3 in L and T-sheet rolling directions, respectively.

For both-sided corroded specimens at the L-rolling direction, hydrogen embrittlement contributed
to 27% of the ductility decrease while micro-crack formations to the rest 73%. The results for the
T-rolling direction showed an equal contribution of the two mechanisms that proves its high
susceptibility to corrosion attack and especially to hydrogen embrittlement.

AA2024-T3 has higher density of grains on both flat large surfaces and small side-surfaces when
compared to AA2198-T351, which contains enlarged grains due to stretching. The higher density
of grains is associated with the higher pitting density noticed in the former alloy. This is also
evident from the mechanical properties response, where higher corrosion-induced degradation of
the mechanical properties were noticed for AA2024-T3 with the phenomenon being more intense
at short exposure times (< 24 hours).

Different corrosion mechanisms were noticed between the short and the long corrosion exposure
times in both aluminium alloys. Pitting corrosion on both surfaces of AA2198-T351 was noticed
for the short corrosion exposure times with essential pitting density to be noticed after 6 hours of
exposure, while two cases of corrosion damage were noticed after 24 hours of exposure: a) the
formation of corrosion-induced surface cracks on the small side-surfaces along with transition to
exfoliation on the large surfaces due to grain boundaries delamination and b) the accumulated
corrosion products on the large surfaces. Regarding AA2024-T3, pitting corrosion within grain

boundaries was evident for short exposure times, while connection of corrosion-attacked sites
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along with cracking between the grains, was the dominant corrosion degradation mechanism for
long exposure times.

10) The differences in the corrosion-induced degradation mechanism between the two studied
aluminium alloys is more obvious in the elongation at fracture property. Lower corrosion-induced
decrease rate of Ar was noticed for AA2198-T351 than for AA2024-T351 and AA2024-T3;
approximately more than 100% higher value was evident for the short corrosion exposure times of
AA2198-T351 when compared to AA2024-T351, while more than 50% higher value was noticed
against AA2024-T3.

11) The side-surfaces attack essentially affects the total Ar decrease of AA2024-T3 at short exposure
times, having a contribution percentage to the total ductility decrease of more than 60%. For higher
exposure times, this percentage tends to eliminate and the accumulated damage on the large
surfaces governs the elongation at fracture decrease. This can be attributed to the slightly lower
corrosion evolution rate of the small-side surfaces, as revealed from the electrochemical tests.

12) Accumulated corrosion damage on the side-surfaces does not essentially affect elongation at
fracture for AA2198-T351, unlike the conventional AA2024-T3. Corrosion damage on the large
surfaces is critical for tensile ductility decrease for all investigated exposure times. This is
confirmed by the comparison of the electrochemical behaviour between the two exposed surfaces,
where despite of the lower corrosion potential (less noble) of the side-surfaces, they exhibited
lower cathodic activity and as a consequence lower corrosion rate. The difference in the corrosion
rate between the two surfaces is more pronounced in the case of AA2198-T351.

13) According to the correlation between exposure to EXCO solution and artificial surface notches, a
total notch depth of 0.10 mm corresponds to 2 hours of exfoliation corrosion for AA2024-T3 of

3.2 mm nominal thickness with regard to the same tensile ductility degradation.
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Chapter 4

4 Effect of artificial ageing kinetics on corrosion behaviour

In this chapter a comparison on the effect of ageing on corrosion susceptibility and evolution in
AA2024 and AA2198 is presented and analyzed. The effect of ageing-induced microstructural
transformations on the corrosion behaviour as well as on corrosion propagation mechanism is
studied through electrochemical techniques and mechanical testing. Specimens exposed for different
times to artificial ageing and then subjected to exfoliation corrosion solution for several times before
tensile testing. Similar to the previous chapters, it includes an introduction regarding the
technological problem, a description of the experimental protocol and the presentation and

discussion of the results. Finally, the main concluding remarks are given.
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4.1 Introduction

Aluminium alloy 2024 is one of the most utilized aeronautical aluminium alloys of the 2xxx (Al-
Cu-Mg) series due to its great combinations of physical and mechanical properties. Among the
advantages of AA2024 are the high specific mechanical properties, enhanced damage tolerance
capabilities, and increased corrosion resistance which are attributed to its complex precipitation
hardening system and microstructure evolution during ageing. The microstructure of AA2024
consists of the aluminium matrix as well as of several intermetallic particles (IMs) and dispersoids.
S- (ALCuMg) and 6 phase (Al,Cu) are the most common intermetallic particles found in the
microstructure of AA2024 [74], [166]. Additionally, dispersoid particles such as Als(Cu, Fe, Mn),
Al7CuoFe and (Al, Cu)sMn are formed by the addition of other alloying elements. It is generally
accepted [5] that the precipitation hardening system follows the sequence of supersaturated solid
solution (SSS), formation of GPB zones, precipitation of the coherent with the matrix S" phase and

finally the transition to the equilibrium incoherent S phase with the following sequence:
SSS — GPB zone — §" — §' — S.

The S” phase is a coherent ordering of Cu and Mg solutes, while S phase is an incoherent, lath-
shaped equilibrium phase — usually larger than 0.5 pm — which is formed at the over-aged (OA)
condition. The GPB zones and S phase precursors (e.g., S" and §’) are considered as the dominant
hardening phases at the strengthening regime of the ageing curve, while the S phase particles are
evident in the over-ageing regime, e.g., Ringer et al. [167]-[168]. Shearing of the precipitates by
dislocations is not possible in the over-ageing condition where coarsening and growth of the
precipitates takes place; looping of the precipitates is the main bypassing mechanism of dislocations.
Additionally, the precipitates lose their coherency with the aluminium matrix in this temper, and
consequently, the mechanical strength of the alloy is decreased. The size, shape and volume fraction
of precipitates is evolving with appropriate heat-treatment and this kinetics affect the mechanical
behaviour of the alloy [169].

Regarding Al-Cu-Li alloys, which are supposed to replace the conventional Al-Cu alloys in
aircraft structures, the main strengthening intermetallic phases observed in these alloys are the T
(AlCuLi), those of the 6 sequence (with its metastable precursors) (Al.Cu), S (Al,CuMg) and o'
(AlsLi). Other slow diffusing elements are added to these alloys to form fine, coherent and non-
shearable dispersoid particles such as £ (AlzZr) and AlooCuxMn3, which control the grain refinement
due to retardation of recrystallization and grain growth [3] and [ 108]. Initially, the 6°" phase is formed
that is coherent with the matrix (T3 condition). By applying appropriate heat-treatment conditions,
the 6, S and 71 metastable phases can be detected that contribute to the mechanical behaviour of the
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alloy [170]-[171]. T1 precipitate is considered to be the major strengthening phase of Al-Cu-Li alloys
because it acts as non-shearable obstacles that have to be bypassed by dislocations during deformation
[120], [122], [172] and preferentially nucleate on dislocations, sub-grain and grain boundaries [ 123]-
[124]. The competition between these different phases is closely linked to the Cu/Li ratio, minor
solute element content [173]-[174] and the thermomechanical history of the alloy. Copper and
magnesium addition promotes the formation of 77 phase [175], at the expense of ¢ which is absent
for Li levels lower than 1.3% wt. [174], [176]-[177].

For the simulation of natural ageing of aluminium alloys several approaches have been used in
laboratory scale — including artificial ageing heat treatments — to accelerate microstructural
transformations [4], [6]-[8] and assess their effect on mechanical properties [9]-[11] and [13]-[15].
In the research work of Alexopoulos et al. [9], a drastic effect of artificial ageing holding time and
isothermal temperature on the yield stress and elongation at fracture of AA2024-T3 was noticed; the
first one was essentially increased up to the peak-ageing condition while elongation at fracture was
decreased due to precipitation of S-type particles, respectively. Additionally, a significant hardness
improvement with increasing ageing time is referred by Astika in [10]. Ringer et al. [178] showed
that the hardness values for different investigated ageing time and tempers are controlled by the type,
size, and distribution of precipitates. Wang et a/. [ 11] found that both strength and ductility properties
are influenced by the precipitation of S” and S phases and the subsequent decrease in dislocation
density, but not by the grain and texture characteristics. In recent years, many researchers have studied
the strengthening mechanisms of Al alloys during solution and ageing treatments. Artificial ageing
was found to lead to a significant reduction of the residual stresses in AA2024, according to Araghchi
et al. [179]. In [12] a gradually increase of the mechanical properties of AA2024 — with a 1070
coating — with increasing solution temperature up to 510°C was noticed, while a further increase in
temperature resulted in elongation at fracture decrease. Zhang et al. [170] showed that the
composition and morphology of precipitates in AA2198 differentiate among different artificial ageing
tempers and temperatures, while a change in fracture mechanism from dimple fracture to mixed-
mode dimple-intergranular fracture was noticed with increasing ageing temperature. Precipitation
evolution in Al-Cu-Li alloys was found to follows the sequence: SSS— o', 6, T1— 6", Ti, [180]
while increasing ageing time and temperature to the over-ageing temper leads to significant reduction
of the mechanical properties due to formation of incoherent 6 phase and coarsening of the precipitates
[157].

Several studies [ 18], [32], [181] have showed that ageing may influence the corrosion behaviour
of aluminium alloys due to the occurrence of galvanic corrosion phenomena between the intermetallic

phases precipitated on grain boundaries — e.g., 6- and S-type in the case of AA2024 — and the matrix
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or the adjacent Cu-depleted particles. According to [18] the precipitated phases continuously
distributed along grain boundaries lead to intergranular corrosion (IGC) which is easily evolved into
exfoliation corrosion (EXCO). Susceptibility of AA2024 in IGC after artificial ageing heat-
treatments (i.e., solution treating and re-ageing) was examined by Wang et al. in [182]; the S-phase
precipitation on the dislocation cell walls accelerated anodic dissolution of the cell interiors and led
to aggregated pitting corrosion in over-re-aged samples. Higher Cu content in the matrix of the altered
surface layer (ASL) of AA2024 resulted in less pitting corrosion susceptibility of the ASL when
compared to the underlying substrate | 183]. The role of microstructure (e.g., S-type particles in the
aluminium matrix) on the tensile ductility decrease of pre-corroded specimens of AA2024 was
investigated in Alexopoulos et al. [63]; corrosion-induced tensile ductility decrease was correlated
with the precipitation of S-phase particles, showing that the specimens at peak-ageing (S” and §'
precipitates) and over-ageing (S precipitates) conditions exhibited the lowest corrosion-induced
decrease (~ 11% and ~ 22%, respectively) (referred to Figure 4-1) while the highest ductility
decrease (~ 26%) was noticed for the T3 condition where limited GPB zones were present on the
grain boundaries. Zhang and Frankel [184] also studied the pitting and intergranular corrosion
behaviour of various tempers of AA2024. Artificial ageing was found to have a strong effect on
polarization curves and localized corrosion morphology of AA2024. Susceptibility of Al-Cu-Li
AA2099 to corrosion was found to be highly correlated to thermomechanical treatments and
microstructural transformations [ 185]; the T8 temper showed higher tendency for localized corrosion
attack. The presence of &' (AlsLi) and T (Al2CuLi) phases within grains during artificial ageing heat-
treatment was noticed for Al-Cu-Li AA1460, while T phase was also evident in the vicinity of grain
boundaries [ 186]; the evolution of inter- and intra-granular precipitates influenced both the local and
global electrochemical characteristics. Even though several studies dealing with the effect of artificial
ageing on corrosion susceptibility of conventional 2xxx aluminium alloys started many years ago
[16], [184], [187]-[188], the crucial mechanisms of corrosion evolution and propagation in different
ageing tempers remain still unclear.

In the present chapter, the effect of different artificial ageing tempers on corrosion nucleation and
propagation of AA2024 regarding tensile mechanical properties degradation will be investigated.
Additionally, a comparison with the innovative Al-Cu-Li 2198 alloy is also attempted in order to
report experimental evidence regarding the corrosion potential of this alloy. Rectangular (for
microstructural analysis) and tensile specimens, artificially aged to different tempers corresponding
to Under-Aged (UA), Peak-Aged (PA) and Over-Aged (OA), selected from a relevant article of the

authors [63], and subsequently exposed to exfoliation corrosion environment for different exposure
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times in order to investigate the rate of corrosion—induced ductility degradation in different ageing

tempers.
-\/— aged
18 ‘? —\¥— aged+corrgded
over- |
— 16 L ageing |
= 26 %
< 14 il
-.%j ‘N \\‘7
8 12
= under- \ . i
© a
£ 10 ageing N4 )
=S %/W -18% |
c 84 Aluminum alloy 2024-T3 1
u—cj t = 3.2 mm, L direction -14 % [
61 Artificial ageing at 190°C and
subsequent 2 h exposure at
EXCO solution
0.01 0.1 1 10 100 1000

Artificial ageing time [hours]

Figure 4-1: Ductility comparison between artificially aged against artificially aged and subsequent corroded for 2 h
specimens at 190°C artificial ageing temperature [63].

4.2 Materials and experimental procedure

4.2.1 Materials preparation

The materials used in the current research work were the aeronautical aluminium alloy 2024-T3
and 2198 in T3 and T8 condition, which were received in 3.2 mm nominal thickness. Tensile as well
as rectangular metallographic specimens were machined from the longitudinal (L) rolling direction
of the sheet in accordance with ASTM ES8 specification [90]. The geometrical dimensions of the
tensile specimens were 12.5 mm x 3.2 mm at the reduced cross section, with a total length of 190
mm, while the respective dimensions for the rectangular specimens were 10 mm x 20 mm x 3.2 mm.

The exfoliation corrosion (EXCO) solution was used for the exposure of tensile specimens, in
accordance with ASTM G34 standard [80]. Masking of the side-surfaces (thickness) was performed
in order to eliminate the effect of micro-cracking in the decrease of ductility (elongation at fracture),
where according to Charalampidou et al. [ 105] the side-surfaces attack has a contribution percentage
to the total ductility decrease of more than 60%, at short exposure times to EXCO solution. For the
investigation of the respective corrosion rates of different tempers, 3.5% wt. NaCl solution was used
for electrochemical measurements according to ASTM G44 standard [93].

Prior to corrosive solution exposure, the side-surfaces of the tensile specimens as well as the upper

surfaces of the small rectangular specimens (surfaces to be exposed) were polished up according to
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ASTM ES8 specification [90]. Further preparation of the tensile specimens included shielding of the
specimens’ surfaces so that only specific areas of interest were exposed, as can be seen in Figure 4-2.
Afterwards, the specimens’ surfaces (both tensile and rectangular) were cleaned with alcohol
according to ASTM G1 specification [92].

To investigate the effect of artificial ageing condition of aluminium alloy 2024 on the corrosion
susceptibility and evolution mechanisms of the materials, prior artificial ageing heat-treatment at 190
°C was performed. The temperature of 190 °C was selected as an intermediate heat-treatment
temperature for artificial ageing (range varies from 170 °C to 210 °C) according to the study of
Alexopoulos et al. [9], where it is shown that essentially no long ageing times, i.e., below 10 hours,
are required to achieve the peak-aged (PA) condition. Yield stress continuously increased with ageing
time up to 8 hours. This increase in yield stress is characterized as under-aged (UA) region. A plateau
in the yield stress was noticed from 6 hours up to 12 hours ageing time, which is a characteristic for
the PA condition. Finally, by further increasing the artificial ageing time to 63 hours at 190 °C an
essential decrease in yield stress was observed due to the coarsening of the precipitates, so that this
heat-treatment condition is considered to belong to the over-aged (OA) region. To this end, three
different ageing times were selected for the present study, namely 2 hours, 8 hours, and 63 hours to
correspond to UA, PA, and OA conditions, respectively. Regarding AA2198, prior artificial ageing
heat-treatment at 170 °C was performed. Lower temperature was selected for the investigation of
artificial ageing kinetics in the innovative aluminium alloy since it is well-known that lower ageing
temperature enables higher peak strength to be achieved due to the well-balanced formation of
coherent and subsequent, semi-coherent §" and §' (Al,CuMg) precipitates, respectively [ 190]. Hence,
because of the fact that the thermomechanical kinetics are not well defined and fully understood for
this alloy, the formation of well-balanced precipitates was preferable. To this end, three different
ageing times were selected for the present study, namely 3 hours, 48 hours, and 400 hours to
correspond to UA, PA, and OA conditions, respectively. The specimens were prior isothermally
artificially aged in an electric oven Elvem T101 (2600 W) with + 0.1 °C temperature control and
subsequently exposed to corrosion exposure, to investigate the corrosion mechanism in different
artificial ageing conditions. After corrosion exposure, the specimens were removed from the

containers and cleaned with acetone before performing the tensile tests.
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Specimen corroded at large surfaces
only, up and back

Figure 4-2: Schematic representation of tensile specimens according to ASTM ES8, corroded at large surfaces.
4.2.2 Electrochemical tests

The corrosion behaviour of aluminium alloys in different tempers was assessed by
electrochemical impedance spectroscopy (EIS) tests, which were carried out using a PalmSens®
potentiostat at 25 £ 1 °C. The experiments were carried out in naturally aerated 3.5 wt. % NaCl
solution at room temperature (25 + 2) °C. A typical three electrodes cell system that was composed
of a platinum electrode as counter electrode, a silver chloride electrode Ag/AgCl as reference
electrode and the small rectangular specimens of the investigated aluminium alloys as working
electrodes was used. A surface area of 0.5 cm? of the working electrode was exposed to the
electrolyte. The voltage perturbation range used in the EIS measurements was 10 mV (rms), and the
acquisition rate was 10 points per decade in a frequency range from 10° Hz down to 0.01 Hz. The
measurements were repeated at fixed intervals of 0 (after 5 min immersion), 1, 3, 6, 12, 24, and 48
hours of immersion time. Additionally, in the case of AA2198 specimens potentiodynamic
polarization tests were performed to investigate the corrosion tendency and rates of the different
tempers of the alloy. The Harrison’s solution (diluted version) was used for these experiments,
according to ASTM D5894 specification [94], since it better simulates the conditions of atmospheric
corrosion and allows the overall corrosion mechanism evolution to occur and be easily recognized
(e.g., presence of passivation). A Gamry Interface 1000 potentiostat along with a cell with an exposed
area of the working electrode of 0.5 cm? were used for the electrochemical measurements. Initially,
the open circuit potential (OCP) was measured by recording values with 1 s interval for 30 min.
Potentiodynamic polarization test started after the OCP measurement and from -0.2 V to the corrosion
potential. The polarization potential range was from -0.2 V up to 0.6 V to the OCP, respectively and
the potential scanning rate was 0.2 mV s~ '. Each test was performed at least three times to evaluate
the reproducibility of the results. The obtained data was fitted employing a PStrace5® analysis

software.
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4.2.3 Tensile tests

The tensile properties of the specimens were evaluated after testing in an INSTRON 8801 Testing
Machine. The software was programmed to apply a tensile strain to the specimen—under crosshead
displacement control-at a rate of 0.7 mm/min. An extensometer of 50 mm initial gauge length was
installed onto specimens and zeroed before applying a 1 kN preload to the specimen. The raw data
from each test was then analyzed using a specially programmed Excel spreadsheet and edited with
the aid of Microcal Origin® software. For the reproducibility of the results, at least three tensile tests
have been carried out per each test series. Evaluated properties were the conventional yield stress

Rp0.2% (0.2% proof stress), ultimate tensile strength Ry, and elongation at fracture 4.

4.3 Results and discussion

4.3.1 AA2024: Macroscopic evaluation of pre-corroded specimens

Exposure of AA2024 specimens to the corrosive environment (EXCO solution in the current
research work) results in deterioration of the specimens’ surface due to breakdown of the oxide layer
[32] and [181] and the subsequent nucleation of corrosion-induced surface pits (refer to Figure 4-3 to
Figure 4-6 for the different artificial ageing conditions). The depicted corroded area has dimensions
of 12.5 mm x 55 mm being the width and length of the exposed area of the specimens, respectively.
For the case of T3 condition (refer to Figure 4-3), pitting formation on the corroded surfaces remains
rather limited for short exposure times up to 2 hours. With increasing exposure time to EXCO
solution, an increase in pitting density is evident. Localized corrosion with the form of randomly
dispersed pits (black signs) is evident for 4- (refer to Figure 4-3(c) and 24 hours (refers to Figure
4-3(d)), respectively.

The effect of corrosion evolution seems to be more intense in under-aged (UA) condition
regarding surface deterioration. Notable differences in the surfaces of pre-corroded specimens are
noticed with increasing exposure time; for short exposure times pitting corrosion remains rather
limited, e.g., Figure 4-4(a), while slight increase in pitting density is evident from the surface
roughness after 2 hours corrosion exposure time, e.g., Figure 4-4(b). Additionally, severe localized
corrosion is noticed for the under-aged specimens after only 4 hours of corrosion exposure, which
evolves to exfoliation corrosion after 24 hours corrosion exposure time (refer to Figure 4-4(d)).

Regarding peak-aged (refer to Figure 4-5) and over-aged (refer to Figure 4-6) conditions, no
significant surface deterioration is noticed with increasing exposure time to EXCO solution. Pitting
corrosion remains limited for the very short exposure times (i.e., 0.5 hours) as was the case for T3

and UA conditions. However, increased pitting density is noticed for higher exposure times, e.g.,
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Figure 4-5(b) and Figure 4-6(b). Further corrosion exposure (up to 24 hours) does not affect the
surface of pre-corroded specimens significantly. The corrosion morphology-characterized by
uniformly dispersed pits in the whole exposed surface (no signs of localized corrosion) is almost the
same for the specimens exposed to EXCO solution for 2- (Figure 4-5(b), Figure 4-6(b)), 4- (Figure
4-5(c), Figure 4-6(c)) and 24 hours (Figure 4-5(d), Figure 4-6(d)) for both ageing conditions
respectively. This can be attributed to the higher density of precipitates which are more uniformly

distributed to the whole specimen’s surfaces.

/T3

(b)-

( d)-

Figure 4-3: Images of corroded surfaces (12.5 x 55 mm) of A42024 in T3 condition after exposure for different
times to exfoliation solution, namely (a) 0.5 h, (b) 2 h, (c) 4 h and (d) 24 h, respectively.

\
(b)-

Figure 4-4: Images of corroded surfaces (12.5 x 55 mm) of A42024 in UA condition (2 h at 190 °C) after exposure
for different times to exfoliation solution, namely (a) 0.5 h, (b) 2 h, (c) 4 h and (d) 24 h, respectively.
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Figure 4-5: Images of the corroded surfaces (12.5 * 55 mm) of A42024 in PA condition (8 h at 190 °C) after
exposure for different times to exfoliation solution, namely (a) 0.5 h, (b) 2 h, (c) 4 h and (d) 24 h,
respectively.

(c)
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Figure 4-6: Images of the corroded surfaces (12.5 * 55 mm) of A42024 in OA condition (63 h at 190 °C) after
exposure for different times to exfoliation solution, namely (a) 0.5 h, (b) 2 h, (c) 4 h and (d) 24 h,
respectively.

4.3.2 AA2024: Effect on corrosion mechanism

Electrochemical impedance spectroscopy (EIS) results for the different artificial ageing tempers
of AA2024, as a function of immersion time in 3.5 wt. % NaCl solution, are shown in the form of
Bode diagrams in Figure 4-7(a) to Figure 4-7(d), respectively. Figure 4-7(a) presents the results for
T3 temper where two-time constants are evident at low (102-10"") and medium (10°-10%) frequencies
regime after above one hour of immersion. In contrast, at the initial period of immersion the relaxation
process at higher frequencies being responsible for the response from the passive film can also be
evidenced. Time constants in medium frequencies are related to charge transfer processes coupled to
the double layer capacitance, while the time constant at low frequencies is likely to be associated to
a diffusion-control. Slight fluctuations of the curves in 1 hour and 3 hours at low frequencies regime
can be caused by non-stationarities of the system at this period resulted from the metastable pitting
formation. After 6 hours of exposure the pits seem to become more stable leading to much less
scattering of the low-frequency impedance values. The same behaviour was noticed for specimens in

UA temper; however, stable pits formed slightly faster than in T3 temper as can be seen in Figure
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4-7(b). Regarding PA and OA tempers, it can be concluded that formation of stable pits becomes
faster with increasing artificial ageing time. Furthermore, the response from the surface oxide passive
film is still evident after 1 hour of immersion (red curve) while specimens in PA condition presented
slightly higher capacitive behaviour than the other three tempers, as was shown form the higher Theta
phase degrees at the initial period of immersion (back curve).

Impedance modulus of specimens in T3 condition slightly increase for short exposure times and
up to 3 hours at low frequencies regime (102-10"") followed by a gradual decreasing trend for higher
exposure times, e.g., Figure 4-7(a). Essential decrease is noticed between 6 and 12 hours of exposure
while further corrosion exposure seems not to reduce impedance modulus essentially since by that
time stable pits are formed, and the corrosion process is controlled by the diffusion limited cathodic
oxygen reduction. Formation of voluminous corrosion products after long exposure times seal the
pits and impede transport to/from the active areas. As for the specimens in UA temper, a similar
behaviour can be observed. The main difference is that the stabilization of the pits occurs after shorter
time. The measurement performed after 3 hours demonstrates a clear drop of low frequency
impedance value and absence of data scattering related to the metastable pits. Regarding specimens
in PA temper, the impedance modulus at low frequencies almost remains unaffected by corrosion for
short exposure times and up to 3 hours. It is also important that the disappearance of the time constant
related with the oxide film takes significantly longer in this case. Additionally, the impedance
modulus at low frequencies is higher in this temper even after the highest exposure time (e.g., 48
hours) in comparison to the other systems. In over-aged temper fluctuations were noticed, and only

slight decrease was observed for the time range between 6 to 48 hours of exposure.
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Figure 4-7: Impedance spectra of AA2024 (a) in T3, (b) under—aged (UA), (c) peak—aged (PA) and (d) over—aged
(OA) tempers measured in 3.5 wt. % NaCl solution.

To gain a better insight into corrosion mechanisms, EIS response is modelled using equivalent
electrical circuits, as shown in Figure 4-8. The R element in circuit model represents the resistance
of electrolyte. The pair R2//Q: stands for the polarization resistance, i.e., the resistance of electron
flow through double layer, in parallel with capacitance of double layer. A constant phase element
(CPE) - that is denoted with Q in the present work - was used instead of an ideal capacitor to take

into consideration the heterogeneity of the surface, as already mentioned in literature, e.g., [20] and

[127]



[100]. W element refers to Warburg impedance which is ascribed to the response at low frequencies
being controlled by diffusion processes. It is worth mentioning that for short exposure times in PA
condition another equivalent circuit model showed good fitting. The model included an extra constant
phase element (R//Q) that corresponds to oxide film resistance in parallel with conductive pathways
associated with defective sites created by intermetallic particles (IMCs). Nevertheless, the simple
circuit model that better simulates most of the investigated cases used in this research work to

simulate corrosion mechanism in AA2024 specimens.

Figure 4-8: Equivalent circuit model for all ageing tempers.

The evolution of resistance values of the circuit components (R> in this case) is depicted in Figure
4-9. Resistance was found to decrease even from the early stages of corrosion for under-aged
specimens (shown in green curve) while this was not the case for the other three investigated tempers.
The lower values of resistance in UA temper indicate fast charge transfer on aluminium surface. Fast

corrosion attack was also observed in T3 temper while for PA and OA conditions it was essentially

slower.
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Figure 4-9: Variation of charge transfer resistance R, element as a function of immersion time to 3.5 wt. % NaCl
solution for AA2024-T3 exposed to different artificial ageing tempers.
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4.3.3 AA2024: Mechanical evaluation of pre-corroded specimens

Typical tensile curves of the pre-corroded specimens of AA2024 in different tempers — exposed
to an EXCO solution — are presented in Figure 4-10. The nominal stress calculation was based on the
nominal cross-section of the tensile specimens; namely, (width x thickness) = (12.5 mm x 3.2 mm),
respectively. Prior exposure of AA2024 to the EXCO solution resulted in significant modifications
to the overall tensile mechanical properties of the alloy. However, the corrosion—induced
modifications are different for each artificial ageing condition of the alloy. The effect of corrosion is
more severe in T3 and under-aged (UA) conditions, refer to Figure 4-10(a) and Figure 4-10(b),
respectively. A significant decrease of the axial nominal strain is noticed after only 0.5 hours of
corrosion exposure in T3 condition, shown in Figure 4-10(a). With increasing corrosion exposure
time, the axial nominal strain is further decreased; almost half value of the initial property value is
noticed after 24 hours corrosion exposure time. On the contrary, the axial nominal stress is not
essentially decreased even after the highest exposure time, i.e., 24 hours, in T3 condition.

Essential corrosion-induced modifications of the overall tensile mechanical properties are noticed
in under-aged (UA) condition (Figure 4-10(b)); however, these modifications are different from the
T3 condition. Axial nominal strain is not notably decreased for the very short exposure times, i.e.,
0.5 hours where hydrogen embrittlement is the dominant degradation mechanism [48], [ 78], [85] and
[104], while after 2 hours of corrosion exposure a sudden drop of both the axial nominal strain and
the axial nominal stress is noticed. The significant stress drop noticed in this alloy is attributed to the
decrease in the effective thickness due to micro-cracking propagation, as was referred in the work of
Alexopoulos and Papanikos [49]. Further increase of corrosion exposure time tends to decrease the
tensile mechanical properties of AA2024 significantly.

Regarding peak-aged (PA) and over-aged (OA) conditions - refer to Figure 4-10(c) and Figure
4-10(d), respectively - no significant alterations on the overall tensile mechanical properties are
evident with increasing corrosion exposure time. Nevertheless, both the axial nominal strain and the
axial nominal stress tend to decrease with corrosion evolution but in lower rate when compared to T3
and UA conditions. The slight decrease of stress even after the highest exposure time (i.e., 24 hours)
revealed that micro-cracks propagate in lower rates in these tempers probably, since they are blocked

by the precipitations formed after ageing.
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Figure 4-10: Typical experimental tensile flow curves of pre-corroded for different exposure times to EXCO
solution AA2024 specimens at (a) T3, (b) under-aged (UA), (c) peak-aged (PA)and (d) over-aged (OA)
conditions.

434 AA2024: Effect on corrosion evolution

Figure 4-11(a) summarizes the conventional yield stress Rpo.2v% (based on the nominal cross-
section of the specimens) results for the pre-corroded - for different exposure times to EXCO solution
- specimens in different tempers. Marked in diagram are the regions of under-, peak- and over-aged
conditions as a function of ageing time with different colours. Each curve in the diagram represents
the evolution of Rpo.29 with increasing ageing time for the different pre-exposed specimens. It is
obvious that with increasing artificial ageing time, Rpo.2% tends to increase up to its maximum value
in the peak-aged condition; further increase of ageing time (OA condition) leads to Rpo.2% decrease
due to the growth and coarsening of the precipitates [ 7], [ 191]. Regarding the effect of artificial ageing
time on corrosion—induced degradation of Rpo2%, it is evident that the highest decrease of the
conventional yield stress due to corrosion exposure is taking place in under-aged condition;

approximately 23% degradation is evident after 24 hours of exposure. The corrosion-induced
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degradation of Rpo.2% is more severe in under-aged condition, where the biggest difference between
the property values of the different corrosion exposure times is noticed.

On the contrary, the less corrosion—induced decrease of conventional yield stress between the
different corrosion exposure times is noticed in T3 as well as in over-aged conditions. Nevertheless,
significant degradation of Rpo.29 1s noticed due to corrosion exposure but the respective degradation
tends to be eliminated with increasing exposure time. For instance, the non—artificially aged (T3
condition) and non—corroded material (shown in black curve) exhibited approximately 14.7%
decrease of the conventional yield stress after only 0.5 hours corrosion exposure time (from 387 MPa
to 330 MPa) [63]. Further increase of corrosion exposure time does not decrease the Rpo.2v
significantly, since after the highest exposure time (e.g., 24 hours) the conventional yield stress is
approximately 320 MPa (decreased by 17.5% from the initial value and only 3% from the first
corrosion exposure time). As the logarithmic scale was used to express the artificial ageing time in
hours, it is mathematically impossible to illustrate the reference condition T3 without any artificial
ageing time (zero hours); to cope with this problem a very small value of 0.015 hours was used in all
figures to address the reference specimens without any kind of artificial ageing heat treatment.

The respective results for elongation at fracture Arare presented in Figure 4-11(b). As expected,
the essential yield stress increase in peak-aged condition is followed by a ductility decrease where
elongation at fracture Arreach to a minimum. A different corrosion-induced degradation mechanism
is noticed for the elongation at fracture in different artificial ageing tempers when compared to the
conventional yield stress. As for the case of Ry0.2%, the specimens in under-ageing condition exhibited
the highest Ar degradation due to corrosion exposure, e.g., -50.9% after 24 hours of exposure.
Additionally, significant Ar decrease is evident for the T3 condition where higher degradation
between the different corrosion—exposure times is noticed for the short corrosion exposure times and
up to 4 hours. In this case the less effect of corrosion exposure is evident in peak-aged condition
followed by over-aged, with the highest decrease of Arto be -21.1% and -25.8% after 24 hours of

exposure, respectively.
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Figure 4-11: Evaluated mechanical properties (a) conventional yield stress Rpo.20;and (b) elongation at fracture A;
of pre-corroded AA2024 specimens for different corrosion exposure times and in different artificial ageing
times.

4.3.5 AA2024: Evaluation of fractured specimens

The tensile test results revealed that corrosion-induced mechanical properties decrease (i.e., Rpo.2%
and Ay) is artificial-ageing sensitive; hence, the corrosion-induced degradation mechanism depends
on artificial-ageing condition of the alloy. In order to investigate the possible phenomena related to
the behaviour noticed in tensile tests, pre-corroded fractured specimens from under-, peak- and over-
aged conditions were examined with the aid of stereoscope (refer to Figure 4-12 up to Figure 4-15)
and scanning electron microscope (SEM) (refer to Figure 4-16 up to Figure 4-18).

Stereoscopical analysis revealed an increasing surface deterioration, by means of pitting density
and size, with increasing EXCO time in T3 as well as in under—aged tempers, shown in Figure 4-12
and Figure 4-13, respectively. Furthermore, a decrease in ductility with increasing exposure time is
evident in these tempers from the small side—surfaces, where the presence of necking is eliminated.
On the contrary, regarding specimens in peak—aged (Figure 4-14) and over—aged (Figure 4-15)
conditions no essential difference in the surface corrosion morphology is observed with increasing
corrosion exposure time, while these specimens seem to maintain their ductility even after long

exposure times where the necking phenomenon is still evident.
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Figure 4-12: Images of fractured pre-corroded surfaces of AA2024 in T3 condition after exposure for different
times to exfoliation corrosion solution, namely (a) 0.5 h, (b) 2 h, (c) 4 h and (d) 24 h, respectively.
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Figure 4-13: Images of fractured pre-corroded surfaces of AA2024 in under—aged (2 h at 190 °C) condition after
exposure for different times to exfoliation corrosion solution, namely (a) 0.5 h, (b) 2 h, (c) 4 h and (d) 24 h,
respectively.
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Figure 4-14: Images of fractured pre-corroded surfaces of AA2024 in peak—aged (8 h at 190 °C) condition after
exposure for different times to exfoliation corrosion solution, namely (a) 0.5 h, (b) 2 h, (c) 4 h and (d) 24 h,
respectively.
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Figure 4-15: Images of fractured pre-corroded surfaces of AA2024 in over—aged (63 h at 190 °C) condition
after exposure for different times to exfoliation corrosion solution, namely (a) 0.5 h, (b) 2 h, (c) 4 h and (d) 24 h,
respectively.

Figure 4-16 shows SEM pictures from the pre-corroded specimens in under-aged condition after
tensile testing. The right column of the figure provides a general view of the fractured specimens for
0.5, 4, 24 hours (in different rows) of corrosion exposure where a ductility-based fracture mechanism
is evident from the 45° inclination of the fracture surface. It can be noticed that pitting density in the
large, exposed surfaces of the specimens increase with increasing exposure time, leading to
exfoliation after 24 hours. Regarding fracture surface shown in the left column of the figure, it is
evident that the specimen exposed to corrosion for 0.5 hours is characterized by several dimples in
the whole surface interrupted by some smooth surfaces in the edge of the specimen’s surface. With
increasing exposure time, the smooth surfaces are expanded to the specimen’s thickness along with
formation of micro-cracks up to a maximum depth shown for 4 and 24 hours. Additionally, fracture

resembling cup and cone geometry can be noticed after 24 hours of corrosion.
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Figure 4-16: SEM images of artificially aged specimens of AA2024 in UA condition for (a) 0.5 h, (b) 4 h and (c)

Figure 4-17 presents the SEM images of the fractured specimens exposed to peak-aged temper
and afterwards to exfoliation corrosion solution. Right column provides the general view of the
fractured specimens corroded for 0.5, 4, 24 hours (in different rows) where a ductility-based fracture
mechanism is still evident from the 45° inclination of the fracture surface up to the highest exposure
time. An increase in pitting density on the large, exposed surfaces is evident with increasing exposure

time. The fractured surfaces of the PA specimens are characterized by dimples for all the investigated

24 h of exposure to EXCO solution.
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exposure times. Additionally, the existence of some smooth areas next to the exposed surface is
evident; however, these areas expand to a less extend into the specimen’s thickness than in the case
of UA condition. Furthermore, there is no notable crack propagation along the thickness of the
specimens - as was the case for UA temper - that could reduce the specimens’ effective thickness
significantly. This observation is in accordance with the tensile test results, where the yield stress is
not essentially reduced by corrosion evolution for the peak-aged specimens. Regarding over-aged
specimens shown in Figure 4-18, the fractured surfaces are characterized by large smooth surfaces
with the dimples to be concentrated to the middle thickness. There are no notable differences between
the different exposure times, meaning that fracture mechanism is not essentially changed by corrosion

evolution. Cracking formation is obvious, but the cracks do not propagate deep into material.
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Figure 4-17: SEM images of artificially aged specimens of AA2024 in PA condition for (a) 0.5 h, (b) 4 h and (c) 24
h of exposure to EXCO solution.
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Over-Aged (OA)
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Figure 4-18: SEM images of artificially aged specimens of AA2024 in PA condition for (a) 0.5 h, (b) 4 h and (c) 24
h of exposure to EXCO solution.
4.3.6 AA2198: Microscopic evaluation of artificial aged specimens:
Analysis of the precipitates

Precipitation morphology and growth characteristics with respect to artificial ageing times are
depicted in Figure 4-19 and Figure 4-20. A selected-area diffraction (SAD) pattern, which is
corresponding to the <110> matrix zone axis is inserted to each corresponding figure. In Figure 4-19,
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where the low magnification TEM bright field (BF) images of AA2198 are depicted, grain boundaries
precipitates are well defined for all investigated artificial ageing tempers. The level of such
precipitates was found to be lower for the case of T3 and UA tempers, e.g., Figure 4-19(a) and Figure
4-19(b), respectively. With increasing ageing time significant higher population of elongated and thin
T1 precipitates in the form of laths is evident both on grain boundaries and inside grains, e.g., Figure
4-19(c). Regarding OA temper, shown in Figure 4-19(d), the density of T1 precipitates was further
increased but their size was not essentially changed. Regarding T3 temper, few dot-shaped o’ (AlzL1)
phases were noticed in the <110> Al matrix, as it is shown in Figure 4-20(a). The ¢’ phase is one of
the main secondary phases present in T3 temper [170], and the diffraction pattern fails to show the
superlattice reflection characteristic of these precipitates due to the low quantity. The presence of T1
precipitates is evident for higher artificial ageing times, e.g., Figure 4-20(b). The T1 has a hexagonal
crystal structure, which forms with thin hexagonal platelets on the <111> Al matrix. Both the density
and size of T1 precipitates tend to increase with artificial ageing time evolution as was also mentioned
in [170] for AA2198. In higher ageing times that correspond to PA and OA conditions interactions
between T1/T1 precipitates were also noticed. Figure 4-20(c) presents the cutting of vertical T1 phase
from the horizontal while the latter is increasing. This observation is in accordance with [192] where
T1 phase was found to increase in length instead of width after peak-ageing temper. The enhanced
strength in PA condition can be also attributed to the intersection of T1/T1 precipitates due to the
high strain fields formed around these areas that can impede the dislocations movements [192]. The

interactions between these precipitates were also discussed for Al-Cu-Li alloys in [ 124].
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(d)

Figure 4-19: Bright field images of AA2198 grain boundary precipitates for (a) T3 temper, (b) under-aged (3 h @
170°C), (c) peak-aged (48 h @ 170°C) and (d) over-aged (400 h @ 170°C).
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Figure 4-20: TEM bright field images of AA2198-T3 along <110> zone axis for (a) T3 temper, (b) under-aged, (c)
peak-aged and (d) over-aged specimens with the corresponding selected-area diffraction pattern.

4.3.7 AA2198: Effect on corrosion mechanism

Figure 4-21 presents the impedance spectra of AA2198 for the different artificial ageing times in
the form of Bode plots. Two time constants, located at low (102-10"!) and medium (10°-10%)
frequencies regime, are evident from the initial period of immersion for all investigated artificial
ageing tempers. Slight fluctuations of the curves at low frequencies regime — in the figure where
Theta phase vs. frequency are presented — can be caused by non-stationarities of the system at this
period resulted from the metastable pitting formation. These fluctuations are evident up to 1 hour of
exposure (red curve) in T3 temper, up to 6 hours (blue curve) in UA temper and at the initial period
of immersion (black curve) in T8 temper while by increasing artificial ageing time the formation of
stable pits becomes faster (no fluctuations noticed in PA and OA conditions). For the case of UA, PA
and OA conditions, at the initial period of immersion (black curve) the relaxation process at higher

frequencies being responsible for the response from the passive film can also be evidenced while this
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was not the case for T3 and T8 tempers. Impedance modulus of specimens in T3 temper was notably
decreased from the first stages of corrosion, e.g., 1 hour (red curve), followed by a gradual decreasing
trend for higher exposure times. Similar behaviour is observed for UA specimens; essential
degradation was noticed from the first stages of exposure and up to 6 hours (green curve) while further
immersion did not reduce the impedance modulus significantly since by that time stable pits are
formed, and the corrosion process is controlled by the diffusion limited cathodic oxygen reduction.
The same trend was observed for T8 temper; the main difference is that the stabilization of the pits
occurs after shorter time than in T3 and UA tempers and impedance modulus almost remains
unaffected for short exposure times up to 3 hours. The measurement performed after 12 hours
demonstrates a clear drop of low frequency impedance value and absence of data scattering related
to the metastable pits. Regarding specimens in PA temper, the impedance modulus at low frequencies
almost remains unaffected by corrosion for short exposure times and up to 6 hours. Furthermore,
increasing of immersion time did not result to significant changes in impedance modulus. In over-
aged temper fluctuations were noticed, with a notable decrease to be observed for the time range

between 0 to 6 hours 12 to 24 hours of exposure.
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Figure 4-21: Impedance spectra of AA2198 in (a) T3, (b) T8, (c) UA, (d) PA and (e) OA temper measured in 3.5 wt. %
NaCl solution.

The simple Randless circuit model was found to better simulate the EIS response of AA2198 for
all exposure times and artificial ageing tempers, Figure 4-22. It is worth mentioning, that the same
equivalent model was used for AA2024 (see section 4.3.2). At short exposure times in PA condition

another equivalent circuit model with an extra constant phase element (R//Q) that corresponds to
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oxide film resistance in parallel with conductive pathways associated with defective sites created by
intermetallic particles (IMCs) showed good fitting. Nevertheless, the simple circuit model that better
simulates most of the investigated cases used in this research work to simulate corrosion mechanism

in AA2198 specimens.

Figure 4-22: Equivalent circuit model for all ageing tempers of AA2198.

Figure 4-23 presents the evolution of charge transfer resistance values of the circuit components
(R> in this case). Charge transfer resistance represents the resistance of electron flow on aluminium
surface. Resistance was found to essentially decrease even from the early stages of corrosion for the
T3 specimens and with high rate up to 12 hours; for instance, a decrease from approximately 55000
Q*cm? at the initial immersion period to 8000 Q*cm? after 12 hours of immersion was noticed.
However, for higher exposure times (> 12 hours) R> was stabilized at values that almost reached the
respective values of artificially aged specimens since by that time stable pits have formed. A similar
trend is evident for the T8 temper where R» quickly decreases up to 6 hours immersion time.
Nevertheless, for the early stages of exposure of T8 specimens and up to 1 hour a slight increase in
charge transfer resistance is evident suggesting a difficulty in electron flow. Almost the same trend
is presented for UA condition with the difference that R; slightly decreases from the first stages of
corrosion and up to 3 hours while a higher decrease is noticed after 6 hours. Further increase in
immersion time did not affect the resistance essentially. Regarding PA and OA tempers, no essential
changes in charge transfer resistance were noticed with increasing corrosion exposure time revealing
that the specimens in these tempers are not significantly affected by corrosion evolution. A slight
increase in charge transfer resistance at the early exposure times, indicating some kind of blocking
effects on electron flow on the surface, is also evident in these tempers with the increasing trend to
be evident up to 3 hours for PA and up to 1 hour for OA. The higher values of R, noticed at short
exposure times of T3 specimens point out a slower charge transfer on specimens’ surface when
compared to artificially aged specimens. Additionally, it can be noticed that the corrosion-induced
degradation rate of R> tends to decrease with increasing artificial ageing time indicating a slower

corrosion propagation.
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Figure 4-23: Variation of charge transfer resistance R element as a function of immersion time to 3.5% wt. NaCl
solution for AA2198 in different artificial ageing tempers.

Figure 4-24 presents the OCP curves of AA2198 specimens in different ageing tempers measured
in Harrison’s diluted solution. The duration of OCP measurements was 30 min for all specimens. An
essential decrease (shift to less noble) values was noticed with increasing artificial exposure time.
However, more noble OCP value was observed for T8 temper when compared to the other tempers,
including T3. Different behaviour of the OCPs was noticed for the different tempers. The OCP seems
to stabilize earlier with increasing artificial ageing time; while slight fluctuations noticed in PA

condition can be correlated to transient currents due to the pitting process.

_030 L 1 L 1 L 1 L 1 L 1 L 1 L 1
3 Aluminium alloy 2198, t = 3.2 mm
-0.353| L rolling direction
1| Artificial ageing at 170°C
S -0.40 3| and subsequent exposure to corrosion
S 0451 T8
T T /
B ] V%
o -0.504 s
o 1 fon] T3
3 0551 ]
o -V. ] 4
5 1 T
s -0.60 %/ I
W L
O .05 S S
oo "
T OA
-0.75

0 200 400 600 800 1000 1200 1400 1600 1800 2000
Immersion Time [s]

Figure 4-24: Comparison of the open circuit potential curves of AA2198 specimens in different artificial ageing
tempers.
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Potentiodynamic polarization measurements for the different artificial ageing tempers of AA2198
are presented in Figure 4-25. The current-potential curves have almost the same shape for all
investigated tempers with the two branches (cathodic and anodic) of the potentiodynamic polarization
curves to be nearly asymmetrical. The cathodic branch of the polarization curve includes information
regarding the kinetics of the reduction reactions taking place on the specimen’s surface. In this case
the cathodic branch corresponds to the diffusion-controlled reduction of dissolved oxygen (O.). In
general, in the cathodic branch the potential applied by the potentiostat is more negative than the
corrosion potential (Ecorr) of the specimen; thus, actually the specimen is protected from attack by the
corrosion medium, which was the cathodic protection effect. In the anodic branch of the curve, the
applied potential is more positive than the Ecorr 0f the working electrode; thus, the specimen loose the
electrons and release the metal ions that react with the hydroxyl ions distributed in the solution to
combine and generate corrosion products of hydroxides. Additionally, presence of passivation plateau
is evident in all different tempers, in the region where current density is independent of potential, as
well as the breakdown points of the passive film where the current density starts to increase again
with increasing potential. It can be noticed from Figure 4-25 that the current density at which
breakdown of passive film takes place is slightly decreases with increasing artificial ageing time. The
corrosion potential shifts to more negative values with increasing artificial ageing time, meaning that
the specimens become more susceptible to corrosion attack. This can be attributed to the precipitation
of second-phase particles that are cathodic with respect to the matrix and trigger corrosion nucleation
at their periphery. However, the artificially aged specimens exhibited lower cathodic activity than T3

specimens indicating lower corrosion rate.
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Figure 4-25: Polarization curves of AA2198 in different artificial ageing tempers.
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4.3.8 AA2198: Mechanical evaluation of pre-corroded specimens

Prior to the characterization and evaluation of the corrosion-induced mechanical properties
degradation of artificially aged specimens of AA2198, it is necessary to examine the effect of artificial
ageing in the aluminium alloy in order to have reference data. According to Figure 4-26, the total
tensile behaviour of AA2198 changes under different artificial ageing times at 170°C. These changes
are related to transformations in microstructure during ageing and the precipitation of intermetallic
phases [7], [191]-[192]. For instance, the specimens’ axial nominal stress increases with increasing
ageing time when it reaches its maximum value after 48 hours. On the other hand, the axial nominal
strain continuously decreases with increasing ageing time up to the same exposure hours. Thus, the
48 hours artificial ageing time is considered to belong to the peak-ageing region for AA2198 at
170°C. Further increase in ageing time above 48 hours resulted in degradation of axial nominal stress

while a slight recovery of the axial nominal strain was noticed.
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Figure 4-26: Typical tensile stress-strain curves of AA2198 for different artificial ageing times.

Figure 4-27 summarizes the experimental results of conventional yield stress Rpo.2%, ultimate
tensile strength Rm and elongation at fracture 4r of the artificially aged AA2198 specimens as average
values. Marked in the diagram are the regimes of under- (UA), peak- (PA) and over-ageing (OA)
conditions as a function of ageing time with different colours of background. According to Figure
4-27(a) a rapid increase in both Rpo.29% and Rny values is noticed in the under-ageing regime and up to
8 hours of exposure to 170°C. After 8 hours these properties are still increasing but with lower rate
up to 48 hours where the maximum percentage of increase is noticed, e.g., +17% for the ultimate
tensile strength (red open circles and fitting curve) and +51% for the conventional yield stress (black

open squares and fitting curve). For higher ageing times (> 48 hours) a rapid decrease is evident for
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both properties that represents the over-ageing regime. This decrease is caused by the coarsening and
growth of the precipitates as was also mentioned in [119], [157], [180]. Regarding the response of
elongation at fracture with increasing artificial ageing time, e.g., Figure 4-27(b), it is shown that the
Aris continuously decreases up to 48 hours with the higher percentage of decrease to be approximately
46%. However, higher degradation percentage is noticed in the first hours of ageing and up to 8 hours;
thus, this time range is believed to be the under-ageing regime. Further increase of ageing time above
48 hours led to fluctuations of Arwith a slight recovery to be noticed so as to characterize this region

as over-ageing.
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Figure 4-27: Evaluated mechanical properties (a) conventional yield stress R,o.20; & ultimate tensile strength R,, and (b)
elongation at fracture Arof AA2198 specimens in different artificial ageing times.

In order to assess the response of different artificial ageing tempers of AA2198 on corrosion and
estimate the synergetic phenomena that can lead to material’s failure, exposure of specimens to
exfoliation corrosion (EXCO) solution was performed. The EXCO solution was selected in this
investigation for both time saving reasons, since according to Alexopoulos et al. [86] 1 hour exposure
to EXCO solution is equivalent to 92 hours exposure to 3.5 wt. % NaCl solution regarding elongation
at fracture decrease, and for comparison with AA2024 [63]; the effect of artificial ageing on the
corrosion behaviour of AA2024 was investigated by exposing the artificially-aged specimens for 2
hours to EXCO solution [63]. It is worth mentioning, that the 2 hours EXCO exposure were selected
because according to the findings of Alexopoulos et al. [63] and [110] a noteworthy corrosion-
induced degradation of elongation at fracture was noticed for this exposure time despite of the fact
that no essential pitting corrosion attack was evident. Furthermore, a significant corrosion-induced
degradation of charge transfer resistance of AA2198 at short exposure times was revealed by the

electrochemical tests performed in this chapter (see section 4.3.7).
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As can be seen in Figure 4-28 to Figure 4-30 the degradation of both strength properties and
ductility due to exposure to EXCO solution for 2 hours is approximately the same for all the
investigated artificial ageing times. Figure 4-29 demonstrates that the corrosion-induced degradation
of the conventional yield stress Rpo29% and elongation at fracture Ar of AA2198 does not presents
significant differences among the different artificial ageing time. However, slightly higher corrosion-
induced degradation is evident in the under-ageing regime for both properties but in general the

degradation can be characterized as stable in the whole artificial ageing time range.

L 600
600 ___A8hrsa.a.
g T3
© T8
500 - o 500 —
E - DR
& T3+EXCO S o
3 hrs a.a. o ~44
% 400 4 rs a.a 2 400 : T8+EXCO
® :
2 400 hrs|a.a+EXCO 3 hrs a.a+EXCO 5
£ 300 € 3004,
o 400 hrs a.a é g
2 2 :
§ 200 T 2004
< = £
s < 3
Aluminium alloy 2198, t = 3.2 mm 1 Aluminium alloy 2198-T8, t = 3.2 mm
< 100- ' | L rolling direction 10097 L roling direction
Artificial ageing at 170°C : Artificial ageing
and subsequent exposure to EXCO for 2 hours 0 . | and subsequ?nt exposure to EX‘CO for 2 hours
0 T T T T
0.00 0.05 0.10 0.15 0.20 0.00 0.05 0.10 0.15 0.20
Axial nominal strain ¢ [-] Axial nominal strain €[ - ]
(@) (b)

Figure 4-28: Typical tensile stress-strain curves of AA2198 for (a) different artificial ageing times at 170°C and (b) T8
temper directly compared to artificially aged and subsequent corroded specimens for 2 h to EXCO solution.
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Figure 4-30: Effect of 2 h exposure to EXCO solution on the evaluated mechanical properties (a) conventional yield
stress Rpo.205and (b) elongation at fracture Ayof AA2198 in T8 temper.

439 AA2198: Effect on corrosion evolution

In the previous section of this chapter (section 4.3.8) the effect of corrosion exposure on the
mechanical performance of AA2198 specimens exposed to different artificial ageing times was
investigated. However, only one hour of corrosion exposure, e.g., 2 hours, was used for that study in
order to eliminate the multiple corrosion mechanisms involved in higher exposure times. However,
the electrochemical analysis presented earlier in this chapter (section 4.3.7) revealed differences in
the corrosion kinetics for the different corrosion exposure times. These differences were more intense
in the case of T3 and T8 temper that are the most common used commercial tempers of AA2198.
Hence, these two tempers were selected for further investigation of the corrosion-induced degradation
mechanism of their mechanical properties. The following analysis will be focused on the comparison
of the corrosion-induced degradation only. According to Figure 4-31 an essential decrease of axial
nominal strain is evident on both tempers after only 2 hours of exposure (e.g., red curve); however
further increase of corrosion exposure time above 2 hours does not decreases the axial nominal strain
of AA2198 in T8 temper notably while for the case of T3 temper a continuous decreasing trend is
observed. In contrast, the axial nominal stress seems not be essentially affected by corrosion exposure
in T3 temper and for the whole exposure time range while for T8 temper a noteworthy reduction of
axial nominal stress is observed after 6 hours of exposure. Nevertheless, this decrease is eliminated

for higher exposure times.
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Figure 4-31: Typical experimental tensile flow curves of pre-corroded for different exposure times to EXCO solution
AA2198 specimens in (a) T3 and (b) T8 temper.

4.3.10 Comparison of AA2024 and AA2198

To justify the observations from the fractographic analysis of AA2024, a model is exploited to
calculate the “effective thickness” of the specimens exposed for different times to EXCO solution.
The “effective thickness” concept was introduced in a previous publication of the authors [48] and
refers to the cross-section (and hence to the thickness of the specimen) that remains unaffected from
the corrosion exposure, as the surface pits and micro-cracks essentially decrease the loading
capability of the cross-section. The model was introduced in the previous chapter (chapter 3, section
3.3.3.1) and is referred as iso-modulus of elasticity based on the concept that the modulus of elasticity
of the unaffected “non-corroded” material remains the same with the reference material. To this end,
it utilizes the decrease of the tensile modulus of elasticity £ of pre-corroded specimens to address the
effective thickness calculation problem. It is well known that corrosion—-induced degradation of
AA2024 is attributed to synergy of cracking and hydrogen embrittlement. In case that hydrogen
embrittlement phenomenon is not taken into consideration, because it is difficult to quantify, then the
change in the slope of the nominal stress—strain tensile curves in the elastic region is attributed to
cracking phenomena. Micro—cracking leads to reduction of the effective thickness of the specimen,
according to Alexopoulos et al. [48]. It is thought that the true value of E of the specimen’s effective
thickness is independent of corrosion exposure time as it is supposed to be unaffected by corrosion.
However, for the assumptions of the proposed model the modulus of elasticity depends solely on the
effective thickness of specimens and not to other phenomena which may influence the material’s
property, such as loss of surface-elongated grains with increased work-hardening capability. Thus,

the decrease in effective thickness calculated by the following equation (below):
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The results derived from the above-mentioned mechanical model are shown in Figure 4-32, where
it is obvious that the specimens in under-aged temper (green curve) exhibited the higher decrease of
the effective thickness while lower degradation was noticed for specimens in T3 and peak—aged
conditions. There is no significant difference of the effective thickness of specimens in under-aged
and over-aged tempers up to 0.5 hours corrosion exposure time, while after 2 hours of exposure
specimens in over-aged temper exhibited slightly higher decrease of the effective thickness probably
due to easier bypassing of precipitates from the dislocations coming from micro-cracks. Nevertheless,
for long exposure times and after 4 hours corrosion exposure time the effective thickness of over-
aged specimens tends to reach a plateau while for the case of under-aged specimens’ effective

thickness is continuously reduced.
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Figure 4-32: Decrease of the effective thickness for various investigated tempers and for different exposure time to
corrosion solution.

Figure 4-33 summarizes the same results of the conventional yield stress and elongation at
fracture as in Figure 4-11 shown in a different way, e.g., as a function of corrosion exposure time
instead of artificial ageing time, in order to highlight the corrosion-induced degradation evolution in
different ageing tempers of AA2024. Marked in diagram are the regions of short exposure times (grey
colour background) and long exposure times (yellow colour background) as were arbitrarily selected
from the authors in the regions where the slope of the degradation curve is changed. It is evident from
Figure 4-33(a) that the specimens in UA temper exhibited the highest corrosion-induced degradation
of Rp0.2%. The conventional yield stress of under-aged specimens is significantly decreased even from

the early stages of corrosion exposure time (e.g., 0.5 hours) and continued up to 24 hours reaching to
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lower values than the respective in T3 condition. For the case of T3 condition the respective
degradation is lower for short exposure times. However, for long corrosion exposure times (>4 hours)
the conventional yield stress seems to be stabilized probably because micro-cracks reached their
maximum depth as was noticed in Alexopoulos et al. [85] and Charalampidou et al. [ 105] for the pre-
corroded specimens of AA2024 with 0.4 mm and 1.6 mm nominal thickness respectively. Regarding
PA and OA tempers, a notable decrease of Rpo.2% due to corrosion exposure is evident for up to 4
hours. Nevertheless, the respective degradation percentage of Rpooy with increasing corrosion
exposure time is significantly lower when compared against under-aged and T3 conditions.
Additionally, as was the case for T3 temper, the Rpo.2% tend to be stabilized in long corrosion exposure
times. The lower corrosion-induced degradation of Rpo.29%in PA and OA tempers can be attributed to
the blocking of the corrosion-induced cracks by the second-phase precipitates.

As for the case of elongation at fracture Ar the highest corrosion-induced degradation is noticed
in UA temper followed by T3 (refer to Figure 4-33(b)). Significant degradation of the property is
evident even from the short exposure times (e.g., 0.5 hours) — where no essential surface pitting is
evident (refer to Figure 4-3 to Figure 4-6) — that is attributed to hydrogen embrittlement phenomenon
[78] and [104]. Elongation at fracture is continuously decreases up to the highest corrosion exposure
time (e.g., 24 hours) for under-aged and T3 tempers while for peak- and over-aged conditions the Ar
seems not to be notably affected by corrosion for the whole exposure time range. Less but not least
it should be referred that the curve fitting used in Figure 4-33(a) and Figure 4-33(b) — that better
simulates the corrosion-induced degradation of the properties — is the exponential linear fitting and
its mathematical type is included in the figures.

The same analysis was made for AA2198 in T3 and T8 tempers in Figure 4-34. Slightly higher
degradation percentage of Rpo2v was observed for T8 temper at short exposure times and up to 6
hours. For instance, the remaining percentage of Rpo.29% for the specimens in T8 temper was found to
be approximately 93% while the respective percentage for T3 temper was approximately 98%.
However, for higher exposure times (> 6 hours) the Ry029 was stabilized at around 410 MPa and
further corrosion exposure of AA2198-T8 did not influence the property notably. On the contrary,
regarding T3 temper the Ry0.22% almost remained unaffected by corrosion exposure up to 24 hours but
a sudden drop noticed at the maximum exposure time of 48 hours where the remaining percentage of
the property (= 92%) reached the respective in T8 temper.

A remarkable corrosion-induced degradation was noticed even from the short exposure times for
the T3 specimens with respect to Ar Approximately 20% degradation of the property was observed
after 6 hours of corrosion exposure for the T3 temper while the respective decrease in T8 temper was

noticed after 12 hours (= 23% decrease). Higher remaining percentage of Aris evident for the T8
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temper even after 24 hours while after 48 hours the property reduced to almost half from the initial

value for both tempers.
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Figure 4-33: Degradation of the mechanical properties (a) conventional yield stress R,o.20;and (b) elongation at
fracture Arof artificially aged AA2024 specimens due to EXCO-exposure for different exposure times.

480 1 ! ! ! 18

1
190% o Aluminum alloy 2198
© 460 Aluminum alloy 2198, t = 3.2 mm, L rolling direction [ 16 96% t=3.2 mm, L rolling direction o
% 100% E;"’:‘X;:g&_r‘g EXCO solution .\ Exposure time to EXCO solution
= g N W AA2198-T3
= 440 W AA2198-T3 - 14 L
8 96% Xx% i of the initial property < N 80% B AA2198-T8 o
n:%’ 93% 94% 939 =i 100% n x.Xx% remaining percentage of the initial property
420 S < 124 —
2 —|m ™ S o 2% - ?5% 63%
£ 400 u 310 LI *
= Al exp(-x/t1) + ® 86% o e D B
c | y=ATtexp(x/th) +y0 | g . - ke i TR SR e %
= long exposure ® — |
® times 5
g 860 11 o | g ° I \?5”
8 © ong exposure o
= By ~98% || _985% 97% 2 i
c % %_ | b
9 340 S e 5 4 times
g [ 92% w short ex y=Alexp(x/t1) +y0 |
v ST ] | times
© 320 times L 2
0 0
0 10 20 30 40 50 0 10 20 30 40 50
Exposure time to exfoliation corrosion solution [Hours] Exposure time to exfoliation corrosion solution [Hours]
(a) (b)

Figure 4-34: Degradation of the mechanical properties (a) conventional yield stress Ryo.20;and (b) elongation at
fracture Arof AA2198 specimens in T3 and T8 temper due to EXCO-exposure for different exposure times.

However, for the convenience of the readers logarithmic diagrams were also used to present the
corrosion-induced degradation rate factor of the mechanical properties. It was calculated by the slope
of degradation curves as shown in Figure 4-35 and Figure 4-36 for AA2024 and AA2198,
respectively. It is obvious from Figure 4-35 that the slope of degradation curves of AA2024 is higher
in UA condition for both, investigated mechanical properties (Rpo.2% and Ar) followed by T3 temper.

More intense difference in the slopes of degradation curves for the different ageing tempers is noticed
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for Ar. Concerning AA2198 no remarkable difference in the slope of the degradation curves of T3
and T8 temper is observed for both mechanical properties. Last but not least, the degradation curves
of Arare not simulated by linear decrease, as was the case for Rpo.2% in 2198 and for both properties
in AA2024, since the proposed 2" degree polynomial equation was found to give the best fit of the

experimentally derived values, with all cases to have R°>0.9.
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Figure 4-35: Degradation rate factor of (a) conventional yield stress and (b) elongation at fracture Af of pre-corroded
AA2024 specimens for different exposure times to EXCO solution in different artificial ageing tempers.
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Figure 4-36: Degradation rate factor of (a) conventional yield stress and (b) elongation at fracture Af of pre-corroded
AA2198 specimens for different exposure times to EXCO solution T3 (red curve) and T8 (black curve) tempers.

The calculated slope values for AA2024 are summarized in Table 4-1 and Table 4-2, for the
elongation at fracture and conventional yield stress respectively. According to Table 4-1 it is noticed
that the UA temper exhibits the highest Ardegradation rate factor (i.e., -0.11804), while the specimens
in PA temper exhibited the lowest Ar degradation rate factor of approximately -0.04281. Thus, it

seems that precipitates formed in PA condition impede corrosion evolution and therefore decrease
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the degradation rate of the mechanical properties of the alloy. The same trend was noticed for the
case of conventional yield stress in Table 4-2 but the lower degradation rate factor was noticed for
T3 specimens. Hence, it seems that the UA temper exhibits the higher corrosion-induced degradation
probably because of the nucleation of metastable phases that make the specimen unstable. As for the
AA2198, the degradation rate factor of conventional yield stress shown in Table 4-3 was found to be
slightly higher for T8 temper, however the difference can be considered as negligible. Concerning
the degradation rate factor of elongation at fracture, it could not be directly calculated as in the case
of linear regression. In order to gain information regarding the degradation rate in the 2" degree
polynomial regression both the average change of rate as well as the instantaneous rate of change
were calculated and an average from the calculated values of each exposure time was extracted. The
above analysis showed no significant difference in the degradation rate factor of Ar between the two
investigated tempers of AA2198; nonetheless, T8 temper exhibited lower degradation rate. The
slightly better results noticed in T8 temper can be attributed to the more finely dispersed precipitates
and to its medium size that contribute to more effective blocking of the dislocations, since T8 was

found to be in the region just before peak-ageing temper.

Table 4-1: Degradation rate factor values of elongation at fracture of pre-corroded AA2024 specimens for different
artificial ageing tempers.

As[-] Artificial ageing temper

y=a+b*x T3 UA PA (0 .\

Degradation rate
factor (Slope b) -0.10377 -0.11804 -0.04281 -0.05438

Table 4-2: Degradation rate factor values of conventional yield stress of pre-corroded AA2024 specimens for different
artificial ageing tempers.

Rpo.2v [MPa] Artificial ageing temper

y=a+b*x T3 UA PA (02.%

Degradation rate
factor (Slope b)

-0.01159 | -0.03996 ‘ -0.01869 ‘ -0.01394
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Table 4-3: Degradation rate factor values of conventional yield stress of pre-corroded AA2198 specimens T3 and T8
tempers.

Rpo.2% [MPa] Artificial ageing temper

Degradation rate
factor (Slope b)

-0.01079 ‘ -0.01386

Table 4-4: Degradation rate factor values of elongation at fracture of pre-corroded AA2198 specimens T3 and T8
tempers: Calculation of average rate of change.

Af[%] ‘ Artificial ageing temper
y = Intercept + T3 T8
Bl*x + B2 * x?
Exposure time Average rate of change from the initial
[Hours] value
2
-0.01 -0.03
6 -0.06 -0.04
12 -0.09 -0.03
24 -0.08 -0.03
48 -0.11 -0.11
Average -0.07 -0.05
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4.

1)

2)

3)

Table 4-5: Degradation rate factor values of elongation at fracture of pre-corroded AA2198 specimens T3 and T8
tempers: Calculation of instantaneous rate of change.

Af[%] ‘ Artificial ageing temper
y = Intercept + T3 T8
Bl*x + B2 * x?
Exposure time Instantaneous rate of change / Slope
[Hours]
2
-0.11 -0.07
6 -0.17 -0.13
12 -0.20 -0.17
24 -0.24 -0.21
48 -0.28 -0.25
Average -0.20 -0.17

4 Conclusions

The macroscopic evaluation of pre-corroded specimens — for different exposure times to EXCO
solution — revealed that specimens in T3 and under-ageing (UA) conditions exhibited localized
corrosion attack which evolved to exfoliation with increasing exposure time. On the contrary,
more uniform corrosion attack to the whole exposed surface of the specimens - due to
precipitation distribution - is noticed in PA and OA tempers, while no significant differences on
the surface deterioration is observed with increasing exposure time.

EIS analysis revealed that specimens in PA and OA tempers exhibited higher stability of the
surface oxide film when compared against UA and T3 conditions. Corrosion was found to start
faster in UA and T3 tempers, while the evaluation of charge transfer resistance R» showed that
corrosion propagates in lower rates for peak-aged specimens.

Specimens in UA temper exhibited the highest corrosion-induced degradation of Rpo.2% (= 23%

after 24 h of exposure). Additionally, the increasing corrosion exposure time seems to affect under
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4)

5)

6)

— aged specimens significantly since high differences between the Rpo.2o, values were noticed for
the different exposure times. However, corrosion evolution seems not to affect specimens in PA
and OA tempers significantly, regarding decrease of Rpo.2%. This can be attributed to the decrease
of the effective thickness - due to propagation of micro-cracks - that is more intense in UA
condition as was revealed from the SEM images of the fractured surfaces.

Fractographic analysis showed that specimens surfaces are characterized by several dimples
interrupted by some smooth surfaces in the edges of specimen’s surface. With increasing exposure
time, the smooth surfaces are expanded to the specimen’s thickness along with formation of
micro-cracks up to a maximum depth. Expansion of smooth surfaces and micro-cracks to higher
depth was noticed for UA temper. This is in accordance with the results of the iso — modulus of
elasticity model - used to calculate the decrease of effective thickness — where higher thickness
degradation was noticed for under — aged specimens.

Regarding elongation at fracture, the less effect of corrosion exposure is evident in PA condition
followed by OA, with the highest decrease of Arto be -21.1% and -25.8% after 24 hours of
exposure, respectively. On the contrary, the respective decrease for specimens in T3 and UA
conditions is -43.2% and -50.9%.

Corrosion evolution seems not to affect the specimens in PA temper essentially, where the lowest
degradation rate factor is noticed (= -0.04281). It may be attributed to the precipitation hardening

mechanism and the electrochemical behavior of the second phase precipitations.
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Chapter 5

5 General Conclusions

In the present Thesis the corrosion mechanisms and their effect on the mechanical performance

of AA2024 and AA2198 was investigated through accelerated laboratory techniques. The main

results of this investigation can be summarized in the following points:

The corrosion initiation and propagation mechanism is extremely sensitive in the corrosive
environment’s aggressiveness; significant differences on the embrittlement mechanism were
noticed for both aluminium alloys when exposed to different solutions with the EXCO to
show severe grain boundary embrittlement while a mixed-mode of intergranular and
transgranular was evident at 3.5 wt. % NacCl solution.

Formation of intergranular secondary cracks in a depth range from 50-100 um were noticed
on Al-Cu 2024-T3 alloy prior to the formation of any substantial surface pitting. This micro-
cracking formation was correlated to hydrogen embrittlement phenomena.

Corrosion degrades all aspects of the tensile behaviour of Al-Cu 2024-T3 at a higher level
and rate compared to the respective degradation of Al-Cu-Li 2198-T8 at long exposure times,
where pitting corrosion mechanism takes place. Higher differences were noticed with respect
to elongation at fracture; 4r of AA2024-T3 was found to degrade at much higher rates even
at short exposure times where hydrogen embrittlement is possibly the dominant degradation
mechanism. Faster corrosion attack for AA2024-T3 was also revealed from the lower charge
transfer resistance values at short exposure times. It was thus definitely concluded that Al-
Cu-Li alloy is superior concerning corrosion resistance, since it maintains higher percentages
of the initial (uncorroded) values of its tensile properties, against AA2024-T3.

Different corrosion attack mechanisms between the different exposure times and exposed
surfaces of the specimens were observed for both investigated aluminium alloys. Pitting
corrosion on both surfaces of Al-Cu-Li 2198-T351 alloy was noticed for the short exposure
times while two cases of corrosion damage were noticed for long exposure time (> 24 hours):
a) the formation of corrosion-induced surface cracks on the small side-surfaces along with
transition to exfoliation on the large surfaces due to grain boundaries delamination and b) the
accumulated corrosion products on the large surfaces. Regarding Al-Cu 2024-T3 alloy, pitting
corrosion within grain boundaries was evident for short exposure times, while connection of
corrosion-attacked sites along with cracking between the grains, was the dominant corrosion
degradation mechanism for long exposure times. AA2024 seems to be more sensitive to side-
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surfaces attack by means of higher elongation at fracture Ar decrease at short exposure times,
with the side-surfaces to have a contribution percentage to the total ductility decrease of more
than 60%. In contrast, corrosion damage on the large surfaces was found to be critical for
tensile ductility decrease of AA2198 for all investigated exposure times.

AA2024 is more vulnerable to ageing-induced microstructural transformations regarding its
corrosion propagation mechanism. Essential differences in the corrosion initiation and
propagation rates were noticed for the different ageing tempers of AA2024, with the peak-
ageing (PA) to remain almost unaffected by increasing corrosion exposure time. Regarding
2198 no essential differences in the corrosion propagation rate were noticed between the
different ageing tempers.

In general, the potential of the innovative Al-Cu-Li 2198 alloy is met in corrosion degradation
rates. This alloy is not so vulnerable to corrosion evolution even if it is significantly aged. It
maintains high levels of its mechanical properties, and especially with respect to elongation
at fracture, even after long corrosion exposure times and ageing. Furthermore, it is worth
mentioning that this superiority is more intense in short exposure times that can lead to higher

damage tolerance of this alloy.
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Proposal for future research

As the present work has shown, Al-Cu-Li alloys are superior to Al-Cu alloys regarding corrosion

resistance especially at short exposure times. Although several aspects of the subject were covered

and some preliminary results regarding the corrosion-induced degradation mechanism of the

advanced Al-Cu-Li alloys were extracted, the present Thesis is concluded with some suggestions for

future work:

>

Investigation of the corrosion mechanisms of 2198 Al-Cu-Li alloy at micro-level and
assessment of their effect on mechanical performance and corrosion resistance.
Experimental investigation of environmentally assisted cracking phenomena on this alloy
such as hydrogen embrittlement and/or hydrogen trapping. Measurements for trapped
hydrogen should be performed in order to check for hydrogen embrittlement and justify the
significant degradation at short exposure times where pitting corrosion is limited.
Assessment of the governing corrosion degradation mechanisms and to deploy any synergetic
effects that accelerate fracture.

Application of an optimal anodized coating layer, tailored to new Al-Cu-Li alloys for efficient
corrosion protection and assess its drawbacks on the mechanical properties. Since these alloys
are used in the aircrafts with incorporated anodized coatings for corrosion protection, it is of
major importance to search for the appropriate anodization system which will provide the best
anti-corrosion protection and will have the less impact on mechanical performance.
Investigation of crevice corrosion on riveted Al-Cu-Li alloy in order to simulate joint
configurations and assess the susceptibility of these areas to corrosion attack. Since there are
still many parts of the aircraft structure which are joint with rivets and these areas are highly
susceptible to corrosion attack due to stress concentration phenomena, it is of imperative
importance to study the corrosion kinetics in these areas and try to eliminate the accelerated

corrosion behaviour.
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