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ABSTRACT

Due to their high specific strength (strength/density) and specific stiffness (elastic
modulus/density), Al-Li alloys are attractive alloys for structural aircraft egipdins. To produce
contoured aircraft components from Al-Li wrought products, stretch forming prior to aging is a common
manufacturing technigue. The effects of different amounts of tensile stréd®3g) on the mechanical,
microstructural, and corrosion properties of two third generation Al-Li alloys (2099 and 2186) wer
investigated. In addition to typical characterization techniques, electron backscatetidiff(EBSD),
2D micro-digital image correlation (DIC), and scanning Kelvin probe force microscopy (BKkéEre
used to examine site-specific effects of orientation, micro-strain evolution duringrejraind surface
potential on corrosion, respectively. Tapping mode atomic force microscopy (AFM) was alsmedrfor
to study galvanic corrosion in artificial seawater (3.5% NacCl) as it occurred in-situ.

There was evidence of intergranular corrosion for 0% strain conditions, but the domimaof fo
corrosion was localized pitting for all specimens except Alloy 2196 strained 0%. Pittiagpthit grain
boundaries and triple points. In many cases, pitting extended into particular grains and was éiongated
the extrusion direction. Regions of high micro-strain preferentially corroded, and largstakized
grains in mostly unrecrystallized microstructures were detrimental to corrosion properties.
Recommendations for improved thermomechanical processing and/or alloying to promote corrosion

resistance of 2XXX series Al-Li alloys were investigated.
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CHAPTER 1: INTRODUCTION

Since the 1920s, Al-Li alloys have been studied extensively for structural aircrafiaéippis.
Aircraft designers are interested in Al-Li alloys due to the need for moreffieént and high-
performance engines and structures. A 1 wt% addition of Li to Al decreases density by approximately
3%, due to the low density of Li (0.53 g/cc), and increases the elastic modulus by approximately 6%.
Extruded Al-Li alloys have been adeg for various applications in the fuselage such as crossbeams,
wing stringers, and fuselage frames. Al-Li plate alloys have also been developed for structures such as
wing panels [1].

While carbon fiber, boron fiber and non-metallic composites may offer an even greater reduction
in density, the following makes Al alloys attractive: low acquisition costs, manufactxjpegience, and
utilization of existing manufacturing routf. Li additions also lead to the formation of hardening
SUHFLSLWDW HM) aMXITHKI,QCui)/WhigiOprovide high strength and can promote fatigue
crack growth resistance [3].

Al-Li alloys used in industry are manufactured with a minimum of 2.5% nominal strain to
improve strength by providing dislocations as sites for precipitates to nucleate. To prodaoescont
aviation sections, up to 7% extra strain may be introduced into the alloys through stretch forming. The
formation and distribution of precipitate phases in Al-Li alloys in grains and alonglgyandaries are
sensitive to the degree of strain imparted and it is known that second phase particlespfddent i
alloys may contribute to general and localized corrosion [4].

The focus of this project is to identify the effects of different amounts of tensiieisg (0-9%)
and aging treatments on the mechanical, microstructural, and corrosion properties of tgerteradion
Al-Li alloys, namey 2099 (Alcoa 2003) and 2196 (LM/Reynolds/McCook Metals 2000). Table 1.1
provides compositions of these two alloys. In particular, it is of interest to idenitfpscale corrosion
phenomena to elucidate corrosion mechanisms, pinpoint where corrosion initiates, and understand how

corrosion proceeds.

Table 1.1 - Target compositions of 8i+-Li alloys 2099 and 2196 [5]

Avg . . . Others
Wi% Si Fe Cu Mn Mg Zn Ti Ag Li Zr (total) Al
2099 0.05 0.07 2.7 030 0.30 0.70 0.10 -- 1.8 0.085 0.15 Rem.

2196 0.12 0.15 2.9 0.35 0.525 0.35 0.10 0.425 1.7 0.11 0.15 Rem.




The four pillars of materials science and engineering are processing, structure, properties and
performance [6]. Figure 1.1 demonstrates the interrelationship betwaseifdinepillars and the project
objectives and outlines the characterization technigues that are being utilized. In addjfigato t
characterization technigues (e.g. SEM, TEM, etc.), electron backscatter diffraction)(E2BSMicro-
digital image correlation (DIC), and scanning Kelvin probe force microscopy (SKPFM) are bairng use
examine the effects of orientation, micro-strain evolution during straining, and surface potentia

corrosion, respectively.

Discipline Project Characterization
Components Considerations Techniques
/ Extensometry
Stretch forming
/ > ™ pic
Processing Thermocouple
) measurements
Aging
Time
measurements
SEM
v A Precipitation <:
Structure TEM
\ Grain size and
orientation "| EBSD
v / Mechanical » Hardness
Properties /+ Corrosion tests
Corrosion
\‘( SKPFM
v Fuselage
Performance _» components for
aviation
Figure 1.1 Diagram that summarizes the different considerations for this study, how theprelate t

the materials science tetrahedron and the characterization techniques being utilized.

Furthermore, this research aims to answer three engineering questions. The first question is as
follows: where does corrosion initiate and how does corrosion proceed in alloys 2099 and 2196? To
address this question, samples of both alloys with various amounts of strain (0-9%) were thoroughl

characterized in single, specific regions. For instance, micro-strain during tifeilmation was tracked
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using 2D micro-digital image correlation (DIC). The orientations of grains wedéestby electron
backscatter diffraction (EBSD), and the impurity phases present were examined by baeksicadiging

in a scanning electron microscope (SEM). Following DIC, EBSD and SEM, tapping mode atomic force
microscopy (AFM) measurements were performed in solution to topographically monitor galvanic
corrosion as it occurrdd-situ. Ultimately, the goal was to relate corrosion initiation and the corrosion
pathway to known attributes of the sample region, such as amount of strain, orientation o&iggains,
identity and location of impurity phases.

The second question is as follows: can corrosion be predicted? In addition to the previously-
mentioned characterization techniques being utilized, scanning Kelvin probe force microscepMiSK
which measures surface potential differences using an AFM, was performed prior to corrosion.
Differences in surface potential due to second phase particles may lead to a reductidamcedsis
localized corrosion (i.e. pitting and exfoliation corrosion). Surface potential valyeaichin developing
a pseudo-galvanic series and be used to predict corrosion resistance.

The last question the research aims to answer is: how can corrosion be prevented? This is the
most difficult, and perhaps most important, question to tackle. Even though the project considerations can
be simplistically summarized by Figure 1.1, it is important to recognize the complexity cétiye m
interrelated factors contributing to corrosion. Assuming that galvanic corrosion of ptesifstthe
driving force for corrosion, the diagram in Figure 1.2 demonstrates that, even with this assumption,
pinpointing a solution may not be straightforward. It should be pointed out that Figure 1.2nsostill
likely, an oversimplification.

The characterization involved in this research will aid in targeting key contritmftocsrosion.

It is the goal to back out realistic methods for mitigating corrosion, which may include twirfigli
monitoring strain, processing to avoid or promote certain grain orientations, stratagrmgabr

performing strategic heat treatments.
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Figure 1.2 Causal diagram demonstrating the effects of many interrelated components on corrosion

properties of Al-Li alloys.



CHAPTER 2: BACKGROUND

This chapter outlines the technical background for the current project. The first sectide$eov
historical overview of the development and advances in Al-Li alloys. The following section dgscribe
relevant microstructural constituents which may form in third generation Al-Li alloys. Nexthstre
forming and the effects of cold work prior to artificial aging are detailed, and two formsro$ioor
(pitting and exfoliation) are described. Lastly, background is provided for relevant chaedicteri

techniques utilized as part of this research.

2.1 Historical Overview

The first additions of Li to Al were made by the Germans in the 1920s. The first commercial
DOOR\ 36FOHURQ" KDG D QRPn-ZLD-06MREPILRNLAINEIP Ravefe®cellent
wear, corrosion, and oxidation resistance with high tensile strength [7]. Shortly after the begjinitising
production, Scleron was discontinued because the effects of Li additions to Al were not well understood,
and alloys without Li seemed to have better properties. In 1945, Le Baron of Alcoa discovered Li could
be added to Al-Cu alloys for strength, and Le Baron patented the fi&t-Al-alloys [8]. From 1955
until 1956, Hardy and Silcock identified the major Li-containing strengthening phase€irlAlalloys,
and the findings of Hardy and Silcock led to increased understanding and imtéde€tu-Li alloys[9].

In the 1950s, Alcoa realized that Li additions increased elastic modulus of Al alloys. Following
this discovery, in 1958, Alcoa developed 2020 GAH.i-Cd) which was used in the wings and horizontal
stabilizers of the RA-5C Vigilante aircraft [LBven though 2020 had no failures in service, this alloy
exhibited low ductility due to the following: planar slip, stress concentrationstathige grain
boundaries, nucleation of cracks at coarse Fe and Si-containing impurity constituents, and gibdit@reci
free zones [11]. To improve ductility, it was recommended that Fe and Si levels be lowered to reduce
impurity constituents and Zr be added to maintain an unrecrystallized structure [11]. Folloaving t
development of 2020, the Soviet Union led the development of other first generation Al-Li allogs in t
1960s. Fridlyander et al. studied the Russian alloy VAD23, an alloy with a similar composition to 2020
and, in 1965, developed Ai-Mg alloys such as 1420 and 1421 [12]. These alloys were much less dense
than conventional Al alloys (10-12% lighter than 2024) but were lower in strength [9].

Second generation Al-Li alloys were developed in the 1970s with a focus on reducing aircraft
weight. To accomplish this goal, the second generation alloys generally contained altv&i2
making them 8-10% less dense than conventional Al alloys. Some examples of second generation alloys

include AA2090, AA2091, and AA8090. However, the second generation of Al-Li alloys was largely
5



unsuccessful due to several problems, namely, low short-transverse fracture toughness, higpyanisotr
due to strong crystallographic texture, low plane stress fracture toughness in sheet, andtaeiam
fracture during manufacturing [3].

To address the challenges faced with the second generation Al-Li alloys, a third generation of Al-
Li alloys was developed in the late 1980s and early 1990s. The third generation alloysdaritaiver
Li concentration (0.75-1.8 wt% Li) but were still 2-8% less dense than conventioakdyd. The first
alloy in this generation was Weldalite 049, with a high Cu/Li ratio and a nominal composition of Al-
6.3Cu-1.3Li-0.4Ag-0.4Mg-0.14Zr [13]. Weldalite incorporated Mg and Ag to promp{alJCuLi)
phase formation and Zr to refine the grain structure. As implied by its name, this alloy was designed to be
weldable and one notable characteristic was that it could reach yield strengths of 700 MPa. Following the
development of Weldalite, other third-generation alloys were developed, including the alloysest tater
this study, 2099 and 2196.

In some third generation Al-Li alloys, Ag is added for solid-solution and precipitation
strengthening. In others, Zn is added for solid-solution strengthening and corrosion improvenhent [3]
part, Al-Li alloys 2099 and 2196 were chosen for this study because 2196 contains less Zn than 2099 and
2196 has Ag additions, whereas 2099 does not contain Ag. It is of interest to determine the magnitude of

the effects these alloying additions have on properties, including corrosion resistance.

2.2 Microstructural Constituents

Understanding the microstructural evolution and precipitation behavior of 2099 and 2196 during
straining and aging is necessary to develop structure-processing-property relationshifisal§peci
/1 $9 and T; (Al,CuLi) are perhaps the most important phases to consider in alloys 2099 and 2196
due to their strengthening effects and possible influences on corrosion. Many corrosion mechanisms have
been proposed in these alloy systems but one of the most common, even among different types of
corrosion, is anodic dissolution of a second phase. One goal of the research is to evaluate possible phases
contributing to corrosion and the extent to which each phase contributes. This section provides

background on the structure and formation of the various phases present in these alloys.

2.2.1 Dispersoids

1 $QJ DQ GLi)fre 3 phases commonin Al DO OR\V Zikphask foSrd
during homogenization as a metastable spherical dispersoid phase and is used to inhibit zatigstalli
LQ $O DOOR\V GXULQJ KRW ZR U Nryspalstricture wih 8 lathce parknieter of K H /



0.408 nm with Al in the 3c positions and Zr in the 1a Wyckoff positions [14] and has a cube-cube
orientation relationship with the Al (fcc) matrix [15].
7 KH [/ 94Li) plaase is also a metastable, spherical dispersoid with the L12 crystal stracture,
lattice parameter of 0.4010 nm with Al in the 3c positions and Li in the 1a positions [14], and als® has t
cube-FXEH RULHQWDWLRQ U HfechriétriR[@Y, KL&] SDueltctheir\siidildr $irQctures, the
/1T GLVSEadYRRZBWSLWD J[L D O O\[IR]QOft&n Briey, Ehedd pHadeSare designated as
KDYLQJ D 3GRQXW’ D Srer®dbél drctureCHWWRXWKHY LV D PDMRU VWUHQ
precipitate, it is relatively soft and tends to be sheared by dislocations leading &optaass slip, low
ductility, low fracture toughness, and poor fatigue properties [16]. The JEMS simulgtal structure
of /s provided in Figure 2.1 along with a simulated selected area diffraction patternred¢h@Q]

beam direction.

0zt 0Qg0 0zt 0F2
] L ]
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@ @ L]
ozl ege o021 ez
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(b)

Figure 2.1 (a) Simulated JEMS unit cell of thedispersoid and (b) Simulated JEMS diffraction
pattern of Al+/ falong the [10Q} axis.

2.2.2 Precipitates and Intermetallics

According to the literature, the following precipitates may also develop in iattifiaged Al-Li
DOOR\V $0=U J&%O0/6YCulbg), $@I.CuLi),and  $8BgMg). Some of these
precipitates form useful barriers to dislocation movement during slip and thereéomgtisén Al-Li
alloys while others do not and are undesirable. Of these, the main strengthening precipitate is T
7KH $ O = Uk as ¢qDilbitum phase that is not commonly observed in Al-Li alloys, but
PD\ IRUP DIWHU HIWHQGHG KHDW WUHDWPHQWVVWU7&EBHVW $30OVELFD
phase is another equilibrium precipitate that may form in Al-Li alloys aged for extendedspefitime,

HVSHFLDOO\ LQ DOOR\V ZLWK KLJK /L FRQFHQWUDWLRQV 7KH IRUF
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no increase in strength and tends to precipitate at high energy sites, such as grain boundériggnresul
precipitate free zones (PFZs) and brittle grain boundary fracture [ WHFDXVH RI LWV KLJK /L FR
phase is also extremely reactive and can lead to localized pitting corrosion.

A common precipitation-hardening sequence in the Al-Cu alloy system is given by

GP zonegsE 1 GEVEVSOEW HQU) [19]

:KLOH 99 DQG DUH QRW FRPPRQO\ FbVidysHG $QBMNHEG FRPPF
often present. The Jphase is tetragonal with lattice parameters of a=0.404 and c¢=0.580 nm [20]. Ma et
al. found that the metastable, semicohere€hit SKDVH ZDV S UGALi:QrUsidn QLEP The$ O
RULHQWDWLRQ UH O DAMhaRiQIY &slidHowst {190/{100K andk<B01>¢/<001> [17].

7KH RUWKRUKR P E L F,CRMg)dbassMOkBRVH tosffirm a@n GPB zones (Cu-Mg co-
clusters) in AlCu-Mg alloys [14] $V D SRLQW RI LQWH U kh\high Mgfand YowPRIVW SUHYDC
alloys. In contrast, the alloys of interest to this study are low in Mg and high in Cu. THUsGWay6 § P
form in Al-Cu-Li-Mg with low Mg and high CAFRQWHQW YV W K lexg2étdel xo@&miRimad.§ LV
+RZHYHU 69 ZDV REVHUYHG L Qafferiv ($A0PJHy ku@GabDet/al b a8 BHIW-DFWLRQ S
Ag-Mg-Zr alloy [21] 6 T | R&ldh¢ along {210} habit planes and results in 420 streaks in {10
[112], electron diffraction patterns [21] due to its thin dimensions.

During artificial aging of AlCu-Li alloys, the T (Al,CuLi) phase may form. {Tis an important
phase in third generation Ale-Li alloys such as 2099 and 2196 becatisends to be the most potent
strengthening phase [22]. Many authors have reported space group and atom position ddtdagor T
commonly accepted that the fhase is hexagonal with a P6/mmm space group. However, the atom
positions reported vary [2325] and are provided in Table 2.1. The most likely positions and

occupancies were provided by Donnadieu et al. [25]. The orientation relationshippdh& Al matrix is

given by the following: {00013}//{111} ; <1010>,//<110>4 and the Tphase is known to form thin
plates on {111} habit planes in the fcc matrix [17].

Additions of Agto AICk-0J DOOR\V ZLWK KLJK &X 0J UDWARABNDXVH QXFO
SKDVH 7KH SKDVH LV FRKH Iy tHispékseD QiGplaR&d {1IDPane Q]I RU P
5HSRUWLQJ RQ WKH SKDVH KDV QRW EHHQ FRQVLVW2QW WKH S
hexagonal [3], orthorhombic [27], and tetragonal [28]. The most accepted structure was given by
Knowles and Stobbs [27], who describedDV RUWKRUKRPELF ZLWK ODWWLFH SDUDP
E QP DQG F QP 7KH RULHQWDWLRQ UHODWLRQVKLS RI W

{001} /K{111} ; [010] //[10i] 5 [100] //[lél] - However, an alternative hexagonal structure has received
attention in the literature for AGu-Li-Mg-Ag alloys. Riojaetal. [3] GHVFULEH DV LVRPRUSKRX

isostructural with the Tphase with Ag atoms substituting for Cu and Mg for Li.



The S K Dsvhdught to precipitate on Ag-Mg co-clusters in@Qu-Mg-Ag alloys. Three
dimensional atom probe (3DAP) studies report that Ag and Mg atoms form co-clusters in as®arly as
seconds when aging at 180°C [29]. However, in light of Ag-Mg co-clustering acting as a nucleation
mechanism for , it is not likely that forms at all in Li-containing alloys. 3DAP studies conducted by
Hono et al. [29] and Honma et al. [30] show no evidence of Ag-Mg co-clusters forming in alloys
containing Li. Additionally, by comparing high-resolution TEM images of an alloy containing Li (1.25%)
to an alloy with no Li, was found only in the alloy without Li [31].

Table 2.1 +Reported Space Groups and Atomic Positions of {Hehase

Lattice Multiplicity/

# Structure parameter  Wyckoff X y z Occupancy Ref.
(nm) letter
la 0O ©O 0 100% Al
_ 1b 0O O 1/2 100% Li
a=0.496 :
1 P6/mmm b=0 935 2c 1/3 2/3 0 100% Li [23]
' 2d 1/3 213 12 100% Al
] 1/2 0 1/4  50% Al/50% Cu
2c 1/3 2/3 0 100% Al
2d 1/3 2/3 12 100% Li
2e 0 0 0.3569 100% Al
2 P6/mmm ?;83?3 2e 0 0 0.0519 66.6% Li [24]
' ] 1/2 0 0.2363 44.4% Al
6i 1/2 0 0.2363 55.6% Cu
2c 1/3 2/3 0 100% Al
2d 1/3 213 12 100% Li
a=0.495 2e 0 0 0.3569 100%Al
3 Pemmm 5933 2e 0 0 0.0519 50% Li [25]
6i 1/2 0 0.2363 44.4% Al
6i 1/2 0 0.2363 55.6% Cu

If Ag-containing does not form in AEu-Li alloys, it is unclear why Ag is added to some third
generation Al-Li alloys since Ag additions to Ki-alloys without Mg do not aid in;Tdistribution [32].
However, inAl-Li alloys containing Mg, Ag additions are reported to increase the amounts of GP zones
and T; [32]. Research by Khan et al. [33] supports the conclusion that Ag aid$amTation in Mg-
containingAl-Li alloys. One possible mechanism for the nucleation ad That Ag and Mg reduce
stacking fault energy and promote {1}i1}ktacking faults on which it is speculated thatofFms [34].
Additionally, 3DAP studies have reported segregation of Ag and Mg atoms at th&l Thterface [29],

[35], suggesting that Ag plays a role inévolution. In part, alloys 2099 and 2196 were chosen because
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2196 contains Ag additions whereas 2099 does not; one component of this research was to identify the

effects of Ag on the properties of these alloys.

2.2.3 Impurity Constituent Phases

Fe, Si, Na, K, and Ca are common impurity elements in commercial aluminum alloys with Fe and
Si being the most prevalent. These elements can form coarse impurity phases that develop during
solidification and are insoluble in Al during solution treatments. Common impurity phases include
Alg(Fe,Mn), AbFe, ALFeCy D QA3 (Fe,Mn,Si) [19]. These impurity phases tend to be found on grain
boundaries in wrought alloys and can be detrimental to mechanical properties, fracture toaghness,

corrosion properties.

2.3 Stretch Forming and the Effects of Cold Work Prior to Artificially Aging

Stretch forming is a process of forming by the application of primary tensile forces. Thi
technique is used extensively in the aircraft industry to produce parts with large @dwatire, such as
contoured sections of the fuselage frame. A diagram demonstrating the stretch forming process is
provided in Figure 2.2 [36]. Stretch forming of Bl-extrusions and plate product is performed prior to
artificial aging and can add up to 7% additional deforma#adrLi alloys 2099 and 2196 are typically
provided with at least 2.5% nominal strain (T3-type temper); including the strain aatedndlring

stretch forming, the total amount of deformation can reach 9.5% in some areas of stretch formed

components.
Sheet
Form block
Jaw
Ram
Figure 2.2 Representative diagram of the stretch forming process [36].
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It is accepted that heterogeneous nucleation pfdcipitates occurs at dislocations, and in Mg-
containing alloys, on octahedral loops and Mg-enriched {111} GP zones [32]. To enhance T
precipitation by introducing dislocational-Li alloys are often cold worked prior to artificial aging [37].
Straining prior to aging also promotes a more even distribution of;thhabe and reduces precipitation
of T, at grain boundaries [38]. A study examining the effect of plastic deformationedipitation
demonstrates that deformation prior to aging speeds agifig kinetics, improves yield strength, and
increases the total volume fraction af(Figure 2.3) [39].

500

=
| |

10

P~
(2]
=
=3
+
S
o > 3 i
S o F $ T
2 2
» w I
S a £
aoo!- STRETGH . ﬁ L
o 0% o STRETCH
2%
. 4% g 102 E'— 0 0% —:n
*E% > . 2% 1
o 6%*pre-age i A 4%
& 8% ; r ® 6%
200 i L 0 6%+pre-age
& B%
L 'l 'l L i 1 A e i A i s ¥ T———
Ll 1
P S B ) 2 4 6 8 10 12 14 16 18 20 22 24
AGING TIME (hr) (a) AGING TIME (hr) (b)

Figure 2.3 Effect of pre-deformation and aging at 190°C on (@) yield stress anch(bhber
density of an Al-2.45Li-2.45Cu-0.18Zr alloy [39].

Ringer et al. [37] suggesdthat deformation prior to artificial aging promotesfdrmation at the
H[SHQVH RI WKHCUH/ISODWOHR W\ B®G DW WKH H[SEBuWMWMg-RJalloyd] DQG 61
7KH YROXPH | Uh@ak W-CIRMY-AYIwas found to decrease with cold work prior to artificial
aging, which suggests thattheRO HDWLRQ PHFKDQLVP IRU ApdehtldHUHQW IURP
H[SODQDWLRQ IRU WKH GHFUHDVH LQ LV \Wdudterdd neCeBsBEl) WLRQ PR
IRU | R URD; Wik Bp€culated from 3D Atom Probe (3DAP) studies that Ag-Mg clusters act as
NUCIHDWLRQ VLWHYV [RUHoweleH ik & briaiceiwtNthe previous discussiamost
likely does not form in alloys containing Li.

While cold working prior to aging does improve the strength of Al-Li alloys, too much cold work
may be detrimental to mechanical properties. It is accepted that the effect of straimgoreggbnse

diminishes as the amount of cold work exceeds 4% [40]. Liang et al. discovered that increasing pre-
11



deformation beyond 5% in an AleLi-Zr alloy containing Sc causes thephase to coarsen, does not
continue to increase strength, and decreases ductility [41]. It is also worth mentioning thise seadn
can have a pronounced effect on the aging response of Al-Li alloys, inhomogeneous distributions of strain
can cause local differences in strength [40] and potentially other properties, suclosisogsistance.

One goal of this study is to examine the effects of strain on the mechanical and corrosion
properties of 2099 and 2196 to evaluate improvement and degradation of properties based on the amount
of strain received. In addition to measuring bulk strain across a gage section with an extensaeneter, m
strain evolution was tracked using 2D micro-digital image correlation (DIC).

2.4 Corrosion

Due to the reactive nature of Li, the corrosion properties of third genefdtioralloys must be
carefully examined, especially since the second generation alloys exhibited lowatresisic cracking
(SCC) thresholds in the long transverse (LT) and short transverse (ST) directions. In sampéd
generation Al-Li alloys have better corrosion resistance, especially for peak-aged anddtergzers.

SCC thresholds were greater than those of 7XXX series alloys, such as 7050-T7451, when tested by
alternate immersion in salt water. Third generation Al-Li alloys also exhibit high @&xbolicorrosion
resistance [3]. However, further improvement of corrosion properties is desinadetigit cladding
needed for corrosion protection is unnecessary for Al alloys with sufficient corrosistanee; low-
strength cladding adds extra weight to aircraft components and decreases fatigue performance [9]

Third generation Al-Li alloys are sensitive to three forms of localized corrositingp
intergranular attack, and exfoliation [10]. Modified ASTM acetic acid salt spray irttentiests
(MASTMAASIS) were performed on over 200 production lots of Alloy 2099, and all lots received ratings
of P or EA [3], indicating pitting corrosion and exfoliation corrosion should be closely considered when
evaluating corrosion resistance of third generation Al-Li alloys.

This research aims to identify the type(s) of corrosion present in aged 2099 and 2196 diloys wit
various levels of deformation prior to artificial aging. Furthermore, the mechanism(syaxfion must

be understood in order to provide meaningful recommendations for corrosion improvement.

2.4.1 Pitting Corrosion

Pitting corrosion is a localized form of attack that is caused by the localized breakdown of a
passive oxide film, such as &)k. This type of breakdown occurs at many different surface
discontinuities, is often unpredictable, and results in relatively fast and localizechpend#?2].

Alkaline solutions containing chloride are known to cause pitting in Al alloys and, for this reétiag
12



corrosion can be a problem for Al alloys in marine environments. For example, pitting corrosion was the
only form of corrosion observed after 2099 was exposed to a seacoast environment for 19.1 years at Point
Judith, RI [3].

Mechanistically, the interior of the pit acts as an anode and the exterior surfe® acethode.
The interior of the pit becomes acidic from corrosion products, and the acidic content isnedimside
the pit because the pit provides a sheltered region where mass transport is diffecaitrrobinding
surface becomes the cathode by reduction of dissolved oxygen [42].

In appearance, pits may be shallow, elliptical, deep, undercut, or subsurface [43]. Pit shapes
depend specifically on microstructure, chemistry, and environment. Additionally, pits may followcspecif
metallurgical features [42]. Considering third generation Al-Li alloys in comalassnpers (T83/T86),
pits were elongated in the rolling direction when alloys were tested by ASTM G110 [44] and GB 7998-97
[45]. Elongated pitting is exemplified in Figure 2.4.

Figure 2.4 Elongated pitting corrosion morphology of 2099 in the T8 condition (aged at 150°C for 6
h) [45].

The elongated corrosion features sometimes observed in third-generation Al-Li alloys arelpi
should not be confused with intergranular stress corrosion cracks (IGSCC). C-ring adateutiriension
SCC specimens under load showed the same elongataddiitsct tension specimens that were not
loaded [44]. Furthermore, there were no SCC failures of 2X99-T86 samples loaded at 40 and 50 ksi for

several years at Point Judith [46].

2.4.2 Intergranular and Exfoliation Corrosion

A second type of corrosion, exfoliation, occurs at the boundaries of the elongated grains that

result from rolling or extruding during manufacturing. The main mechanism proposed tm élxplanset
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of intergranular corrosion in Al-Li alloys is the formation of galvanic couples betweagmtgpundary
precipitates, such ag TAI,CuLi) and precipitate free zones [47]. As corrosion at grain boundaries
proceeds, larger volume corrosion products accumulate inside the grain boundaries and exeropressu
the outer grains causing them to be lifted from the metal surface (i.e., to exfoliatéy{48fample is

provided in Figure 2.5.

0.5 em

Figure 2.5 Example of exfoliation corrosiona peak-aged Al-Li alloy after immersion in EXCO
solution (4.0 M NaCl + 0.5 M KN+ 0.1 M HNQ) for 96 h [49].

Constant immersion exfoliation corrosion (EXCO) testing was performetf ger2eration Al-
Li-Cu alloys [50] and ALi-Cu-Mg alloys [51], [52].These findings suggested that the depth of attack
and exfoliation corrosion susceptibility increases with artificial aging tirhas,Tunderaged conditions
were least susceptible, peak-aged conditions were more susceptible, and overaged conditions were most
susceptible to exfoliation corrosion. However, the visual ratings after EXCO tegtitg dorrelate with
findings from natural environments.

Less aggressive MASTMAASIS tests used by Boeing and ALC@Aarelate well with tests
performed in environments representative of in-service conditions, such as the testepdrjoGolvin
and Murtha [53]. It has been strongly recommended that investigators use MASTMAASIS testing instead
of EXCO testing on Al-Li alloys when studying exfoliation corrosion behavior [9]. MASTMAASI& te
on peak-aged tempers exhibited little exfoliation corrosion susceptibility while underabedesaged
tempers were more susceptible.

In one study, third generation Al-Li alloys were shown to exhibit intergranular exfoliation
corrosion for underaged tempers per ASTM G110 whereas peak-aged and overaged tempers were not

susceptible to exfoliation corrosion and only exhibited pitting corrosion [44].
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2.5 Characterization

In this research, advanced characterization techniques are utilized, and this sectidon sefpes
the reader gain familiarity and understand the fundamentals of a few of these techniques. larparticu
electron backscatter diffraction (EBSD), 2D micro-digital image correlatioB)(nd scanning Kelvin
probe force microscopy (SKPFM) will be discussed because these techniques are being usédeo exam
the effects of orientation, micro-strain evolution during straining, and surface potert@irosion,
respectively. Lastly, tapping mode AFM in solution will be discussed since corrosion is beitgretbni

in-situ by this method.

2.5.1 Electron Backscatter Diffraction (EBSD)

EBSD is a crystallographic characterization technique that takes place in a scanniag electr
microscope (SEM) equipped with an EBSD detector. EBSD relies on a combination of elastic and
inelastic scattering of electrons within a specimen interaction volume. When electronscaed dingo a
specimen from the SEM electron source, some electrons are inelastically scattered by atoms in the
material, and many of the inelastically scattered electrons subsequently scatter atglw Bd#mpn for
specific planes. The backscattered electrons form two Kikuchi lines per plane, and the spaeiag bet
the lines corresponds to the interplanar spacing of the planes. Two lines from the samelafeseart
to as a Kikuchi band. Bands from different planes intersect according to their integsigtes, and
collectively, all of the bands intersecting for a given orientation are known as Kikuchhpdteure
2.6). Kikuchi patterns are recorded on a phosphor screen of an EBSD detector and automatically analyzed
by software to provide information about the crystal structure, orientation, and textueepblises
present in the specimen [54].

In this research, EBSD was used to collect inverse pole figure maps and image quality maps prior
to and after straining. Inverse pole figure maps are used to discern grain orientationsganguiadity
maps highlight grain boundaries and local strains that disrupt the perfect icrydtdtice and therefore
degrade the quality of the Kikuchi patterns captured locally.

EBSD is also capable of identifying submicron areas of concentrated strain. It may be pmssible
evaluate elastic strain through image quality maps, and plastic strain by image quality, local
misorientation, grain orientation spread, kernel orientation spread, kernel average neighbor

misorientation, kernel average center misorientation, and/or reference orientataiioddgb].
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Figure 2.6 EBSD pattern acquired from cadmium at 20 keV [54]. Note the 6-fold symmetry of the
intersecting. LNXFKL OLQHV DW 3%~

2.5.2 2D Micro-Digital Image Correlation (DIC)

DIC is a technique for analyzing two or more images of the same area after some change and
extracting a displacement field that relates the images [56]. For this research, @@ligitat image
correlation is being used to determine deformation during straining. A DIC camera miorfitznse
displacement as a specimen is pulled in uniaxial tension to simulate the stretch forming process used in

industry. The setup used is depicted schematically in Figure 2.7.
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Figure 2.7 Schematic of a 2D digital image correlation set-up [57].

In principle, DIC requires the use of a random grayscale intensity distribution, such as agpeckli
pattern. This pattern must deform together with the specimen surface. Pixel subset arrays, ardacet
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tracked from image to image during deformation, and each facet should contain several speckling
features/particles. Facets are tracked instead of individual pixels because there isiatae var
grayscale intensity from facets than from single pixels. This allows for a more udéguidi¢ation of the
deformed surface [58].

Full field strain measurements relate facets in a reference image (i.e. before strainataethe s
facets after deformation and are used to determine strains (Figure 2.8). To compute &ilicfiel
measurements, vector displacement components are defined for each point within a facet. Pbmts may
sub-pixel size; interpolation is used to determine a grayscale intensity level igines. Next, the
displacement components can be solved for by wsimgss-correlation criterion or sum-squared
difference criterion. Optimal function parameters allow every point within a facet, inHethference
and deformed images, to be recognized [59].
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2.5.3 Scanning Kelvin Probe Force Microscopy

Target subset

Displacement vector
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Schematic relating a facet in (a) a reference image to (b) the same fadefaftation

Scanning Kelvin probe force microscopy (SKPFM) has recently become a more widespread

technique used in corrosion studies. The findings of$6Q] relate work function differences between

various metals or within a given alloy (i.e. between a precipitate and the matrix) to corrosieiobeh

SKPFM is performed in two scan passes on an atomic force microscope (AFM). During thedirthea

AFM measures and records the sample surface topography using the tapping mode. In the second pass,

the tip is lifted a selected distance above the recorded surface topography and the Volta potentia

difference between the tip and sample is measured. The two measurements are then interleheed, i.e., t
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two images, one of topography and one of Volta potential difference, are displayed simultaneeusly. Th
Volta potential difference is directly proportional to the work function differefi¢belwork function of
the tip is known, a work function map of the material can be developed. Often times, Volta potential or
work function measurements recorded from this technique are referred to as surface potentials.

During standard tappgmode AFM, the cantilever is vibrated near its resonant frequency by a
piezoelectric element. For detection of the Volta potential difference and to avoidatkasisthe two
different feedback loops, the piezoelectric element is turned off and an oscillating A@ vsléaplied
directly to the cantilever tip. At this point, a DC voltage difference exists betiveesample and the tip.
The DC voltage on the tip is adjusted until the amplitude of oscillation is zero and theveardgkls no
oscillating force, indicating that the tip and sample are at the same DC voltage. At this poitatie v
on the tip is recorded [63].

These differences in work function due to second phase particles may lead to localized corrosion
(i.e. pitting and exfoliation corrosion) [60]. See Figure 2.9. In this research, the SKPFMtectsni
being used to investigate work function differences caused by inhomogeneous strain, second@inases, g

boundaries, etc.

8 Potential

1.

Figure 2.9 Potential difference across a second phase patrticle in AA2024 as measured by scanning
Kelvin probe force microscopy [60].

However, it is important to recognize that the SKPFM measurements in air may not redate to t
corrosion behavior that occurs dudlte formation of galvanic couples in solution. Corrosion depends
closely on the environment [64] such that, without performing SKPFM in a corrosiveosalfiinterest,
it may be irrelevant to compare work function data to corrosion behavior. Additionally, it isritlize
difficult to conduct SKPFM in a corrosive solution because ions from an electrolyterean #ue field
from a conductive AFM tip. Coaxial AFM tips have been developed to mitigate this problem [@5& but

not yet commercially available.
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Even if SKPFM could be performed in a corrosive solution with a coaxial AFM tip, the Volta
potential difference found by SKPFM is directly proportional to corrosion potemtiain the same
electrolyte solution over a homogeneous metal without galvanic coupling [66]. Sinastasch aims to
study micro-scale galvanic coupling, Volta potential differences may not relate to corrosiotighat

this situation.

2.5.4 In-Situ Tapping Mode AFM

An alternate technique, in-situ tapping mode AFM, was used to study pitting and exfoliation
corrosion behavior. In this method, tapping mode AFM topography scans are taken across a specimen
surface in a corrosive solution (i.e. artificial seawater) after SKPFM measurements hatekdedn air.

The in-situ tapping mode topography scans should indicate, on a small scale (<30 nm), the site of
corrosion initiation or pitting. If the topography scans are taken consecutively and quickhgrtbe sc
should also provide information about the rate of corrosion and the direction in which corrosesdst

In-situ tapping mode AFM was performed on the same area examined by EBSD, DIC, SEM, and
SKPFM. The location of initiation and advancement of corrosion may correspond to known orientation,

strain, and/or microstructural features.
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CHAPTER 3: EXPERIMENTAL METHODS

This chapter describes the experimeng&iup for the primary experimental pathway and
additional experimental procedures. Concerning the primary experimental pathway, speciiE nege
monitored throughout their thermomechanical history. This chapter details specimeatjmeficom the
asreceived material and provides information on characterization techniques and paramestgopofto
findings from the primary experimental pathway, additional experimentation was necessary, and the

methods for these experiments are also described.

3.1 Primary Experimental Pathway

The effects of various amounts of strain (0-9%) in 2099 and 2196 were examined by
characterizing single, specific regions. The site-specific examination serves amtrg framework for
this study. As-received extrusions were sectioned into tensile bars and one 90 by 90 um region on the
surface of each tensile bar was tracked at various points throughout its thermomeblsioigal
Considering the temperature vs. time diagram in Figure 3.1, electron backscatter diffraction (BBSD) w
performed following solution heat treatment. During straining, 2D micro-digital imagelation (DIC)
was used to examine micro-strain evolution of the same region. Next, tensile bars weialarifjed
by a two-step aging treatment, and the following techniques were performed, respectively: EBSD,
backscattered electron (BSE) imaging, and scanning Kelvin probe force microscopy (SKPFN). Final
the region of interest was examined by in-situ tapping mode atomic force microscopy (Akig) dur
corrosion.

In this section, the experimental procedure for each step of the process is described in detail.

3.1.1 Tensile Specimen Preparation

Extrusions of Alloy 2099 in the T83 (solution heat treated, cold worked, and peak aged) condition
and Alloy 2196 in the T3EL (solution heat treated and stress relieved by minor amount of strain)
condition were provided by Boeing. Tensile specimens were sectioned using an MSX saw and end-milled
to achieve parallel sides. Twelve tensile specimens (6 for each alloy) were machined fdéoiliegfol
strain conditions: 0, 1, 2, 3, 6, and 9%. Although initial dimensions were identical, specimens set aside for
6 and 9% strains were given a 50.8 mm (2 in) reduced gage section to prevent these specimens from

fracturing in the tensile frame grips. The orientation of the tensile speciménsespiect to the extrusion
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direction is provided in Figure 3.2 and the geometry is detailed in Figure 3.3. The longitudinal direction
corresponds to the tensile axis during straining.
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Figure 3.1 Schematic temperature vs. time diagram indicating the thermomechanical processing

steps as well as the sequence of characterization (gray) techniques used to analyze
identical regions of the same specimen.
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Figure 3.2 Extruded shape provided by Boeing indicating tensile specimen sectioning with respect

to reference directions. Polished plane is highlighted in gray.
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Figure 3.3 Tensile specimens for (a) 0, 1, 2, and 3% strain conditions and (b) 6, and 9% strain
conditions with (c) specimen dimensions for 6 and 9% strain conditions labeled in mm.
Disregarding the reduced gage section, dimensions for 0, 1, 2, and 3% specimens are the
same as in (c).

Solution heat treatment and artificial aging times and temperatures were provided by Boeing and
Alcoa per AMS 2772E. Solution heat treatment was performed at 549 °C for 2 h followed by a water
guench. The furnace temperature was monitored using a Type K thermocouple and found to be within
+2.0 °C of the temperature reading on the furnace. After solution heat treatment, thesboerse-
longitudinal (S-L) planes of the tensile specimens were mechanically polished because intesestf i
to examine elongated pitting in the extrusion direction and the short transverse fracture wisgbines
concern in Al-Li alloys. After many unsuccessful polishing attempts, instructions for nieadhan
polishing were established with help from both Weber Metal and George Vander Voort and iaedprov
in Table 3.1.

Table 3.1+Mechanical Polishing of 2099 and 2196

Duration

Step Media Polishing Cloth (min) Lubricant RPM
Grindin 800 grit SiC paper N/A 10 Water 150
9 1200 grit SiC paper N/A 15 Water 150
3 um dlarr_]ond Nylon 60 Alcohol 150
suspension based
Polishing 0.3 pm ALO; paste Low napped synthetic 5 DI Water 100
rayon flock
0.05 Hm colloidal Low napped synthetic 3 N/A 100
Sio,
rayon flock
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In between each polishing step, specimens were rinsed thoroughly with methanol, gently rubbed
with methanol-soaked cotton balls, and briefly sonicated in methanol to ensure no residual &S parti
or polishing agents were transferred to the next polishing step. A typical surface following méchanica

polishing is shown in Figure 3.4.

2ﬁm

Figure 3.4 Optical micrograph of surface of 2099 after mechanical polishing. Scratches, pits, and
deformation from mechanical polishing are present but minimal.

3.1.2 Final Polishing for Electron Backscatter Diffraction (EBSD)

After mechanical polishing, surface finishes of 2099 and 2196 were insufficient for high
confidence interval EBSD imaging. Unfortunately, final polishing with 0.05 um coll8if&lon a
vibratory polisher led to severe pitting of 2196 and 2099.

Experiments were conducted to determine whether the surfaces of both alloys could be
adequately prepared by electropolishing. As a first electropolishing attempt, samplestgrb20 grit
as well as mechanically-polished samples were exposed to a 3094 #9BOmethanol electrolyte held at
-30°C. Voltages between 5 V and 20 V were applied to each sample, and the resulting surfaces were
examined by optical microscopy. All sample surfaces were inadequate and appeared eroded and/or etched
(e.g., Figure 3.5).

As a second attempt, the same electropolishing experiment was conducted using a 12.5%
H,SQO/87.5% methanol solution at room temperature. Again, all sample surfaces were inadequate. Many
samples were tarnished and had evidence of pitting and/or etching, as exemplified in Figure&ighAlt
the sample of Figure 3.6 is etched and pitted, this sample had the best surface finish of all samples
electropolished in the 12.5%,80,/87.5% methanol solution.
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Figure 3.5 Optical micrographs showing inadequate surface preparation of 2099 after
electropolishing in 30% HNg70% methanol electrolyte at -30°C with a voltage of 8.4
V. Samples were (a) mechanically polished to 0.05 um and (b) ground to 1200 grit prior
to electropolishing.

(b)

Figure 3.6 Optical micrograph showing inadequate surface preparation of 2099 after
electropolishing in 12.5% 13$0,/87.5% methanol at 21°C with a voltage of 23 V for 3 s.

Due to the shortcomings of electropolishing, an alternate approach to final polishing was taken,
and final polishing was performed in an FEI Helios Nandl!ab0i DualBeam focused ion beam
(FIB)/scanning electron microscopy (SEM) by ion milling. Tensile specimens were positionedirzgc
to Figure 3.7, such that mechanically polished surfaces (S-L planes) were 10° offset from parallel to th
focused Gaion beam. Regions of approximately 200 pm x 200 pm with depths of approximately 1 um
were milled into the mechanically polished area with an operating beam current of 33 pA and voltage of
20 kV.

Tensile specimens were milled away from edges or scratched regions to avoid curtaining and
were polished with shallow depths at low currents to avoid excess milling. Examples of unacceptable and
acceptable milling are shown in Figure 3.8.
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Figure 3.7 Diagram of tensile specimen orientation duringi@apolishing in (a) 2D and (b) 3D.
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Figure 3.8 Secondary electron images taken after ion milling demonstrating (a) curtaing, (
excess milling, and (c) shallow milling where (c) is the only acceptable preparation for
EBSD.
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3.1.3 Electron Backscatter Diffraction (EBSD) and Marking the Region of Interest

EBSD was performed in an FEI Helios Nano[’#00i DualBeam focused ion beam
), % VFDQQLQJ HOHFWURQ PLFURVFRS\ 6(0 HTXLSSHG ZLWK DQ ('

detector operating at 30 kV and 22 nA. Tensile specimens were secured to pin stubs with electrically

conductive tape and mounted on a 70° tilt holder.

Following final polishing by ion milling, polished surfaces were aligned to face the EBSD

detector and polished regions were brought to working distances of 6 mm. EBSD scans of approximately

150 pm x 150 um were collected with a camera binningpf8DQG VWHS VL]HV RI

—P XVL(

OIM™ Data Collection Software. The Hough parameters used for all scans are provided in Table 3.2.

Table 3.2++RXJK 3DUDPHWHUV IRU ("¥%DBatad @lléctormSoftdae

Parameter Value
Hough Type Classic +
Hough Resolution High
Binned Pattern Size 96
Theta Step Size 1
Rho Fraction 95%
Max Peak Count 7
Min Peak Count 3
Convolution Mask 9x9 (Medium)
Min Peak Magnitude 5
Min Peak Distance 15
Peak Symmetry 0.5
Vertical Bias 3%
Min Peak Magnitude 30
Max Band Width (% of Image) 10%
Max Angular Difference Between Edge 2.0°

After EBSD patterns were collected, tensile specimens were rotated 180° and tilted 60° to allow

regions from where EBSD scans were collected to be imaged using‘tl@@®alumn operating at low

current (33 pA) in the FIB/SEM. At this point, EBSD scan regions could be easily identified by beam-

related contamination (i.e. carbon deposition on the sample where the electron beam was scanning). Four

fiducial markers of approximately 10 pm x 10 pm with depths of 5 pum were milled at the foerscof

EBSD scans. Fiducial markers were milled to minimize the challenge of locating the same regions from

technique to technique throughout the thermal processing route detailed in Figure 3.1. Fiducial marker

served as guides to follow the regions of interest.

26



EBSD was performed a second time on each tensile specimen, directly following 2D micro-
digital image correlation (DIC) and artificial aging. Second EBSD scans were taken within the regions
marked by fiducial markers, and all scan parameters matched EBSD parameters used prior to DIC.

All EBSD maps were created usifg$; 1V 2 /9 Analysis Software. No post-scan software

clean-up was applied to any of the EBSD data reported as part of this research.

3.1.4 2D Micro-Digital Image Correlation (DIC)

Tensile specimens were loaded into an MTS Alliance RT/100 screw driven static test syhtem wit
the polished S-L plane of the tensile specimens facing parallel to the grips. Gage lengthsrdining st
were 25.4 mm (1 in), and total strain amounts across gage lengths were measured with an extensometer

DIC was performed on the polished plane of the tensile specimens during deformation with a K-2
DistaMax Infinity Long-Distance Microscope equipped with a 20X Mitutoyo objective lens. The
microscope was mounted on a tripod an2l0 T Xramis software was used to analyze the images
collected by the microscope. The set-up is shown in Figures 3.9 and 3.10.

Prior to straining, regions of interest were located using the K-2 DistaMax camerzeakied
with 0.05 pum A}O; non-agglomerated powder in ethanol using an airbrush powered by an air
compressor. Regions of interest were identified by four fiducial markers, as describedan $4c8.

Figure 3.11 demonstrates the effect of speckling on image contrast. Upon speckling, 10 DIC images were
taken and run through the Aramis software. In the event that the software could not identify an
appropriate facet size or calculate a complete solution for each image, the speckling pattemoweac

with a cotton ball soaked in ethanol, and a new speckling pattern was applied.

During straining, the z-height was adjusted to incorporate the same microstructural andgpeckli
features as imaged prior to deformation. Images were taken at 20 evenly spaced strain ineaiements,
recorded by the macro-extensometer, per specimen. Many images (20-100) were taken for each strain
increment because vibrations caused the microscope to go in and out of focus. All of the images were
analyzed by the Aramis software, and only the highest quality image, allowing minimum facetlsize an
lowest interpolation area, was selected for each strain increment for the DIC analygisnAligistrain
maps from each increment were compared to previous and subsequent increments as a precaution against
inconsistent, false image artifacts. Outliers containing inconsistencies were excludedrisideration
for each strain increment. Upon completion of the DIC measurements, the speckling pattern was removed
from each specimen.

A simple strain rate sensitivity study was conducted to determine whether the pause during

straining to capture images at each strain increment had an effect on the total amols¥ dcstrecd
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for each strain condition. A constant strain rate of 0.09 in/min was compared to the inconsistergtet
during DIC for 2099 and 2196 strained to 3% total strain, and the results are compared in Figure 3.12.
Examining stresses at the same strains reveal that the stress achieved during the constatat t&sai

and the stress throughout the DIC test are in close agreement. This indicates thatestsamsitivity is

not of concern in 2099 and 2196, and taking images at fixed increments is a valid experimental approach.
]
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Figure 3.9 K-2 DistaMax Infinity Long-Range Microscope used for acquisition of DIC images.
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Figure 3.10 Tensile specimsptup for simultaneous straining and DIC imaging.
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(c)

Figure 3.11 Microstructure of 2196 T4 tensile specimen prior to deformation imaged byo(ajasgc
electrons in a scanning electron microscope (SEM), (b) a K-2 DistaMax camera with a
20X objective, and (c) a K-2 DistaMax camera with a 20X objective after speckling the
surface with AJOs.
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Figure 3.12 Stress vs. strain for constant strain rates of 0.09 in/min and inconsisterdtesalnring
DIC testing. Strain rate sensitivity is not of concern in 2099 and 2196 since stress is
similar at each strain.

3.1.5 Environmental Scanning Electron Microscopy (ESEM): Backscattered Imaging

Backscattered images were taken in an FEI Quanta 600i environmental scanning electron
microscope (ESEM). Coarse Fe, Cu, and Mn-containing impurity phases appear lighter than the matrix
when imaged in backscattered mode since elements of higher atomic number backscatter more strongly
than elements with low atomic number.

Images were acquired for all strain conditions for both alloys after artificial ,aayiigthe area of

interest was identified by the ion milled fiducial markers described in Section 3.1.3.

3.1.6 Atomic Force Microscopy (AFM): Scanning Kelvin Probe Force Microscopy (SKPFM)

All AFM measurements were taken using an Asylum Research MFP-3D-Bio AFM. SKPFM
measurements were taken using Version 14 of the Asylum Research AFM software by selecting SKPM
under the Electrical category in the ModeMaster. BudgetSensors ElectriTap190-G conductive AFM
probes were used. These probes are Si, coated on both sides of the cantilever with 5 nm Cr covered with

25 nm Pt, have tip radii less than 25 nm, and have resonant frequencies of approximately 190 kHz. Probes
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were positioned to measure within areas of ion milled fiducial markers using the MFP-3D optical
microscope.

Smaller specimens containing regions of interest were sectioned from larger tensile bars per
Section 3.2.1. All specimens containing regions of interest were plasma cleaned with an EVACTRON
CombiClean Decontaminator for 30 min prior to imaging with the AFM. The Decontaminator removes C
deposition from electron backscatter diffraction (EBSD) as well as other contamination pickethgp du
testing. Specimens were secured to an electrically insulated glass side with double-sided tape, and
magnets were used to fix the glass slide to the AFM stage. Specimens were grounded to the AFM stage
by an insulated wire that was attached to specimens with electrical tape and fixed to thegd-ivitst a
magnet, as demonstrated in Figure 3.13. Electrical grounding was connected far away from the
conductive AFM probe to avoid cross-talk or electrical interference.

Magnets

Figure 3.13 SKPFM set-up showing specimen grounded to AFM stage.

For SKPFM measurements, the AFM tip was biased 7 V. The napl/lift height during the second
pass was 40 nm, and the largest scan size possible (90 um x 90 um) was acquired at a rate of 0.3 Hz
within regions of interest. To precisely identify areas examined by SKPFM, optical imagdasakeere
showing cantilever positions above specimen surfaces at the beginning and end of each scan.

SKPFM measurements were taken in repulsive mode by keeping the phase signal below 90°, and
the set-point voltage, drive amplitude, and integral gain were adjusted until trace and retrage signal

closely matched without producing large oscillations/noise in the feedback loop.

3.1.7 Atomic Force Microscopy (AFM): In-situ Tapping Mode Topography during Corrosion

Tapping (AC) mode imaging in liquid was used to examine corrosion in-situ. The corrosive
solution used was artificial seawater per ASTM D1141-98(2013). Olympus model TRB00OPB probes with
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spring constants near 0.61 N/m, resonances frequencies of approximately 68 kHz, and silicon nitride tips
with reflex coatings of 5 nm Cr covered with 50 nm Au were chosen due to their relatively figssti
and Au coating for corrosion resistance in solution.

Specimens were prepared by sectioning with a slow speed diamond saw to thicknesses of
approximately 1 mm. A small piece of low napped synthetic rayon flock held on with conductive tape
was used to protect the region of interest during sectioning to prevent corrosion from tigel oticant,
and the rayon flock was removed after sectioning. Specimens were rinsed with de-ionized water and
isopropyl alcohol and plasma cleaned with an EVACTRON CombiClean Decontaminator for 30 min.
Specimens were then glued, polished planes facing upwards, with a small dab of superglue to cylindrical
Millipore petri dishes with diameters of 47 mm. Petri dishes were attached to the AFM stage with
magnetic petri dish holder, and the magnets of the holder were adjusted to keep petri disbes in pla
without allowing magnets to come in direct contact with the stage. The set-up is shown in Figure 3.14.

Figure 3.14 Petri dish set-up for in-situ corrosion experiments.

The same areas imaged by SKPFM were located using the optical images of probe positioning
taken at the beginning and end of SKPFM imaging, as described in Section 3.1.6. One 90 um x 90 um
scan was taken in air in traditional tapping mode. The set-point, drive amplitude, and integra&rgain w
adjusted until the trace and retrace lines were in close agreement and the images collected@ppeared
match the topography images acquired during the first pass of SKPFM.

Once the initial parameters were set for tapping mode as described above, the AFM head was
gently raised, the probe was pre-wet with a droplet of artificial seawater, and 2-3 mL cbbsi#fawater
was added to the petri dish to entirely cover each specimen (Figure 3.15). A protective skirt holder was
used to protect sensitive electronics in the AFM head (Figure 3.16). The AFM head was lowered into the
solution in the petri dish, the laser was readjusted to maximize the sum signal, and the caasleger w

tuned in solution before engaging the tip.
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pecimen immersed in artificial seawatsg

Figure 3.15 Petri dish set-up with specimen completely immersed in artificial seawater.

Figure 3.16 Protective skirt holder around the cantilever holder with important components labeled.

90 um x 90 um scans were taken with a scan speed of 0.3 Hz throughout the in-situ corrosion
experiments. After set-up, topography scans were continuously collected and saved overnight, and each
specimen was imaged for at least 15 h in solution. Image stabilization was applied to keep the tip
scanning over the same region after long periods of time. All scans were taken at room temperature
(21°C).

3.2  Additional Experimental Procedures

Additional experimentation was performed to support the findings of the primary experimental
pathway. While the primary experimental pathway focused on single, specific regions, additional

experiments examéd other regions or samples. In this section, the sectioning of the tensile specimens
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after straining, Vickers hardness preparation, transmission electron microscopy (TEM )tiomepamnd
bulk corrosion studies are described.

3.2.1 Tensile Specimen Sectioning

Provided that tensile specimens were strained to designated amounts between 0-9% and no
specimens were loaded to failure, tensile specimens remained fully in-tact aftémgstésfiter 2D micro-
digital image correlation (DIC) was performed during sirajnspecimens were sectioned parallel to the
long-transverse reference direction, through the short transverse-long trans\uerselédie, using an
MSX saw. Regions of interest, marked with ion-milled FIB fiducial markers, were protected by a low
napped rayon flock cloth held on with electrical tape to prevent scratches and corrosion duringgection

Each tensile bar was cut into seven sections, excluding material which was in the tensile frame
grips. One section contained the area of interest and, concerning the remaining six sectionsphso sect
were set aside for hardness measurements, two for transmission electron microscopy (TEM) foils, and
two for bulk corrosion studies. From each original tensile bar, the section containingeatod imterest,
one section for hardness measurements, one section for TEM foils, and one section for bulk corrosion
were artificially aged at 121°C for 12 h followed by 151°C for 48 h. The artificial agsagntent was
designed to age alloys to peak hardness; the first step of the aging treatment at lower temperatur
promotes GP zone formation. The other sections were not artificially aged. Sectioning of e tensi
specimens is demonstrated in Figure 3.17.

Section for primary experimental pathway

Bulk corrosion| Bulk corrosion

TEM TEM
Hardnessl l Hardness
v v

T T T

] ] ] ] 1 1 ] ]
] ] ] ] 1 1 ] ]
) ) ) ) 1 1 ) )
s L L s N L '
L. A

i

Noraged Artific%ﬂy aged

Figure 3.17 Diagram of tensile specimen sectioning.

3.2.2 Vickers Hardness

Samples of each condition were cold mounted in epoxy and left to harden overnight under

vacuum. Samples were then mechanically polished according to Table 3.1. Between each grinding step
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samples were rinsed in methanol, gently rubbed with a cotton ball and methanol, and briefly sonicated in
methanol to ensure no residual SiC particles were transferred to the next step in polideiast. X
Vickers hardness measurements were taken for each condition per ASTM E92 using a load of 500 Ibs and

a dwell time of 10 s.

3.2.3 Transmission Electron Microscopy (TEM)

Thin sections were cut parallel to the long transverse reference direction, througbrthe s
transverse-long transverse (S-LT) plane, with an MSX saw. These sections were thenleltoptal
short transverse reference direction, through short transverse-longitudinal (S-L) plaimealtnti the
long transverse direction. The sections were secured to flat aluminum stubs with superglue and
mechanically ground to 1200 grit on both sides of the S-L plane, carefully ensuring that the samgples w
sonicated in between the grinding of each side in acetone to remove all superglue. 3 mm discs were
punched and any burrs were ground down to 1200 grit.

The specimens were individually polished using a twin-jet electropolisher in a 30% nitric
acid/70% methanol solution at -25°C and 25 V. The TEM specimens were examined using a Philips
CM12 TEM at 120kV accelerating voltage.

3.2.4 Bulk Corrosion

Alternate immersion corrosion tests were performed on all 24 sections set aside for buikrcorros
studies where each condition is fully described by Table 3.3. Sections were cut with a slow speed saw to
create bulk corrosion samples of equal total surface area and equal polished surface area. Semples wer
immersed in artificial seawater per ASTM D1141-98 for periods of 10 min and dried for 50 teinthsf
drying cycle, samples were thoroughly rinsed with deionized water to remove remaining NaCl and
corrosion byproduct resting on the surface. Samples were imaged using an FEI Quanta 600i
environmental scanning electron microscope (ESEM) in secondary mode. In particular, it was of interest
to identify exfoliation and pitting corrosion features.

Following 3 h of alternate immersion, bulk corrosion samples were left in artificial sedovater

15 additional hours, at which point, samples were again dried and rinsed and examined by ESEM.
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Table 3.3+Bulk Corrosion of 2099 and 2196

Alloy Strain (%) Atrtificially Aged?
2099

2099

2196

2196

OCOWNRFROOWOWNROOOWNROOOWNEREO
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CHAPTER 4: RESULTS

The research findings are described based upon the characterization technique performed. For the
primary experimental pathway, specimens were characterized by electron backscattepdi{iEBSD),
2D micro-digital image correlation (DIC), backscattered electron (BSE) imaging, sgdfelivin probe
force microscopy (SKPFM), and in-situ tapping mode atomic force microscopy (AFM). Additional
experiments studied Alloy 2099 and Alloy 2196 by Vickers hardness and TEM. Lastly, bulk corrosion

properties were evaluated.

4.1 Primary Experimental Pathway

The site-specific examination described in Section 3.1 serves as the primary experimental
framework for this research. Identical regions of twelve specimens (6 for Alloy 2099 and 6 for Alloy
2196) were examined BSD prior to straining, DIC during straining, and the following techniques
after straining and artificially aging: EBSD, BSE imaging, SKPFM, and in-siturigppode AFM
during corrosion. Strain conditions of 0, 1, 2, 3, 6, and 9% were examined for both alloys. The purpose of
this section is to present the findings and observations associated with each site-speaifierizzdion

technique performed.

4.1.1 Electron Backscatter Diffraction (EBSD) Prior to Straining

As described in Section 3.1.2, final polishing for EBSD was performed in a focused ion beam
(FIB)/scanning electron microscope (SEM) by ion milling a shallow depth with a low beam cloment
milling following traditional mechanical polishing dramatically improved the imagatygy#D) of
EBSD patterns. Figure 4.1 compares inverse pole figure (IPF) maps overlaid on IQ maps prior to ion
milling to IPF + IQ maps after ion milling, and the increase in image quality isiseymif The
improvement in image quality is demonstrated by a reduction of dark/gray regions as a fesult of
milling and an improvement in IPF color contrast. As a result of ion milling, grain bousidaude
subgrain boundaries were clearly visible in the 1Q map, and grain orientations were easygtaighisn

the IPF map. In fact, no post-scan software clean-up was necessary following the shallovirign mill
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(b)

101 ‘ (d)

Figure 4.1 Inverse pole figure maps overlaid on image quality maps (grayscale) acquired by EBSD
(a), (c) prior to final focused ion beam polish and (b), (d) after ion polishing. No post-
scan software clean-up was applied.

Polishing with G&" ions may be of concern because Ga concentrates in specific regions of Al
during FIB sample preparation [67], and Ga is known to cause liquid metal embrittlement of Al.
Therefore, it is important to note that shallow FIB ion milling prior to EBSD did not appe#etar
degrade corrosion properties. Polished surfaces were topographically unaffected over long pemeds of ti
after ion milling, even after artificial aging. Additionally, samples prepared fordastosion were only
mechanically polished and were not ion milled, and the corrosion response in bulk corrosion samples was
representative of the site-specific corrosion observed.

Elongated, unrecrystallized grains (<10 pm x 100 um elongated grains) are the target
microstructure in third generation Al-Li extrusions because unrecrystallized mictosés are known to

provide the optimum combination of properties [3]. However, while many specimens exhibited the
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expected unrecrystallized grain structure, the EBSD analysis of the initial tensileesmeoévealed that
there were inconsistent grain sizes throughout the 2099 and 2196 extrusions (Figure 4.2). Specificially,
some specimens had relativédyge grains (>25 um) dispersed with the small grains. The source of these
large grains is unclear and is likely due to recrystallization followed by abnormal graithgrow
Significantly, both the unrecrystallized grains and large grains were reladivaily free. Regions of
unrecrystallized grains contained low angle subgrain boundaries from recovery, and EB&Qualay

was not degraded within large grains (i.e. dislocation density was relatively Ibin {@itge grains).
Abnormal grain growth attributing to these large grains could be related to Zr distriBirtce coherent

t9 $ZO dispersoids are known to hinder recrystallization in Al-Li alloys.

Additionally, many specimens were completely large grained. These large, relatialyrste
grains appeared to have undergone recrystallization and grain growth. Large, recrystallizetgrains
undesirable due to their lower strength and fracture toughness and will not exhibit theqe eppected
of the target fine-grain structures.

An attempt was made to find regions of unrecrystallized grains in the large grained tensile
specimens by acquiring additional EBSD scans across the short transverse-longitudimdaes.

High aspect ratio EBSD scans were collected across the short transverse reference extrusian directi

and small grains were not consistently present, as demonstrated in Figure 4.3. The repeated observation of
large grains indicates that they are not likely due to non-uniform Zr distribution. Additiosialtg large

grains were observed in multiple tensile specimens across the short transverse direction, theopresence
large, recrystallized grains is also not likely a surface effect.

Recrystallization to produce large grains could be the result of non-uniform deformation, strain
rate, or temperature throughout the initial part during the extrusion process. However, therextrusi
processing parameters for these alloys, such as initial shape, extrusion ratio, temperature, aed ram spe
are proprietary and were not provided. Furthermore, attempting to identify the one or mose factor
contributing to these large grained regions was considered outside the scope of this peatr Hn
order to prevent the accumulation of experimental variables and uncertainty, attempts were made t
exclude the large grained samples from the test matrix as much as possible. As a result, aeidgilenal
specimens were sectioned from the as-received extrusions and examined by EBSD, DIC, and SEM. The
large grained specimens were not further examined. However, it is important to noteiditiangan

grain size may play a significant role in the corrosion properties of these alloys.
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Alloy

Small Grains Mixed Small and Large Large Grains

2099

2196

Figure 4.2 Inverse pole figure maps overlaid on image quality maps (grayscale) acquired by EBSD

revealing microstructure of 2099 and 2196 extrusions that were comprised of small
grains, mixed small and large grains, and large grains.
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Short transverse direction

Longitudinal direction

Figure 4.3 Large-area inverse pole figure map overlaid on image quality map (grayscale) acquired
by EBSD. Note the presence of large, recrystallized grains. The improvement in image
guality near the center of the longitudinal direction is due to shallow ion milling. No post-
scan software clean-up was applied.

4.1.2 2D Micro-Digital Image Correlation (DIC)

As a first attempt, DIC was performed on mechanically polished and chemically etched
specimens. Etching was accomplished by ithldVLQJ VSHFLPHQV IRU VLQ HOOHUTV
immediately following a colloidal silica final polish, and specimen were thoroughly rinsedrm de-
ionized water after etching.

Table 4.1+ . H O ®Reddent

Constituent Volume (%)

H,O 95
HNGO; 2.5
HCI 15
HF 1.0

Etched specimens were considered because it was of interest to easily identify strain along and
ZLWKLQ VSHFLILF JUDLQV .HOOHUSYV UHDJHQW KRrhapK Glcdl&ady JUDLQ
by DIC is straightforward when grain boundaries are visible in the images acquired. Hovedweg, et

contrast made it difficult to achieve a random grayscale intensity distribution, and etdianis
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appeared to influence the strain calculated by the DIC software. The undesirable influedoimgf et
contrast is highlighted in Figure 4.4. Dark regions resulting from etching and speckling consistently
appeared lower in strain. Additionally, for site-specific examination, it was necesgasfdrm
corrosion studies on the same region examined by DIC. Etching is expected to impact corrosion
resistance, especially at etched features, such as grain boundaries in this case.

As a result of these findings, subsequent DIC analyses were performed on polished and speckled
surfaces following EBSD, i.e., no specimens were etched. In order to identify the area ofimtenesgt
EBSD was performed, four ion milled fiducial markers were made using a focused ion beam (FIB) to
mark the EBSD scan region. These fiducial markers were then located using the DIC camera.

Axial strain accumulation was examined by DIC for both alloys in all strain conditions of interes
(1, 2, 3, 6, and 9%). An example of the type of information acquired for each specimen is demonstrated in
Figure 4.5, which displays axial strain results for a 2099 specimen strained from 0-5.6% tatal strai
Micro-strain determined by DIC measurements should be in close agreement with naagro-str
measurements determined by an extensometer during uniform straining, prior to the onset of localized
deformation (i.e. necking). As expected, the total strain accumulation for eachrstraimeént, shown in
the histograms of Figure 4.5, closely matched the extensometer readings across the gage leagth. Figur
4.5 indicates that the DIC results are in good agreement with the macro-strains achieved and desmonstrat
that DIC has the ability to accurately resolve micro-scale strain and to examinesbealimtions in
strain.

In addition, the DIC measurements matched the expected amount of strain received, based on
microstructural orientations of grains prior to straining. The amount of strain expectadhigrain
UHODWHV WR WKH 6FKPLG IDFWRU RI HDFK J) Be@atedt@QresovediH 6 FKP L

shear stress by Equation 4.1:

R L P ..%... g 4.1

ZKHUH 2 LV WKH UHVROYHG VKHDU VWUHVYVY 1 WKH DGIBOLHG V
axis and the slip direction, anidhe angle between the tensile axis and slip plane nord@@ FH 2 LV
J U H D W Hdds thekcEiQal Pesolved shear stress, slip should occur on that particular slip system.
Therefore, grains of higher Schmid factor are expected to experience slip at lower appBed atrds
should receive more strain/deformation for a given total applied strain.

Accordingly, grains and regions of higher Schmid factor received more strain, as calculated by
DIC. Conversely, regions of lower Schmid factor corresponded to regions of lower measured strain. This
relationship is demonstrated in Figure 4.6 for Alloy 2099 after straining to 3% total streie.Sihmid
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factor is traditionally defined for single crystals, it is important to note that tieesesvelationship held
true when examining Taylor factor since Taylor factor is inversely proportional toi&&utor.

Not only is strain related to initial grain orientation prior to deformation,Hmuatnount of strain
received is also based on other microstructural aspects, such as grain size. Considering specimens
containing one or more large, recrystallized grains, the strain was clearly concentriageldiiget grains.
Large grains are s@&itand can accommodate more slip because less grain boundary area is present to
disrupt and/or prevent movement of dislocations. As expected, the strain calculated by DIC was higher in
large grains as demonstrated in Figure 4.7 and Figure 4.8. Note that the DIC software was unable to
calculate strain at the edges of the strain maps because there was a loss of resolutieredpesatye
to the DIC camera zoom bellows.

Overall, DIC was capable of measuring micro-strain due to the following factore-stiain
evolution closely matched bulk extensometer strain readings, grains with higher Schmid factors
corresponded to higher micro-strains, and large, soft grains received higher mics-Strain was
monitored by DIC for both alloys in all strain conditions.

4.1.3 Electron Backscatter Diffraction (EBSD) After Straining

EBSD was performed a second time on all regions of interest after straining and aging. Inverse
pole figure (IPF) maps were generated to observe changes in grain orientation frangsaaghimage
guality maps (IQ) were generated to observe topographic features brought about by surfaceimglief dur

straining. Notice the changes in grain orientation as a result of straining in Figure 4.9.

4.1.4 Backscattered Imaging of Impurity Phases

Upon artificial aging, constituent impurity phases were examined by scanning electron
microscopy SEM). Backscattered electron (BSE) imaging was employed to highlight the impurity phases
because they have a higher average atomic number thah riegrix.

Prior to examining regions of interest, separate specimens, not subject to the primary
experimental pathway, were examined by BSE imaging (Figure 4.10). In both alloys, impurity phases of
approximately 5 um or larger were present at grain boundaries and triple points.

Energy dispersive spectroscopy (EDS) was used to determine which impurity elements contribute
to the coarse impurity phases (1.0 pm in diameter or larger) in Alloys 2099 and 2196. It was found that

the impurity phases present typically contained Fe, Cu, and Mn (Figure 4.11).
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Figure 4.4

DIC attempt of Alloy 2099 showing (a) etched microstructure prior to speckling and
deformation, (b) speckled microstructure after straining 3.5% along the tensile axis, (c)
axial strain map calculated by DIC after straining 3.5%, and (d) overlay of images
presented in (b) and (c). Nonrandom intensity distribution caused the dark regions circled
in (b) to consistently appear lower in strain, as circled in (c) and (d).
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Tensile Axis

Figure 4.5 Axial strain maps and strain histograms calculated by DIC for total strains, astheasur
by an extensometer, of (a) 0.8%, (b) 1.6%, (c) 2.4%, (d) 3.2 %, (e) 4.0%, (f) 4.8%, and
(9) 5.6%.
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Figure 4.6 Examination of the same region of Alloy 2099 showing (a) strain map after straining 3%,
(b) image quality map prior to deformation highlighting grain boundaries, (c) strain map
overlaid on image quality map prior to deformation, and (d) Schmid factor map overlaid
on image quality map prior to deformation. In general, regions of higher Schmid factor,
circled with dashed lines in (a), (c), and (d), accumulated more strain, and regions of
lower Schmid factor, circled with solid lines in (a), (c), and (d), received Iess.st
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Figure 4.7

(©) 0.27E0.50 fi » o)

Examination of the same region of Alloy 2196 shg\{a) strain map after straining 6%,
(b) image quality map prior to deformation highlighting grain boundaries, (c) strain map
overlaid on image quality map, and (d) Schmid factor map overlaid on image quality
map. Large grains and regions of higher Schmid factor accumulated more strain as
expected.
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Figure 4.8 Examination of the same region of Alloy 2099 showing (a) strain map after straining 6%,
(b) image quality map prior to deformation highlighting grain boundaries, (c) strain map
overlaid on image quality map, and (d) Schmid factor map overlaid on image quality
map. Large grains and regions of higher Schmid factor accumulated more strain as

expected.
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Figure 4.9 IPF maps overlaid on 1Q maps for (a) 2099 prior to deformation, (b) identioal reg
shown in (@) after straining 2% and artificially aging, (c) 2196 prior to deformation, and
(d) identical region shown in (c) after straining 1% and artificially aging.
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(e) (f)

Figure 4.10 BSE images where impurity constituents appear light due to higher mass. All specimens
were solution heat treated, strained, and artificially aged where (a)-(c) are Alloy 2099
strained 0%, 6%, and 12%, respectively and (d)-(f) are Alloy 2196 strained 0%, 6%, and
12%, respectively.
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Figure 4.11 (a) EDS pattern of larger impurity constituent (b) BSE image of constituent phase in 2099
(solution heat treated, strained 3%, and artificially aged) from which (a) was generated.

Next, BSE imaging was performed on specimens of both alloys in all strain conditions after
artificial aging. Images were taken within regions of interest, marked by the ion millecficharkes
per Section 3.1.3. It should be noted that these regions were the same regions examined by EBSD prior to
straining, DIC during straining, and EBSD again after straining and artificial aging. Exampi8& of
images acquired are provided in Figure 4.12.

Not surprisingly, the impurity phases within the regions of interest largely populatad grai
boundaries and grain boundary triple points. In particular, large impurity phases were often located at
triple points, as demonstrated in Figure 4.13.

The goal of taking BSE images was to determine whether or not impurity phases play a
significant role on corrosion initiation or overall corrosion properties in third géaerAl-Li alloys.

Impurity elements such as Fe, Cu, and Mn have different galvanic potentials than Al, and are expected to
contribute to galvanic corrosion. However, the extent of their contribution to corrosiamddepetheir
corrosion potential (i.e. size of impurity phases and magnitude of galvanic potential difference),
environment, and time in corrosive solution. Additionally, other factors, such as precipitatbomtarh

strain, or grain size may contribute more significantly to corrosion.
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(b)
Figure 4.12 BSE images of (a) 2099 strained 1% and (b) 2196 strained 2% where impurity

constituents display lighter contrast due to higher average atomic number. lon milled
fiducial markers in the four corners mark where initial EBSD scans were taken.

(b)
Figure 4.13 BSE images taken after deformation overlaid on image quality maps collected prior to
deformation of (a) 2099 strained 2% and (b) 2196 strained 1% where impurity
constituents display lighter contrast due to higher average atomic number and grain
boundaries appear dark due to low EBSD image quality. Large impurity phases at triple
points are indicated with arrows.
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4.1.5 Atomic Force Microscopy (AFM): Scanning Kelvin Probe Force Microscopy (SKPFM)

Initial SKPFM measurements were taken using a Digital Instruments Dimension 3100 AFM in
interleave mode. Surface potential measurementsiwd¥Y D NH Q Rias&l supéralldy and Al-Li
alloy 2196 to evaluate the capability of the instrument (Figure 4.14). Even though the feedback loops for
topographic and surface potential measurements are separate, topography appeared to geeatly influ
surface potential. Topography may have altered surface potential readings because sharp changes in
topography could have brought the AFM tip closer to the surface laterally, even when the nagiilift hei
in the z-direction remained constant. Another possibility is that the feedback loops in thradDisidin

3100 AFM were not operating properly.

166 nm

‘ 191V

(@) 0.8
128V

0
361 nm

(c) 095

Figure 4.14 Comparison of (a), (c) topographic maps to (b), (d) surface potential maps collected by
6.3)0 XVLQJ D 'LPHQVLRQ $)0 ZKHUH D-baséd ZHUH WDN
superalloy and (c), (d) were taken on Alloy 2196 strained 3% and artificially aged.

All subsequent measurements were collected using an Asylum Research MFP-3D-Bio AFM. The
effects of topography on surface potential were not pronounced when the MFP-3D-Bio AFM was used
and indicates that the feedback loops for topography and surface potential were operating independent
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and that the napl/lift height chosen (40 nm) was appropriate. As an example, the height fedweires in t
topographic map of Figure 4.15 for Alloy 2099 strained 3% and artificially aged do not appear tp directl

impact the surface potential measurements of the same region.

400 nm 1050 mV
300 964
200 877
100 790

704

Figure 4.15 SKPFM of Alloy 2099 strained 3% and artificially aged showing (a) topographic map (b)
surface potential map and (c) 3D overlaid image of (a) and (b). Height does not appear to
significantly influence surface potential.

In an effort to verify the validity of the SKPFM technique, SKPFM was performed on materials
with known work functions. One SKPFM scan of 50 um x 50 um was taken on pure Ni polished to a
mirror finish and one 50 pum x 50 pm scan was taken on a pure Y polished to a mirror finish. Ni and Y
were chosen because their work functions are established, i.e., Ni has a relatively high wank functi
(5.04-5.35 eV) while Y has a relatively low work function (3.10 eV) in comparison to other elements. The
median surface potential reading (i.ec\applied by the lock-in amplifier to zero the oscillation
amplitude of the AFM tip) for the Ni scan was 0.213 + 0.0569 V and the median potential for the Y scan
was 0.508 + 0.0569 V. The surface potential values recorded relate linearly to the work function
difference between the conductive AFM tip and the sample surface. Since the work function for Ni and Y

are known, the work function of the tip was solved for and found t&7d. eV.
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Next, a SKPFM scan was taken across a smooth P-doped CdTe/Au interface (Figure 4.16). The
interface boundary was distinct, and the surface potential of P-doped CdTe was greater than that of Au.
Since the work function of Au (5.10 eV-5.47 eV) is closer in value to that of thegtipl(eV) than the
work function of Ni (5.04 eV-5.35 eV), the median surface potential in the Au region should be less than
the median surface potential recorded for pure Ni (0.213 + 0.0569 V). In agreement, the median surface
potential in the Au region was found to be 0.138 + 0.0125 V. The ability of the SKPFM to clearly plot
differences in surface potential between the two materials demonstrates the surfacd pEsehtiion of

the technique.

464 mV " P doped C_

348

o
oy
o

116

0

(b)

Figure 4.16 Surface potential map acquired by SKPFM of a P doped CdTe/Au interface in (a) 2D and
(b) 3D where 3D features correspond to height. There is a distinct change in surface
potential across the interface.

SKPFM was performed within the regions of interest for both alloys for all strain conditions after
specimens were examined by backscattered electron (BSE) imaging. For many specimens, a trend
between surface potential and axial strain determined by DIC existed, and higher surfacapoienmi
associated with regions of higher strain. Figures 4.17 and 4.18 illustrate thesesfindifiloy 2099
strained 9% and artificially aged and 2196 strained 1% and artificially aged.

Even though, for some specimens, the surface potential appeared to directly correlate with the
axial strain achieved, the SKPFM results were not always straightforward to interprest&oce,
surface conditions and minor contamination appeared to considerably alter the surface potentials, as
demonstrated in Figure 4.19. In spite of the fact that experimental caution was taken when examining
identical regions to avoid contamination, surface imperfections were still present on se@nasp.

Thus, measurements taken by SKPFM should be carefully considered in order to prevent making

conclusions that are based on surface rather than material attributes.
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4.1.6 Atomic Force Microscopy (AFM): In-situ Tapping Mode Topography during Corrosion

Following SKPFM, regions of interest from both alloys (2099 and 2196) in all strain conditions
(0, 1, 2, 3, 6, and 9%) were examined by AFM in tapping mode as the regions corroded in artificial
seawater per ASTM D1141-98. As a verification of the technique, a VLSI calibration grating wit
nominal 10 um x 10 um pitch pattern with nominal depth of 180 nm was imaged in de-ionized water
(Figure 4.20). The measured dimensions of the calibration standard agreed with the reported djmensions
indicating that the AFM cantilever was properly tuned in fluid and accurately tracked topodtaijotyy
the scan. The pitch standard scan demonstrated that the instrument is capable of taking high resoluti
topography scans in solution.

Regions of interest were continuously scanned, and scans were saved as corrosion proceeded.
Two forms of corrosion occurred during the in-situ experiments: intergranular corrosioritangd pi
corrosion. Intergranular corrosion only occurred in specimens that were not strained (0% strain
conditions) and intergranular corrosion did not occur in strained and artificially age specimekigy-or
2099 in the 0% strain condition, pitting corrosion was the dominant corrosion mechanism. However, there
was some evidence of intergranular corrosion, supported by Figure 4.21. Notice that this region is
relatively limited, as indicated by the micron bars.

Intergranular corrosion was the primary form of corrosion for Alloy 2196 in the 0% strain
condition. Distinct grain boundaries were evident in the AFM images acquired during corrosiontaue to t
deterioration of these boundaries, and the findings are displayed in Figure 4.22.

Specimens of all other strain conditions exhibited pitting corrosion. One advantage of acquiring
AFM scans in-situ was that growing pits could be monitored over time. An example of a widening pit is
presented in Figure 4.23. Corrosion byproduct formed in and around the edges of pits and, as corrosion
proceeded, the byproduct escaped from pits, resulting in larger pits. The growth of pits was @irection
and in general, pits grew along the extrusion direction.

For most specimens, appreciable corrosion events happened quickly, and oftentimes these events
occurred within 30 min of immersion in artificial seawater. Visible corrosion events wemyeibge the
AFM optical microscope and spread across the scanned regions (90 um x 90 um) within seconds. Signs
of pitting initiation were apparent in the topographic AFM images, and pitting initiation piaslty
observed at several locations within the regions of interest. After initiation, thegutsigcomparably

sluggish rates. Pitting initiation and growth is exemplified in Figure 4.24.
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Tensile AXI‘

Figure 4.17 (a) SKPFM map of Alloy 2099 after 9% strain and artificial aging, (b) stegin m
acquired by DIC after 9% strain, and (c) overlaid image of (a) and (b). Note that regions
of higher strain correspond to regions of higher surface potential.
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Figure 4.18 (a) SKPFM map of Alloy 2196 after 1% strain and artificial aging, (b) strain map
acquired by DIC after 1% strain, and (c) overlaid image of (a) and (b). Regions of higher
strain correspond to regions of higher surface potential.
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Figure 4.19 Alloy 2196 after straining 2% and artificial aging (a) surface potential mapedduy
SKPFM, (b) secondary SEM image, and (c) overlaid image of (a) and (b). Surface
contamination clearly contributed to the observed surface potential.
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Figure 4.20 3D topography of VLSI pitch standard in de-ionized water.

6C



400 nm

300
200

100

Figure 4.21

Figure 4.22

A

(b) [Er] (©)

Identical region of Alloy 2099 after solution heat treatment and artificial akarg (&)

§ .
(2)001 101

is a topographic image acquired by AFM after immersion in artificial seawater for 2.25 h,
(b) is an inverse pole figure map overlaid on an image quality map acquired by EBSD
prior to corrosion, and (c) is an overlaid image of (a) and (b). Dark black pits are present
in addition to less severe intergranular corrosion.

), - |,

Identical region of Alloy 2196 after solution heat treatment and artificial aérg (&)
is a topographic image acquired by AFM after immersion in artificial seawater for 2.3 h,
(b) is an inverse pole figure map overlaid on image quality map acquired by EBSD prior
to corrosion, and (c) is an overlaid image of (a) and (b). Grain boundary corrosion is
evident in contrast to the observations in Alloy 2099.
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Figure 4.23 Growing pit in Alloy 2099 strained 5.6% and artificially aged monitored by in-situ
tapping mode topography as corrosion proceeds from (a)-(f) over a period of 3.25 h. The
growing pit and corrosion byproduct escaping from the pit are labeled in (a).
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Figure 4.24 AFM topography scans of an identical region of Alloy 2196 strained 2% (a) in aio prio
corrosion (b) after immersion in artificial seawater for 15 min, and (c) after immension i
artificial seawater for 4.25 h.
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-Hydrogen evolution

Figure 4.25 Optical image of AFM cantilever scanning in solution where hydrogen was evolving near
the scan region and interacting with the tip during the scan.

There were many experimental challenges faced during the in-situ AFM corrosion studies.
Tuning the AFM cantilever in fluid was not always straightforward since, in many cases, multiple
resonance peaks existed. Additionally, corrosion byproduct and hydrogen gas evolution interacted with
the AFM probe, and sometimes disturbed the tapping mode measurements (Figure 4.25). In particular,
corrosion byproduct that stuck to the cantilever caused the tip to withdraw or prevented accurate
scanning. When corroding for long periods of time, there were drastic changes in surface height and
roughness, but scan parameters can only be adjusted manually. Without adjustment, continuous scanning
often failed. Lastly, AFM tips dull with use, and continuous scanning regularly lead to a loss in image

resolution.

4.2 Additional Experimentation

Additional experiments were conducted to gather complementary information about the alloys of
interest and support the findings of the primary experimental pathway. Vickers hardness measurements
were performed to examine the effects of aging and straining on properties, transmissiom electr
microscopy (TEM) was used to study precipitation hardening, and bulk corrosion studies were conducted
to verify the findings of the site-specific corrosion studies. The results are desorthedadllowing

sections.

4.2.1 Vickers Hardness

Vickers hardness measurements were performed on Alloys 2099 and 2196 before and after
artificial aging (AA) for 60 h for various amounts of strain. The results are plottéidure 4.26.
Hardnesv PHDVXUHPHQWYV WDNHQ SULRU WR $$ DUH ODEHOHG 3 QR
$$° GDVKHG WUHQG OL Q@Aa99,medpedii® RNY/strainin®v@a&performed directly after
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solution heat treatment for these conditions. FortheBtFLD OO\ DJHG FRQGLWLRQV ODEHO
VROLG WUHQG OLQH DQG 3 ,straifiifig was peXfatried dinéttlidatéd saldtignHheat
treatment and prior to AA for 60 h.

Additionally, measurements were taken for 2099 and 2196 in post-strained conditions. A post-
strain treatment consists of solution heat treating, quenching, AA, and stigii@ngA. For example,

WKH 3 $$ ~ FRQGLWLRQ UHSUHVHQWV WKH KDUuGaAfarV RI DOOR
60 h, and post-straining 6% after AA. Thermomechanical processing for post-strainimgtitsas

provided in Figure 4.27. Post-strained hardness conditions are labeled as individual data points in Figure

4.26. Hardness measurements were also taken for the as received (AR) alloys. Alloy 2196 was received in

the T3511 condition and 2099 was in the T83 condition. As expected for age hardenable alloys, the

hardness values for 2099 and 2196 were greater for every strain condition after AA for 60 haddopare

the hardness prior to AA. The hardness values prior to AA increased as the amount of strairincrease

Similarly, the hardness after AA increased with amount of pre-strain up to approximately @%d By

pre-strain, the hardness appeared to level off or even drop slightly.

Data points for post-strained conditions of both alloys were not easily obtained. Many samples
broke in the tensile frame grips during post-straining because AA increased the strength of the samples
enough to significantly reduce ductility. Only three post-strained samples did notrbthalgrips for
each alloy, and these samples represent the post-strained data shown in Figure 4.26. To obtain additional
post-strained data points, it would be necessary to machine tensile samples with reduced gauge sections
ensure local stresses in the grips would not cause failure.

Examining the post-strained conditions for both alloys together, it is possible to deduce that post-
strained hardness closely followed pre-strained hardness after AA. In fact, the haatiese2099
and 2196 in the 3% pre-straithand aged condition were almost identical to those of 2099 and 2196 in
W KH 3$ $post-strained condition. These results demonstrate that the increase in hardness wit
increase in strain for all conditions may largely be due to strain hardening from straining emamot
increase in the number, volume, or distribution of strengthening precipitates formed during aging.

While Vickers hardness measurements may support findings of the density and distribétion of
Cu-Li strengthening precipitates, such agAl,LiCu), additional characterization is necessary for

identifying and quantifying the phases present, and comparing or predicting alloy psopertie
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Figure 4.26

Hardness (Hy)

Vickers microhardness versus amount of pre-strain for Alloys 2099 and 2196. Error bars
show a 95% confidence interval. Each data point represents the average of 10 hardness

indents.
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Figure 4.27 Temperature vs. time diagrams for (a) pre-strained and aged conditions and (b) post-
strained conditions.
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Additional Vickers hardness measurements were taken to produce hardening curves of Alloys
2099 and 2196. The hardening responses during the AA treatment of alloys pre-strained to various
degrees are plotted in Figure 4.28. The aging times and temperatures were per AMS2772E (121°C for 10-
14 h, 151°C 42-54 h). The results indicated that peak hardness for a 12% strain condition was reached
before AA was completed according to AMS2772E, i.e., after approximately 46 h.
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Figure 4.28 Aging curves for Al-Li alloys 2099 and 2196 according to amount of pre-strain prior to
AA. The first 12 hours of aging were performed at 121°C while the remaining 48 h were
conducted at 151°C. Error bars show a 95% confidence interval. Each data point
represents the average of at least 10 hardness indents.

4.2.2 Transmission Electron Microscopy (TEM)

Bright field images, dark field images, and selected area diffraction patterns (SADPSs) eBre tak
to identify the precipitates in the 2099 and 2196 alloys which were pre-strained up to 12% iaradlvartif
aged for 60 h. T(Al,/ L& X D Q GLiy flerébesent in both alloys for all pre-strained conditions aged

IRU K sliflwa$ Present in all conditions including prior to artificial aging, whergg#&ILLiCu)
was not present for either alloy prior to artificial agiAg\{.

Figure 4.29 contains a SADP taken down the [Q1Zdne of Alloy 2099 after SHT, no pre-strain,

and AA for 60 h. Superlattice reflections from th§ S Kdnd/ pecipitate reflections from the hase
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were visible in addition to matrix reflections. Likewise, reflections from betbQ G /f ZHUH SUHVHQW
Alloy 2196 after solution heat treatment, 6% pre-strain, and AA for 60 h (Figure 4.30

200
—.—.—Q—/o—,.
/\ / //
@:i-*»0

__4:1 )
O-o--@o:
§ : // /

o 40
pul
o-O—s B

(a) (b)

Figure 4.29 Calculated (a) and experimental (b) SADPs ofAFDOOR\V FRQWDLQLQJ WKH /1
phase along the [011]axis. The calculated pattern in (a) is taken from the literature [16]
and the experimental pattern in (b) is from Alloy 2099 (SHT, 0% strain, AA 60 h).

+‘f
o
2
0
& @
'
-

@ (6)

Figure 4.30 Calculated (a) and experimental (b) SADPs ofAFDOOR\V FRQWDLQLQJ WKH /9
phase along the [00d]axis. The calculated pattern in (a) is taken from the literature [23]
and the experimental pattern in (b) is from Alloy 2196 (SHT, 6% strain, AA 60 h).

To further demonstrate the presence pQG /1 LQ WKH DOOR\V VKRZQ LQ )LJXU

GDUN ILHOG LPDJHV RI WKH /1, wek@GkenJCehkektd tark @@ imdgeRIHW KRH 71
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precipitates were taken usinga /9 U HdrOHigwe 4.311 RWH W KIDr\Wore% erd/€loped by
/1Y 0 VKHOOV ZHUH REVHUYHG DORQJ ZLWK VPDOOHU /9 SUHFLSL'

Figure 4.31 Centered dark field images of (a) 2099 (SHT, 0% strain, AA for 60 h) and (b) 2196
(SHT, 6% strain, AA for 60 h) taken using a 100 superlattice reflection near an <011>
matrix orientation. Note that thef SUHFL S LW D Wwh¥éreBsxSH DU FRWIHIK\W S SHD
slightly darker due to mass contrast.

Bright field images from the same grain taken near the <011> of the matrix (Figurg 4.32a
revealed the thin Iplates that were oriented approximately 70.5° apart, consistent with them lying on the
{111} habit planes that are parallel to the beam. These thin precipitates generated theak§ irsthe
SADP in Figure 4.29. The fringes seen in Figure 4.32a correspond to the gnetipitates that lie on
the other {111} planes that are inclined in this orientation.

While T; (Al,LiCu) was present in both alloys after AA, ng(Al,LiCu) superlattice reflections
ZHUH VHHQ LQ GLIIUDFWLRQ SDWWHUQV RI sLiDréfléctionsweld LRU WR $
present in the unaged conditions (e.g., Figure 4.33).

TEM was further employed to examine samples dged6 h (12 h at 121°C and 34 h at 151°C).
An aging time of 46 h was chosen because the Vickers hardness measurements for samples strained 12%
prior to aging demonstrated that peak hardness occurred after 46 h of AA instead of 60 h. For higher
strain amounts, such as 12%, the number of strengthening precipitates is expected to be greatest around
46 h. Also, the corrosion resistance is expected to be highest for peak aged tempers.

When examined in the TEM, the] £iPphase was present after 46 h of aging. Figure 4.34 is a
centered dark field image highlighting th4 s&iPphase.
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Pre-straining should influence the amount and distribution of {fAl7LiCu) precipitates since
T, (AlLLiCu) heterogeneously nucleates on dislocations, and the dislocation density of a material
increases with cold work. However, it is of interest to determine the magnitude of ¢lats €ffe results
in Figure 4.26 indicate the hardness increased with pre-strains up to about 9%, after which hardness
remained relatively constant or decreased slightly. It may be useful to determine the arigunt of

(Al,LiCu) at various pre-strains and relate it to the hardness measurements taken.

Figure 4.32 Bright field images showing theprecipitates: (a) Alloy 2099 (SHT, 0% strain, AA for
60 h) taken near B=[011] and (b) Alloy 2196 (SHT, 6% strain, AA for 60 h) taken near
B=[001].

To relate T (Al,LiCu) formation to the amount of pre-strain, it is important to know the relative
amount of deformation which has occurred in the specific grains of interest during priexgtiaia
highly textured material, most grains should incur similar amounts of deformation becauselthayewil
similar orientations and Schmid factors prior to deformation. EBSD was performed onsaimgle of
2099 in the T4 temper. The resulting pole figures demonstrate that the 2099 sample was highly textured
(Figure 4.35). Figure 4.36 is an inverse pole figure map where the texturing is also apparent. This sample
was subsequently sectioned into tensile bars, strained various amounts, artificially aged, and used to make
TEM foils. Although T (Al,LiCu) formation was examined in several grains, most grains should have
experienced similar amounts of deformation with similar precipitation in each grairefsame pre-
strain condition due to the strong initial texture of the starting material in the T4 temper.

To examine the difference in precipitate formation between the various pre-strain afogints,

field images of T (Al,LiCu) near B=[111] were taken (Figure 4.37). Many images were taken for each
7C



pre-strain condition; images were taken in different grains, at different magnificatmhat various
degrees of tilt from B=[111]. The images in Figure 4.37 are representative of precipititeatsis for

the respective pre-strain values, and the images were taken at similar magnifications.

Figure 4.33  SADP of 2196 in the T4 condition (no AA) taken down 1i2[ 5, zone axis. Indices in
LWDOLFY UHSUHVHQW /T VXSHUODWWLFH UHIOHFWLRQV Z
reflections from the matrix.

Figure 434 &HQWHUHG GDUN | LHOGORRBHITHOR strafh, AAdor 46 h) taken
using g=100 (reflection used is shown in the SADP) near B=[011].
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(b)

Figure 4.35 Pole figures showing pole densities of 2099 in the T4 condition with {112}<111> Cu
orientation texture. (a) (111) pole figure demonstrating the [111] extrusion direction, ED,
and (b) (112) pole figure demonstrating the (112) extrusion plane.

111

001 101

Figure 4.36 Inverse pole figure map of 2099 in the T4 condition. The similar coloring is
representative of a (112) extrusion plane according to the inverse pole figure legend.
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Figure 4.37 Bright field images taken near B=[111] for alloy 2099 in the (a) SHT, 3% Athsior
46 h, (b) SHT, 6% strain, AA for 46 h, and (c) SHT, 12% strain, AA for 46 h conditions.

By visual inspection of the TEM images obtained in Figure 4.37, it was concluded that the
amount of T (Al,LiCu) increased significantly from a 3% pre-strained condition to a 6% pre-strained
condition. However, by visual inspection alone, it was difficult to see a difference betwesnadhnt of
T; (Al,LICu) in the 6% pre-strained condition and the 12% pre-strained condition. These finde®s ag
with the pre-strained and aged hardness results for 2099 plotted in Figure 4.26. The incredsedn har
between 3% and 6% pre-strains was greater than the increase in hardness between 6% and 12%. This may
have occurred because the volume fractiom;dAT,LiCu) increased more significantly between the 3%

and 6% pre-stras

4.2.3 Bulk Corrosion

Bulk samples, sectioned from the tensile specimens used during the primary experimental
pathway, were corroded in artificial seawater by alternate immersion for 3 h and direcsiomfor an
additional 15 h. Of the scanning electron microscopy (SEM) images acquired, SEM images taken
following the entire 18 h of corrosion were most informative and indicative of expected @orrosi
features.

Prior to artificial aging, both alloys primarily exhibited intergranular corrosion fatiain
conditions (Figure 4.38). The intergranular corrosion observed was not uniform across the entire sample
surface but occurred locally. In addition to intergranular corrosion, Alloy 2099 in the 9%cstraiition
(Figure 4.38c) had some evidence of elongated pitting corrosion, and the elongated pitting was on the
order of the expected grain size.
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Figure 4.38 Corrosion after 18 h of (a) Alloy 2099 strained 0%, (b) Alloy 2099 strained 3%, (c) Alloy
2099 strained 9%, (d) Alloy 2196 strained 0%, (e) Alloy 2196 strained 3%, and (f) Alloy
2196 strained 9%. Samples were solution heat treated prior targjrairt were not
artificially aged.

Upon artificial aging, pitting corrosion was the dominant corrosion mechanism for both alloys in
all strain conditions (Figure 4.39). Low strain conditions had some evidence of intergranwasiocorr
and intergranular corrosion was most apparent in the 0% strain conditions. In some cases, Bevere gra

boundary corrosion was seen within regions of elongated pitting (Figure 4.39c), indicatingitigabpi
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general corrosion occurred both inter- and intragranuarly. Uniform corrosion on the surface was also

prominent in Alloy 2196 in the 9% strained and artificially aged condition.

{ 10
Figure 4.39 Corrosion after 18 h of (a) Alloy 2099 strained 0%, (b) Alloy 2099 strained 3%, (c) Alloy

2099 strained 9%, (d) Alloy 2196 strained 0%, (e) Alloy 2196 strained 3%, and (f) Alloy
2196 strained 9%. Samples were artificially aged.
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Elongated pitting corrosion was observed in all artificially aged samplesestediteast 1%
(Figure 4.40). This observation is consistent with the literature discussed in Section 2.4.1. The pitted
region in Figure 4.40 also contains what appears to be deep grain boundary corrosion. These findings

suggest that intergranular corrosion and pitting corrosion are not always separate phenomena.

Figure 4.40 Corrosion after 18 h of Alloy 2196 strained 2% and artificially aged. Elongated pitting
with severe grain boundary corrosion is observed.
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CHAPTER 5: DISCUSSION

This chapter serves to address the three engineering questions posed in the introductrsh. The f
engineering question was as follows: where does corrosion initiate and how does corrosion proceed i
Alloys 2099 and 21967 The first section of this chapter considers this question by discussingidime loca
of corrosion. The second engineering question posed was: can corrosion be predicted? The second secti
of this chapter evaluates scanning Kelvin probe force microscopy (SKPFM) as a methediftting
corrosion. The third and final question posed was: can corrosion be prevented? The last seigtion of th

chapter poses possibilities for corrosion prevention.

5.1 Location of Corrosion

The site-specific in-situ atomic force microscopy (AFM) study aimed to locate corrosion
initiation and determine how corrosion proceeds over time. The AFM topographic information was
compared to information collected from previous characterization techniques performed onlidentica
regions in order to determine which microstructural aspects influence corrosionipsoperst
significantly.

As discussed in Section 4.1.6, intergranular corrosion was observed for both alloys in the 0%
strain condition, and intergranular corrosion was most severe in Alloy 2196 (Figures 4.21 and 4.22). The
dominant corrosion mechanism in all specimens other than Alloy 2196 in the 0% strain condition was
localized pitting corrosion.

Comparing the AFM topographic maps to image quality (IQ) maps collected by electron
backscatter diffraction (EBSD) prior to straining, deep pitting was often present atdmdpgundaries
and at grain boundary triple points. One example is provided in Figure 5.1 for Alloy 2099, which was
strained 3% and artificially aged. Pitting is represented by dark features in the AFM topogregeic i
after corrosion because pits advance into the depth of the surface and become low topographic features.
Furthermore, pitting initiation pathways appear light due to corrosion byproduct escaping theeasirfac
corrosion proceeds. Deep pitting is visible at grain and subgrain boundaries and triple pointéngnd pit
initiation extends along grain boundaries.

Additionally, discrete pits in Alloy 2099 after straining 9%, artificially aging, and cangpftir 9
h in artificial seawater, also formed at grain and subgrain boundaries and grain boundaryittiple po
(Figure 5.2).
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Figure 5.1 Grain boundary pitting in Alloy 2099 in the 3% strain and artificially aged condition
where (a) is an AFM topographic image taken in air prior to corrosion, (b) is an AFM
topography image taken in artificial seawater after corroding the region for 15 h, (c) is an
IQ map acquired by EBSD prior to deformation highlighting existing grain and subgrain
boundaries, and (d) is an overlay of (b) and (c). The resulting image in (d) demonstrates
that pitting occurs at grain and subgrain boundaries.

664 nm

332-

Figure 5.2 Grain boundary pitting in Alloy 2099 in the 9% strain and artificially aged aomditi
where (a) is an AFM topographic image taken in air prior to corrosion, (b) is an AFM
topography image taken in artificial seawater after corroding the region for 9 h, (c) is an
IQ map acquired by EBSD prior to deformation highlighting existing grain and subgrain
boundaries, and (d) is an overlay of (b) and (c). The resulting image in (d) demonstrates
that pitting occurs at grain and subgrain boundaries.

As a third example, rows of pits developed along the elongated grain boundaries of Alloy 2196
after straining 2%, artificially aging, and corroding for 4 h in artificial seawatesh&wn in Figure 5.3,
pits and corrosion byproduct match the grain boundary locations established in the 1Q map callected fr
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the same region prior to deformation. Although pitting initiated at grain boundaries, it isantgorhote

that several pits grew out from grain boundaries into adjacent grains.

396 nm 248 nm

186

Figure 5.3 Grain boundary pitting in Alloy 2196 in the 2% strain and artificially aged condition
where (a) is an AFM topographic image taken in air prior to corrosion, (b) is an AFM
topography image taken in artificial seawater after corroding the region for 4 h, (c) is an
IQ map acquired by EBSD prior to deformation highlighting existing grain boundaries,
and (d) is an overlay of (b) and (c). Pits and corrosion byproduct are primarily along
grain boundaries.

Upon pit formation at grain boundaries, pitting growth appeared to be influenced by the amount
of micro-strain received during straining. As is apparent in Figure 5.4, the location of the deepest
elongated pit corresponded to the region of the highest localized strain, represented by thagstrain m
acquired by 2D micro-digital image correlation (DIC). Secondary pitting was also observeidns 1&g
relatively high strain.

The relationship between local strain and pitting held true for many specimens; locdtingd pi
correlated with regions of higher strain, even when severe, deep pitting was not observed. For example,
for Alloy 2196 strained 9%, artificially aged and corroded for 1.5 h in artificial seawatergtmeair
highest strain, indicated in red in the strain map, showed evidence of shallow pitting (Figure 5.5), even
when the time of exposure to seawater was relatively short (1.5 h). The pits appeared elongated along the
tensile direction, i.e., along the same direction the grains were elongated.
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(b)

Figure 5.4 Alloy 2099 in the 3% strained and artificially aged condition where (a) is an AFM
topography image taken in air prior to corrosion, (b) is an AFM topography image taken
in artificial seawater after corroding the region for 15 h, (c) is the axiah strap
calculated at 3% final strain by DIC, and (d) is an overlaid image of (b) and (c). Deep
pitting is indicated with arrows in (b).

Highly localized strain also appeared to be a good indicator of uniform corrosion in addition to
localized corrosion. Considering the specimen of Alloy 2099 after straining 6%, dhyife@ang, and
corroding for 1.5 h in artificial seawater, high localized strain occurred within a valley of the broader
suface of interest, as demonstrated in Figure 5.6. The depth of this feature indicates that uniform
corrosion may have occurred at this location. However, this conclusion is somewhat speculative because
the valley mentioned existed in the AFM topographic image prior to the onset of corrosion, and the depth

was not significantly altered after corrosion occurred for 1.5 h.
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Figure 5.5 Alloy 2196 in the 9% strained and artificially aged condition where (a) is an AFM
topography image taken in air, prior to corrosion, (b) is an AFM topography image taken
in artificial seawater after corroding the region for 1.5 h, (c¢) is an axial strain map
calculated at 9% final strain by DIC, and (d) is an overlaid image of (b) and (c). Pitting
corrosion is circled in (b).

A more convincing example of higher strain corresponding to uniform corrosion is provided in
Figure 5.7 for Alloy 2099 after straining 1%, artificial aging, and corroding in artiBei@vater for a
longer period (19.25 h). In this specimen, there was some evidence of deep pitting, but a sizable region of
corrosion was more uniform in appearance. Both pitting and uniform corrosion occurred in regions of
relatively high strains, indicated by red coloring in the strain map provided.

One reason a specific region may have accumulated more strain than neighboring grains is due to
grain size. In general, large grains received more strain during deformation becauseiasgdgognot
provide as much grain boundary resistance to dislocation movement. This trend was discussed in Section
4.1.2. Since, in general, areas of higher strain corroded, it would be expected that large grainsavould als
preferentially corrode. Experimentally, this expectation held true.

Large grains appeared to exhibit dramatic pitting and uniform corrosion. Figure 5.8 considers
microstructural aspects of the specimen shown in Figure 5.6. The region that possibly exhibited uniform
corrosion, shown in the AFM topographic map after corrosion, occurred at and within a single, large
grain.
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Figure 5.6 Alloy 2099 in the 6% strained and artificially aged condition where (a) isNn AF
topography image taken in air prior to corrosion, (b) is an AFM topography image taken
in artificial seawater after corroding the region for 1.5 h, (c) is an axial strain map
calculated at 6% final strain by DIC, and (d) is an overlaid image of (b) and (c). Pitting
corrosion is circled in (b) and the possible location of uniform corrosion is outlined by a
dashed line in (b).

The effect of grain size on corrosion was even more apparent in the specimen shown in Figure
5.7. The microstructural influence on corrosion is examined in Figure 5.9, and the considerable area of
uniform corrosion occurred in one, original large grain. Not only did the large grain completelyecor
but the corrosion continued to advance from the large grain into the surrounding smaller grains.

Severe pitting also occurred preferentially in large grains, as observed in Alloy 2196 strained 6%,
artificially aged, and corroded for 3 h in artificial seawater (Figure 5.10). Individual, deepepe
observed within the largest grain in the site-specific region examined, and the severity tihthespi
apparent by the scale of the AFM topographic image.

Backscattered electron (BSE) images were taken from regions of interest to identifyyimpurit
phases in each specimen. The BSE images were compared to the AFM topography measurements from
corrosion to determine whether impurity phases play an important role on corrosion properties of third
generation Al-Li alloys. Although secondary impurity phases are known to lower corrosion resistance,
this effect was minimal or nonexistent in the relatively short-term AFM corrosion studietanhds
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part of this research. Corrosion did not seem to specifically occur at sites of impurititss anesence
of impurities did not appear to alter the overall corrosion resistance. For example, the ¢argEipitre
5.11 do not directly align with the impurity phases in the BSE images from the same region.

Impurities did not appear to influence corrosion in other specimens as well, including 2196
strained 9% and artificially aged, shown in Figure 5.12. Elongated pitting did not consistently ingtiat
or follow regions populated by impurity phases.

As a final example, the presence of impurity phases did not noticeably contribute to corrosion in
Alloy 2196 strained 2% and artificially aged (Figure 5.13). Elongated pitting was very evidbist i
specimen but was not associated with these impurity phases.

In summary, intergranular corrosion was prevalent in both alloys in the 0% strainargratid
intergranular corrosion was the dominant form of corrosion for Alloy 2196 in the 0% straiti@onigor
all specimens except Alloy 2196 in the 0% strain condition, pitting corrosion was dominant. Pitting
corrosion initiated at grain boundaries and, for many specimens, independent pits occurred along grain
and subgrain boundaries and at triple points. Localized pitting and generalized corrosion also occurred in
regions of high local strain produced during straining, and higher local strain consistetuljoledred
corrosion resistance. As expected, based on the axial strain observations, large grains were highly
detrimental to corrosion properties given that they corroded and pitted preferentially whenecbtopar
the smaller, unrecrystallized grains. Lastly, impurity phases identified by BSE imaging djspeat to

significantly influence general corrosion or pitting behavior.

5.2 Prediction of Corrosion by Scanning Kelvin Probe Force Microscopy (SKPFM)

The SKPFM technigue was implemented to determine whether or not surface potential
measurements relate to corrosion. In the event of a real relationship, one of the research goals was to
develop a pseudo-Galvanic series based on surface potentials from SKPFM to aid in predicting where
corrosion occurs and how quickly corrosion proceeds.

In specimens where surface potentials from SKPFM closely matched strain (refer to Section
4.1.5), regions of high potential appeared to corrode at the expense of low potential regions. However, in
many specimens, the relationship between surface potential and corrosion properties was less obvious.
For instance, when considering Alloy 2099 strained 1%, artificially aged, and corroded for 19.25 h in
artificial seawater, the corroded regions were loosely associated with regions of relagjredyrfiace
potential (Figure 5.14). These regions are circled with solid lines in Figure 5.14. Howeveentthigas
inconsistent as some regions with low surface potentials still corroded preferentially; onegsurhsr

circled with a dashed line in Figure 5.14.
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As mentioned in Section 4.1.5, surface contamination influenced surface potential measurements.
In addition to contamination, minor scratches occasionally played a role in surface potentiakréading
Figure 5.15, high potentials appear aligned with scratches/linear features of the AFM topography images
for Alloy 2099 strained 6% and artificially aged. Even when ignoring this, a relationship between
corrosion and surface potential for this specimen was not easily distinguished.

Oftentimes, linear or almost-linear features of high surface potential did not appear t
associated with scratches or visible surface defects detected by AFM or SEM. One of thesadeatures
pointed out in Figure 5.16. Subsurface deformation from polishing may have influenced the surface
potential measurement in this case. Again, no obvious relationship between surface potential and
corrosion existed in Alloy 2196 strained 9% and artificially aged (Figure 5.16).

In a couple of cases, a reverse trend between surface potential and corrosion was observed, i.e.
regions of relatively low surface potential corroded instead of regions of high potergiaFigure 5.17).
Contrary to the findings for most specimens, low surface potentials were associateigiwgtrains for
the specimen examined in Figure 5.17.

For all specimens, DIC strain maps were more effective at predicting corrosion thae surfa
potential maps. High micro-scale strain consistently led to greater corrosion, whereasaaliersurface
potential measurements were inconsistent. Even in cases where regions of high surface poteseiihl receiv
high strains, the relationship between strain and corrosion was more apparent than the relationship
between surface potential and corrosion.

In spite of the fact that surface potential maps did not provide dependable results faelyccura
predicting corrosion on a micro-scale, statistical information was collected far 8Kti*FM scans (90
pm x 90 um) to examine broader, not site-specific, corrosion implications. Under the assumption that
surface potential differences directly relate to voltage potential differences duriagi@ori.e. galvanic
potentials), large differences in surface potential theoretically promote galvanic corfasion.
guantitatively examine the extent of surface potential variation within a scan, the adtavestige of the
absolute values of deviation from the mean surface potential was calculated for each spé&ismen.
surface potential calculation is the SKPFM equivalent to an average roughness calculation for

topographic measurements and is given by:

S
_Ll—.pi >g 51
g@4

where R is the variation in surface potential (i.e. average roughness of the surface potential

measurement), n is the number of surface potential data points, and y is the surface potexidsd devi
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from the mean. The calculated results are plotted in Figure 5.18. Larger variations in surfacd potenti
(higher R) should have lower galvanic corrosion resistance and vice-versa. ThergfoadgURations

from SKPFM predicts 0% strain conditions have the worst corrosion resistance and magso-strai
between 0% and 3% have the best corrosion resistance for both alloys. This is in agreement with the
literature and qualitative corrosion data obtained from the in-situ AFM measurements durie@eorro
The large error associated with this calculation may be due, in part, to surface potieis from
contamination or scratches. Nonetheless, any conclusions drawn from the surface potential average

roughness calculations should be evaluated with considerable caution.

53 Possibilities for Corrosion Prevention

Based on the findings of this research, there are many possibilities to explore in order to reduce or
eliminate corrosion. For example, in-situ atomic force microscopy (AFM) tapping mode measurements
during corrosion demonstrated that both alloys in the 0% strain conditions underwent intargranul
corrosion. This is in agreement with the bulk corrosion studies, which also showed that intergranular
corrosion was an issue in unstrained and artificially aged specimens. Intergranular corrasion in third
generation Al-Li alloys has been commonly attributed t@AT,CuL.i) precipitation at grain boundaries; it
is known that T heterogeneously nucleates at grain and subgrain boundaries and within grains during
artificial aging. Unstrained specimens, with lower dislocation densities within thixtand to
preferentially precipitate (Tat grain and subgrain boundaries [21], [41]. It is accepted that boundary and
subgrain boundary dissolution occurs by localized galvanic attack of Cu-containing pres;ipitateas
T4, and that Tacts as a local anode during corrosion [68], [69]. Straining introduces matrix dislocations
and provides heterogeneous nucleation sitesfprdcipitation within grains. Numerous studies have
shown that straining prior to aging promotes the precipitation @fithin grains [3], [21], [69].

Therefore, to reduce or eliminate intergranular corrosion, it appears that alloys showihbd gitior to
aging.

Interestingly, Alloy 2196 in the 0% strain condition exhibited more severe intergranular @orrosi
than Alloy 2099. It is speculated that Ag additions in the presence of Mg promfotarihtion in 2XXX
series Al-Li alloys, and it is possible that the Ag additions in 2196 enhandedmation on grain
boundaries when Alloy 2196 was not strained. If Ag does increase the volume fracticdmigrgrain
boundaries when 2196 is not strained, Ag should not be added if any regions of the components will not
receive strain during stretch forming processes. Additionally, it is known that Zn additizersthe
galvanic potential of the matrix because Zn additions cause grain boundary precipitates to betbleser t

potential of the matrix [45]. Alloy 2099 contains more Zn, which could explain why Alloy 2099 is less
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susceptible to intergranular corrosion than Alloy 2196. As a consideration, more Zn could be added to
Alloy 2196.

The AFM corrosion results in combination with axial strain maps acquired by 2D micral-digit
image correlation (DIC) demonstrated that corrosion occurs in regions of relativelyrhighlsis
anticipated that Tprecipitates at dislocations, and regions of high strain should contain more
dislocations. Therefore, regions of high strain should also accumulate pdweng aging, and the
presence of Imay cause specific grains or regions to act as preferential anodes compared to the
surrounding matrix. The contribution of T corrosion is in agreement with the bulk corrosion studies
performed. Unaged specimens are not expected to contain age-hardening precipitates,sanld #sT
majority of the unaged specimens exhibited intergranular corrosion, not localized attasp@aoaing to
regions of high micro-strain. High strain conditions for unaged specimens (Figure 4.38c) had some
evidence of elongated pitting, which suggests high, localized micro-strain (withprécipitation) can
also influence corrosion resistance. It is probable that, in artificially aged specimemnss m#digh
micro-strain corroded as a result of a combined effect,gfr€cipitation and high micro-strain
accumulation.

One possibility to prevent large differences in micro-strain from grain to grain is t@tgom
texture during primary processing. If grains are all of similar orientation priofainisg, it is expected
that most grains will incur a similar amount of strain during deformation. Howevenmgedn be
detrimental due to anisotropy in other properties, such as fracture toughness and tensilegraperti
method to develop texture only at the surface to prevent pitting initiation as a resulteofodaure
without degrading other properties would be ideal. A couple of possibilities for creatirfg@gaxture
are to add a recrystallization heat treatment or to explore compositionally graded alloysiemts
known to promote texture, such as Zr (effective at pinning grain boundaries), are compositiohatly hig
near the surface.

It was also shown in this study that large, recrystallized grains among unrecrystalinsd g
preferentially and severely corroded by uniform and pitting corrosion and were extremely detrimental to
corrosion properties. Although some Zr is added to 2099 and 2196 to prevent recrystallization during
processing, it is possible that the amount of Zr or other recrystallization inkiforSc, La, etc) should
be increased. Additionally, dynamic recrystallization could possibly be prevented by bettetingritrel
temperature, extrusion ratio and ram speed during extrusion.

Lastly, surface potential average roughness values calculated from scanning Kelvin probe force
microscopy (SKPFM) measurements predicted that corrosion resistance is highesin®bstiveen 0%

and 3%. However, it is important to point out that the error in this calculation wafscsighi
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Figure 5.7 Alloy 2099 in the 1% strained and artificially aged condition where (a) is an AFM
topography image taken in air prior to corrosion, (b) is an AFM topography image taken
in artificial seawater after corroding the region for 19.25 h, (c) is an axial strain map
calculated at 1% final strain by DIC, and (d) is an overlaid image of (b) and (c). Pitting
corrosion is indicated with an arrow (b) and uniform corrosion is outlined by a dashed
line in (b).
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Figure 5.8 Corrosion of one, single large grain in Alloy 2099 strained 6% and artificially aged.

Images shown are (a) an AFM topography image taken in air prior to corrosion, (b) an
AFM topography image taken in artificial seawater after corroding the region for 1.5 h,
(c) 1Q map acquired by EBSD prior to deformation, and (d) overlaid image of (b) and (c).
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Figure 5.9 Corrosion of one, single large grain in Alloy 2099 strained 1% and artificially aged.
Images shown are (a) an AFM topography image taken in air, prior to corrosion, (b) an

AFM topography image taken in artificial seawater after corroding the region for 19.25 h,
(c) IQ map acquired by EBSD prior to deformation, and (d) overlaid image of (b) and (c).
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Figure 5.10
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Deep, severe pitting concentrated in a single, large grain of Alloy 2196 strained 6% and
artificially aged. The pitting is examined by comparing (a) an AFM topography image
taken in air, prior to corrosion, (b) an AFM topography image taken in solution after
corroding for 3 h in artificial seawater, (c) IQ map acquired by EBSD prior to
deformation, and (d) overlaid image of (b) and (c).
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Figure 5.11

(b)

Comparison of impurity phases to corrosion features in Alloy 2099 strained 0% showing
(a) an AFM topography image taken in artificial seawater after corroding for 6 h 40 min,
(b) impurity phases (lighter due to mass contrast) imaged by BSE, and (c) overlaid image
of (b) and (c). Dark pits in (a) do not closely match impurities, several of which are
circled in (b)-(c).
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Figure 5.12 Comparison of corrosion features to impurity phases in Alloy 2196 strained 9% and
artificially aged where (a) is an AFM topography image taken after corroding the
specimen in artificial seawater for 1.5 h, (b) is a BSE image from this region, and (c) is
an overlaid image of (a) and (b). Regions containing impurities did not appear to corrode
preferentially, and several of these specific regions are circled in (b)-(c).
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Figure 5.13 Comparison of corrosion features to impurity phases in Alloy 2196 strained 2% Yhere (a
is an AFM topography image taken after corroding the specimen in artificial seawater for
4 h, (b) is a BSE image from this region, and (c) is an overlaid image of (a) and (b).
Regions containing impurities did not corrode, and several of these specific regions are
circled in (b)-(c).
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Figure 5.14 Identical region of Alloy 2099 strained 1% and artificially aged showing (a) an AFM
topography image taken in air prior to corrosion, (b) an AFM topography image taken in
artificial seawater after corroding for 19.25 h, (c) surface potential map acquired by
SKPFM, and (d) overlaid image of (b) and (c). Two areas of relatively high surface

potential are circled with solid lines and one region of low surface potential is circled
with a dashed line in (c)-(d).
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Figure 5.15 Identical region of Alloy 2099 strained 6% and atrtificially aged showing (a) an AFM
topography image taken in air, prior to corrosion, (b) an AFM topography image taken in
artificial seawater after corroding for 1.5 h, (c) surface potential map acquired by
SKPFM, and (d) overlaid image of (b) and (c). Clearly surface scratches/features
influence surface potential but may not lead to enhanced chemical attack.
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Figure 5.16

(b)

Identical region of Alloy 2196 strained 9% and atrtificially aged showing (a) an AFM
topography image taken in air, prior to corrosion, (b) an AFM topography image taken in
artificial seawater after corroding for 1.5 h, (c) surface potential map acquired by
SKPFM, and (d) overlaid image of (b) and (c). A high surface potential feature not
associated with a known defect is identified with a double-sided arrow in (c).
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Figure 5.17
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Identical region of Alloy 2196 strained 6% and artificially aged showing (a) an AFM
topography image taken in air, prior to corrosion, (b) an AFM topography image taken in
artificial seawater after corroding for 1.5 h, (c) surface potential map acquired by
SKPFM, (d) overlaid image of (b) and (c), (e) overlaid surface potential and image
quality map, and (f) overlaid axial strain and image quality map. Contrary to most
specimens, regions of low surface potential corroded and regions of low surface potential
were high in strain.
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Figure 5.18 Surface potential average roughness as a function of total strain amount in Alloys 2099
and 2196. Based on the data plotted, corrosion resistance is expected to be greatest
between 0% and 3% strains, indicated by the drop in surface potential average roughness.
Error bars account for the entire spread in calculated average roughness across all AFM
retrace scan lines evaluated.
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CHAPTER 6: SUMMARY AND CONCLUSIONS

The primary experimental pathway for this research revolved around thoroughly characteriz
single, site-specific regions of third generation Al-Li Alloys 2099 and 2196 to investigate andtander
micro-scale corrosion properties. Alloys were characterized by electron backscatietidifffEBSD),
2D micro-digital image correlation (DIC), backscattered electron (BSE) imaging, amairsg Kelvin
probe force microscopy (SKPFM) in order to determine the effects of microstructure snd gra
orientation, localized strain received during straining, impurity phases, and surface|sotent
corrosion, respectively. Micro-scale corrosion was studied by tapping mode atomic force microscopy
(AFM) to observe topographic changes as corrosion occurred in-situ.

Mechanical polishing of Alloys 2099 and 2196 is difficult because these alloys have a relatively
soft Al matrix and relatively hard strengthening precipitates, and these alloys contalichi,isv
chemically active. To adequately prepare alloy surfaces for EBSD, shallow ion milling iasngérin
a focused ion beam (FIB) using a low beam current, and ion polishing significantly improved EBSD
image quality.

EBSD revealed inconsistent grain sizes throughout Al-Li extrusions. Small, unrecrystallized
grains are the desired microstructure. However, many regions contained large, recrystaltsedgr
some sections, recrystallized grains were the dominant microstructure. Although tensile speithimens w
completely recrystallized grains were experimentally excluded, several regions of interigigredns
contained at least one large grain.

Another finding of this research is that DIC is capable of tracking micro-straintievolLocal
strain measured by DIC matched macro-strain imparted, as recorded by a bulk extensonatgrainiti
orientation was taken into consideration, and as expected, grains with higher Schmid facex receiv
higher local strain during straining. Initial grain size also played a role in the ewafifitinicro-strain,
and strain locally accumulated in large, soft grains.

Surface potential measurements from SKPFM were not straightforward to interpret. In general,
high surface potential related to high strain, but this trend was not consistently observed, and in some
cases, regions of low strain were higher in surface potential. Surface potential measuremenghhyere hi
sensitive to contamination, defects, and scratches, and the influence of surface flaws on surfaae potenti
did not aid in predicting corrosion. The magnitude of overall corrosion resistance was evaluated by
calculating surface potential average roughness, and the average roughness calculations preditted highes
corrosion resistance for strains greater than 0% but less than 3%. This predictidmshbel considered

absolute because the calculation error was substantial.
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Several major conclusions arose as a result of the in-situ AFM topography measurements:

1. There was evidence of intergranular corrosion for both alloys in the 0% strain condition.
Pitting corrosion was the dominant corrosion mechanism for all specimens except Alloy 2196
strained 0%.

2. Pitting initiated at grain boundaries and individual pits commonly developed at grain and
subgrain boundaries. Pitting commonly proceeded to grow into specific grains.

3. Regions of high micro-strain preferentially corroded. High micro-strain resulted feom gr
orientation prior to deformation and grain size. With this, the presence of large grains among
smaller, unrecrystallized grains was highly detrimental to corrosion properties. Large grains
were locally targeted and deteriorated by pitting and uniform corrosion.
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CHAPTER 7: FUTURE WORK

Due to time constraints associated with combining many advanced characterization techniques,
the sample size for this research was limited. For each strain condition, only one specimen tmyeach al
was subjected to the primary experimental pathway. To increase the statistical significaockl be
prudent to repeat the experiments. Examining many specimens of the same alloy in the same strain
condition (% macro-strain) could aid in developing a meaningful quantitative descriptiomasfiaoy
indicative of the type and extent of corrosion expected for each strain. With experimenttibmneiet
may also be possible to accurately calculate the minimum orientation deviation between ghains or t
minimum micro-strain gradient required to initiate corrosion.

Although numerous studies have confirmed the expected amount and type of precipitation in third
generation Alki alloys, transmission electron microscopy (TEM) could be further employed to
guantitatively identify amounts of precipitates, such gAFCuLi) and Wl s at grain boundaries
and within grains. In particular, focused ion beam (FIB) lift-outs could be taken in regions of high and
low micro-strain to confirm whether,; Is more prevalent in grains of higher strain. Additionally, the
amount of T at grain boundaries is of interest, particularly in the 0% strain conditions, because it is
speculated that;Tat grain boundaries is the cause of intergranular corrosion.

One important finding of this research was that regions of high micro-strain preféyential
corroded. Both the amount of deformation/dislocations and the amounpuoddipitation is expected to
be higher in regions of higher micro-strain. To reduce the galvanic corrosion potentegtetw
neighboring grains, one possibility is to ensure grains receive a similar amount of strairsttaniigg.

One way to achieve this is through texture because heavily textured materials have gnatifer of si
orientation (i.e. similar Schmid and Taylor factors prior to deformation). However,ddgads to

anisotropy in mechanical properties. A technique to promote surface texture without encouraging sharp
texture in the interior of extrusions would be ideal. One idea for future work is to exgtystallization
texture (for these alloys, recrystallization textures of cube, Cu, and Goss (G) arergdmgrheat

treating the surface of extrusions. Another possibility would be to experiment with compositionally
graded alloys where elements known to promote texture, such as Zr (effective at pinning grain
boundaries), are compositionally higher near the surface.

Since regions of higher micro-strain preferentially corroded, the presence of largealerylst
grains in a mostly unrecrystallized microstructure was detrimental to corrosion propertiesedaoge
grains accumulated more micro-strain during straining. To prevent corrosion, it may be necessary to

control extrusion parameters or increase the content of recrystallization inhibitors.
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In this research, EBSD was used to identify completely recrystallized regions within Alloy 2099
and Alloy 2196 extrusions upon solution heat treatment (T4 temper condition). Although recrystallized
regions were not studied in-depth, large grains are detrimental to strength and ductility androd®t p
the optimum combination of properties in these alloys. Thus, even without taking corrosion ggoperti
into consideration, future research should be conducted to understand the independent and combined
effects of extrusions parameters such as temperature, extrusion ratio, and ram speed on dynamic
recrystallization in order to prevent recrystallization. Computational modeling coukdggalfin

predicting optimal extrusion parameters.

10z



[1]

(2]

(3]

[4]

[5]

[6]

[7]
(8]
[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

CHAPTER 8: REFERENCES

3 /HTXHX 3$GYDQFHV LQ $HURVSDFH $OXPLQXP 2000 $OFDQ
2008.

& - 3HHO 37KH 'HYHORSPHQW RI $OXPLQ X MelMghtlAKoPs $OOR\V ¢
1984, pp. H, 184,

5 - 5LRMD DQG - /LX S3LiBHsgRrBdocs\WLARsBate:Ad Space
$ S S O L F D\WtalRNIBYer. Trans. Avol. 43, no. 9, pp. 3328337, Mar. 2012.

3 1LVNDQHQ 7 + 6DQGHUV - * 5LQNHU DQG 0 ODUHN 3&RU
FRQWDL QL @arresL S¢ikvblX2R, ho. 4, pp. 28804, Jan. 1982.

6XSSRUW DQG 2 $ )URP 3, QWHUQDWLRQDO $OOR\ '"HVLJQDW
IRU :URXJKW $OXPLQXP DQG :URXJKW $OXPLQXP $OOR\V ~ QR g

D. G. Callister, William D., Rethwiscli;undamentals of Materials Science and Engineering: An
Integrated Approach3rd ed. Hoboken, NJ: John Wiley & Sons, 2008.

2 SHXOHDX[ 36F QHUER®D.$6) GRISHIT, 1924.
, 0 /H %DURQ 386 3BWKPMQXP $OOR\ ’

N. E. Prasad, A. A. Gokhale, and R. J. . WanAilljminum-Lithium AlloysWaltham, MA:
Elsevier, 2014.

( $ 6WDUNH DQG - 7 6WDOH\W 3$SSOLFDWLR®rog!l ORGHUQ $0O
Aerosp. Scj.vol. 32, no. 95, pp. 13172, 1996.

E.A.StarkdH DQG ( 6 /LQ 37KH ,QIOXHQFH RI *UDLQ-GAMWNKFWXUH R(
& G $ O O R\Metall. Mater. Trans. Avol. 13, no. December, pp. 222269, 1982.

, 1 J)ULGO\DQGHU $ % U DW X N K LA-Li BIQYS 09Aerospar® \GRY 36RYLH
$S S OLFD WIxiR @térnatiofal Aluminum-Lithium Conferend®92, pp. 3%42.

- 5 3LFNHQV ) + +HXEDXP 7 - /D@BE6Q)CONIE-0.44- . UDPHU 3%
0.4Mg- =U DOOR\ ZH O @IndnuitHthium Allby®, Proceedings of the Fifth
International Conference on Aluminum-Lithium Allp¥889, pp. 139A411.

SHDUVRQYV +DQGERRN RI &U\WWDOORJUD S KArfericexigacidtR U ,Q WHU
for Metals, 1985.

K. Satya Prasad, A. Gokhale, A. Mukhopadhyay, D. Banerjee, aidRLHO 32Q WKH IRUPDWLI
faceted A= U e SUHFL Sl WwibiMg H ¥ UL Q CP@B-Mdter, vol. 47, no. 8, pp. 258t
2592, Jun. 1999.

* XONDUQL 33K\VLFDO P Hithibralysy 94 XFO OD @ RILERYOB 3.4,
pp. 325840, 1989.

10¢



[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

6 & :DQJ DQG 0O - 6WDULQN 33UHFLSLWDWHY DQG LQWHUPHW
CudMgz+ /L E DV H GntDMa@RR&4.vol. 50, no. 4, pp. 19215, Aug. 2005.

Y.Ma,; =KRX * ( 7KRPSVRQ 7 +DVKLPRWR 3 7KRPVRQ DQG O
intermetallics inan AA2099% DOXPLQLXP D O Ma&er. BhigkhUPKysidR (@6, no. 1+
2, pp. 4653, Mar. 2011.

) & &DPSEHOO :3EeXénts@MMetdllurdgy and Engineering Allpgst ed.,
Materials Park, USA: ASM, 2008, pp. 4806.

7 7TDNH\DPD DQG 6 .RGD 3:3UHIHUUHG 3UHFLSLWDWLRQ RQ 'LV
Nature vol. 179, no. 4563, pp. 7478, 1957.

K.S.Kumar,S$ %URZQ DQG - MisrostrudiuMaHEYMutién During Aging of an Al-
Cu-Li-Ag-Mg-Zr Alloy = YRO QR 1915,999. =+

- . ODUWLQ 3$0OWRLRKPNOM.AREV. Mater. Scivol. 18, no. 1, pp. 10419,
Aug. 1988.

J & +XDQJ DQG $ - S$UGHOO 3&U\VW\WxeCpitatssinagat! AUBuD QG VWD
D O O Ri&aMr.’Sci. Technalvol. 3, no. March, pp. 17488, 1987.

6 9DQ 6PDDOHQ DQG $ OHHW WA stAstdreloheRgbQal\, &RX/MW.KH F
Solid State Chemistryol. 8, pp. 293298, 1990.

P. Donnadieu, Y. Shao, F. De Geuser, G. A. Botton, S. Lazar, a®@dKWWH\QHW 3$SWRPLF VWU X
of T, precipitates in AlxLi +Cu alloys revisited with HAADF-STEM imaging and small-angle
X-UD\ VF D \WataHdterQuadl. 59, no. 2, pp. 46272, 2011.

-+ $XOG 36WUXFWXUH RI PHW DOUW®ESIHD SHRENV SALWDWH LQ VR
Technol, vol. 2, no. August, pp. 78487, 1986.

. 0 .QRZOHV DQG : 0 SteMiReEOE{11} AdeHHardening Precipitates in @Glr
Mg-$J $ O O Rct&/Crystallogr, vol. 44, pp. 20227, 1988.

$ *DUJ DQG - 0 +RZHERBBRREPOHHFWMORMQ GLIIUDFWLRQ DQDO\VLYV
4.0 Cu-0.5 Mg- $J D OX0tR Métall. Mater,. vol. 39, no. 8, pp. 1938946, 1991.

. +tRQR 0 OXUD\DPD DQG / 5HLFK 3é&0xanwAdybioRslddiapgG 6 HIJUHJ
the Precipitation Process in Al(-LO«+-Mg- $J $ O O Rrb¥. Japan Inst. Metvol. 12, pp. 9&
104, 1999.

7 +RQPD 6 <DQDJLWD . +RQR < 1DJDL DQG 0O +DVHJIDZD 3¢
and 3DAP study of the pre-precipitation stage of a A CuMg + $J D OAZTR Mater, vol.
52, no. 7, pp. 1992003, Apr. 2004.

5 $ +HUULQJ ) : *D\OH D Q-@selutdn &dcfFaov FiQrscdpy ktlidy of a

high-copper variant of weldalite 049 and a high-strengt€&aAg-Mg- = U D QJONRater. Sci.
vol. 28, no. 1, pp. 693, 1993.

104



[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

* 'WRK 4 &XL DQG 0 .DQQR 3(IIHFWV RI D VPDOO DGGLWLRQ
precipitation of T phase in an Al-4%Cu-1.1%Li- =U D OMaRA Sci. Eng. Avol. 211, no.
October 1993, pp. 12837, 1996.

A . .KDQ DQG - 6 5RELQVRQ 3(IIHFW RI VLOYH®IRQ SUHFLSLV
D O O RiaMér."Sci. Technalvol. 24, no. 11, pp. 1368377, Nov. 2008.

" 7VLYRXODV 3(lInéd XV ahdRMn &dIFdhE on the Microstructure and Properties of
$3$ 6KHHW ~

0 OXUD\DPD DQG . +RQR 35ROH RI $J [phaGe MAnROWSWY-FLSLWDW
$J D O SdR WMater, vol. 44, no. 4, pp. 70#06, Mar. 2001.

G. DieterMechanical Metallurgy3rd ed. McGraw-Hill, Inc., 1986.

6 3 5LQJHU % & OXGGOH DQG , - 3ROPHDU 3(iICHFWV Rl &R (
Mg- (Ag ) and AICuW-Li- (Mg-$J  $ O QvretaM. Mater. Trans. Avol. 26, no. July, pp. 1659
1671, 1995.

& *LXPPDUUD % 7KRPDV DQG 5 5LRMD 31HZ $OXPLQXP /LWKI
D S S OL F Pré¢LLRgkt Wet, 2007.

W. Cassada, G. Shiflet, E. Starke, W. Cassada, G. Shiflet, E. Starke, J. The, E. Of, and P.
"HI R U P D Whe Bffect éf Plastic Deformation on BU H F L S LMPRyA/. dR @8, no. C3,
pp. 397406, 1987.

ASM Handbook Volume 02: Properties and Selection: Nonferrous Alloys and Special-Purpose
Materials ASM International, 1990.

W.J. Liang, Q.-L. Pan, Y.-B. He, Z.-M. Zhu,and Y.- /LX 3(IIHFW RI SUHGHIRUPDWLR
microstructure and mechanical properties ofl+i +=U DOOR\ FRO&®MEDBEQLQJI 6F
Technol, vol. 23, no. 4, pp. 39899, Apr. 2007.

' $ -RQHV 33LWWLQJ D Q GPérdipleslafd-Préveritidn RACoRoQipand. €.,
1996, pp. 19%34.

S6WDQGDUG *XLGH IRU ([DPLQDWLRQ D QSTKM\SRGIXD BAERLD RI1 3LW\
2013.

J.WarnerfRFNH - ORUDQ DQG % +XOO 37olgylontedarll &RUURVLR
Fatigue Life of 3rd Generation ML $OOR\V ~

- /L / ;X & &DL < &KHQ ; =KDQJ DQG = =KHQJ 30HFKDQLF
Corrosion Sensitivity of Zn-Free and Zn-Microalloyed Al-2.7Cu-1.7Li-0J $ O ORatdll.”
Mater. Trans. Avol. 45, pp. 5738748, 2014.

- 3 ORUDQ ) 6 %RYDUG - ' &KU]DQ DQG 3 9DQGHQEXUJK 3

Generation Aluminum/ LW KLXP $OOR\V IRU $HURW3MBH3hIehateD WLRQV
Conference on Aluminum Allgy2012, pp. 4294 30.

10¢



[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

< ;X ; :DQJ = <DQ DQG - /L 3&RUwdhtlaRIHiGhsReBHEHIMOEHY R /L
Al-/L $ O CCRihese J. Aeronautvol. 24, no. 5, pp. 685686, Oct. 2011.

A. &8RQGH DQG - GH 'OwtoR of Extbiaiion 8sc&ptibility by means of the
HOHFWURFKHPLFDO L P SGb@ob. @dt, Mol VAR, & B/ PR AMBEAEB 57\ Aug. 2000.

- ) /L = 4 =KHQJ 6 & /L : ' 5HQ DQG : - &KHQ S3([IROLDW
electrochemical impedance spectroscopy of ad AI-D OO R\ LQ (; & MaeR OoXrggL R Q -~
vol. 58, no. 4, pp. 27279, Apr. 2007.

6 /HH DQG % /LIND °0RGLILFDWLRQ RI WKH (;&2 WHVW PHWKR
susceptibility in 7 XXX, 2 XXX, and aluminun® LW KL X P Diéwdrethdds fdr Qorrosion

testing of aluminum alloys(A 93-31501 11-2@nerican Society for Testing and Materials, 1992,

pp. 148.

5 %UDXQ 3([IROLDWLRQ &RUURYVLR Qoriod. \EMGLSRIIJTEhNHIDIXPLQ XP $0O
1, no. 3, pp. 20208, 1995.

$ *UD\ 3)DFWRUV ,QIOXHQFLQJ WKH (Q ¥ LUWRKQPHQMIDIRWHKDYLI
Phys, vol. C3, no. 12, pp. 898904, 1987.

(/ &ROYLQ DQG 6 - OXUWKD 3([IROLBWSROOGRIUURVLRQ 7HVW
Mater. Compon. Eng. Publ. Ltgp. 12514260, 1989.

A. J. Schwartz, M. Kumar, B. L. Adams, and D. P. Filléctron Backscatter Diffraction in
Materials Science2nd ed. Plenum Publishers, 2000.

S. I. Wright, M. M. Nowell,and D.P.HOG 3$ UHYLHZ RI VWUDLQ DQDO\VLV XV
EDFNVFDWW H Micgkd. IMiddaivelLveIQL7, pp. 316329, 2011.

E. Rastogi, Pramod, Had®ptical Methods for Solid Mechanics: A Full-Field Approa2dl2.

J. Hagara, Martin, Hunadgy REHUW /HQJYDUVN\ 3DYRO %RFNR -31XPHULF
ILHOG 'HIRUPDWLRQ $QDO\VLYV RI D 6SHFLAHDMERDENH G E\ &RPEL
vol. 2, no. 7, pp. 30811, 2014.

% 3DQ . 4LDQ + ;LH D Qlitefisiohd digxs imagercomRelation for in-plane
GLVSODFHPHQW DQG VWU D MensPFtiDTehbgv®. 2@ pv 062000, 2000 H Z -~

SH. Tung, M.-H. Shih,andJ& .XR 3$SSOLFDWLRQ RI GLJLWDO LPDJH FRU
plastic deformation dW L QJ W H Q V IORtQLadeks ENYG voD 48, no. 5, pp. 63641, May
2010.

3 &DPSHVWULQL ( 3 0 YDQ :HVWLQJ + : YDQ 5RRLMHQ DQC
microstructural aspects of AA2024 and its corrosion behaviour investigated using AFM scanning
SRWHQWLD @owbkl B&.Qdl BX Ho. 11, pp. 1852861, Nov. 2000.

3 6FKPXW] 3&KDUDFWHULEDWERQ@ERUIQR$. HOYLQ 3URHEH )RUFH OL
Electrochem. Sogvol. 145, no. 7, p. 2285, 1998.

10¢€



[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

P.6 FKPXW] 32&RUURYVLR QTr¥iy Scannirgl Kél$in Probe Force Microscopy and In
6LWX $WRPLF )RUFH OLF U Ble¥dgetBem6Fao/al.\W4A5 Knb (' Jp. 2295, 1998.

S0XOWLORGH70 6FDQQLQJ 3UREH OLFURMVMBRSiHent® Y, Jp{ FWLR Q 0L
14.144.34, 1997.

0 5RKZHUGHU D Q G -desatutienhKxElvire prabEKnicroscopy in corrosion science:
Scanning Kelvin probe force microscopy (SKPFM) versus classical scanning Kelvin probe
6 .3 Electrochim. Actavol. 53, no. 2, pp. 29299, 2007.

N. Harjee, A. G. F. Garcia, M. Kénig, J. C. Doll, D. Goldhab&&UGRQ DQG % / 3UXLWW
tip piezoresistive scanning probes for highH VRO XW LR Q H OPrécWEEE D ConfPDJLQJ
Micro Electro Mech. Systpp. 344847, 2010.

6 <HH 3:$SSOLFDWLRQ RI' D .HOYLQ OLFURSUREH WR WKH &RUU
J. Electrochem. Sqcvol. 138, no. 1, p. 55, 1991.

$ 8QRFLF O - OLOOV DQG * 6 'DHKQ beafhillihg/orRI JDOOLXP |
SUHSDUDWLRQ RI D Q.M rctogexXvel. B4R, InQ JURAAD08, pp. 2238, 2010.

5 * %XFKKHLW ' ODWKXU DQG 3 , *RXPD 3*UDLQ %RXQGDU\
Cracking Studies of Al-i-& X $OOR\ $) &Ohio St@t®University, pp.£0.

& . XPDL - .XVLQVNL * 7KRPDV DQG 7 'HYLQH 3 QIOXHQFH R
Resistance of Al-Li and Alii- & X $ O O®irgsion vol. 45, no. 4, pp. 29802, 1989.



CHAPTER 9: APPENDIX A: IMAGES FROM ALL TECHNIQUES
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Figure 9.1 Alloy 2099, 0% strain. (a) IPF + 1Q map, (b) Secondary SEM image, (c) BSE image, (d)
Surface potential map, (e) AFM topography prior to corrosion, and (f) AFM topography
after corroding in artificial seawater for 6.67 h.
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Figure 9.2

() (b)

(€) (d)

(e) (f)

(9) (h)

Alloy 2099, 1% strain. (a) IPF + 1Q map prior to straining, (b) Schmid faafpprior to
straining, (c) axial strain map at 1% strain, (d) IPF + 1Q map after straining #iuibart
aging, (e) BSE image, (f) Surface potential map, (g) AFM topography prior to corrosion,
and (h) AFM topography after corroding in artificial seawater for 19.25 h.
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Figure 9.3

(a) (b)

(c) (d)
(e) (f)
(9) (h)

Alloy 2099, 2% strain. (a) IPF + 1Q map prior to straining, (b) Schmid factor roagopr
straining, (c) axial strain map at 2% strain, (d) IPF + 1Q map after strainingtiivibr
aging, (e) BSE image, (f) Surface potential map, (g) AFM topography prior to corrosion,
and (h) AFM topography after corroding in artificial seawater for 7.7 h.
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Figure 9.4

(a) (b)

(©) (d)

(e) )

(9) (h)

Alloy 2099, 3% strain. (a) IPF + 1Q map prior to straining, (b) Schmid factor roapopri
straining, (c) axial strain map at 3% strain, (d) IPF + 1Q map after straining téivibr
aging, (e) BSE image, (f) Surface potential map, (g) AFM topography prior to corrosion,
and (h) AFM topography after corroding in artificial seawater for 15 h.
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Figure 9.5

(a) (b)

(€) (d)

(e) AU

(@) (h)

Alloy 2099, 6% strain. (a) IPF + 1Q map prior to straining, (b) Schmid factor roagopr
straining, (c) axial strain map at 6% strain, (d) IPF + 1Q map after straining #iuibart
aging, (e) BSE image, (f) Surface potential map, (g) AFM topography prior to corrosion,
and (h) AFM topography after corroding in artificial seawater for 1.5 h.
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Figure 9.6

(a) (b)

(€) (d)

(e) =M

(9) (h)

Alloy 2099, 9% strain. (a) IPF + 1Q map prior to straining, (b) Schmid factor roagopr
straining, (c) axial strain map at 9% strain, (d) IPF + 1Q map after straining #iuibart
agng, (e) BSE image, (f) Surface potential map, (g) AFM topography prior to corrosion,
and (h) AFM topography after corroding in artificial seawater for 9 h.
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Figure 9.7

(@) (b)

(€) (d)

(e) ‘ (f)

Alloy 2196, 0% strain. (a) IPF + 1Q map, (b) Secondary SEM image, (c) BSE image, (d)
Surface potential map, (e) AFM topography prior to corrosion, and (f) AFM topography
after corroding in artificial seawater for 2.33 h.
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Figure 9.8

(a) (b)

(©) (d)

(€) (f)

(9) (h)

Alloy 2196, 1% strain. (a) IPF + 1Q map prior to straining, (b) Schmid factor roagopr
straining, (c) axial strain map at 1% strain, (d) IPF + 1Q map after straining #iuibhrt
aging, (e) BSE image, (f) Surface potential map, (g) AFM topography prior to corrosion,
and (h) AFM topography after corroding in artificial seawater for 15.17 h.

11¢



Figure 9.9

(a) (b)

(€) (d)

(e) “ ()

) (h)

Alloy 2196, 2% strain. (a) IPF + 1Q map prior to straining, (b) Schmid faafpprior to
straining, (c) axial strain map at 2% strain, (d) IPF + 1Q map after straining diuibhrt
aging, (e) BSE image, (f) Surface potential map, (g) AFM topography prior to corrosion,
and (h) AFM topography after corroding in artificial seawater for 4 h.
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Figure 9.10

(a) (b)

(€) (d)
(e) (f)
(9) (h)

Alloy 2196, 3% strain. (a) IPF + 1Q map prior to straining, (b) Schmid factor raajopr
straining, (c) axial strain map at 3% strain, (d) IPF + 1Q map after straining diuibhrt
aging, (e) BSE image, (f) Surface potential map, (g) AFM topography prior to corrosion,
and (h) AFM topography after corroding in artificial seawater for 14 h.
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Figure 9.11

(@) (b)

(©) (d)

(e) (f)

(9) (h)

Alloy 2196, 6% strain. (a) IPF + 1Q map prior to straining, (b) Schmid factor mafopr
straining, (c) axial strain map at 6% strain, (d) IPF + 1Q map after straining #iuibart
aging, (e) BSE image, (f) Surface potential map, (g) AFM topography prior to corrosion,
and (h) AFM topography after corroding in artificial seawater for 3 h.
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Figure 9.12

(@) (b)

(©) (d)
(e) ®
(9) (h)

Alloy 2196, 9% strain. (a) IPF + 1Q map prior to straining, (b) Schmid factor roafopr
straining, (c) axial strain map at 9% strain, (d) IPF + 1Q map after straining diuibhrt
aging, (e) BSE image, (f) Surface potential map, (g) AFM topography prior to corrosion,
and (h) AFM topography after corroding in artificial seawater for 1.5 h.
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