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1. Introduction 

 To avoid hot cracking when welding a Cu-lean, high-strength 7xxx series (Al-Zn-Mg) 

aluminum alloy (AA), and maintain acceptable joint strength, 5xxx series (Al-Mg) filler wires 

are utilized [1] [2].  However, such welded joints have shown a tendency to develop stress 

corrosion cracking (SCC) [3] [4] [5] [6].  SCC of these joints has typically occurred within the 

heat-affected zone (HAZ) directly adjacent to the fusion line (FL) [7] [8]; the thermo-

mechanically affected zone (TMAZ) in solid-state joints of Al-Zn-Mg alloys, created by friction-

stir welding (FSW), has also shown susceptibility to SCC.  However, the HAZ of fusion welds 

have proven more susceptible to SCC than the TMAZ of FSW [6] [9]. 

 Anodic dissolution [10] [11] [12] [13] and hydrogen embrittlement (HE) [14] [15] [16] [17] 

are two largely debated mechanisms that describe SCC; both mechanisms possess substantial 

evidence, and likely contribute to SCC of Al-Zn-Mg alloys.  Though the SCC mechanism is 

debated, it’s generally agreed that three factors are necessary for SCC occurrence: (i) a corrosive 

environment, (ii) some threshold stress intensity, and (iii) a susceptible material.  A study [18] 

claimed that anodic dissolution of precipitates causes pitting corrosion which promotes 

localization of plasticity (stress intensity), and induces local hydrogen discharge, entry and 

embrittlement around the pit.  A further study [19] explains that within a pit, the local solution 

becomes more acidic (lower pH); acidic environments increase the corrosion rate of AAs [20]. 



 The HAZ or TMAZ thermal cycles are such that a region, immediately adjacent to the fusion 

line, extending to some distance (depending on heat input) from the fusion line, experiences a 

temperature above the solvus of the strengthening precipitates for some length of time.  Within 

the HAZ, strengthening precipitates for Al-Zn-Mg alloys (e.g. AA 7003 and AA 7005), η phase 

(MgZn2), would dissolve [21], and as a consequence the HAZ would possess excess Zn and Mg 

in solid-solution.  A study [22] shows that an increase of 3 wt% Zn in solid solution substantially 

decreases the metal’s breakdown (pitting) potential (VB); this supports why a lower VB was 

noted in both a HAZ [23] and TMAZ [24].  Galvanic corrosion and preferential metallic 

dissolution (pitting) within the HAZ/TMAZ is induced because of lower potentials with respect 

to the base metal (BM) or fusion zone (FZ) [23]. 

 Additionally, Cu-lean Al-Zn-Mg alloys naturally age, thus the HAZ will, shortly after 

welding, possess under-aged precipitation in the HAZ [25]; under-aged (T4) and peak-aged (T6) 

microstructures have proven more susceptible to SCC than over-aged (T7) microstructures [26]. 

Studies [27] [28] have claimed that a retrogression and re-aging (RRA) thermal cycle provides 

improvement of corrosion resistance over T6; however, others claim that Cu-lean alloys benefit 

less from the RRA heat treatment [29] [30].  It is noted that a typical automotive paint bake (PB) 

thermal cycle is very similar to a retrogression heat treatment without any re-aging; however, 

after the PB, natural aging will occur. 

 Furthermore, the HAZ possesses an equiaxed grain structure [23] [31] [25].  Equiaxed grains, 

like the short transverse direction, exhibit poor SCC resistance [13] [32].  Both the HAZ and 

TMAZ thermal cycles will dissolve η phase [21].  Thus, the summation of evidence suggests that 

whether an under-aged, equiaxed microstructure, susceptible to pitting and galvanic corrosion, 



was created by solid-state or fusion welding, it should have a reasonably similar SCC response.  

This study attempts to explain why SCC is accelerated in fusion welds. 

 The authors’ prior studies [5] [6] suggest that the precipitation of Cu-lean, electrochemically 

anodic, T phase [(Al,Zn)49Mg32] in the weld toe contributes to accelerated SCC failures of fusion 

welded AA 7003.  The specific region of the weld toe that is enriched with T phase is termed a 

fused-overlap zone (FOZ); the FOZ typically extends 1 mm beyond the weld toe atop the weld 

heat-affected zone (HAZ). 

 This study investigates the relative SCC contribution of FOZ T phase, HAZ precipitation, 

and specimen strain of fusion welded AA 7003; the fracture surface analyzed in [5] revealed that 

the investigated failure was SCC.  Also, herein, the feasibility of different engineering solutions 

for SCC of these weldments is compared. 

2. Experimental Methods 

 The BM and filler metal for the welded specimens were AA 7003 and AA 5356 respectively.  

Each specimen was welded on the same robotic welding equipment with consistent weld 

parameters; the welding details are outlined within prior work [6].  Each subsequent processing 

step was performed on the welded lap-joint. 

 Some of the lap-joints underwent a milling procedure to remove the FOZ.  The intention of 

milling was to eliminate the presence of FOZ T phase precipitation without altering other 

variables.  Prior work [33] showed a possible reduction in HAZ strain due to geometric changes 

induced by post-weld milling.  The depth of milling was decreased in an attempt to eliminate the 

reduction in HAZ strain. 



 Millin

ball-nose

(0.25 in.)

center of

lower FO

longitudi

 Other

local stre

(interface

contribut

material’

 The E

EDM tha

On the B

toe (WT)

the WT.  

shown in

was main

The idea 

removes 

2.  EDM 

EDM Cu

ng of the FO

e end mill wi

) perpendicu

f the end mil

OZ and trave

inal length o

r lap-joints u

ess intensity 

e between H

tes towards s

s SCC susce

EDM notchin

at possesses 

BM, a distanc

), the EDM w

A schemati

n Figure 2.  E

ntained as th

of EDM Cu

T phase pre

Cut 2 was m

ut 2 was to in

OZ was cond

ith a diamete

ular to the ho

l was aligne

ersed the enti

f weld.  A sc

underwent an

experienced

HAZ and FZ)

stress intensi

eptibility. 

ng procedur

a cut diamet

ce 0.5 mm fr

wire was hel

c of this ope

EDM Cut 1 w

he wire trave

ut 1 was to re

cipitation).  

made at a 45

ncrease the s

ducted using 

er of 6.35 mm

orizontal.  Th

d with the 

ire 

chematic of 

n EDM notc

d within the s

).  The intent

ity or the 

re used a wir

ter of 0.3 mm

rom the weld

ld parallel to

eration is 

was made at

rsed towards

emove the F

The endpoin

° angle with

stress intensi

a 

m 

he 

the milling s

ching proced

specimens’ H

t was to inve

re 

m.  

d 

o 

t a vertical de

s the WT an

OZ region th

nt of EDM C

h the horizon

ity experienc

Figur
of the

Figure
proced

setup is show

dure; the inte

HAZ, directl

estigate whet

epth of 0.1 m

nd beyond fo

hat doesn’t p

Cut 1 was the

ntal for a leng

ced within th

re 1: A schem
e FOZ using 

e 2: A schem
dure 

wn in Figure

ention was to

ly adjacent t

ther FOZ T 

mm into the 

or a total dist

penetrate int

e starting po

gth of 1 mm

he HAZ. 

matic of post
a ball-nose 

matic of the E

e 1.  

o increase th

to the fusion

phase 

BM; this de

tance of 1 m

to the BM (i.

oint for EDM

m.  The purpo

t-weld millin
end mill 

EDM notchi

he 

n line 

epth 

mm.  

.e. 

M Cut 

ose of 

ng 

ing 



 S

would ex

(PBTC), 

immediat

retrogres

precipitat

conducte

selected t

 A

precision

intention

where it’

practical 

PAD pro

provides 

corrosion

paramete

dilution, 

and trave

covered b

can be co

 For th

subseque

ome specim

xperience du

specimens e

tely water-q

sion thermal

tes will have

ed on any spe

to experienc

Additional sp

n additive dre

n was to add 

s necessary,

joint strengt

ocedure is dis

joint strengt

n resistance t

ers described

cold metal t

el speed were

by the CMT

onducted wit

he purpose o

ent experime

mens were ex

uring a “paint

experienced 

quenched upo

l cycle is not

e been altere

ecimen.  Som

ce the PBTC

pecimens und

essing (PAD

SCC resistan

, while main

th.  A schem

splayed in F

th.  Then, “P

to the FOZ o

d in prior wo

transfer (CM

e set to 4.6 m

“Pass 2” ma

th differing f

of SCC testin

ental changes

posed to a th

t baking” pr

180°C for 3

on removal f

ted; accordin

ed by the PB

me as-welde

. 

derwent 

D).  The 

nce precisely

taining 

matic of the 

igure 3.  “Pa

Pass 2” was a

of “Pass 1.” 

ork [6], and “

MT) process w

m/min and 1

ay be referre

filler wires, 

ng, the follow

s were condu

hermal cycle

ocedure.  To

0 minutes w

from the furn

ng to Wu an

TC to increa

ed specimens

y 

ass 1” was w

added using 

 Herein, “Fi

“Filler Wire 

with a Froniu

.40 m/min, r

ed to as the “

welding par

wing specim

ucted to the 

Figure

e that simula

o simulate a 

within an arg

nace.  The si

nd Wang [27

ase corrosion

s and EDM n

welded using

an inert “Fi

iller Wire 1”

2” is AA 40

us power su

respectively

“dressed” reg

rameters, and

men preparat

initial, weld

e 3: A schem

ates the heat 

paint bake t

on atmosphe

imilarity of t

7] the strengt

n resistance.

notched spec

g “Filler Wir

iller Wire 2,”

” is AA 5356

043 welded w

upply; the wi

.  The area o

gion.  It is n

d welding eq

tion was con

ded lap-joint

matic of the P

exposure a j

thermal cycle

ere and were

the PBTC to

thening 

  No paintin

cimens were

e 1,” and 

” and provid

6 welded wit

with the low

ire-feed spee

of the specim

noted that PA

quipment. 

nducted, after

.  Figure 4 sh

PAD procedu

joint 

e 

e 

o a 

ng is 

e 

des 

th the 

w-

ed 

men 

AD 

r all 

hows 

ure 



a schema

length (a

(along BM

resulting 

nominall

Figure 4:

 The p

generatin

was inser

of the spe

[6]. 

 To co

specimen

to corros

 The s

edge.  Ne

specimen

atic of the sp

long BM TD

M RD) was 

specimen g

ly 4 mm thic

: Schematic 

prepared spe

ng tensile str

rted into a cy

ecimen load

ompare diffe

ns with diffe

ion testing. 

specimens fo

ext, a flat-fin

n edge.  Afte

pecimen geom

D) was cut in

cut to 150 m

eometry is 1

ck. 

of a welded 

ecimen was i

rain across th

yclic corrosi

ing (stressin

erences in th

ring geomet

or DIC were 

nish, white s

er allowing a

metry.  On th

nto four 25 m

mm, with the

150 x 25 x 8 

specimen (d

inserted into

he lower WT

ion test (CCT

ng) and SCC 

e 2D surface

try, a digital 

polished, us

pray-paint w

at least 5 min

he initial lap

mm sections

e lower WT e

mm, where 

dimension in

 a 3-point be

T and in the H

T) chamber w

testing para

e-strains gen

image corre

sing 240, 32

was applied i

nutes for the

p-joint, the 1

.  The length

equidistant f

both the top

nto page: 25 

end fixture, a

HAZ.  The s

with a saline

ameters are d

nerated on th

elation (DIC)

0, 400, and 6

in a very thin

e white paint

50 mm long

h transverse 

from both en

p and bottom

mm). 

and displace

statically stre

e fog for SC

described wi

he cross-sect

) study was 

600-grit san

n coat to the

t to dry, a fla

gitudinal wel

to the weld 

nds.  The 

m plates are 

 

ed by 5 mm,

essed specim

C testing; de

ithin prior w

tion of SCC 

conducted, p

nd-paper, on 

e polished 

at-finish, bla

ld 

men 

etails 

work 

test 

prior 

one 

ck 



spray-paint was applied from approximately 2 meters away; a very fine black & white speckle 

pattern resulted on the polished edge. 

 Initially, the speckled specimen was loaded into the SCC test 3-point bend fixture, with zero 

displacement.  A dial caliper was placed in a manner to measure the vertical displacement of the 

lower WT (see Figure 4 for location of Lower WT).  A camera, equipped with a macro lens, was 

placed on a tripod to capture incremental pictures as the specimen was displaced.  In other 

words, starting at 0 mm lower WT displacement, a picture was taken of the specimen’s speckle 

pattern every 0.25 mm of displacement until 5 mm total lower WT displacement was obtained. 

 To determine the 2D strain induced on the specimen’s edge by the SCC testing fixture, the 

obtained pictures were chronologically ordered and input to the Ncorr software [34].  The key 

parameters for the Ncorr software are subset radius, subset spacing, strain radius, and subset 

truncation; these were set to 200 pixels, 15 pixels, 10 pixels, and “disabled,” respectively.  

Because of high strains and a “crack-like” notch region, an exception was made with the EDM 

notched specimen; the subset truncation was “enabled.” 

 Further corrosion testing was conducted in a more aggressive (than saline fog) environment, 

a heated chromic-acid solution. The specimen preparation and loading for such aggravated SCC 

testing is identical to that previously described. 

 The chromic-acid solution is mixed in a temperature- and acid-resistant, Pyrex container.  

Distilled water (1L of H2O) is mixed with NaCl (3 g), CrO3 (36 g), and K2Cr2O7 (30 g).  To fully 

dissolve the solute, the Pyrex container is placed on a hot plate with magnetic stirring capability.  

The temperature of the hot plate is set to increase the solution temperature to at least 75°C.  As 

the water from the solution evaporates, additional distilled water is added to maintain the 



solution concentration.  Aluminum foil is placed atop the Pyrex container to minimize 

evaporation; this foil is removed every 15 minutes to visually inspect the specimen for cracking.  

The specimen is removed if a crack is noted, or if 16 hours of testing has elapsed.  After the 

initial 8 hours of testing, the solution is allowed to cool and the specimen is removed from the 

environment; testing is paused until the next day when it resumes for an additional 8 hours. 

3. Results and discussion 

3.1. Digital Image Correlation 

 DIC has confirmed that geometric alterations to a test specimen do affect the strain state of a 

loaded specimen’s cross-section.  Figure 5 displays color-maps of horizontal micro-strain (µεxx) 

on each specimen’s cross-section.  The bounds of the color-bar (-4000 – 20000 µε) are consistent 

for each specimen.  Also, in Figure 5, the HAZ region that has shown the most pitting 

susceptibility (0 mm – 1 mm from FL; see Figure 7) is highlighted and labeled “Pitting”.  Note 

that the specimen’s surface strain was created prior to corrosion exposure. 

 Within the region labeled “Pitting”, the as-welded geometry had the lowest magnitude of 

strain (7000 µε); the milled and EDM specimens had, respectively, 2x (15000 µε) and 7x (50000 

µε) the magnitude of tensile strain within the same.  However, using Equation 1 it was 

approximated that any strain beyond ~4000 µε is plastic, thus each specimen possessed plastic 

strain in the HAZ. 

Equation 1: An approximation of maximum elastic strain, beyond which plastic strain occurs. 

, where  is the BM’s yield stress, and E is Young’s elastic modulus. 
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 The following hypothesis explains why 

milled specimens were resistant to SCC, 

while as-welded were susceptible.  In a 

cracked as-welded specimen, the dissolution 

of T phase within the FOZ led to local 

solution acidification within the formed pit 

[19].  The acidified FOZ pit interacts with the 

pitting-susceptible region of the HAZ directly 

below, and increases the pitting corrosion rate [20].  The accelerated pit growth led to a defect of 

critical size (imparting KISCC) that didn’t occur in milled specimens. 

 The results in Figure 6 show that each 

EDM specimen cracked with minimal time of 

exposure (i.e. 5 and 2 days).  Comparatively, 

AW specimens iii and iv cracked after 14 and 

12 days, respectively; this reveals that the 

incubation time for cracking is at least 2x less in EDM specimens.  Incubation time is generally 

associated with the development of critical defects for SCC [26] [35].  It was noted that the 

difference in time-to-failure between EDM specimens i and ii may be related to the slightly 

different locations of the EDM notch with respect to the fusion line (Figure 8).  Figure 8 shows 

that the EDM notch within specimen i (Figure 8c) is qualitatively farther from the FL than within 

specimen ii (Figure 8d). 

Figure 7: SCC test results showing specific 
specimen cracking response and time of 
exposure to the CCT environment 

Figure 6: Preferential pitting of the HAZ 



 The shorter incubation time for EDM 

specimens was attributed to stress intensity’s 

proportionality to crack length K 	∝ √ .  

Physical evidence of strain localization was 

also shown in the DIC study (Figure 5). 

 The specimens that were exposed to a PB 

thermal cycle display resistance to SCC 

(Figure 6).  No cracking is experienced in the 

two specimens tested at 5 mm displacement. 

 To contrast the corrosion resistance of PB specimens, a specimen in the AW condition, that 

was displaced to 3 mm (no AW specimens cracked at this displacement [6]) and exposed to the 

SCC testing environment for 41 days, is paired with the PB specimen in Figure 9.  The PB 

specimen in Figure 9 was exposed to the SCC testing environment for 62 days at 5 mm 

displacement; this is more time of exposure and induced specimen strain than the contrasting 

AW specimen within Figure 9. 

 The macrographs within Figure 9a-b show the similar geometry between the different test 

specimens.  Thermodynamically, the post-weld, PB would cause coarsening of T precipitates 

within the PB specimen.  It was noted that the distribution of FOZ T phase was inhomogeneous 

in the AW specimen, but homogeneous in the PB specimen (Figure 9c-d).  It is hypothesized that 

the inherent inhomogeneity of FOZ T phase in AW specimens causes the inconsistency in SCC 

cracking response shown in Figure 6. 

Figure 8: Two distinct EDM specimens that 
were SCC tested where: (a) and (b) are 
macrographs of specimens EDM_i and 
EDM_ii, respectively; (c) and (d) are 
micrographs of the same 



 The un-etched micrographs (Figure 9e-f) 

highlight the difference in corrosion damage 

during SCC testing.  The PB specimen 

exhibited extensive corrosion of the T 

precipitation network within the FOZ, but no 

corrosion damage penetrates the through-

thickness of the BM HAZ.  Conversely, the 

AW specimen exhibits pitting to a depth of 75 

μm; the pitting initiates directly below FOZ 

corrosion damage.  This evidence supports the 

hypothesis that corrosion of FOZ T phase 

directly accelerates HAZ pitting.  It is 

speculated that the pitting in the AW specimen 

would have initiated SCC, had the specimen 

been displaced to a greater magnitude (i.e. 5 

mm). 

 The metallographic evidence in Figure 9 supports the notion that a PB thermal cycle 

increases resistance to HAZ pitting.  It’s hypothesized that the similarity to the retrogression 

thermal cycle explains an increase in corrosion resistance. 

 The longer incubation times associated with EDM/PB specimens (Figure 6) compared to the 

EDM specimens support an increase in corrosion resistance due to the PB thermal cycle.  

Figure 9: SCC tested specimens where: (a) 
and (b) are, respectively, macrographs of PB 
and AW specimens with a respective 
displacement/time of exposure of 
5mm/62days and 3mm/41days; comparing 
corrosion damage, (c) and (d) are 
micrographs of the same; magnifying the 
differences in corrosion during testing, (e) 
and (f) are un-etched micrographs of the 
same 



However, the cracking of EDM/PB specimens revealed that the PB thermal cycle does not cause 

resistance to SCC. 

3.3. Aggravated SCC Testing 

 The time-to-failure data for each 

tested experimental condition is portrayed 

within Figure 10.  Of the AW specimens, 

60% exhibited cracking (iii, iv, & v) 

before 3 hours of test exposure, while the 

other specimens (i & ii) showed more 

resistance to cracking.  Such resistance to 

cracking is speculated to be related to the 

random, inhomogeneous FOZ T phase distribution identified in Figure 9d.  Contrasting the 

standard SCC testing results, both PB specimens exhibited cracking before 3 hours.  Also, a 

milled specimen showed cracking before 3 hours.  The PAD specimen exhibited cracking after 

5.5 hours, but the crack did not occur in the dressed region. 

 The results of the acid corrosion testing showed that every experimental condition is 

susceptible to corrosion by chromic acid, but there was variability in the path of cracking 

between experimental conditions.  Figure 11 a-b shows that failures in the AW conditions initiate 

within the FOZ but penetrate 50-200 μm into the BM (HAZ) before connecting with the FL via 

an anisotropic grain boundary within the BM.  However, specimens exposed to the PB thermal 

cycle didn’t exhibit cracks that penetrate into the BM, but instead initiated within the FOZ, and 

exclusively followed the FL; the inflection noted in crack propagation within Figure 11 c-d is 

Figure 10: Time-to-failure results of aggravated 
SCC testing for specific experimental conditions, 
where specific specimens are labeled i-v. 
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 The PAD specimen (Figure 10b) 

exhibited corrosion resistance in the dressed 

region.  After 5.5 hours of test exposure, 

cracking occurred in the un-dressed, upper 

weld toe.  The AW specimens that 

experienced more than 3 hours of test exposure (i and ii) also exhibited cracking in the upper 

weld toe.  The lack of cracking in the dressed, lower weld toe of the PAD specimen, due to the 

precisely added AA 4043, underlines the increase in corrosion resistance due to PAD.   

 Lap-shear tensile testing was conducted on a PAD specimen; results showed consistent 

properties with AW specimens.  The yield stress was 120 MPa and the ultimate tensile stress was 

263 MPa.  Previous studies [6] [33] showed that other SCC mitigation techniques (i.e. AA 4043 

filler wire, milling, and friction stir processing) each decreased the joint strength. 

 Being nothing more than a 2nd weld pass, albeit a low-dilution (e.g. CMT) weld pass, PAD 

proved to be a practical process for SCC mitigation that is applicable to complex geometries, and 

suitable for high production. 

4. Theory for accelerated SCC in AA GMAW 

 GMAW of AAs leads to a FOZ that covers approximately 1 mm of the HAZ.  The HAZ is 

susceptible to preferential pitting corrosion from a distance 0 to 1 mm beyond the fusion line.  

The FOZ contains a secondary phase (intermetallic) that, if anodic to the aluminum matrix, 

experiences preferential pitting.  The pits, occurring within the FOZ, generate a more acidic 

(lower pH) local environment [19]; the acidified environment interacts with the pitting-

Figure 13: Macrographs of acid tested 
specimens, where a) milled; b) PAD 



susceptible HAZ immediately below the FOZ.  Accelerated growth of corrosion damage 

subsequently occurs in the HAZ (Figure 9f) [20].  Upon the development of a critical defect, the 

geometry and environment within the HAZ defect, combined with an external tensile load, 

generates SCC within the exposed short transverse direction of the HAZ.  Each of the necessary 

factors for SCC (i.e. corrosive environment, tensile stress, and susceptible material) is affected 

by arc-welding.  In a saline solution, the corrosive environment becomes more acidic because of 

FOZ pitting; tensile stress intensity is increased because of FOZ and HAZ corrosion damage; the 

material’s susceptibility to SCC in the HAZ is increased because of the weld thermal cycle.  

Catastrophic SCC is experienced in an accelerated timeframe due to arc welding.  Solid-state 

welds do not generate a FOZ, and are, therefore, less susceptible to SCC. 

5. Conclusions 

 Physically milling away the FOZ decreased the SCC susceptibility of the welded joint. 

 Increasing the stress intensity within the HAZ with an EDM notch increased the joint’s 

SCC susceptibility, causing the specimens to fail at least two times faster. 

 Exposing a specimen to a PB thermal cycle decreased the joint’s HAZ pitting 

susceptibility, which led to decreased SCC susceptibility.  PB specimens did not crack, 

while EDM/PB specimens experienced an increased incubation time prior to cracking. 

 Every joint condition showed susceptibility to cracking during aggravated testing 

(chromic acid).  However, the “dressed” region of the PAD specimen exhibited excellent 

cracking resistance. 
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