
THE UNIVERSITY OF MANITOBA

THE INFLUENCE OF MICROSTRUCTURE ON

THE STRESS CORROSION BEHAVIOUR OF

7004 AI-Zn-Mg ALLOY

(# sPYRTDoN YANNAcoPouLos

A DISSERTATION SUBMITTED TO THE FÀCULTY OF GRADUÀTE

STUDTES OF THE UNIVERSITY OF MANITOBÀ IN PARTIAL

FULFILLMENT OF THE REQUIREMENTS OF THE DEGREE OF

DOCTOR OF PHILOSOPHY

DEPÀRTMENT OF MECHÀNICÀL ENGINEERING

METÀLLURGY

Winnipeg, Maniloba

Àpril, 1 986

by



Permission has been granted
to the Nat ional- L ibrarY of
Canada to microfilm this
thesis and to lend or sell
copies of the fiIm.

The author ( copyright owner)
has reserved other
publication rights' and
ne i the r the thes is nor
extensive extracts from it
may be printed or otherwise
reproduced without his/her
w r i t t e n p e rm i s s i o n .

L'autorisation a été accordée
à l-a B ibl iothèque nat ionale
du Canada de microf ilmer
cette thèse et de prêter ou
de vendre des exemplaires du
film"

L'auteur ( titulaire du droít
d'auteur) se réserve les
autres droits de publication;
n i Ia thèse ni de long s
extraits de cel1e-ci ne
doivent être imprimés ou
autrement reproduits sans son
autorisation écrite.

rsBr{ Ø-3I5_33 975_6



THE INFLUENCE OF MICROSTRUCTURE ON THE STRESS CORROSION

BEHAVIOUR OF 7004 AL-Zn-tIg ALLOY

SPYRIDON YANNACOPOULOS

A thesis subnritted to tlìe Faculty of Graduate Studies of

the University of Manitoba in partial fulfìllment of the requirenrents

of the degree of

DOCTOR OF PHILOSOPHY

@ t986

Permissio¡r has been granted to the LIBRARY OF THE UNIVER-

SITY OF MANITOBA to lend or sell copies of this thesis. to

the NATIONAL LIBRARY OF CANADA to microfìlnr this

thesis a¡td to lend or sell copies of the film, and UNIVERSITY

MICROFILMS to publish an abstract of this thesis.

The author reserves other publication rights, and neither the

thesis nor extensive extracts from it may be printed or other-

wise reproduced without the author's written permission.

BY



ÀBSTRACT

The behaviour of high strength aluminum aIloys under

stress-corrosion conditions has been studied extensively in
recent years. In the present investigation the effect of mi-

crostructures produced by various thermal treatments on

hardness and tensile properties and also on the stress cor-
rosion cracking behaviour of high purity 447004 aluminum aI-
Ioy with and without Zr addition has been studied.

The following experimental techniques were used:

(i) hardness measurement

( ii ) tensile testing
(iii) optical and electron metallography

(iv) slow strain rate testing
(v) scanning electron microscopy

(vi ) differential scanning calorimetry

Two alloys vlere used in this study, one without zirconi-
ur, alloy 4, and one containing 0.15 weight percent zircon-

uim, alIoy 5. Both alloys were solution heat treated at 773K

[5000C] for 30 minutes, cooled to room temperature at three

different cooling rates and aged at 423R [150oC] and 393K

[120oC] for various lengths of time"

It was found that:



1" The size of grain boundary precipitates and the width

of the precipitate free zones increased as cooling rate from

SHT decreased.

2. On aging at 423R [150oC] tfie grain boundary precipi-

tates increased in size with aging time. However, the width

of the precipitate free zones remained unchanged on aging.

3. The slow strain-rate test was a very simple and

cient technique used to establish the SCC susceptibili

aluminum alloys.

4" Susceptibility of À47004 to SCC was most pronounced at

the slowest strain-rate used, i.e. 4"1x'10-7s-1.

5. Slow cooling rates from the solution heat treatment

temperature and additions of zirconiurn aided the SCC resis-

tance of this alloy in the naturally aged condition.

6. The cooling rate from SHT had no influence on the SCC

susceptibility of material peak aged at 423R [150oC].

7. The SCC resisLance of ÀÀ7004 aluminum alloy having a

fully recrystallized structure vras higher in the overaged

than in the peak aged condition.

8. The degree of recrystallization !Ías the most important

parameter of those microstructural features influencing the

SCC resistance of À'47004.

effi-

ty of

111



9. Aging at 423R 1150oCl resulted in a higher SCC resis-

tance than aging at. 393K [1200c] "

10. The tensile properties were inferior when the alloy
was aged at 423R [150oc] rather than at 393K [120oc].

11" The stress corrosion resistance of 7004 aluminum aI-
1oy, having a fully recrystallized structure, increases as

the size of the grain boundary precipitates increases.

1V
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CHAPTER 1 I NTRODUCTI ON

Stress corrosion cracking (SCC) is the phenomenon of de-

terioration of materials due to the conjoint action of ten-

sile stress and aggressive environment, The tensile stress

may be applied or residual and the environment is system

specific. For example, high strength aluminum alloys are

susceptible to SCC in environments that contain chloride

ions such as marine atmospheres. In general, âs the strength

of an aluminum aIloy increases through aging treatment, the

resistance to SCC decreases, Microstructural factors such as

grain morphology, grain boundary precipitates, and size of

precipitate free zones around grain boundaries influence the

stress corrosion cracking behaviour of high strength alumi-

num alloys"

The SCC susceptibiliLy of a given alloy can be determined

by a number of standard tests and the latest advancement is

the slow strain-rate test. This test utilizes a tension

specimen which is tested in a specific environment under a

constant slow strain-rate. À load deflection curve is pro-

duced and parameters such as time to failure, elongation to

fracture, maximum load, reduction in area, and area under

the load elongation curve are used to assess SCC suscepti-

bility. The severity of the environmental effect can be de-

1-



termined by comparing the above mentioned parameters in dif-
f erent environments.

The objective of this investigation was to study the ef-
fect of microsLructures produced by various thermal treat-
ments and al-loy additions on hardnessr tensile properties

and SCC behaviour of high purity 447004 À1-Zn-Mg alloy,



2.1 "

CHÀPTER 2

Aluminum À1Ioys

Aluminum alloys are replacing many metals and non-metals

at an increasing rate due to the many advantages which they

possess over other materials such as steel and some plas-

tics. The main advantage of afuminum alloys is their high

strength to weight ratio which makes these alloys very de-

sirable substitutes due to energy saving considerations'

Aluminum alloys can be easily produced in various shapes and

forms since they can be cast, rolled, extruded or forged as

is schematicall-y shown in Figure 1. Aluminum scrap can also

be recycled at a smaIl fraction of the cost of its produc-

tion from bauxite ore. To meet the requirements of various

applications a number of aluminum alloys having a wide spec-

trum of properties are presently available. A1so, research

and development continues at major aluminum production cen-

tres and research institutes and new aIloys are being devel-

oped to meet the increasing demand for improved properties

and also to compete with new high strength steels and com-

posite materials. As a result, a number of AI-Zn-Mg alIoys

with moderate to high strength levels have been developed

for various applications. The physical metallurgy of these

aIloys is reviewed briefly in the next section.

LITERATURE SURVEY

J-



1 Þ I

R
O

LL
IN

G

F
ig

ur
e 

1.

E
X

T
R

T
JO

€D t
S

H
A

P
E

S I
C

O
N

T
IN

U
O

JS
 C

A
S

T
IN

G

S
ch

em
at

 ic

m
et

ho
ds

 "

re
pr

es
en

ta
tio

n 
of

 v
ar

io
us

 a
lu

m
in

um
 p

ro
du

ct
io

n



2"2. Physical Metallurgy of À1-Zn-Mg AIloys

The development of the Al-Zn-Mg alloys dates back to the

turn of the century. However, major investigation and re-

search took place just prior to !.lorld War II. The bulk of

research was carried out in Germany in an effort to produce

copper-free aluminum alIoys in accorda,nce with the German

self-sufficiency policy. At the same time, however, other

industrial countries recognizing the advantages that these

aIIoys could offer developed them and thus A1-Zn-Mg aIloys

became commercially available (1) .

AI-Zn-Mg alloys owe their popularity to a relatively high

strength combined with good corrosion resistance and weld-

ability which can be obtained even with slow quenches from

the solution heat treatment temperature. It has been demon-

strated that these a1loys harden by precipitation of the

MgZn2 phase which follows the following sequence:

supersaturated solid solution --> Guinier-Preston (C.p" )

zones

The actual precipitation sequence depends upon the total Zn-

Mg content as weII as the zn/tttg ratio" However, it has been

concluded that maximum hardness is obtained when the alloy

contains these elements in an atomic ratio of 2/l <al .

Many investigators have demonstrated that the Zn + Mg

content of an aluminum aIloy influences its performance in

aggressive environments although Some disagreement exists as

5-



to the optimum sum of zinc and magnesium which is usually

fixed at approximately 6eo. AIso, Iow Mg content alloys can

be extruded at lower pressures and higher speeds (s) , al-
though during welding fillers containing more Mg than the

parent metal must be used in order to avoid hot cracking (el .

Hot working properties are essentially unaffected by the Zn

content (sr 7) .

2"2"1" Minor AIloy Àdditions of At-Zn-Mg Alloys

AI-Zn-Mg aIloys contain smalI amounts of transitional el-
ements such as chromium and zirconium which inhibit recrys-

tallization. It has been demonstrated that a non-recrystal-
Iized structure is more resistant to stress-corrosion than a

fully recrystallized one. Also, the subgrain structure in-
troduced as a conseguence of these additions aids the duc-

tility and toughness of these aIloys (8/ s) . The majority
of commercially available a1loys contain chromium in amounts

of 0.1- 0.2e". However, approximately 0.15e" zírconium is add-

ed to a number of alloys either as a substitution for chro-

mium or in addition to it. Besides being an excellent re-

crystallization inhibitor, 7,r also improves hot cracking

properties by refining the grain structure during welding
( r o - 1 2) ,

A controversy still exists as to the effect of copper ad-

ditions, Although stress-corrosion resistance is increased

-6



?¡ith addition of copper (13)

cracking properties of the

, it has been suggested that hot

weld may deteriorate (1 4) 
"

2"2"2" Effect of Heat Treatment

of A1-Zn-Mg Alloys

on the Microsturcture

À11 thermal treatments, from ingot homogenization to ar-
tificial aging treatment, infl-uence the properties of A1-Zn-

Mg aIIoys" The low solubility limit and 1ow quench sensitiv-
ity of most of these a1loys make them potentially
attractive.

As stated earlier, precipitation in the Al-Zn-Mg aIloys
generally occurs in the following sequence:

supersaturated solid solution --> Guinier-Preston (C.p")

zones

G.P. zones are spherical aggregates containing Mg and Zn at-
oms and their size and number increase with aging tempera-

ture and time (1 s) . n' is a semi-coherent intermediate phase

with a hexagonal unit cell and has the following crystallo-
graphic relationship with the AI matrix
(1oTo) //(ttol ; (ooo1 ) //(tttl (1

The 4 precipitates are an incoherent equilibrium phase with

a hexagonal structure and possess the form of laths or pla-
teletS (r 7) .

6)
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Ingot homogenization causes re-solution of Zn and Mg

which are non-uniformly distributed aft.er solidification"
During this heat treatment transition elements such as Cr

and Zr tend to precipitate out (r 8) .

Bichel and Bassi (1 s) have demonstrated that ingot homog-

enization temperature affects both the stress-corrosion and

exfoliation corrosion resistance. Low homogenization temper-

atures (around 450oC) produce fine precipitates near the

grain boundaries of the as cast structure which result in an

exfoliation corrosion susceptible striated structure during

subsequent deformation. However, presence of these fine pre-

cipitates inhibits recrystatlization and therefore resis-
tance of the alloy to stress-corrosion increases. High ho-

mogenization temperatures, on the other hand produce coarse

precipitates and consequently the resulting microstructure

consists of fuIIy recrystallized grains which is susceptible

to stress corrosion. The effect of ingot homogenization is
also shown in Figure 2, which shows that the susceptibitity
of an AI-Zn-Mg alloy to SCC increases sharply for homogen-

ization temperatures higher that 500oC.

The low quench sensitivity of most medium strength A1-Zn-

Mg a1loys allows them to be cooled very slowly from the so-

lution heat treatment temperature y¡ithout excessive loss in

tensile properties, except in cases of heavy sections in
which the fine sub-grain structure present at the back end

8-
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of extruded sections can result in considerable loss in

strength (1s) . Cooling rate from solution heat treatment also

affects the stress corrosion susceptibility of these alloys
and to a small extent their tensile properties. Fast cooling

rates result in an increased susceptibility to stress-corro-
sion, whereas very slow cooling (for example less than

10C/sec) results in a l-oss of strength of an experimental

ÀI-Zn-Mg alloy (2o) . This effect of cooling rate on stress

corrosion is attributed to the precipitate distribution at

high angle boundaries. In fast quenched material the grain

boundary precipitates are sma1l (750 Â) and the precipitate
free zone (prz) width is around 600-800 Ä. However, in slow-

ly cooled material the precipitates are about 3000 Â in

size, are well spaced and the width of the pFZ is around

2000-3000 Å (4) . The effect of these grain boundary features

on stress-corrosion resistance is attributed to the observa-

tion that stress corrosion cracks always follow high angle

boundariu" (2 1) .

Age hardening which is controlled by the dispersion of

precipitates and their degree of coherency with the matrix

lattice is the most important process controlling the prop-

erties of Al-Zn-Mg alloys. Àlso, the interval between

quenching from solution heat treatment and artificial aging,

i.e. aging at room temperature prior to artificiat aging,

has an important effect on the final properties of the al-
Ioy" Àging at room temperature causes sol-ute atoms to clus-

10



ter and form G"P, Zones, These provide finely dispersed nu-

cleation sites for further precipitation during artificial
aging. As an alternative to room temperature aging,

heating rate to the artificial aging temperature or

a

a

slow

two-

stage aging treatment may be applied" In practice, aging

treatments of Àl-Zn-Mg al1oys consist of either a single

treatment of 12-24 hours at 120-1350C (usually after a peri-
od of up to 3 days of natural aging at room temperature) or

a period of 4-g hours aL a temperature of 90-100oC followed

by further aging of 8-16 hours at a higher final temperature

in the range 150-1ggog {a)

The brief review of AI-Zn-Mg alloys presented above shows

that these alloys have a tendency to suffer from SCC fait-
ures the extent of which depends upon several metallurgical
and environmental factors. In view of the increasing appli-
cations of Àl-Zn-Mg alloys it was decided to study the SCC

behaviour of A1-3 "9eozn- 1 .8e"M9 aIlo1' r comrerc ially known as

447004. Therefore, in the next section stress corrosion

cracking and various factors that influence it are reviewed

briefly. The SCC behaviour of aluminum alloys is emphasized

but related relevant results on other alloys are also in-
c Iuded .

11



2"3" Stress Corrosion Cracking

Stress-corrosion cracking may be defined as the type of

attack in which a tensile stress and a corrosive environment

coexl5¡ (zz) . The tensile stress may be either applied or

residual (23) . Extensive studies on stress-corrosion cracking

began when it was suspected that this was the cause of fail-
ure of small--arms brass cartridge cases (22) . Ever since,

failures in riveted or welded steam boilers, other welded

steel structures, natural gas pipelines, stainless steel
heat exchangers and other machinery components have been at-
tributed to the damaging effect of the combination of ten-
sile stress and a corrosive environment.

Many alloys have been found to suffer SCC under specific
conditions. These alloys include stainless steels, Iow car-
bon steels, brasses, titanium a11oys and aluminum alloys. Of

the aluminum alIoys those containing Cu (2xXX series) and Zn

(Zxxx series) as a major addition have been found to be sus-

ceptible to SCC in chloride-containing atmospheres. The

strength properties of these alloys are obtained from heat

treatment rather than cold rolling. Stress-corrosion fail-
ures have also occured in the SXXX series aIloys containing

more than 3.5% Mg and some high strength casting alloys (24) 
"

12



2"3"1 " Sources and Magnitude of Stress

Failures do not necessarily occur as a resulL of the ap-

plied design stresses. To these, however, residual stresses

may be added and as a result f a i l-ure occurs . Res idual

stresses may result from fabrication processes such as deep

drawing, punching, roIIing, welding, etc. Annealing of the

structure subsequent to fabrication will eliminate the resi-
dual stresses, but this is often either uneconomical or im-

possible. Residual stresses may also be the result of corro-

sion products inside a crevice since their volume is much

greater than the vol-ume of the reacting substances (25) .

2.3"2. Corrosion Damage

Stress corrosion usually occurs in the presence of mild

corrosive atmospheres, and surface corrosion products are

almost non-detectable. If extensive corrosion occurs the

component usually fails due to the loss of cross sectional

area and not by SCC. It is fortunate that corrosion and SCC

occur only under rather unique combinations of material-en-
vironment conditions"

2 "3 "3 " Types of Fracture

In the early stages of stress corrosion cracking the

cracks are microscopic and cannot be detected by visual ex-

13



amination. These cracks can be either intercrystalline or

t,ranscrystalline depending on the aIIoy-environment combina-

tion (23) 
. Intercrystalline cracks follow the grain bound-

the aJ.loy and this type of cracking is usually

aluminum alloys (26) , low-carbon steels and brass-

aries

found

of

in

es (27) . Transcrystalline cracks pass through the grains of

the alloy and are usually found in stainless stee1" (27) . A

combination of intercrystalline and transcrystalline cracks

is possible. However, one type of cracking usually predomi-

nates.

2"3.4" Mechanisms of Stress Corrosion

During the past 10-15 years a great deal of research has

been devoted to determining the processes occuring during

environmentally induced failures of metals and alloys. A1so,

contributions have been made from investigations not direct-
Iy related to the determination of such processes. Àlthough

the number of proposed models for environmentally induced

crack initiation and propagation has been narrowed down to

only a few (rabte 1) considerable controversy stilI exists
regarding a unifying theory which would apply to all such

failures. The proposed models may be classified into two

groups. The first group includes those models which are

based on a chemical dissolution process playing the major

role in crack initiation and propagation. The second group

14



TABLE 1

Environmentally Induced Crack
Propagation Models

1. Dissolution
Film Rupture Model

2" Mechanical Fracture
(a) Ductile Fracture

Tunnel Model(b) Brittle Fracture
I. Àdsorption

II. Hydrogen Embrittlement

-15 -



includes those models which are based on mechanical fracture

being primarily responsible for the failure, Furthermore,

the mechanical fracture models have been grouped into those

which attempt to explain failures by ductile fracture and

those which attempt to explain failures by brittle fracture"

2.3.4.1 " The Film-Rupture Model

The film-rupture model is representative of those models

which explain crack propagation by preferential anodic dis-
solution and is based on the assumption that localized plas-

tic deformation at the crack tip causes rupture of a protec-

tive surface fi1m, thus allowing rapid anodic dissolution of

the exposed surface. The crack walls remain protected by the

fiIm.

This model originated from independant work by Champi-

on (28) and Logan (2s) and has been supported by oth-

ers (3o/ 31) . The repassivation rate, oE the rate at which

film formation occurs, governs the crack vetocity or in oth-

er words the susceptibility of a given alloy to SCC. Differ-
ent views exist as to whether the passive film at the crack

tip partially or completely forms between mechanical frac-
Lure and dissolution events. Champion (28) suggests that un-

less the protective film at the crack tip forms only par-

tially, the aIloy would become immune to SCC due to complete

repassivation. This approach, therefore, supports the view

16



that crack propagation is a continuous process and has also

been supported by others (3 2 t33) . Staehle (3o,,31) and Vermi-

lyea (34/35) have supported the view that complete repassiva-

tion of. the crack tip takes place between mechanical frac-
ture events and that creep is responsible for the protective

f i Im rupture, âs vras suggested by Vermi lyea (3 4) . Bursle and

Pugh(36) , however, suggest that the Champion model outlined
above, modified to include slip-step emergence, presents a

more reasonable model for crack propagation in passivating

solutions"

2.3"4.2. The Tunnel Mode1

Swann et. aI. (37 38) first proposed the tunnel model

which is based on the idea that crack propagation takes

place by ductile fracture rather than dissolution or brittle
mechanical fracture. This model suggests that cracking ini-
tiates at slip steps by formation of fine corrosion tunnels

which grow in length and diameter and eventually join by

ductile fracture of the metat ligaments beLween them (fig-

ure 3) (36) . Crack propagation takes place by repeated tun-
nel formation and growth followed by ductile rupture, This

model applies to transgranular cracking only and evidence

has been found in transgranular SCC of aust,enitic stainless
steels (3e) .

17



CORROSION
TUNNEL

(b)

Figure 3. Schematic of tunnel model, showing the initiation

of a crack by the formation of corrosion tunnels

at a slip step and the subsequent rupture of the

metal ligaments (36)

t
(o)
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2.3 "4 "3. The Adsorption Model

Of the brittle fracture models, the adsorption model is
based on the assumption that specific species are absorbed

which interact with strained bonds at the crack tip. Às a

result of this interaction the bond strength is reduced and

brittle fracture may result at low stresses. This concept of

adsorption-induced bond strength reduction has been applied

to SCc (4o)41) and corrosion fatigue (¿z) as well as hydrogen

embr i ttlernen¡ (a 3) .

2"3.4.4. Hydrogen Embrittlement

The phenomenon of hydrogen embrittlement is well known

and occurs in a wide variety of materials such as alloy
steels, titanium a11oys, stainless steels, and some aluminum

alIoys. However, the role of hydrogen in SCC stiIl remains

highly controversial. The original model by Troiano (44) pos-

tulates that hydrogen penetrates deep below the surface and

also that cracking is discontinuous. Oriani (as) , however,

considers that embrittlement takes place only within a few

atomic distances from the surface and that cracking is es-

sentially continuous on a macroscopic scaIe.

rr i
occ ur s

ample a

S

by

t

believed that in some alloys hydrogen embrittlement

the formation of a brittle hydride phase" For ex-

itanium alloy having the Widmanstätten microstruc-

19



ture underwent slow crack growth in hydrogen gas at one at-
mosphere. Cracking followed the a-ß interface and a layer of

FCC titanium hydride was identified at the fracture surfac-

es (46). Hydrogen embrittlement by hydride formation may also

be applicable in aIloys containing other hydride forming el-
ements such as vanadir* (47) , niobium (4 8) and zírca¡iurn (+ s)

but it is doubtful that this model extends to systems such

as high strength steels, austenitic stainless steels and

alurninum aIIoys. In these systems a decohesion model based

on the assumption that the presence of hydrogen in the lat-
tice reduces the cohesive strength of the atoms thereby in-
ducing brittle fracture is generally supported (44 ,45) . For

example, numerous observations suggest that intergranular
SCC of Àl-Zn-Mg al1oys is due to hydrogen embrittlemen¿ (so)

despite the view that the film-rupture mechanism for the SCC

of high strength aluminum alIoys has been strongly support-

"6 
(51) .

2 "3.5. Effect of Directionality on Stress Corrosion

Behav i our

Invariably, production of metals and alloys involves

forming processes such as rolIing, forming, pressing and ex-

trusion which introduce residual stresses as well as an ani-
sotropy of properties. That is, the properties vary with

direction of load application. One of the factors which in-

20



fluences the strength of an alIoy is the grain orientation
in the structure. In generalr ârì alloy exhibits higher

strength when a tensile load is applied para1lel to the l-ong

axis of the grains. Susceptibility of aluminum alloys to SCC

is higher when tensile stresses are applied perpendicular to

the long axis of the grains. In this case a crack formed on

the elongated boundary of one grain may join a crack formed

at the boundary of the next grain and crack propagation is
accelerated in this fashion" However, when a tensile stress

is applied aJ-ong the rolling or extrusion direction the

short grain boundaries which are attacked do not link up

easily with attacked boundaries of adjacent grains" In this
case the SCC attack is milder, since individual grain bound-

aries are attacked but they do noi join to form a

crac¡. (z+) .

ma 1n

2"3"6" Effect of AlIoy Àdditions on Stress Corrosion

Behaviour of A1-Zn-Mg A1loys

The chemical and mechanical properties of aluminum a1loys

are mainly due to the alloying elements which are added to
pure aluminum or are presenL as impurities" During heat

treatment alloying elements combine with AI or other eIe-
ments to form second phases. Common additions to the Al-Zn-

Mg alloys include copper, chromium, iron, manganese, sili-
con, titanium and zirconium.

21



Chromium is added in amounts

eficial effect on SCC resistance

with eI is usually designated as

bearing ternary compounds such

can also form (s 2) . Cr induces

throughout Lhe aIloy (rs) .

up to 1e" because of its ben-

. The phase in equilibrium

CrAI t (21 .6eo Cr ) . Some Cr

as Cr 2MgsAI z 5 and (CrUn )al t t

uniformity of precipitation

Copper is one of the most common additions to the ternary
Àl-Zn-Mg system. New phases are not formed by the additions
of copper, Every one percent addition of copper lowers the

upper and lower freezing point by some 10-15 and 25-30oC re-
spectively(52). It extends the stability of G"P. zones, but

increases the rate of growth of n' precipitates (1s) .

Iron is not usually added to ÀI alloys, but it is a com-

mon impurity. The phase in equilibrium with À1 is usually
found to be FeÀIs. Iron may form ternary or guaternary com-

pounds with Cu, M9, Mr¡, Ni and Si but none of them are nor-

maIly present in the A1-Zn-Mg aIloys (s 2) ,

During development of the aluminum industry it vras real-
ized that the corrosive effect of iron could be minimized by

additions of manganese. Manganese combines with iron to
f orm phases such as (f'eun )el s and (Cuf'eun )elo which are welI

dispersed in the matrix.

Like iron, silicon is present in smalI quantities (<0.

as an impurity and is not known to provide any benefits
these 1ow concentrations (s2) .

6e")
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The well known grain refining properties of titanium have

been used in aluminum arloys. Additions of Ti induce the

formation of TiC or TiAI3. These compounds are finely dis-
persed in the matrix and provide nucreation sites for the

formation of AI crystals during cooling.

stress corrosion cracking fairures in aluminum al1oys are

invariabty intergranular and, therefore I a non-recrystar-
lized coarse grained microstructure, i.e. minimum of grain

boundaries, is more resistant to scc than a fu1ly recrystar-
rized microstructure" It has been demonstrated that addi-
tions of recrystallization retarding erements such as zírco-
nium in amounts of up to 0.15e" aid the scc resistance of

aluminum al-loYs (s 3 - s 6) .

2.3.7 
" Effect of Microstructure on Stress Corrosion

Behaviour of A1-Zn-Mg ÀIIoys

Heat treatment contrors the microstructure which in turn
has a great infruence on the stress corrosion cracking sus-

ceptibirity of A1-zn-Mg a11oys. Generarry, those microstruc-
turar factors which influence the resistance to scc incrude

the grain size, the degree of recrystallization, the dislo-
cation structure produced by cooling, the matrix precipitate
structure, the size and distribution of grain boundary pre-

cipitates, and the width of the precipitate free zones. The

rate of cooling from the solution heat-treatment temperature

23



is also a very important factor in determining the SCC re-

sistance of aluminum a1loys.À rapid quench is detrimental to
SCC resistance (54) . It has been suggested that rapid quench-

ing results in a high vacancy concentration at the grain

boundaries, which provides nucleation sites for pearl-neck-

Iace type grain boundary precipitates (5s ¡ s7) . It is be-

lieved that these grain boundary precipitates are anodic to

the aluminum oxide surface and are attacked electrochemical-

ly in corrosive environments. Slower cooling, however, re-

sults in weII spaced grain boundary precipitates which are

not detrimental to SCC resistance. It has been shown, that

the size and shape of the matrix precipitates influence the

mechanical properties and general corrosion behaviour but

not the SCC resistance. However, the grain boundary precipi-

tates infl-uence the SCC life a great deal, and as the spac-

ing of the grain boundary precipitates increases the stress

corrosion cracking Iife also increases (s5) . Since the crack

propagation is retarded or prevented in the absence of grain

boundaries, a non-recrystallized structure results in an in-
crease of Scc resistance (ss) . Prevention of recrystalliza-
tion can be achieved by additions of zirconium, and hence,

the addition of Zr improves the SCC resistance.

The size and distribution of precipitates in the AI-Zn-Mg

alloys have a great influence on the SCC susceptibility, al-
though some disagreement exists. In general the following

conclusion has been drawn: susceptibility of these alloys

24



t.o SCC decreases as the matrix and grain boundary precipi-
tate size increases, as the grain boundary precipitate spac-

ing increases, and as the precipitate free zone width in-
creases (2t3) . The size, type and spacing of the matrix pre-

cipitates may control susceptibifity to SCC Lhrough their
effecL on the deformation process (58) .

2"4. Scope of This Research

The above review of the literature suggests that the

stress corrosion behaviour of A1-Zn-Mg al1oys is influenced

by many microstructural factors. AIso, it is evident that
generalizations cannot be made concerning aluminum alloys
and that the stress corrosion behaviour is system specific.
High purity 447004 is an experimental aIloy and littIe is
known concerning its properties. In view of this it was de-

cided to determine first the aging kinetics of Lhis alIoy
during aging at 423R [150oC] and 393K [120oC] and subseq-

uently to study the behaviour of this alloy under stress

corrosion cracking conditions in 3.seo NaCI solution at room

temperature using the slow strain-rate Lechnique.

25



CHAPTER 3 EXPERIMENTÀL TECHNIQUES

3"1. Materials

The chemical composition of high purity 7004 aluminum aI-
loy with and without zirconium used in this study is shown

in Tabre 2" The 4mm thick and 127mm wide extruded plates of

the alloys vrere supplied by ÀLCÀN Ltd", Kingston, Ontario.

3"2" Heat Treatment Procedure

The heat treatment schedure consisted of sorution heat

treating sampres at 773R [500oc] for 30 minutes forlowed by

cooring to room temperature at the forrowing cooling rates
which are also shown in Tab1e 3.

(1). water quenching

Q) " air cooting at 0.77oc/sec.
(3). air cooling samples between two 25mm aluminum blocks

at 0.06oC/sec.

The sorution heat treated specimens vrere given a natural ag-

ing treatment for 16 hours which was followed by artificial
aging at 393K [120oc] or 423R [.150oc] f or various lengths of

time"
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TABLE 2

CHEMTCAL COMPOSTTTON OF 7004 ( wteo )

ALLOY Zn Mg Zr Cu Fe Mn Si À1

4

5

3.88 1 " s9

4"13 1.77

<0.01 <0.0.1

0.15 <0.01

<0 . 0'1

<0"01

<0.01 <0.01 bal.
<0.01 <0.01 bal.

)7



TABLE 3

COOLING FROM SHT TEMPERATURE

COOLING METHOD COOLING RÀTE

Water Quenching

Air Cooling

Air Cooling in Block

oc/sec.

0 "77

0.06

-28 -



In more detail, the following heat treatmenÈ schedules,

which are also shown in Table 4 | were employed:

A. Flat tensile specimens v¡ith 20mm gauge length, which

were paraIleI with the Iong-transverse extrusion direction,
were cut and then polished with 600 grade paper" Both alloys
were then solution heat treated at 773K [500oC] for 30 min-

utes and water quenched to room temperature. They h'ere then

naturally aged for 16 hours followed by artificial aging at

423R [150oc] for up to 1000 hours.

B. Same as schedule À, but specimens were air cooled

room temperature from solution heat treatment" The cooli
rate v¡as measured to be 0 "77oc/sec.

C. Same as schedule A, but specimens were cooled in 25mm

thick aluminum blocks to room temperature from solution heat

treatment. The cooling rate vras measured to be 0.06oc/sec"

to

ng

D. Same as schedule A, but

[1500C] immediately after water

aging, for up to 3 hours.

spec imens v¡ere aged at 423R

quenching, without natural

spec lmens vJere aged at 393KE. Same

[1 20oC] for

schedule A, but

to 2000 hours 
"

AS

up
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3,3. Hardness Measurements

Hardness measurements were taken after each heat treat-
ment using a Vickers hardness tester and a 10 kilogram load.

Hardness val-ues were taken as an average of five readings.

3"4. Tensile Testing

All tensile tests were carried out at room temperature.

Flat tensile samples with 20mm gauge length v¡ere tested in
an lnsLron testing machine at an initial strain-rate of

4"1x10-4s-1. ÀtI tensile samples vrere stored at 25OK [-230C]

after heat treatment before testing at ambient temperature"

3 " 5. Optical Metallography

Samples of both alloys were polished using standard tech-
niques and then etched with a solution of 2.5eo HNO3 , 1.Seo

HCl, 1e" HF and 95eo distilled HzO. Optical- observations were

made and photomicrographs of the microstructures were taken

using a Nikon metallograph.

3.6. Transmission Electron Microscopy

The microstructure of the aged material $¡as examined by

thin film erectron microscopy in a Philips 300 transmission

electron microscope. slices approximately 0.3mm thick v¡ere

31



cut from the grip portion of the heat t.reated tensile speci-

mens using a diamond wheel- cut-off saw and thinned on 600

grade paper to 0.15mm. 3mm diameter discs were punched from

these sl-ices and electropolished in a Tenupol Struers unit.

Electropolishing at 12 Volts and 35 mA was carried out in a

Seo perchloric acid and 95s" methyl-a1coho1 bath maintained at

approximately 235K [-38oC].

3.7 . Differential Scanning Calorimetry

À DuPont 9900 DSC was used for the calorimetric study.

Discs weighing approximately 1 gram were heated between 293

t20l and 433K [160oc] at a rate of 283K [10oc] per minute in

a nitrogen gas atmosphere.

3.8. Stress Corrosion Testing

Stress-corrosion cracking is a IittIe understood subject

and despite a great deal of research no standards have been

set which can be used directly in materials selection and

design. Atso, the behaviour under stress-corrosion condi-

tions is unique for every material-environment system due to

the great number of variables which influence the behaviour"

Therefore, detailed testing is required under conditions

identical to those anticipated in service before a component

A number of standard . tests areis put into application.
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available' The most common ones are the boiring 3.seo Nacr in
water and the alternate immersion test both of which deter-
mine the time to failure and are used mainry r.or comparative

purposes. other tests, such as the static load cantilever-
beam and the constant displacement wedge-opening-loading are

used mainry for crack propagation and fracture toughness de-

termination under conditions which promote SCC.

The slow strain-rate test is the latest advancement in
scc studies. The test utilizes a tension specimen which is
tested at a constant "s1ow" strain-rate. Compared to the

tests mentioned earlier, the slow strain-rate test requires

considerably shorter times. The choice of strain-rate is im-

portant and criticar and not all systems respond simirarly
to similar strain-rates. Even if an alloy is known to be

susceptible to scc in a certain environment, ductile failure
of this arloy may occur during srow strain-rate testing if
the strain-rate is too high for the chemical reactions nec-

essary for scc. on the other hand, it is arso possible that
the strain-rate is too sfow to promote stress-corrosion
cracking. Therefore, when a new system is tested for SCC a

wide range of strain-rates must be used. A load-extension

curve is produced during the slow strain-rate test as in the

case of a simpre tension test. Parameters such as time to
failure, elongation to fracture, reduction in area, and area

under the load-elongation curve are used to assess scc sus-

ceptibirity of an alloy" The severity of the environmental

33



effect can be determined by comparing the tensile properties

with and without the presence of the environment (ss/60)

In this investigation, flat tensile specimens identícal
Lo those used for tensile testing representing all heat

treatments, except those not naturally aged, were tested at

initial strain-rates between 4.1x10-4 and 4"1x10-7 sec-1"

One sample in each heat treatment condition was tested in

silicone oil and one in a 3"5e", by weight, solution of NaCI

in water. A Iinear polyethylene container vras used to retain

approximately one litre of solution around the gauge section

of the sample. Silicone sealant was used to seal the con-

tainer-specimen interface. Small amounts of distilled water

were added daily to compensate for evaporation losses in the

case of the 3.5e" NaCl tests.

3.9. Scanning Electron Microscopy

The fracture surfaces of a selected number of sl-ow

strain-rate specimens vrere examined in an ASI Super Mini

Scanning Electron Microscope. Small pieces containing the

fracture surfaces of these samples v¡ere mounted on cylin-
drical aluminum holders with the aid of silver-paste glue

for good electrical conductivity. The fracture surfaces were

examined using the secondary electron mode in order to com-

pare the fracture characteristics of specimens tested in

silicone oil and 3.5e" NaCl solution.
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CHAPTER 4 EXPERIMENTÀL RESULTS

ÀÀ7004 aluminum-zinc-magnesium al1oy is a relatively nevr

entry into the medium strength aluminum alIoy fietd. There-

fore, the influence of aging on the microstructure and me-

chanical properties has not yet been reported. As a resul-t

it was decided to establish the aging behaviour of the aIloy
before studying its stress-corrosion cracking behaviour. In

this chapter the aging kinetics as studied by hardness meas-

urements, tensile testing and metallography, are presented.

These results are followed by the stress-corrosion cracking

behaviour of the alloy and the fracture surface observa-

tions.

4.1. Aging Behaviour of 7004 ÀI-Zn-Mg À1loy

The material lvas solution heat treated at 773R [500oC]

followed by cooling at various rates¡ âs described in Chap-

ter 3, and then aged at 423K [150oC] and 393K [120oC] for
various lengths of time, The aging kinetics !.rere studied by

hardness and tensile properties and the microstructures of

the solution heat treated and aged specimens were examined

by optical and electron metallography.
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Effect of
of

TABLE 5

Àging Time on Hardness
Alloys 4 and 5

HARDNESS (VPH), þI AND STÀNDARD DEVIÀTION, O

AGTNG TEMPERÀTURE 423R l1 s0 0Cl 393K | 1 20oCl

AGING TTME ALLOY 4 ALLOY 5 ALLOY 4 ALLOY 5

Às Quenched

10

15

As Quenched
+16 h RT

5 min

mln

min

hour

hours

hour s

hour s

hours

hours

1 00 hours

300 hours

600 hours

1 000 hours

2000 hours

p
o

p
o

p
o

p
o

p
o

u
o

p
o

lt
o

lt
o

lt
o

lt
o

p
o

p
o

p
o

lt
o

u
o

10

24

45.5
0.9

68. 3
1"2

47 .4
0.4

45.0
0.4

46.5
0.8

53.4
3.6

60.1
0.7

7 4.8
3.8

83.8
1.8

97 .0
1"7

106.4
2.7

102.0
2.0

97 .7
1"4

87 .7
1.4

48.6
1.5

70.0
1.3

48.2
0.6

47 .5
1.1

49.3
0.4

5'1 .3
0.7

59.8
0.7

80.7
6.1

84.2
1"7

99 .1
1.7

106 .4
lo

95.7
1.6

93.1
1"6

88.4
1.0

¿"q q

0.9

68. 3
1"2

61 .8
0.4

s0.9
1.7

49 .4
1.5

52 .1
2.1

60. s
1.3

64.6
1"7

71 .4
1.2

86.5
1"0

100.3
2.9

125.2
2"7

137 .2
1.3

135.4
2"1

132 .6
1.5

124 "8
2"4

48"6
1.5

70.0
1.3

tro o

1.4

52 "9
0.8

s1 .9
0.7

s3.6
0.8

61 .0
2"7

64.8
1.5

69 "21.7

79 "52"2

98"4
1.6

127 "22,6

133.3
2.4

133 .4
1.9

126 .6
1.8

124.4
2.3
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4 "1 " 2 Àging Kinet ics

4"1 "2.1 " Aging at 423R [150oC]

The influence of aging time on the hardness of alloys 4

and 5 was determined by solution heat treating specimens at
773R [500oC] for 30 minutes, water quenching to room temper-

ature, room temperature aging for 16 hours followed by arti-
ficial aging at 423R [150oC] for various lengths of time" It
was observed that an initiar decrease in hardness from 70 to
about 50 VPN took place after approximately 1 0 minutes of

aging. The hardness of both alIoys, however, increased to
'106 VPN af ter aging f or 24 hours. On f urther aging the hard-
ness dropped to 87 VPN after 1 000 hours, âs shown in Table 5

and Figure 4.

A similar trend to that for hardness \^¡as also reflected
by the variation in the yield and ultimate strength with ag-

ing time for both alloys. When a1loy 4 vras aged at 423R

[1500C] its yield strength decreased from 108.2 to 63.6 Mpa

after 10 minutes of aging" It increased, however, to 276.s

MPa after 24 hours and then decreased to 194.8 Mpa on fur-
ther aging for 1000 hours. The ultimate tensile strength of

the same a1loy decreased f rom 237 "3 to 184.4 MPa af ter '10

minutes and it then increased to 312"2 Mpa after 24 hours.

On further aging, however, for 1000 hours at 423K [150oC]

the ultimate tensile strength decreased to 255.6 Mpa . The
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elongation of alloy 4 increased from 39.3 to 42.1e" after 10

minutes of aging and then decreased to 13.5e. after 24 hours.

It increased, however, to 28e" after aging at 423R l150oCl

for 1000 hours, as shown in Table 6 and Figure 5" The same

behaviour ï¡as observed when alloy 5 was aged at 423K

[150oc]. An initial decrease in the yietd strength from

1 1 8.1 to 63.2 MPa was observed after 1 0 minutes which was

followed by an increase to 264.1 Mpa after 2q hours. once

again the yield strength decreased to 197.1 Mpa after 1000

hours of aging. The initiar drop in the urtimate tensire
strength from 250.8 to 189.5 Mpa after 10 minutes vras for-
rowed by an increase to 314 MPa after 24 hours. Howeverr oh

further aging for 1000 hours the ultimate tensile strength
decreased to 267 MPa. The percentage elongation to fracture
increased from 38.6 to 46.1eo after 10 minutes of aging but

then gradually decreased to 21 "2e" after 24 hours. It in-
creased, however, to 27.3e" on further aging for 1000 hours,

as illustrated in Table 6 and Figure 6.

To investigate the cause of the initial softening that
occurs on aging, both alloys 4 and 5 were art.ificially aged

at 423R [150oc] without any prior natural aging. The resurts
are given in Table 7 and Figure 7" It v¡as observed that the

hardness of the zirconium-containing arloy 5 remains fairly
constant on aging up to 3 hours. However, the hardness of

the zirconium free alloy 4 exhibits a slight increase from

45.5 to 56.7 VPN after 3 hours of aging at 4Z3K [1b00C].
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TABLE 6

Tensile Properties of Atloys 4 and 5,
Àged at 423R[1500C]

HEAT TREATMENT ALLOY o, (uea ) ø". (uea ) e"E1

AS Quenched

Quenched
+1 6h RT

min

min

min

ÀS

10

15

10

hour

hour s

hours

hours

hours

hours24

1 00 hours

300 hours

600 hours

1 000 hours

#4
#5

#4
#s

#+
#5

#q
#5

#q
#s

#4
#s

#+
#5

#+
#5

#4
#5

#+
#5

#4
#5

#a#s]
#4 I#5 I

#4 I#5 I

#4 I

#5 I

51 . s
69.1

108.2
118.1

63.6
69.5

63,6
63.2

67 .2
76"5

101.0
89.6

139.0
11s.9

173.7
150.7

206 .9
188.0

249.5
232.1

27 6.5
264 "1

291.9
263 "7

221 .2
202.9

:_

194.8
197 .1

173 "9194.6

237 .3
2s0.8

187.5
19s.8

184.4
189.5

191"0
201 .0

211.3
201 .5

227.4
218 .9

251 .2
254.5

269.2
265.5

300.1
291 .0

312 "2315.6

337.0
314.0

278 "0270.5

255.6
267 .0

45 " 5
43 "1

39.3
38.6

43.7
LA" ?

42 .1
46 .1

31 .7
39.6

38.5
)o )
J(J ¡ J

)q ô"

36 .4

25.6
26.4

26.9
24 .0

17 "11s.3

13.s
21 .2

18.1
20 "9

20.8
25 .6

28.0
27 .3
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TABLE 7

Effect of Aging Time at 423R ['1500C] on Hardness of
ÀI1oys 4 and 5 Without prior Natural Àging

HÀRDNESS (Vp¡¡), þt AND STANDARD DEVrÀTrON, o

HEAT TREATMENT ALLOY 4 ALLOY 5

As Quenched

min

min

min

hour

hour s

hour s

10

15

lt
o

p
o

lJ
o

p
o

p
U

lt
o

p
o

45.5
0.9

43.2
2.1

42.8
0.6

44 .0
1.5

47 .8
0.5

49 .1
1.8

56.7
1E

48"6
1.5

46 .1
0.6

45.7
0.3

¿"¿" q

0.6

45 .1
0.4

45.8
1.8

46 "70"7
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The influence of natural aging prior to aging at 423K

[150oC] on the tensile properties of both alloys is shown in

Table I and Figures I and 9" The yield strength of alloy 4

increased from 51.5 MPa in the as-guenched condition to

133.3 MPa after 3 hours of aging, however, only a slight in-
crease in the yield strength, 69.1 to 75.3 MPa, of alloy 5

was observed. The ultimate tensile strength of alloy 5 re-
mained fairly constant on aging for up to 3 hours, whereas

that of alloy 4 increased from 173"9 to 226.3 after 3 hours

of aging. The elongation to fracture of alloy 4 decreased

from 45.5 to 35.7e", however, that of alloy 5 remained fairly
constant during 3 hours of aging at 423R 1150oCl"

4.1 .2.2. Àging at 393K [120oC]

The influence of aging at 393K [120oC] on the hardness

and tensile properties of alIoys 4 and 5 was determined by

sol-ution heat treating specimens at 773R l500oCl for 30 rnin-

utes, water quenching to room temperature, holding at room

temperature for 16 hours foll-owed by artificial aging at

393K [120oC] for various lengths of time" It was observed

that an initial decrease in hardness from 70 to about 50 VPN

took place after approximately 1 0 minutes of aging as was

the case when the alloys vrere aged at the higher tempera-

ture | 423K [1500C], reported in the previous section. How-

ever, the hardness of both aIloys increased to a maximum of

45



FIEAT TREATMENT ALLOY oy (MPa ) o, (MPa ) 9"EI

As Suenched

mi nutes

mi nutes

mi nute s

hour

hour s

hour s

10

15

#4
#s

#4
#5

#4
#s

#4
#s

#4
#5

#4
#5

#4
#s

5i .5
69 "1

58.9
60.5

62.0
79.6

79.5
6s.9

110.6
68.2

132 .5
81.1

133.3
75.3

173 "9194"6

176"7
187.5

179 "8'189.8

190.7
194 .6

199.0
195.3

216 .5
199 .6

226.3
194.6

45
43

46
49

5
1

7
4

45.8
45.3

44
48

34
47

4
0

I
6

27 .7
43.8

35.7
44 "0

Tensile Properties of AIloys
ar 4z3RIjs0oc] without priòr

TABLE 8

4 and 5, Aged
Natural Aging

-46 -
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135 VPN after aging for 300 hours at 393K [120oC], and then

decreased to 125 VPN af ter 2000 hours, Tabl-e 5 and Figure 4 
"

A similar trend to that for hardness v¡as observed for the

yield and ultirnate tensile strengt,h of both a1loys, When the

zirconium free a1loy, alloy 4, was aged at 393K [120oC] its
yield strength decreased from 108.2 to 76 Mpa after 10 min-

utes, then increased to 350 MPa after 300 hours and once

again it decreased to 306 MPa after 2000 hours. Its ultimate
tensile strength decreased from 237"3 to 196 Mpa after 10

minutes of aging and then increased to 373"5 Mpa after 300

hours. It decreased, however, to 344 MPa after 2000 hours of

aging. The elongation to fracture of the same alloy in-
creased f rom 39.3 to 41 .5e" after 10 minutes of aging at 393K

[12OoC], which was followed by a decrease to 13.2e" after 300

hours. The elongation to fracture once again increased to
21"8e" after 2000 hours, Table 9 and Figure 10"

The yield strength of the zirconium containing aIloy, al-
loy 5, decreased from 118.1 to 73.5 Mpa after aging at 393K

[120oc] for 10 minutes and then increased to 348 Mpa after
300 hours. This was followed by a decrease to 322 Mpa after
2000 hours of aging" Its ultimate strength decreased from

250.8 to 202 MPa after 10 minutes and then increased to 356

MPa after 3OO hours. However, it decreased only slightly on

further aging for up to 2000 hours. The elongation to frac-
ture increased from 38"6 to 44eo after 10 minutes of aging
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HEÀT TREATMENT ALLOY øy (MPa ) o, (MPa ) e"EI

Às

As

hour

hour s

hours

hours

hour s

hour s

1 00 hours

300 hours

600 hours

1 000 hours

2000 hours

Suenched

Quenched
+1 6h RT

mi nutes

mi nute s

mi nute s

10

15

10

24

#a
#s

#a
#5

#4
#s

#4
#s

#q
#s

#+
#s

#4
#5

#a
#s

#q
#s

#+
#s

#4
#s

#4
#5

#q
#s

#4
#s

#+
J¿trfl -)

#4
#s

51.5
69 .1

108.2
118.1

86,0
95.0

7 6.0
73.5

73.0
75.0

83.0
79.5

113.6
99.2

129"4
119.0

147 .9
124 .0

163 .2
173.0

229 "4205.0

310.0
326.0

350.0
348.0

345.0
341"0

329.5
322 "0

306.0
322.0

173.9
194"6

237 "32s0.8

224 "5
225 .0

196.0
202 .0

197 .0
201.0

201.0
205.0

224 .1
213.9

237 "2226.0

246.5
229 "5

251.1
250.0

294.5
279.0

345.5
342 "5

373.5
3s6.0

371 .0
356.0

3s6,0
352.0

344.0
354.5

45.5
43 ,1

39.3
38.6

40.0
40.0

¿"1 q
44 .0

41 .5
45.0

40.5
42 .0

36. 9
45.0

34.7
38.0

33.7
38.0

26.5
25.0

24.5
30"0

17
23 .1

ts"¿
19.2

1 0,5
19.8

15,2
22.7

21 "8
22 ,0

TÀBLE 9

Tensile Properties of Alloys 4 and 5
Aged ar 393Kl120ocl
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and then

however,

Figure 11

decreased to 1

to 22e" after
9.2e" after 300 hours. It increased,

2000 hours, as shown in Tabl-e 9 and

4"1 .3. Microstructural Studies

The aging behaviour of both alloys was studied by optical
as well as transmission electron microscopy" It was decided

to examine samples after heat treatments for which the hard-

ness and the strength curves contain areas of interest. Às

described earl-ier the hardness and strength of both aIloys
decreased after 10 minutes of aging at both 423R IlS0oC] and

393K [120oc] . This Ìvas f orlowed by an increase to a maximum

after 24 hours of aging at 423K [1500C] and 300 hours at
393K [1 20oC] . Overaging i.e. decrease in hardness and

strength took place after 1000 hours at 423K [150oC] and

2000 hours at 393K [120oC].

4.1 " 3.1. Solution Heat Treated Material

The influence of zirconium additions on the microstruc-

ture of 7004 aluminum-zinc-magnesium aIloy was determined by

examining the two alloys under the optical microscope. It
was observed that the microstructure of the zirconium con-

taining aIIoy, al1oy 5, consisted of non-recrystallized
grains, whereas that of the zirconium free aIIoy, aI1oy 4,

tr?
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consisted of large fulIy recrystallized grains as shown in

Figure 12. Although optical microscopy did not reveal any

differences in the variously cooled alloys from solution
heat treatment temperature, thin foil observations showed

that the cooling rate had a small effect on the microstruc-

ture of the solution heat treated and naturally aged alloys.
After natural aging grain boundaries free from precipitate
particles and precipitate free grains were observed in the

water quenched samples. However, a small number of particles
v¡ere observed within the grains of air cooled and block air
cooled a11oys, Figures 13 to 15.

4.1 "3.2. Aging ar 423K [150oC]

Thin foils were made from samples aged for 10 minutes,24
and 1000 hours at 423R [150oC] and examined in the transmis-

sion electron microscope in order to relate Lhe microstruc-

ture produced after each heat treatment v¡ith hardness and

tensi 1e propert ies.

It was observed that after 10 minutes of aging the grain

boundaries of the water quenched samples remained precipi-
tate free, Figure-16. However, grain boundary particles had

formed in air cooled and slowly cooled samples, Figures 17

and 1 8.
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AIIoy 5

Figure 12" Optical photomicrographs of alloys 4 and 5.
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Alloy 4

Alloy 5

Figure '13. TEM photomicrographs of alIoys
quenched from SHT and naturally
hours.

4 and 5 water

aged for 16

_ 56_



Figure 14. TEM

f rom

photomicrographs of alloys 4

SHT and naturally aged for

Al1oy 4

Àl1oy 5

and 5 air cooled

16 hours.

-&

.-,:$
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Al1oy 4

Alloy 5

$ç..
'i '"r1

.$$lè:';'::r'ì'¡¡ð 
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Tì
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Figure 15. TEM photomicrographs

cooled from SHT and

of alloys 4 and 5 block

naturally aged for 16 hours.
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Alloy 4

ÀIIoy 5
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Figure 16. TEM photomicrographs of alloys 4 and 5 water

quenched from SHT, naturally aged for 16 hours

and aged at 423K [150oC] for 10 minutes.
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ÀIloy 4

Al1oy 5

4 and 5 air cooLed

hours and aged at

Figure 17 " TEM photomicrographs of a11oys

from SHT, naturally aged for 16

423R [1500c] for 10 minutes.
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A11oy 4

Alloy 5

Figure 18. TEM photomicrographs of alloys 4 and 5 block

cooled from SHT, naturally aged for 16 hours

and aged at 423:r. [150oC] for 10 minutes.
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On f urther aging f or 24 hour s MgZn2 r¡' part icles have

formeC in the matrix of all samples and grain boundary pre-

cipitates have formed in the water quenched samples' Figure

19" AIso, the grain boundary particles of air cooled and

slow1y cooled alloys, which formed at early stages of aging,

have grown in size, âs shown in Figures 20 and 21' Identi-

fication of matrix as well as grain boundary second phase

particles h'as performed with the aid of electron diffraction

analysis" Figure 22 shows a bright field micrograph of al-

loy 4 water quenched from solution heat treatment, naturally

aged for 1 6 hours followed by artificia} aEing at 423R

[150oc] for 24 hours where a maximum in the aging curve vras

observed. The foil has been tilted and as a result the grain

boundary is not parallel to the efectron beam. This was done

in order to enhance the precipitate reflections. The sefect-

ed area diffraction pattern of Figure 22 is shown in Figure

23 along with identification of the major matrix and precip-

itate refl-ections. Matrix precipitates MgZn2 r¡'are shown in

the dark field micrograph, Figure 24, taken using the (2022)

n' reflection, whereas grain boundary precipitates MgZn2 r¡

are shown in the dark field micrograph, Figure 25, taken us-

ing the (0002) I*,tgZnz têflection. AIso, clearly distinguisha-

ble precipitate free zones, which start forming in the early

stages of precipitate formation, were observed in all sam-

ples that were aged for 24 hours.
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Alloy 4

Alloy 5

Figure 19" TEM photomicrographs of alIoys 4 and 5 water

quenched from SHT, naturally aged for 16 hours

and aged at q23R 1150ocl for 24 hours.
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Alloy 4

.1 
"1.

Alloy 5

Figure 20. TEM photomicrographs of alloys 4 and 5 air cooled

f rom SHT, naturally aged f or '16 hours and aged at
423K l1500Cl for 24 hours.

-64 -



t'lgure ¿I. TEM photomicrographs

from SHT, naturally
423R [1500C] for 24

of aIloys 4

aged for 16

hours "

A1loy 4

Alloy 5

and 5 block cooled

hours and aged at

-65 -



Figure 22. TEM photomicrograph of alloy
from SHT, naturally aged for
423K [150oC] for 24 hours.

water quenched

hours and aged16

-66-
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Figure 23 
"

. Ar C2 tTl

zo) x I tOtiOl

o ,' ¡ã ttol

¡oriol n //¡zrT7^úr¡y

Selected area diffraction pattern

micrograph shown in Figure 22"

of photo-
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Figure 24" SADP and dark field from Figure 22 showing n,

MgZn2.
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Figure 25" SADP and dark

MgZn2.

fietd from Figure 22 showing n

-69 -



After 1000 hours of aging it v¡as observed that in general

the size of arl precipitate particles had increased (rable

1o) and MgZn2 4 partictes of the pratelet type had formed in
the matrix. However, the width of the precipitate free zones

was unaffected by aging time, Figures 26 28, Table 10.

rt was also observed that as the cooling rate from solu-
tion heat treatment decreased, the width of the precipitate
free zones increased. The average width of the precipitate
free zones in the specimens of alroy 4 íncreased from
(17 "6t0.6)x102Å for water quenched samples to
(18.4t1.1)x102Å f or air cooled and to (23"4t2.2)x1024, for
air coored in a block followed by aging for 24 hours at 423yt

[150oc]. Àfter the same heat treatment the width of the pre-
cipitate free zones in specimens of arroy 5 increased from
( 1 6. 0i0. B ) x1 0 2 observed in water quenched spec imens to
(23.9t2. 1)x102Å in air coored and to (45.0t4.2)x102Á, f or air
cooled in block, as illustrated Tab1e 10.

4"1.3"3" Aging ar 393K [120oC]

rn order to relate the microstructure produced upon aging

of the alloys at 393K [120oc] with hardness and tensile
properties, thin foils were al-so made from specimens aged

for 10 minutes, 300 and 2000 hours and examined in the

transmission electron microscope "
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Alloy 4

ÀI1oy 5

Figure 26" TEM photomicrographs of alIoys 4 and 5 water

quenched from SHT, naturally aged for 16 hours

and aged at 423K [150oc] for 1000 hours.

Fo.g¡,-{l
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Al1oy 4

Alloy 5

Figure 27 " TEM photomicrographs of aIIoys 4 and s air coored

from sHT' naturarly aged for 16 hours and aged at
423R [1S0oC] for 1000 hours.
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f
ia ...

r,? I

ÀIIoy 5

Figure 28. TEM photomicrograph of alIoy 5 block cooled

from SHT, naturally aged for 16 hours and

aged at 423R [1500C] for 1000 hours"
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Àfter 10 minutes of aging it was observed that the grain
boundaries as well as the grain interiors of both alroys
v¡ere free from precipitate particles (figure 29).

Upon further aging for 300 hours, at which time peak

hardness occurs, l,ígZn2 r¡'particles were observed in the ma-

trix of both alloys and grain boundary precipitates as well
as precipitate free zones have formed (rigure 30).

After 2000 hours of aging at 393K l120ocl tt¡e size of

both grain boundary precipitates and matrix precipitates in-
creased. However, the v¡idth of the precipitate free zones

$¡as not influenced by aging time at this temperature, as

shown in Figure 31.

4"1.3"4. Differential Scanning Calorimetry

Às mentioned earlier, no microstructural features which

could be related to the initial drop in hardness and

strength after 1 0 minutes of aging vrere observed upon TEM

examination of thin foils. rt was, therefore, decided to in-
vestigate the influence of natural aging on the initiat
stages of precipitation during artificial aging. This was

done by determining the heat flow upon heating as a function
of temperature using differential calorimetry experiments.

rt was observed that when the zírconium-containing a11oy

was aged at room temperature for 16 hours forlowing water

75



Al1oy 4

Al1oy 5

:rri.:i.:i.ì!¡

Figure 29. TEM photomicrographs of arloys 4 and 5 water

quenched f orm SHT, naturalJ_y aged f or 1 6 hours

and aged at 393K [120oC] for 1O minutes.
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Àlloy 4

Al1oy 5

Figure 30" TEM photomicrographs of aIloys 4 and 5 water

quenched from SHT, naturally aged for 16 hours

and aged at 393K l120oCl for 3OO hours.
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Figure 31. TEM photomicrographs of arroys 4 and 5 water

quenched from SHTr. naturally aged for 16 hours

and aged at 393K l120oCl for 2000 hours.
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quenching from solution heat treatment an endothermic reac-

tion took place at approxirnatety 383K [11OoC] as shown in

Figure 32, No reactions were observed when the same alloy
v¡as heated in the differential scanning calorimeter immedi-

ately after water quenching from solution heat treatment
(rigure 33). This would suggest that in naturally aged spec-

imens a dissorution of precipitates first occurs before the

main precipitation starts. Such a dissolution was not ob-

served in specimens which were heated rvithout any prior nat-

ural aging.

4.2. Stress Corrosion Behaviour

When the hardness and tensile properties of the two al-
roys had been determined it v¡as decided to estabrish the

stress corrosion cracking behaviour of the microstructures
produced after the heat treatments described in Chapter 3.

susceptibility to stress-corrosion cracking was studied with
the slow strain-rate technique and the susceptibility of

each microstructure was assessed by determining the influ-
ence of variables such as, environment I zirconium content,
test strain rate, aging time and temperature, and cooling
rate from sorution heat treat,ment temperature on the scc in-
dex, Iscc. Iscc is defined as the ratio of a certain param-

eter, such as percentage elongation, percentage reduction in
area, maximum sLress attained during the test, total time to
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failure etc. r âs measured from the slow strain-rate test,
for a sample tested in aggressive environment to that for a

sample tested in an inert environment. In this investigation
the lscc is based on ducLility measurements as determined by

change in total elongation to fracture.
total elongation of sample tested in 3.seo NaCl

ï scc
total elongation of sample tested in oiI

4 "2.1 " Stress Corrosion Behaviour of Solution
Heat Treated Material

The infruence of cooling rate from solution heat treat-
ment on the scc behaviour of alroys 4 and 5 was determined
by estabrishing the effect of environment on ductility ross,
and by determining the rscc. À1so, the effect of strain-rate
emproyed on the ductility loss and the rscc $ras determined
by using initiar strain-rates between 4.1x10-7 and

4.1x.l0-as-r.

The effect of environment on the ductility Loss of sam-

ples cooled at various rates from sorution heat treatment,
which indicates susceptibility to scc, is irlustrated in Ta-

bles 11 to 14 and Figures 34 to 45. Às shown in Figure 34,

when alloy 4 was water quenched from solution heat treatment
(sHr) and tested at a strain-rate of 4.1x10-zs-r at room

temperature its totar elongation to fracture decreased from

41e" when tested in silicone oir to 9eo when tested in 3.5eo
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Nacl. under the same experimental conditions the total elon-
gation of a1loy 5 decreased from 37e" when tested in oi1 to
16e" when tested in 3.5eo NaCt. The total elongat ion of a1loy

4 a),r cooled f rom SHT decreased f rom 47eo when tested in oil
to 16e" when tested in 3.5eo NaCI, whereas that of alloy 5 air
cooled from SHT decreased from 46eo when tested in oiI to 22%

when tested in 3.seo NaCl, Figure 35. When both alloys were

block air cooled from SHT the total elongation of alloy 4

decreased from 37eo when tested in oil to 26.5e" when tested
in 3.5eo NaCl, and that of a1loy 5 decreased f rom 50 to 38eo

when tested in oil and 3.5e" NaCl respectively, as shown in

Figure 36. These results indicate that as the cooling rate

from SHT increases, the resistance to SCC as indicated by

total percent,age elongation decreases, and also that the

zírconium containing alloy 5 is more resistant to scc than

a1loy 4" Similar behavior was observed at higher initial
strain-rates up to 4.1x1 0 - 4s- 1 . As seen in Figures 37

through 45 the ductility of both alloys was lower when test-
ed in 3 ,5% NaCl than when tested in oi I. I t !,'as also ob-

served that at higher initial strain-rates the ductility
loss decreased, which indicates that the SCC behaviour of

these a1loys is best determined at initial sLrain-rates low-

er than 4"1x'10-ss-r.

The SCC behaviour of the two alloys was also evaluated by

determining rscc for variously cooled arloys tested at vari-
ous strain rates. Às shown in Table 15 and Figure 46, Iscc
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f.or water quenched alloy 5 increased from 0.474 when tested
at 4.1x10-7s- 1 to 1.0 when tested at 4.1x10-ss-1 or faster.
rscc f.or air coored a1loy 5 increased from 0.486 when tested
at 4.1x10-7s-1to 0"96 when tested at 4.1x10-6s-r and to 1.0

when tested at 4.1x10-ss- 1 or faster. Iscc for srowly cooled

aIloy 5 increased from 0 "778 when tested at 4.1x1 0-7s- 1 to
1.0 when tested at 4.1x10-6s-1 or faster. ïscc for v¡ater

quenched alroy 4 increased graduarry from 0.236 to 0.966 as

the strain-rate increased from 4.1x10-7 to 4.1x10-as-1 , and

that of air coored alloy 4 increased from 0.332 Lo j.o as

the strain-rate increased from 4.1x10-7 to 4.1x10-4s-r. It
was arso observed that rscc for srowly coored alloy 4 in-
creased from 0.72 to 1.0 as the strain-rate increased from

4.1x10-7 to 4.1x-l0-6s-r. However, Iscc decreased to 0.g21

as the strain-rate v¡as f urther increased to 4.1x10-as- 1 , as

shown in Tabre 15 and Figure 47. The effect of zírconium ad-

ditions on Iscc of 7004 aluminum arloy is shown in Figure
48. The rscc for alloy 5 is higher than that for arroy 4 for
al1 strain-rates which indicates that the non-recrystallized
microstructure of alroy 5 is more resistant to scc than the
fulIy recrystallized microstruct,ure of aIIoy 4"
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4 "2 "2. Stress Corrosion Behaviour of Material Àged

at 423R [150oc]

The effect of aging at 423K [150oC] on the stress-corro-
sion behaviour of both aIloys vras determined by evaluating

the stress-corrosion susceptibility index, Iscc, for samples

which were water quenched, air cooled, oE air cooled in a

block and aged at 423R [150oC] for up to 1000 hours follow-
ing natural aging for 16 hours. Once again samples aged for
10 minutes, 24 and 1000 hours, for which the microstructures
had been established as reported previously, were tested us-

ing the slow strain-rate technique. One specimen in each

heat treatment condition described above was tested in sili-
cone oil and one in 3.5eo NaCl solution. AII tests were per-

formed at room temperature and at a strain-rate of

4.1x10-7s-1, Tab1es 16-18.

It was observed that the resistance of water quenched aI-
Ioy 4 increased after '1 0 minutes of aging at 423lK [150oC] as

indicated by an increase in the Iscc from 0.236 to 0.601. On

further aging for 24 hours Iscc decreased to 0.527 and once

again increased to 0.896 on further aging for 1000 hours,

Table 19 and Figure 49. rscc of air cooled alloy 4 increased

from 0.332 to 0.902 after 1000 hours af aging at 423Rl150ocl

which indicates that after this treatment the resistance to
SCC of alloy 4 increases with aging time. When alloy 4 was

slowry cooled from the sorution heat treatment temperature

10s



TÀBLE 1 6

SIow Strain-Rate Test Results for Al1oys 4 and 5,
Water Quenched From SHT, Natural1y Aged for 16
Hours, and Artificially Aged at 4Z3:n[1500C].

Tested at ë=4.1x10-7s-1.

Iscc = __1::i1_:1:13:'i.. (¡¡acr )

rotar erons-ri;;-i;;it---

A1 Ioy Age Time Test Medium øo (uea ) ø* (uea ) Total El",eo

4
4
5
5

4
4
5
5

4
4
q

5

4
4
5
5

0
0
0
0

10 min.
10 min.
10 min"
10 min.

24 hours
24 hours
24 hours
24 hours

1 000 hours
1 000 hours
1 000 hours
1 000 hours

oil
NaCl
oi1

NaCI

oi1
NaCI
oil

NaCl

oil
NaCl
oil

NaCl

oil
NaCl
oil

NaCI

89.7
102.8
110.s
136 .7

116 .4
53.7
117.8
116 .2

269 .4
284.4
252.6
247 .8

196.6
202 .2
203 .6
205 .2

230.2
167 "5284.2
257 .5

257 .3
205 .4
272.9
244.9

296
303
285
267

1

3
9
0

230.9
227 .5
235.4
232 ,8

40.7
9"6

37 .1
17 .6

22 .6
13.6
23 .1
17.8

20.0
10.s
21 .9
23.9

26.0
)? ¿"

24.7
22.2

--106-



TÀBLE 1 7

slow strain-RaLe Test Results for Alloys 4 and 5, Air
CooLed From SHT, Natura1ly Àged for lA Hours, andArtificially Aged ar 423R [1 5OoC] ,

Tested at è=4.1x10-7s-1 .

Alloy Age Time Test Medíum o" (uea ) o* (uea ) Total El.,eo
4
4
5
5

4
4
5
5

4
4
5
L

4
4
5
tr

0
0
0
0

10 min.
10 min.
10 min.
10 min.

24 hours
24 hours
24 hours
24 hours

1 000 hours
1 000 hours
1 000 hours
1 000 hours

oil
NaCI
oil

NaCI

oi1
NaCl
oil

NaCl

oil
NaCl
oi1

NaCl

oi1
NaCl
oil

NaCl

97 .3.105.7

97 .9
115.2

122 .7
104. 1

95. 1

112.7

264.7
257.6
270.3
251 .3

140.5
142.6
143 .9
136 .1

262 .4
1 98.0
270.8
246.5

245 .3
204 .1
258.0
254-4

285
276
292
270

183
1 8.1

194
191

7
4
5
6

1

5
4
2

47 .2
15 "746.0
22 "3

26.0
12 .6
29 .4
26 .3

18.6
10.6
23 .1
20.9

27 .2
24.6
29.5
29 .0

-707 -



TABLE 1 8

slow strain-Rate Test Results for Alloys 4 and 5, Brock
Cooled from SHT, Naturally Àged for 16 Hours, andArrificially Àged ar 423R l150oCl "Tested at ë=4"1x10-7s-1 "

AI 1oy Age Time Test Medium ou (uea ) o* (ltea ) Total El. , *o

4
4
5
5

4
4
5
5

4
4
5
5

4
4
5
5

0
0
0
0

10 min.'10 min.
10 min.
10 min.

24 hours
24 hours
24 hours
24 hours

1 000 hours
1 000 hours
1 000 hours
1 000 hours

oil
NaCl
oil

NaCl

oi1
NaCl
oi1

NaCI

oi1
NaCl
oil

NaCl

oil
NaCl
oil

NaCl

96.7
104"3
107.2
112 .7

68.9
72.6
87 .7
81 .1

289.7
262.2
248.2
224 .4

tiõ.t
145.8

265 .0
243 "0288.0
286.6

232 .6
128 .1
296.7
262 .1

308.2
277 .8
285 .4
256 .0

193.
186.

0
1

37
26
50
38

0
6
0
9

26.2
24.8
54.3
38.0

22.1
1 0.8
23.2
a) I
LJ. I

ze.t
28 .4

-108-



TABLE 1 9

stress corrosion cracking rndex, rscc *, for Àrroys 4 and 5,water Quenched, Àir cooledr or Air cooted in a nlock from
SHT, Naturally Àged for 16 Hours and Àrtificially

aged at 423K [150oC].
Tested at è=4"1x10-7s-1.

Total Elongation (NaCl)
* Iscc =

Total Elongation (OiI)

Age Time, hrs. À1 loy I scc

Water Quenched Air Cooled Block Cooled

0
0

0 .17
0 .17

24
24

1000
1000

4
5

I

5

4
5

4
5

236
474

601
769

527
.056

896
898

332
486

483
897

571
904

902
985

.720

.77 8

"946
.700

.490

.994

985

-109-



its resistance to SCC first increased as indicated by an

crease in Iscc from 0"720 to 0"946 after 10 minutes of

ing. Howeverr on further aging for up to 24 hours Iscc

creased to 0.490, Table 19 and Figure 49.

1n-

ag-

de-

The effect of aging time on the SCC resistance of alloy 5

aged at 423K [1500C] is shown in Table 19 and Figure 50" It
was observed that the value of rscc of the vrater quenched

alloy 5 increased from 0.474 to 1.000 after 24 hours of ag-

ing. However, it decreased to 0"898 after 1000 hours. Àfter
10 minutes of aging rscc of air coored alloy 5 increased

from 0.486 to 0.897 and then gradually increased to 0.98S on

further aging for up to 1000 hours. A dif ferent trend was

observed in the Iscc behaviour of slowly cool-ed alloy 5. An

initiar drop in Iscc from 0.778 to 0.700 was observed after
'1 0 minutes of aging. However , I scc increased Lo O "994 af ter
24 hours and remained approximately constant on further ag-

ing for up to 1000 hours at 423R [1500C], Figure 50.

4"2"3. Stress Corrosion Behaviour of Material Aged

at 393K [120oc]

The effect of aging at 393K [120oC] on the stress corro-
sion behaviour vras determined by solution heat treating sam-

ples of both alroys at 773IK l500ocl for 30 minutes, followed

by water quenching to room temperature, holding at room

temperature for 16 hours, and aging at 393K [120oC] for up

110
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to 2000 hours. The scc behaviour was assessed by testing
samples aged for 10 minutes, 300 and 2000 hours using the

slow strain-rate testing technique. one specimen in each

heat treated condition described above was tested in siri-
cone oil and one in 3.Sea, by weight Nacr solution. Àr1 tests
r,rere perf ormed at a strain-rate of 4"1x10-7s-1 and at room

temperature (rab]e 20). The stress corrosion behaviour vras

evaluated by determining Iscc as a function of aging time,
as shown in Tabre 21 and Figure 51. rt was observed that
Iscc of aIloy 4 increased from 0.236 to 0.374 after 10 min-

utes of aging. However, it remained fairly constant for up

to 2000 hours of aging. Iscc of atloy 5 remained nearly the

same, i.e. 0.474 and 0.427 after aging for 10 minutes and

2000 hours at 393K [120oc]. These results indicate that both

aIloys remain fairly susceptible to scc even after long

periods of aging at 393K l120oCl.

4.3. Fracture Surface Observations

A selected number of specimens tested at an initial
strain-rate of 4.1x10-7s-1 v¡ere examined in both the optical
and scanning electron microscopes to evaruate the fracture
characteristics of variousry Lreated specimens. rt was ob-

served that intergranular cracks perpendicular to the direc-
tion of load application were present on the surface of

specimens tested in 3.seo Nacl. However, cracks were not seen

113



TABLE 20

Slow Strain-Rate Test Results for ÀIloys 4 and 5, Water
Quenched From SHT, Naturally Àged for 16 Hours, and

Art i f ic iaIJ.y Àged at 393K [1 20oC] .
Tested at è=4"1x10-7s- 1.

ÀI loy Age Time Test Medium øo (uea ) Û64 ( ¡apa ) TotaI EI.,%

4
+
q

5

4
4
5
5

4
4
6
tr

4
4
5
J

0
0
0
0

1 0 min.
10 min.
10 min.
10 min.

300 hours
300 hours
300 hours
300 hours

2000 hours
2000 hours
2000 hours
2000 hours

oit
NaCl
oil

NaCl

oil
NaCl
oil

NaCl

oil
NaCl
oil

NaCl

oil
NaCl
oil

NaCl

89.7
102.8
110.5
136.7

96.1
96.0
120 .1
124 .0

349.2
?¿q L

347.6
343 .4

314.0
259.2
292.5
284.0

230
167
284
257

2
5
2
5

297.7
217.6
278.0
) tr,û. q

367.6
?q? ô

372.8
362.5

345.4
278.1
324 .3
293 .3

40 .7
9.6

37 .1
I /.6

38,8
14.5
37 .0
11 ?

21 .3
6.7

22.8
oo

24 .1
8.4

23.3
oo

-114-



St res s
for Al

sHT,
Art

TABLE 21

Corrosíon Cracking Index, Iscc *
loys 4 and 5, lfater Quenched f rom
Naturally Aged for 1 6 Hours and

ificially Aged aL 393K[12Ooc].
Tested at ë=4.1x1 0-7s- 1 .

Total Elongation (NaCt)
1^-^¿ Ðuu

Total Elongation (Oi1)

Age Time, hrs A1 1oy I scc

300

2000

4
5

4
5

4
5

4
5

"236
.47 4

.37 4

.468

.313

.435

.350

.427

-115-
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in specimens tested in silicone oil, (figures 52 to 57) " The

fracture surfaces of specimens solution heat treated at 773R

[500oc] , water quenched, air cool-ed or air coored in brock,

naturally aged for 16 hours, and tested at 4"1x10-7s-1 in
either 3.5eo Nacl or silicone oil were also examined in the

sEM. rt was observed that the specimens tested in oil had a

predominantly ductire dimpred fracture appearance. However,

those tested in 3.5e" Nacl exhibited a typical brittre frac-
ture appearance with facets containing striations. It was

also observed that the amount of brittle fracture decreased

as the cooling rate from solution heat treatment decreased,

Figures 58-63.

À serected number of specimens which were artificiarry
aged at 423R [150oc] or 393K [120oc] aiter water quenching

from solution heat treatment and tested at 4"'1x10-7s-1 in
3 . 5e" Nacl as well as in oi I were examined at row magn i f ica-
tions" Às seen in Figures 64-66, both arroys exhibited
cracks perpendicurar to the direction of load application
when tested in 3.seo Nacl after aging at 423K [150oc] for up

to 1000 hours, whereas cracks were not present on the sur-
face of samples tested in oir" It was ai-so observed that al-
Ioy 4 exhibited a higher number of cracks than alloy 5" A

similar behaviour was observed when both arroys were aged at
393K [120oc], as shown in Figures 67-69. cracks were onry

present on the surface of sampres tested in the 3.5eo soru-
tion of Nacl. rt was arso observed that samples from both

117



arroys exhibited a similar number of cracks unlike sampres

aged aL 423R [1500c] "
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Figure 52. Slow strain-rate
quenched from SHT

hours. Tested in

å=4.1x10-7s-1.

r,J r

test specimens of alloy 4 water

and naturally aged for 16

o i 1 and 3 . 5e" NaCl solut i on at

- 119-
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Figure 53" slow strain-rate test specimens of arroy 5 water

quenched from SHT and naturally aged for 1 6

hours. Tested in oil and 3.5e" NaCl solution
at è=4.1x10-7s-1.
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Figure 54. Slow strain-rate
cooled from SHT

hours. Tested in

at å=4.1x10-7s-1

test specimens of

and naturally aged

oil and 3.5e" NaCl

!.f .i

a1loy 4 air
f or 16

soIuL i on
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Figure 55. Slow strain-rate
cooled from SHT

hours. Tested in

at è=4.1x10-7s-l

test specimens of

and naturally aged

oil and 3"5eo NaCI

129

'$x

alloy 5 air
for 16

solut i on



Figure 56" Slow strain-rate test specimens of

cooled in a block

16 hours. Tested

at è=4"1x10-7s-1.

däv

å{çq'¡ J!

alloy 4 air
f rorn SHT and naturally aged f or

in oil and 3.5% NaCI solution
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Slow strain-rate
cooled in a block

16 hours. Tested

at ê=4"1x10-7s-1.

]¡ :".i1F
. i i--r '.,¿ 6

test specimens of aIIoy 5 air
from SHT and naturally aged for

in oil and 3.seo NaCI solution

Figure 57 "
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OIL

NaCl

Figure 58. sEM fracture surface photomicrographs of arloy 4

specimens water quenched from SHT and naturally
aged for 16 hours. Tested in oil and 3"5% NaCI

solution at è=4.1x10-7s-1.
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NaCI

Éå{

Figure 59. sEM fracture surface photomicrographs of alloy 5

specimens water quenched from SHT and naturally
aged for 16 hours" Tested in oil and 3.5eo NaCI

solution at è=4.1x10-7s-1 
"
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NaCl

Figure 60. sEM fracture surface photomicrographs of al1oy

specimens air cooled from SHT and naturally
aged for 16 hours. Tested in oi1 and 3.5% NaCl

solution at è=4.1x10-7s-1.
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Figure 61. SEM fracture surface photomicrographs of al1oy

specimens air cooled from SHT and naturally
aged for 16 hours. Tested in oil and 3.Seo NaCl

solution at è=4"1x1 0-7s- 1 .
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oïL

NaCl

a 11oy

and

I and

. .t-,: .t

r.Sr'

Figure 62. SEM fracture surface

specimens air cooled

naturally aged for 16

3 . 5e" NaCl solut i on at

''*q. ¡¡

photomicrographs of

in a block from SHT

hours. Tested in oi

å=4.1x10r7s-1.

Þr,

¡:.'i¡k
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Figure 63. SEM fracture surface

specimens air cooled

naturally aged for 16

3.5e" NaCl solut ion at

OIL

NaCl

photomicrographs of a1loy

in a block from SHT and

hours" Tested in oil and

å=4.1x10-7s-1.
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Figure 64. slow strain-rate test specimens of aIIoys 4 and

water quenched from SHT, naturally aged for 16

hours and aged at 423R [150oC] f or 10 rninutes.

Tested in oil and 3.seo NaCl solution at
è=4"1x10-7s-1.
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Figure 65. slow strain-rate test specimens of alroys 4 and

water quenched from sHT, naturarly aged for 16

hours and aged at 423R [1SOoC] for 24 hours.
Tested in oi 1 and 3 . seo NaCl solut ion at
å=4.1x10-7s-1.
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AL¡*OY 4 AGED l OOO F{OURS

ALLOY 5 AGED -1TÛT $-ITUFÌS

Figure 66" Slow strain-rate test specimens of alIoys 4 and

water quenched from SHT, naturally aged for 16

hours and aged at 423R [150oC] for 1000 hours.

Tested in oil and 3.5eo NaCI solution at

ë=4.1x10-7s-1.
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Figure 67. slow strain-rate test specimens of arloys 4 and

water quenched from SHT, naturally aged for 1G

hours and aged at 393K l120ocl for '10 minutes.

Tested in oil and 3.5eo NaCI solution at
è=4.1x10-7s-1.
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Figure 68" slow strain-rate test specimehs of alloys 4 and

water quenched from SHT, naturally aged for 16

hours and aged aL 393K [1200C] for 300 hours.

Tested in oil and 3.5eo NaCl solution at
ë=4"1x10-7s-1.
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Figure 69. slow strain-rate test specimens of arloys 4 and

water quenched from SHT, naturally aged for 16

hours and aged at 393K [1200C] for 2000 hours.

Tested in oil and 3.seo NaCl solution at
è=4"1x10-7s-l o
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CHAPTER 5 DI SCUSSION

The experimental results of this investigation presented

in Chapter 4 indicate that it is possible to achieve a sat-
isfactory combination of rnechanical properties and resis-
tance to stress corrosion cracking of high purity 44,7004 Àl-
Zn-Mg alloy by suitable thermal treatment and aIloy
additions. For example, 447004 aIIoy containing zirconium

exhibits a yield strength of 264.1 MPa, ultimate tensile
strength of 315.6 MPa, 21 .2e" elongation to fracture, and

maximum resistance to stress-corrosion cracking in a 3.seo

NaCl solution as determined by using the slow strain-rate
technique. These properties are obtained by solution heat

treating the a11oy at 773R [500oC] for 30 minutes, water

quenching Lo room temperature followed by natural aging for
16 hours and subsequent artificial aging at 423R l150oCl for
24 hours.

In this chapter an attempt is made to relate the struc-
ture, the mechanical properties, and the stress corrosion

cracking behavior of 447004 aluminum alloy developed by var-

ious thermal treatments"
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5"1. Aging Kinetics and Metallography

The optical microstructure of the zirconium-free a11oy,

al1oy 4, consists of large, fully recrystallized grains.

However, that of the zirconium-containing aIIoy, afloy 5, is

non-recrystallized due to the well known recrystallization

retarding effect of zirconium(s3,s4) (rigure 12). The pres-

ence of zirconium induces the formation of small particles

of intermetallic phases which retard recrystallization by

preventing large angle grain boundaries from moving during

solution heat treatmen¡ (01) .

upon aging at either 423R l150ocl or 393K l1200cl follow-

ing natural aging for 16 hours both the yield and ultimate

tensile strength as well as the hardness of both alloys de-

crease in the first 10 minutes but they then start to in-

crease (r'igures 4,5 t6,10 and 11 ) . The initial drop in

strength and hardness is likeIy due to dissolution of G.P.

zones that formed during room temperature aging. This expla-

nation is supported by the absence of the initial decrease

when specimens were aged at 423R [150oC] without prior natu-

ral- aging (Figures 7 to 9 ) , This behaviour, which has also

been observed by others (62) , was verified by differential

scanning calorimetry (rigures 32 and 33)" The endothermic

reaction observed upon heating after room temperature aging

is Iikely due to dissolution or partial reversion of the

G.P. zones which form during Iow temperature aging.
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On further aging the hardness, yield and ultimate tensile
strength of both alloys increase reaching a peak after 24

hours of aging at 423R [150oc] or 300 hours at 393K [120oC],

For example the yield strength of alloy 5 first decreased

f rom 1'15 to 62 MPa af ter 10 minutes of aging at 423R [150oC]

but then increased to 262 MPa after 24 hours of aging. The

increase in strength is attributed to precipitation of the

semi-coherent 4' phase as observed in other A1-Zn-l4g aI-
Ioys (sl . On overaging, n' transforms into the incoherent

equilibrium e t Ì'tlgZn2, phase (s) resulting in a decrease in

strength by affecting the precipitate-dislocation interac-
tion which changes from shearing of precipitates by disloca-
tion to bypassing them (6 1) .

5.2. Stress Corrosion Behaviour

The stress-corrosion cracking behaviour of the al1oys

used in this investigation vras evaluated using the sl-ow

strain-rate technique. As described previously, samples are

tensile tested at relatively slow strain-rates in corrosive

and inert environments and parameters such as elongation to
fracture or reduction in cross sectional area are compared

in the two environments.

In the present investigation variously heat treated sam-

ples were tested in a 3.Swte" solution of NaCI and silicone
oil at room temperature and at initial strain-rates between
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4"1xl0-7 and 4.1x10-4s-r. The susceptibility to stress-cor-

rosion crecking for each heat treatment condition lras then

determined by comparing the total elongation to f.racture in

the two environments or the stress-corrosion cracking index,

Iscc. Iscc is defined as the ratio of the total elongation

to fracture of a sample tested in 3.seo NaCI solution and the

total elongation to fracture of a sample tested in silicone
oi1, when both samples have identical compositions and mi-

crostructures and v¡ere tested at the same strain-rate and

temperature.

SCC in À1-Zn-Mg alloys is invariably intergranular and,

therefore, the grain boundary morphology has the greatesL

infLuence on the stress corrosion cracking behaviour of a

given al1oy. However, it has aLso been suggested that the

precipitate distribution within the grains may also have an

ef fect on this behavlor.,t (3) . The main microstructuraf fea-

tures that influence the SCC behaviour of these alloys are:

grain morphology, the size and distribution of grain bound-

ary precipitates, and the size or width of the precipitate

free zones which develop around grain boundaries upon aging.

Although some disagreement among various investigators

exists, it is generally believed that the stress corrosion

cracking susceptibility of A1-Zn-Mg alloys is as follows:

f. is lower when the grains are non-recrystallized, i.e.
they are pancake shaped rather than equiaxed.

as the size and interparticle spacing of
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the grain boundary precipitates increases, i"e. over-

aged alloys"

3. decreases as the width of the precipitate-free zones

around grain boundaries increases, although some in-
vestigators have not observed any influence (63) 

.

The results of this investigation show that the zirconi-
um-containing aIloy, al1oy 5, is more resistant to SCC than

the zirconium free alloyt alloy 4 (figure 48), which is in

agreement with published results of many investiga-

tions (s3-s6). The beneficial effect of zirconium is mainly

attributed to the prevention of recrystallization during so-

lution heat treatment. However, it has also been suggested

that the beneficial effect of zirconium is due to the poten-

tial difference between grain boundary precipitates and the

matrix being reduced by rendering the grain boundary precip-

itates less anodic (5s) . Obviously this effect is more pro-

nounced in systems for which the electrochemicaL dissolution
is the operating mechanism.

5.2.1. SCC of Solution Heat Treated Alloys

The effect of cooling rate from soluÈion heat treatment

on stress corrosion cracking behaviour vras determined by

cooling samples of both alloys using various cooling methods

resulting in three progressively slower cooling rates, and
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testing at initial strain-rates between 4.1xl0-i and

4.1x10-as- 1 at room temperature. It was determined that af-

ter an incubation period of 16 hours at room temperature the

slowIy cooled samples were more resistant to stress corro-

sion cracking than the water quenched samples (rigures

34-47) " This behaviour may be attributed to compositional

differences; i.e. zínc and/or magnesium segregation around

the grain boundary region which would result in a potential

difference between grain boundaries and adjoining areas.

Thus, water quenching which produces a greater vacancy con-

centration at the grain boundaries than sloweÊ cooling re-

sults in higher solute segregation at grain boundary regions

and renders these aIloys more susceptible to stress corro-

sion cracking by increasing crack propagation rates. It vtas

observed by examining thin f oi Is in the transmi ssion elec-

tron microscope that the grain boundaries are free of pre-

cipitates after natural aging, (rigures 1 3-1 5) ' The behav-

iour described above was observed for the entire Strain-rate

range used in this investigation. However, the degree of

susceptibility was more pronounced at the slowest strain-

rate i.e. 4.1x10-7s-r, which also indicates that evaluation

of resistance to stress corrosion cracking using Lhis tech-

nique is influenced by the strain-rate used.
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5"2.2. Effect of Artificial À9in9 on SCC

To determine the effect of art i f ic iaI aging on the

stress-corrosion cracking behaviour of the two alloys used

in this investigation, slow strain-rate tests v¡ere performed

using specimens aged for up to 1000 hours at 423R [150oC] or

2000 hours at 393K [1200C] following the three cooling rates

mentioned earlier and also aged naturally for 16 hours. As

shown in Figures 49 and 50, the behaviour of the two alloys

tested is quite different after the foregoing treatments.

For the zirconium-free alloy, alloy 4, peak aged specimens

were less susceptible than solution heat treated specimens,

except for the slowly cooled specimens. It was also observed

that the coo).ing rate from the solution heat treatment temp-

erature does not have any significant influence on the SCC

susceptibility of the peak aged specimens which is contrary

to the observation in other aluminum aIloys. However, over-

aged specimens are not susceptible to stress corrosion

cracking as has been reported by others. In contrast to the

behaviour of aIloy 4t aging the zírconium containing a1loy,

alloy 5, to peak reduces its susceptibility to SCC. AIso the

susceptibiLity of peak aged and overaged specimens is nearly

the same" Both of these results are contrary to the observa-

tions in other aluminum a1Ioys as mentioned earlier.

Transmission electron microscopy was used to relate the

microstructure produced after each thermal treatment to the
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stress corrosion cracking behaviour of these a11oys" The

main difference between the zírconium-free and the zirconi-

um-containing alloy was the degree of recrystallization as

mentioned earlier. The rippled surface effect which was ob-

served in air cooled and air cooled in a block samples could

be due to coherency strain of G.P, zones, whereas this ef-

fect was not observed in the water quenched samples, (nig-

ures 1 3-1 5 ) . After 1 0 minutes of aging at either 423IK

[150oc] or 393K [120oc] grain boundary precipitates became

noticeable in the air cooled and slow1y cooled samples.

These grev¡ in size after 24 hours of aging at 423R l150ocl

or 300 hours at 393K [1200c]. A1so, grain boundary precipi-

tates as well as precipitates in the grains were observed in

the water quenched samples after this Lreatment. It vras also

observed that the precipitate free zones, PEZ, around grain

boundaries were wider in the slow1y cooled samples and in

alloy 5 than in alloy 4. The width of the PFz increased as

the cooling rate from solution heat treatment decreased (ra-

ble 10), which is in agreement v¡ith results for other alumi-

num afloys (+l . Contrary to results of other investigations (3

52) the width of the precipitate free zones was not affected

by aging time, with the exception of slow1y cooled alloy 5"

The size of the grain boundary precipitates increased with

aging time at 423K [150oC] and also increased as the cooling

rate from solution heat treatment decreased.
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The increased resistance to stress corrosion cracking of

alloy 4 with aging time after peak strength for all three

cooling rates from solution heat treatment may have been due

to the increased size and interparticle spacing of grain

boundary precipitates and also due to the increased width of

the precipitate free zones. However, the Iscc of the same

a1loy for samples cooled at different rates from solution

heat treatment and aged at peak strength is essentially con-

stant at about 0.55. Therefore, it is concluded that overag-

ing rather than reduced cooling rates from solution heat

treatment aids the stress-corrosion cracking resistance of

high purity ÀÀ7004 aluminum a11oy with a fully recrystal-

lized structure. This suggests that the size of the grain

boundary precipitates has a greater influence on the stress

corrosion cracking behaviour of this a1loy than the v¡idth of

the precipitate free zones.

The behaviour of artificially aged zirconium-containing

aIloy under stress corrosion conditions vras quite different

than that of the zirconium-free aIIoy. The susceptibility to

stress-corrosion cracking, expressed by Iscc, in the peak

strength as well as in the overaged condition remained es-

sentially unchanged between 0 " 9 and 1 .0 (nigure 50 ) , even

though the various cooling rates from solution heat treat-

ment produced precipitate free zones of different widths and

grain boundary precipitates of different sizes. This indi-

cates that high purity 447004 aluminum alloy with a non-re-
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crystallized structure produced by additions of zirconium is

not particularly susceptible to SCC when aged at 423R

11500C]. The results of this investigation are, therefore,

in agreement with the published data of Doig and Eding-

¡e¡ (6a) who determined for an aluminum alloy with similar
composition, that the width of the precipitate free zones is

not the controlling factor but that the solute depletion

within the precipitate free zones determines susceptibifity
of aluminum aIloys to stress-corrosion cracking.

5.2.3. Fracture Surface Observations of SC Failures

À selected number of specimens representing both aIloys

were examined by optical metallography and also in the scan-

ning electron microscope after testing at an initial strain-
rate of 4.1x10-7s-1. It vras observed that samples tested in

a 3.5e" NaCl solution developed intergranular cracks which

were perpendicular to the direction of load application.
However, cracks were not observed in specimens tested in oiI
(nigures 52-57), indicating that the test environment is

soIeIy responsible for crack initiation. À1so, specimens

tested in a 3.seo NaCl solution exhibited brittle fracture,
whereas those tested in oil failed in a ductile manner as

shown in Figures 58-63.
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CHÀPTER 6 CONCLUSIONS

The following concl-usions can be drawn from this investi-

gation:

1. The size of grain boundary precipitates and the v¡idth

of the precipitate free zones both increase as cooling rate

from SHT decreases.

2. Upon aging at 423R [150oc], the grain boundary precip-

itates increase in size with aging time. However, the width

of the precipitate free zones seems to remain unchanged upon

aging.

3. The slow strain-rate test is a simple and efficient

technique used to establish the SCC susceptibility of alumi-

num alloys.

4" Susceptibility of 447004 to SCC is most pronounced at

the slowest initial strain-rate used, i'e . 4"1x10-7s- 1 .

5. Slow cooling rates from the solution heat treatment

temperature and additions of zirconium aid the SCC resis-

tance of this alIoy in the naturally aged condition.

6. The cooling rate from SHT has no influence on the SCC

susceptibility of material peak aged at 423K l150ocl.
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7 " The SCC resistance of À47004 aluminum aIloy having a

fulIy recrystallized structure is higher in the overaged

condition than in the peak aged condition.

8" The degree of recrystallization is likely the most im-

portant parameter of those microstructural features influ-
encing the SCC resistance of 447004"

9" Aging at 423K [1500C] results in a higher SCC resis-
tance than aging at 393K [120oc].

10. The peak tensile properties are inferior when the al-
loy is aged at 423R [1500c] than at 393K [120oC].

11. The stress corrosion resistance of 7004 aluminum a1-

Ioy, having a fully recrystallized structure, increases as

the size of grain boundary precipitate particles increases.
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CHÀPTER 7 SUGGESTTONS FOR FUTURE WORK

In view of the controversy regarding the mechanism by

which stress corrosion cracking takes place in aluminum aI-

loys it is recommended that the operating mechanism in

À47004 be investigated. The chemical composition of the

grain boundary area should be determined and then large

scale samples made. Following this, the potential difference

between grain boundary precipitates and the precipitate free

zone as well as the potential difference between the precip-

itate free zone and the matrix for various heat treatments

should be measured.

The above investigation should provide information con-

cerning whether or not an electrochemical dissolution mecha-

nism is operating during stress corrosion cracking of ÀÀ7004

aluminum a11oy.

149



REFERENCES

1. Mondolfo, L.F., The ÀI-Mg-Zn A1Ioys, "À Review of the

t,iterature", Research and Development Center' Revere

Copper and Brass Incorporated, Rome, New York, May

1967.

2" Hirano, K"I., Thermal Ànalysis: Comparative Studies

on Materials, Kambe, H., and Garn, P.D., eds. , 1974,

pp. 42-64.

3. Adl-er, P.N., DeIasi, R. and Geschwind, G., Metallur-

gical Transactions, vo1.3, 1972, PP. 3191-3200.

4. Reynolds, M.4., Review ot. A1-Zn-Mg alloys: January

1973, BR - 73/23, Alcan rnternational Limited, Ban-

bury Research Centre, 6 February 1973.

5. Develay, R., Revue de I'Aluminium, January 1967,

(349), p. 86. (cited in 2).

6. Taylor, 1., Met.al Progress, November 1963, p. 74.

7 , Taylor , f . , Metal- Progress, December '1 963, p. 96.

8. Elkington, R.W., J. Inst. MetaIs, 1961-62,90,267.

9 " Elkington, R.W. , Ph.D. Thesis: London Universi-

ty,1967. (cited in 2) .

10. Chevigny, R. et.a1., ÀIluminio Nuovo MetaIIurgia, Oc-

tober 1965, þ, ( 10 ) . (cited in 2) .

150



11" Devalay, R., and Crontzeilles, M., Revue de Metallur-

9ie, ÀpriI 1962, 59, (4), p.349" (cited in 2).

12" Dudas, J"H., Welding Journal, Àugust 1965, 9,p"3585.
13. Busby J., Journat of Inst. of Meta1s, 1971, vol. 99,

p, 41 .

14" Young, J.G., Welding Journal, (Research Supplement),

1968, 47 (10), 45/5. (cited in 2).

15. Thomas, G. and Nutting, J., JournaL of the Insititute

of MetaIs, voI. 88, 1 959-60, PP. B1 -90 "

16. Edington, J.W., Practical Electron Microscopy in Ma-

terials Science, vol. 4, 1975, P. 222.

17. Thackery, P.4., Journal of the Institute of Metals,

vol. 96, 1 968, pp. 228-235.

18. Bichsel, H., Praktishe Metallographic, vol-. 7, p.

295-301, (1970). (cited in 2)"

19. Bichsel, H., and Bassi, G., "The infIuence of thermal

treatment on SC properties of an Àl-Zn-Mg al1oy", Pa-

per presented to the Inst. of Metals Spring Meeting,

1971 " (cired in 2) 
"

20. Young, G.M", "Development and commercial use of A1can

745 a1loy (eaZ004)", Paper presented to the rnst" of

Metals Spring Meeting, 1971 " (cited in 2) 
"

21 . Day, M.K.B., Cornish, 4.J., .and Dent, T.P", Contribu-

tion to the Inst. of Metals Conference on Electron

Microscopy in Metallurgy; Sheffield 1968. (cited in

2)"

151



22. Fontana, M.G., and Greene, N.D., Corrosion Engineer-

ing, McGraw - HilI, 1967, p" 91"

23" Logan, H.L., "Stress Corrosion", NACE Basic Corrosion

Course, National Association of Corrosion Engineers,

197+, pp. 10-1 to 10-19.

24. Scamans, G.M. , "Slow strain-rate stress-corrosion

testing of aluminium a1loys Correlation of stress-

corrosion resistance with heat treatment", BR-80/5,

ALcan Laboratories Limited, Àtlantic Region Research

Centre, Banbury , 27 February 1 980.

25. Pickering, H.W., Beck, F.H., Fontana, M.G., Corro-

sion, June 1962, pp. 230t - 239t.

26. Speidel, O.M., Metallurgical Transactions, Ø, 1975,

pp. 631-651.

27. Wranglen, G., An Introduction to Corrosion and Pro-

tection of Meta1s, WiIey, 1972, p. 114.

28" Champion, F.Ä., Sumposium on Internal Stresses in

Metals and Alloys, p. 468, Inst. of Metals, London,

1948. (cited in 31).

29. Logan, H.L., J. Res" Natn. Bur" Stand., 1952, vol.

48, p" 99.

30. Staehle, R.W., The Theory of SCC in Al1oys, P. 223,

NÀTo, Brussels, 1971 " (cited in 31 ).
31 " Staelhle, R.W., SCC and Hydrogen Embrittlement of

Iron-Base Alloys, NACE, Houston 1977, p. 180.

152



32. Engell, H.J", The Theory of SCC in Alloys, NATO,

Brussels, 1971, p. 86. (cited in 31).

33. Scully, J.C. , Corrosion Science, 1975, vol. 15, p"

207 .

34 " Vermilyea, D.À. , J. Electrochemical Society, 1972,

vol" 119, p. 405.

35. Vermilyea, D.4., SCC and Hydrogen Embrittlement of

Iron-Base Alloys, NACE, Houston, 1977, p. 208.

36" Bursle, À.J. and Pugh, 8.N., Environment-Sensitive

Fracture of Engineering Materials, Ed. Z.A. ForouIis,

The Metallurgical Society of AIME , 1979, pp. 18-47.

37 " Pickering, H.w. and Swann, P.R., Corrosion, 1963,

vol. 19, p. 373t.

38. Swann, P.R., and Embary J.D., High Strength Materi-

a1s, John Wiley and Sons, Inc., New York, 1965, p.

)41
JL I ¡

39" Silcock, J.M" and Swann, P.R., Environment-sensitive

Fracture of Engineering Materials, Ed. Z.A. Forou1is,

The Metallurgical Society of AIME, 1979. (cited in

31) "

40. UhIig, H.H., Physical Metallurgy of Stress Corrosion

Fracture, Interscience, New Yorkr 1959, p. 1.

41 . Coleman, 8.G., Weinstein, D. and Rostoker, lI., Acta

Met. , 1961, vol. 9, p. 491.

42. Wanhill, R,J"H., Corrosion, 1975, vol " 31 , p. 66.

1s3



43" Petch, N.J., Philosophical Mag., 1956, vo1 . 1, p.

a)1
JJ I c

44. Troiano,4.R., Trans. ASM, 1960¡ vol" 52, p. 54"

45. Oriani, R.À., Berichte Bunsen-Gesellschraft fur Phy-

sik, Chemie, 1972, vol. 76, p. 948. (cited in 31).

46. Koch, G.H. , Bursle, A.J. and Pugh, 8.N., Proc. of

Second International Congress on Hydrogen in Metals,

3D4 | Pergamon, New York , 1977 " (c ited in 31 ) .

47 " Westlake, D.G,, Trans. ASM, 1969, voI " 62, p. 1000.

48" Birnbuam, H.K., Grossbeck, M. and Gahr, S., Hydrogen

in Meta1s, ASM, Metals Park, OH, 1974, p. 303.

49. Northwood, D.O., Environment-Sensitive Fracture of

Engineering Materials, Ed. Z.A. Foroulis, The Metal-

lurgical Society of ArME, 1979. (cited in 31 ).

50. Christodoulou, L. and Flower, H"M", Acta Metallurgi-

cd t voI. 28, 1 980, PP. 481-487 .

51. Sedriks, 4.J., Slattery, P.W. and Pugh, 8.N", Trans.

ASM, 1969, vo1 . 62, p. 238.

52" Miyagi, Y. and Hirano, M., "The Effect of Heat Treat-

ment on SCC of an AI-Zn-Mg Alloy", KOBELCO, Technical

Bulletin-1 007 /1980,
53. Brown, R.H., SprowIs, D.O. and Shumaker' M"8., Stress

Corrosion Cracking of Metals - A State of the Art,

ASTM, STP 518, 1972, PP. 87-118.

54. Truscott, J.M., Carter, V.E" and CampbeIl, H.S.,

Journal of the Institute of Metals, vol. 99, 1971,

pp. 57-66"

154



55" Poulose, P.K.., Morral, J.E. and McEvily, 4.J., Met-

a1l-urgical Transactions, vo1. 5, June 1974, PP.

1 393-1 400 "

56" Green, J"À.S. and Montague, W.G., Corrosion, vo1" 31,

No. 6, 1975, pp. 209-213.

57. Lorimer, G.W" and Nicholson, R.8., Acta Metallurgica,

vo1" 14, 1966, pp. 1009-1013.

58" De Ardo, 4.J., JR. and Simensen, Ch.J., Metallurgical

Transaction, vol. 4, 1973, pp" 2413-2421.

59. Scamans, G.M., Àluminium,57,1981, pp. 268-274.

60. Parkins, R.N., Stress-Corrosion Cracking - The Slow

Strain-Rate Technique, ASTM, STP 665, 1979, PP. 5-25"

61 " Speidel, M.O., Fundamental Àspects of SCC, NACE,

1969, pp. 561-579.

62. Löff1er, H. and Kovács, I., Journal of Materials Sci-

ence, ß, '1983, pp. 2215-2240"

63, Ðe Àrdo, À.J.JR and Townsent, R.D. , MetaIlurgical

Transactions, vol. '1 , 1970, pp. 2573-2581 .

64. Doig, P. and Edington, J.w., Corrosion, vol. 31, No.

10, pp. 347-352.

155


